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Preface

Interest in the technologies appropriate for study of the legumc-Rhizobium symbiosis
has changed considerably over the last 20 years. World-wide development projects
such as NifTAL have done much to transfer the fundamental methodologies for
applicd biological nitrogen fixation (BNF) research to scientists in the developing
world, whilc research in industrialized countrics moved increasingly loward the basic
and involvement with biochemical and molecular techniques. There clearly remains
considerable scope to improve N, fixation in lcgumes, particularly in the devcloping
world, through application of appropriate BNF techniques. Whether rescarch
objectives arce increased yiclds through inoculation, improved inoculants, or enhanced
legume N input into cropping systems, the key to success is a step-wisc strategy using
a sct of proven mcthodologies which cnable adequate interpretation of rescarch
results. This allows a continuing evaluation of the research process and reoricntation
toward practical and achicvable goals in N, fixation rescarch,

This manual began as a collection of laboratory and ficld protocols which were used
in our carly BNF training courses at ICARDA. As our rescarch work and that of our
regional collcagues evolved, the number of procedures uscd grew o a point where a
compilation was needed. This manual is the result of several years of methodology
testing and development, and represents the majority of techniques used in BNF
rescarch at ICARDA. Although written primarily for application with the ICARDA-
mandated cool-season legumes, including the annual medics, lathyrus, vetch, lentil,
chickpca and faba bcan, the practices and principles will apply widely to temperate
legumes and rhizobia. Most of the techniques presented here have been developed by
others and are therefore not original; in many instances, however, procedures have
been modified for ease of usc or improved results.

The manual has two major objectives. The first five sections focus on the handling
and identification of rhizobia, with production of high-quality inoculants as the overall
aim. The last four scctions deal with ficld rescarch, and present methods to
determine the factors affecting inoculation response and the role of legume N, fixation
in farming systems. Chapters have been designed to stand alone, cntailing some
rcpetition. Where necessary, cross-reference to supporting scctions is given. We have
attempted to present the material in such a manner that it is within the intcllectual
horizons of a rcader who has completed a basic agronomic or biological science
program. However, this version covers in detail most of the laboratory, greenhouse,
and ficld procedures used in BNF work at ICARDA. We therefore hope that
newcomers and experienced individuals alike will find some of the presented material
of value.

ix
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I. Manipulation of Rhizobium



A. Rhizobium Manipulation

A.1. Nodule Collection and Preservation

Nodule collection. Collection of nodules is generally performed to supplement a strain
collection with superior strains. For this purpose, nodules should be collected from
healthy, green plants suspected of high N,-fixation activity. Such plants usually have
medium to large nodules with pink-red interiors which may indicate active fixation.
Nodules from the tap root portion of the root system arc best (Figure A.1.1).

Fig. A.L.L. Healthy roots of a chickpea plant showing effective tap root nodulation.



When removing plants from the ficld for nodule collection, use a spade to dig
approximately 15 cm to cither side of the plant stalk to at least 20-cm depth. Using
the spade, slowly lift out the clump of soil and roots (Figure A.1.2). Carefully remove
soil from the roots with your hands, breaking soil clumps with care to avoid damaging
secondary roots where many nodules often are found. Carcfully place the whole plant
in a plastic bag.

Fig. A.1.2. Using spade to lift nodulated root system from soil.

In the laboratory, remove plant top and carefully wash the roots under running waler
with a screen (or sieve) underncath to catch detached nodules (Figure A.1.3). For
storage and isolation purposes, nodules should not be pulled from the root (plucked);
rather, the root should be cut 1-2 mm cach side of the nodule (Figure A.1.4). This
keeps the nodule intact and greatly improves the chances of obtaining a clean viable
culture of rhizobia. Carcfully blot nodules dry with paper towel or cotton cloth before
slorage.

Nodule preservation. Fresh nodules may be stored in the refrigerator up to 48 hours.
Do not freeze nodules as the formation of ice crystals within the nodule may kill the
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bacteroids. Frozen nodules may, however, be used for scrological typing (see Section
C3).

Fig. A.L4. Detached nodules with portion of root attached.



For long-term storage, desiccation of nodules in glass vials is recommended. The type
of nodule preservation vial suggested is shown in Figure A.1.5 below, and utilizes a
desiceant, such as anhydrous CaCl, or silica gel, to remove water quickly from nodules
and kecep them dry, preventing growth of fungi or other bacteria. Nodules preserved in
this way can be kept for 6-12 months, although recovery of the Rhizobium during
isolation after rehydration may be difficult after long-term storage, depending on the
legume species and strain,

Poi——- 4

Anhydrous Ca

Fig. A.1.5. Nodule desiccation vial containing anhydrous calcium cloride to dehydrate nodules.
Nodule rests on cotton mat to avoid direct contact with desiccant.

Note: Rhizobia are killed by oven drying of nodules; do not expect to isolate living
bacteria from oven-dried nodules.

Place three to five medium-sized nodules (or two to three large nodules) on top of
cotton wadding in the vial. Nodules should be free of excess water for the
desiccation vial to work properly. Carcfully label the vial with date, location, host
legume, and, if appropriate, treatment.



A.2. Isolation of Rhizobia from Nodules

Clean, fresh nodules, with a portion of the root still attached, are best for isolation of
rhizobia. The attached root (2=3 mm on cach side of nodule) can be used to hold the
nodule with forceps (Figure A.2.1), reducing the possibility of damaging the nodule
during stcrilization and isolation.

Fig. A.2.1. Removal of nodule from root using forceps to cut root on each side of the nodule.

Desiccated nodules must be rehydrated before sterilizing. Place nodules in a small
container with distilled water and leave in the refrigerator overnight. Soaking nodules
for one hour at room temperature is acceptable for nodules that have been in the
desiccation vial for only a short time.

Nodule sterilization. Immerse intact nodules for 5-10 scconds in 95% alcohol (ethyl
or isopropyl). Transfcr immediately to a 5% solution of calcium hypochlorite (or
chlorox), and soak for two or three minutes to surface sterilize the nodule.
Immediately following sterilization, rinse nodules in five to seven changes of sterile
distilled water, lcaving the nodules in the final rinse until used for isolation of



rhizobia. Solutions for sterilization and rinsing may be kept in separate petri dishes,
beakers, flasks, or vials, with nodules moved from one container to another (Figure
A.2.2) using sterile forceps (forceps are quickly sterilized by dipping into alcohol and
flaming); alternatcly, a single container may be used, and solutions changed as
nceded. In this method, nodules are left in the flask cach time (Figure A.2.3).

Fig. A.2.2. Sterilizing nodules by moving from one fask of sterilant to another with forceps.

An acidificd mercuric chloride solution (0.1% weight/volume, sterilization time one
minute) or a 3% solution of hydrogen peroxide (sterilization time three minutes) may
also be uscd for sterilizing nodules, in place of clorox. However, mercuric chloride is
toxic to humans and hydrogen peroxide is expensive, making chlorox the preferred
choice. When hydrogen peroxide is used, the rinses with sterile water may be omitted.

Isolation from Nodule: Crushed Nodule Method

Crush the sterilized nodule with a pair of blunt-tipped forceps in a large drop of



Fig. A.2.3. Nodule sterilization in test tube by changing sterilizing solutions.

sterile water in a petri dish (Figure A.2.4). Another method is to crush the nodule in
a sterile test tube with a sterile glass rod, using 1-2 drops of sterile water to make a

-

Fig. A.2.4. Crushing a nodule in petri dish cover using sterile forceps.



slurry (Figure A.2.5). Streak onc sterile inoculation loop full of the suspension on
yeast-mannitol agar (YMA) plates containing Congo red (see Section A.9), in the
following manner:

Fig. A.2.5. Crushing nodules in test tube with glass rod.

Deposit the slurry from the loop on the edge of the agar, and streak in a back and
forth manner as shown below in Figure A.2.6 (1). Resterilize the loop (by flaming in
Bunsen burner until it glows an orange color), touch the loop to a corner of the plate
to cool it, and streak from the previously streaked arca to the next quadrant of the
plate (2). Repeat this procedure for arcas (3) and (4); in each streaking, less of the
slurry is distributed over the surface of the plate giving well-isolated individual
colonics in arcas (3) and (4).



Fig. A.2.6. Method of streaking out a culture on the surface of a solid agar plate,

following steps in the order of 1,2,3 4.

Note: During this procedure, the lid of the petri dish should not be set aside, but
should be lifted above the dish only far cnough to manipulate the inoculation loop
(Figure A.2.7), and replaced cach time the loop is flame sterilized.

Fig. A.2.7. Plate position and angle of the loop during streaking of culture on agar plate.



Isolation from Nodule: Needle Isolation Method

The ncedle method of isolation is especially uscful with freshly harvested nodules of 2
mm diamcter or larger. The surface-sterilized nodule is first placed on a small picce
of sterile filter paper (2 x 2 ¢cm) in a sterile petri dish. A new picce of filter paper
should be used for each nodule, although the same petri dish can be used for several
nodules. Firmly hold the nodule with flame-sterilized forceps (cooled bricfly) on the
filter paper, and carcfully slice off about one-third of the nodule with a flamed, hot
scalpel (or very sharp knife) (Figure A.2.8). This exposes sterile nodule tissue from
which the isolation is made. Still holding the nodule with the forceps on the filter
paper, insert a flame-sterilized inoculation loop (1 mm size loop) into the exposed
tissue to load the loop with inoculum (Figure A.2.9). Streak dircetly onto YMA Congo
red plate.

Fig. A.2.8. Slicing a nodule for needle inoculation onto the surface of an agar plate.
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Fig. A.2.9. Loading loop with nodule contents.

The needle method requires steady hands and practice before adoption. For small
nodules, the tip of the inoculation needle may be bent over and used as a hook to
remove a small portion of nodule tissue, or may be used as a needle and inserted into
the nodule tissue before streaking onto the agar plate. The ncedle should not be
longer than 4-5 cm.

Keep the inoculated petri plates in an incubator at 25-28°C for scveral days until
colonies appear. It takes 2-10 days for growth of rhizobia, depending on the strain
and species. Observe colony morphology; pure Rhizobium gencerally forms white,
milky, sticky, translucent, roundish colonics (Figure A.2.10).

Isolating Rhizobia from Soils

The best way to isolate rhizobia from soil is for the rhizobia first to form nodules on
a legume, which can then be used to dircetly isolate the rhizobia. This is because soil
contains a multitude of bacterial species, and dilferential media to isolate rhizobia
dircetly from soil are not reliable (Scction B.3.a). It is possible to: (1) grow plants in
the soil you want to isolate from; or (2) inoculate plants using the plant infection test
methodology (Section B.3.b) using a dilution scrics of the soil. In the second method,
the approximate number of rhizobia in the soil will be obtained as well as nodules to
isolate rhizobia from,

11



Fig. A.2.10. Rhizobial growth on YMA plate, with development of individual colonies for isolation.

A.3. Purification of Isolates

Typically, first isolations from nodules will produce a mixture of colony types,
including contaminants and perhaps more than one strain contained in the nodule
from which the isolation was made. Small and large, mucoid and dry, ctc., colonics
may be found in a primary isolation from a single nodule (Figure A.3.1). After
colonics have appeared from the first isolation, cach of the types typical of Rhizobium
spp. should be checked by Gram stain (Scction A.6). If Gram negative, streak out
cach type of colony onto YMA containing Congo red to obtain a plate containing a
purc culture of cach of the types; cach of these should be considered an individual
culture, which must then be authenticated as rhizobia (see Section A.4). More than
onc colony type in a pure culture of Rhizobium may indicate variance in the same
strain or the occupancy of two different strains in the same nodule, but it is more
likely the result of contamination.

Incubate and make daily observations for the appearance of colonies typical of
rhizobia. Colonics should show little or no Congo red absorption when incubated in
the dark (Figure A.3.2). Check secondary isolates for purity by the Gram stain
mcthod and, if pure, transfer to screw-cap culture tube slants to form stock cultures;
store at approximatcly 4°C in a refrigerator. The authenticity of these isolates as pure
cultures of rhizobia is confirmed later by the nodulation test under aseptic controlled
conditions (Section A4).

12



Fig. A3.2. Some colonies appear whitish, with no Congo red absorption,
while others have taken up the dye.
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Keep a record of the origin of cach culture (code number, date of collection, host
specics isolated from, Rhizobium specics, location, date of isolation). These cultures
arc termed isolates until they have been authenticated and characterized as individual
strains in the strain cvaluation process (Scction D.2).

A.4. Authentication of Isolates

All isolatcs must be confirmed before being included in a collection or regarded as
Rhizobium. Confirmation is dependent on demonstration of nodule-forming ability on
a test host legume under bacteriologically controlled conditions. The only critcrion
required in this test is formation of nodules. The cffcctiveness (N,-fixing potential) of
the isolate can be recorded for future reference, but must be confirmed with further
testing (Section D). Tdcally, a Rhizobium strain is tested for its ability to produce
nodules on the plant specics from which it was originally isolated. Where the
experimenter is interested in legume specics which have specific rhizobial
requircments, it may be uscful to test the isolate on several specics (c.g., Medicago
spp.) or on diffcrent cultivars (e.g., with chickpea) to determine the spectrum of
symbiotic reactions,

The first requircment is that the seed of the test host, the growth medium and the
containers all be free from contaminating rhizobia. With some sced it is difficult to
destroy all bacteria and spores that exist on the seed coat, but using a sterilant like
HgCl, (procedurc described in Scction B.3.b) is usually cffective. The growth medium
(c.g., vermiculitc) should be sterilized in the growth container if possible (Figure
A.4.1), as separatc addition after sterilization is likely to result in some contamination.

The sccond nced is to avoid poststerilization rhizobial contamination. Plugged tubes
(described in Scction B.3.b) or closcd containers (Section D.2.b) arc gencrally casy to
mainlain without contamination, as arc any vessels which maintain a dry surface and
supply watcr and nutrients from below the surface (as with the Leonard jar or soil
corc systcm). Results from open pot culture systems arc unrcliable for authentication,
as contamination with air-borne rhizobia is common. An adcquatc numbcer of
uninoculated control units should be included in any authentication or cffectivencss
test to indicate if the system has been exposed to contaminants. Experiments with
contaminated uninoculated controls arc unreliable. The data should be discarded or
considcred as questionable, and the experiment repeated.

It is important to rcmember that this stage of testing an isolate is only the beginning.

Reisolation of the strain from the nodule produced is nccessary, with this pure
rcisolate taking the place of the original isolate in the collection.

14



Fig. Ad.1. Vermiculite tube system prepared for sterilization by autoclaving.

A.5. Culture Preservation

Rhizobial isolates obtained from the ficld or other sources must be maintained in
such a way as to minimizc loss of viability, genetic variation and contamination. It is
suggested that a stock collection, distinet from the set of cultures utilized for everyday
applications likc inoculum production, be maintained separately with a view toward
long-term storage. This "mother culture” collection should be maintained in duplicate
(at minimum), with periodic maintenance performed as necessary 1o ensure that
isolate propertics have not been lost. As you may imagine, maintenance of a large
collection (more than 100 isolates) requires considerable time and labor. It is

15



therefore suggested that collections be kept to a minimum size by discarding
incffective or noninfective cultures identified as such during screening. Apart from this
basic collection, working cultures of those isolates utilized for general (c.g., inoculum
production) and experimental purposes should be maintained separatcly.

Several methods of culture preservation exist. Regularly used cultures are best kept on
agar slants, which are casy to produce and maintain. Long-term prescrvation of
cultures on slants involves considerable labor, as slants must be restreaked every two
to three months; in addition, cultures kept in this way without passing the isolate
periodically through a nodule for authentication tend to lose viability and
clfectiveness. Preservation of isolates using lyophilization, or freeze-drying, requires
large initial labor and specialized equipment, but has the advantage of maintaining
viability over a long period (years) without losing strain properties. Cryopreservation
is also an effective technology for long-term preservation of Rhizobium cultures, but
requires special deep-freeze facilities and uninterrupted electrical power. In the
following paragraphs we discuss the various methods and their applications.

Screw-capped agar cultures, Rhizobial cultures can be preserved in screw-capped
McCartney bottles or in screw-capped test tubes of 5-10 ml size containing slants of
YMA (Figure A5.1). Tubes are filled approximately one-third full with dissolved
YMA, autoclaved for 15 minutes at 120°C with caps loosely fitted, and left in the

Fig. A.5.1. Agar slants in screw-top vials. Left-hand vial contains culture with heavy growth.

16



autoclave without venting until pressure reaches zero. After securcly tightening caps,
tubes are left at a slant while the agar cools and solidifics (Figure A.5.2). The angle at
which the tubes of agar arc cooled is such that the top of the slant is 1 ¢cm from the
screw-threads. Before inoculation, slants should be stored under refrigeration to
prevent drying out.

Fig. A.5.2. Cooling autoclaved tubes with melted YMA in a slant position.

The procedure for inoculation of agar slants is as follows:

1.

3.

tn

Label vial, indicating date and name/number of strain.

Flame the inoculating loop.

Select a representative colony growing on a YMA plate or a portion of a
streaked slant and remove it with the inoculating loop.

Remove cap, hold it with your finger and flame the lip of the vial bricfly
(Figure A.5.3).

With the loop make a ‘snake’-shaped streak onto the surface of the YMA slant,
from bottom to top (Figurc A.5.4).

Place vial in the incubator at 26-30°C until streak becomes visible,

Place vial in refrigerator for storage.

17



Fig. A.5.4. Streaking slant tube with wire loop.

18



Cultures can be stored in the refrigerator at 4-6°C for two or threc months only,
after which drying of agar or mutation of bacteria increasc the probability of loss of
the culture. The screw caps should be tightly closed to avoid drying of the agar, which
is a major problem with this method of storage. The caps should have noncorrodible
rubber or plastic seals; to improve the scal the joint between cap and tube can be
wrapped with parafilm (Figure A.5.5). Periodic transfer of slant cultures to fresh agar
slants is recommended on a regular basis, as mutation may causc isolates to lose some
of their characteristics such as effectiveness. Bacterial cultures kept this way on slants
continue to grow and divide, and continuously utilize food sources as well as produce
wastes. After two or three months, waste products build up as the food source
disappears, and bacteria begin to dic and mutate. Continuous evaluation of strain
characteristics as well as a periodic plant-infection test (inoculating a plant grown
under sterile conditions with the strain, then reisolating the strain from the nodule
formed) is reccommended after the culture has been transferred several times.

Fig. A.5.5. Agar slant tube cap wrapped with parafilm.

If cultures are antibiotic-resistant mutants, or strains with propertics such as acid or
salt tolerance, it is also advisable that the YMA of the slant be supplemented with the
corresponding concentration of the antibiotic or nutrient. Failing to do so will increasc
the probability of losing the specific tolerance characteristic.

19



Porcelain beads. A method for extending viability is to dry cultures on the surfaces of
porcelain beads and store them at 4-6°C. This method has the advantage that
viability of the cultures can be maintained up to three years without regular transfers,
as dryness of the cultures and low relative humidity reduce the rhizobial growth rate
to a minimum and extend culture life. However, survival of cultures using this method
can be sporadic, and specific strains behave quite differently on beads. Each strain
should be tested for its ability to survive on beads before it is consigned to storage
with this method. The procedure for preparation and inoculation of porcelain beads is
as follows:

1. Place 4 g of anhydrous silica gel desiceant into 15-ml tubes. The tubes should

have rubber-lined screw caps or tight rubber bungs.

Place a layer of 2 em of clean glass wool over the silica gel.

3 Add 10-15 clean, dry unglazed porcelain beads of 4-8 mm diameter (Figure
ALS.0).

(]

Fig. A.5.6. Tube containing beads with silica gel desiccant and indicator at the bottom.
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4. Place tubes in rack, cover with aluminum foil, and heat in oven at 160°C for 90
minutes. Rubber bungs and lined caps can be sterilized scparately by
autoclaving,.

50 Sterilize a sct of cotton-plugged tubes containing 0.1 g of maltose cach. Add 1
ml of 10° culture suspension to cach tube. Shake to dissolve the maltose in the
culture suspension.

6. Add the beads aseptically to the suspension. Shake until suspension is uniformly
distributed onto the beads. Invert tubes to drain out the excess suspension onto
the cotton plug.

7. Ascptically transfer the rhizobia-coated beads to the tubes containing the silica
gel. Scal tightly.
8. Bacterial cells will dic in the presence of moisture within this system. Silica gel

absorbs any moisture present, and will aid in the detection of moisture by
changing its blue color into pink if its capacity to absorb moisture is
overwhelmed.

To reconstitute the culture remove beads aseptically with forceps from the tube and
transfer them to an Erlenmever flask containing YM broth (Figure A.5.7). Shake

Fig. A.5.7, Transferring bead to flask containing broth.
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thoroughly and by means of a loop, streak the inoculum onto the surface of a petri
dish with YMA. Alternatively, you may allow the rhizobia to grow in the flask
containing YM broth on a reciprocating shaker for two or three days before transfcr
1o a petri plate of YMA Congo red to check for contamination.

Lyophilization (freeze-drying). This mcthod of prescrvation requires cxpensive
cquipment, including a frecze-drycr, centrifuge, ampule constrictor, and spark tester;
in addition, the glass ampules themselves are quitc cxpensive. It is the most widcely
used method for long-term storage of rhizobial cultures in institutions dcaling with
large collections or supplying a large number of strains on request. The time and
labor required for lyophilization of a number of strains is considcrable, and much
practice is nceessary before proficiency can be expected. Maintenance of the frecze-
drycr, particularly the less expensive modcls, is cxtensive.

In practice, small quantitics of high-density cultures arc suspended in a protective
medium in glass ampules and dricd by removal of water vapor during frcczing under
ncar-vacuum. Technically, the most difficult portion of the procedure is scaling of
ampules while still under vacuum, using a special constricting torch. Properly prepared
vacuum-scaled ampules containing frecze-dricd bacteria can be kept indcfinitely and
requirc only a small storage space. Storage at low temperature and in the dark is
rccommended.

Suspending Media for Lyophilization

The suspending medium for the culture to be frecze-dricd is a buffer which provides
protection during freczing, drying and reconstitution. The suspending medium should
aid in maintenance of the osmotic levels and provide a final watcr content of about
1%. A 10% sucrosc + 5% peplonc suspending medium is used successfully on strains
from scveral Rhizobium specics at ICARDA. It is important to bear in mind that
dricd cells become sensitive to oxygen at relative humiditics below 10%. Lack of near-
vacuum conditions may be overcome by including glutamate (sodium glutamate, 0.5%)
in the suspending medium as an antioxidant, but best is successful freeze drying with a
positive scal against vacuum loss.

Preparation of Inocula for Lyophilized Ampules

1. Suspend a fresh slant tube culture with 1 ml sucrose-pcptone medium (SPM).
Mix throroughly on a vortex mixer to break cell clumps; use 0.1 ml of this
suspension for scrial dilution and plate count to cstimatc the viable count
before lyophilization.

3. Carcfully add 0.1 ml of the bacterial suspension dircctly onto the cotton plug at
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the bottom of the pre-sterilized ampule (Figure A.5.8). Place another cotton
plug into the ampule 1 em above the bottom.

Fig. A.5.8. Addition of 0.2 m] concentrated culture suspension onto cotton swah in an ampule,

4. Placc ampules in a beaker; place beaker under a bell jar.
5. Perform primary freeze-drying (see following sections).

Preparation of the Freeze-Dryer Unit

With the freeze dryer unit utilized at ICARDA (Edwards EF4 Modulyo) the operator
needs to demoisturize the oil before proceeding. This procedure may not be required
for other (usually morc expensive) units. Before operation of this equipment, carcfully
read the instruction and service manual, as mistakes may cause damage to the unit.



The process involves the following steps (see Figure A5.9):

D

Fig. A.5.9. Lyophilizer machine with: 1) bell jar; 2) ampule manifold; 3) vacuum gaoge;
4) temperature gauge; 5) drain valve control; 6) air admittance valve;
7) vacuum line; and 8) vacuum pump.

Clean and disinfect the bell jar and condenser chamber with water and then
106% alcohol.

Apply a small amount of high-vacuum grease to the rubber seals of the bell jar
and mount it sccurcly onto the condenser chamber,

Open the gas ballast valve and close the air admittance valve,

Turn on the main power switch of the freczing unit.

Wait until the chamber temperature stabilizes to -50°C which corresponds to a
vapor pressure of 4 x 102 mbar.
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6.  Switch on the vacuum pump and kcep running it for onc hour.
7.  Switch off the frceze-dryer unit and the vacuum pump.

8. Open the air admittance valve to release vacuum in chamber.
9. Remove the bell jar.

10. Dclrost condcnser chamber using warm watcer.

11.  Open the drain valve to release watcr from the condenser chamber. Closc valve
when finished.
12.  Dry, clean, and disinfect condenser chamber and bell jar.

Primary Freeze-Drying

Evolution of water vapor from the frozen cultures will cause the temperature to fall to
a point where heat lost duc to sublimation is balanced by heat gaincd from the31
surroundings. The cultures are first frozen and then dricd while in the frozen state
(under vacuum), thus avoiding damage to the structural integrity of the cclls and a
change in their solute concentration. Two steps in the frcecze-drying process arc
nceessary: the first step removes the bulk of the water, the sccond removces the
remaindcer and allows scaling of the ampules under vacuum.

The procedure for the first lyophilizing step is as follows (scc Figurc A.5.9):

1. Place beakers containing ampules on the clevated baseplate of the frecze-drycer.
2. Apply a small amount of high-vacuum greasc on the rubber scals of the bell jar
and mount the bell jar onto the condenser chamber.

Close air admittancc valve.

Turn on the main power switch of the frecze-drycr unit.

Wait until temperature stabilizes at -50°C and corrcsponding vapor pressurc
ncedle indicates 3.4 x 102 mbar.

Switch on the vacuum pump.

Allow the system to run for two hours.

Switch off frecze-dryer unit and vacuum pump.

Rclcase the air admittance valve.

Remove bell jar.

Decfrost the condenser chamber using warm water (< 50°C).

Open drain valve, allow water to flow out, and closc drain valve when finished.
Dry, clean and disinfcct condenser chamber.

oW
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Primary frecze-drying will remove approximately 95% of the moisture in the cultures.
At this stage, identification labels arc inscricd into ampules containing the frozen
cultures. Culture identification number and datc of lyophilization arc indicated in a
typewritten line on a small strip of paper (Figurc A.5.10). Push the cotton plug further
inside to allow for the constriction procedurc.
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Fig. A.510. Insertion of labelled paper strip into ampule containing a rhizobial culture.

Ampule Constriction

Ampules are constricted after primary freeze-drying by rotating them over the flame
of a gas-air source of an Edwards ampule constrictor (model 2) or cquivalent (Figure
A.5.11). The place for constriction should be in the middle of the ampule tube and
above the top cotton plug (Figure A.5.12). This device constricts and stretches the
ampules o a narrow diamcter at this point which will later be simpler to close
completely leaving the portion of the ampule containing the rhizobia scaled against
loss of vacuum.
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Fig. A.5.12. Ampule is constricted above cotton barrier using a double-headed
torch to soften glass and stone rollers to cause constriction.
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Secondary Freeze-Drying

1; Carcfully load desiccant (anhydrous CaCl,) into the tray assembly and place
inside the condenser chamber (Figure A.5.13).

Fig. A.5.13. Loading desiccant tray assembly into lyophilizer chamber.

2. Push the open ends of the constricted ampules onto the rubber teats of the
manifold assembly (Figurc A.5.14).

3. Mount the manifold asscmbly onto the condenser chamber (Figure A.5.15).

4. Closc the air admittance valve.
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Fig. A.5.14. Inserting constricted ampules onto teats of manifold.
It is important to ensure a good seal for each ampule.

Fig. A.515 Manifold assembly with ampules mounted onto condenser
chamber of Iyophilizer.
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Turn on main power switch of the frecze-dryer unit.

Allow the temperature to stabilize at -50°C which corresponds to a vapor
pressure of 3.4 x 10° mbar,

Switch on the vacuum pump.

Close the gas ballast valve.

Allow system to run for 18-20 hours until vapor pressure indicator on the
lyophilizer reaches approximately 102 mbar.

Apply heat to the constricted area of the ampule by using a special hand flame
torch (Figure A.5.16).

1T:

Fig. A.5.16. Heating constricted area of vial with a double-headed torch,

Carefully pull and twist the ampule as the glass softens (Figure A.5.17). A
complete seal is necessary Lo ensure vacuum retention.

Note: If opcration fails to produce a scal and vacuum is lost (indicated by drop
in pressure meter or different sound in the vacuum pump), the procedure must
be stopped for at least 20-30 minutes to allow the scal for pressure (vacuum)
o come back to normal.

30



13¢
14

15.

Fig. AJ517. Twist-sealing ampule as glass softens.

Alter all ampules have been scaled, switch off vacuum pump and freeze-dryer
units.

Open air admittance valve.

Remove manifold assembly, discard remaining picces of ampules.

Defrost and procced as indicated above.

Ampule Vacuum Verification

Once the scaled ampules have been produced they should be checked for presence of
vacuum using a spark tester (Edward Vacuum Spark Tester pictured in Figure
A.5.18). This device consists of a transformer and high-voltage probe; the probe is
touched to a finished ampule and discharged. At discharge, a properly scaled ampule
will display a bluc spark inside (Figure A.5.19). If no vacuum cxists in the ampule, the
spark will not be seen or will be a light pink. Ampules not showing a blue spark
should be discarded, as lack of vacuum will cause the rhizobia to die within a short
period. Special care should be taken not to overexpose the culture to the discharge.
Long or repeated exposures will kill bacteria, reducing the numbers of viable cells.
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Fig. A.5.19. Testing vacuum of ampule with spark tester. Blue spark inside indicates proper vacuum.
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Storage of Ampules

The complcted ampules containing freeze-dricd cultures should preferably be stored
under refrigeration and in a dark placc. Because of their small size, hundreds of
ampules can be stored in a small space.

Culture Viability Verification

It is nccessary to check culture viability after frecze-drying in order to cvaluate the
cfficacy of your efforts, and to cstablish a bascline of rhizobial survival just following
lyophilization. Not all strains behave the same, so all strains preserved in onc run
must be tested. Somec strains may losc 2-3 log lcvels of population, whilc others may
drop only minimally in population. Sample ampulcs should be reconstituted
(following paragraph), and the contents diluted scrially and plated out on YMA-
Congo red plates for enumeration and cvaluation for contamination. Contaminated
batches should be discarded. The following should be recorded in a log book
rccording history of lyophilized cultures: strain number, date of freeze drying, date of
counting (aflter freeze-drying), and number of rhizobia/ml.

Reconstitution of Freeze-Dried Cultures

Usc a filc to makc a dcep scratch on the ampule, above the top cotton stopper
(Figurc A.5.20). Carcfully, undcr ascptic conditions, crack it open. The contents of the
ampule arc rehydrated with a few drops of sterile 0.85% salinc or 1.12% CaCl,
solution using a Pastcur pipctte (Figurc A.5.21). From the suspension, strcak a loopful
on a YMA plate containing Congo red. Incubatc plate and check for contaminants.

A.6. Gram Stain

The Gram stain technique is onc of the most basic of microbial differentiation
mcthods and is uscd to divide all bacteria into two broad categorics, Gram positive
(+) and Gram negative (-), on the basis of their rcaction to thc Gram stain process.
The technique indicates fundamental differences in ccll wall structure of bacteria, with
thosc rctaining a purple color (indicating absorption of crystal violct dye) called Gram
positivc, and those retaining a pink color (indicating absorption of safranin dyc) called
Gram ncgative. All specics of Rhizobium, Bradyrhizobium, and Agrobacterium,
commonly referrcd to as rhizobia, stain a pink color and are Gram ncgative.
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Fig. A.5.21. Breaking open an ampule under laminar flow hood.
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The reagents required arc simple to make and maintain, and the only cquipment
rcquired is a microscope with sufficient power to discern individual cells. The staining
procedure likewisc is not difficult, but it must be noted that bacteria staining as Gram
(-) are not nccessarily rhizobia; many other specics of soil, water and airborne
bactcria are also Gram (-) (c.g., E. coli, Pseudomonas).

Gram Stain Reagents:

1. Crystal violet solution
crystal violct 10g
ammonium oxalalc 4g
cthanol 100 ml
distilled water 400 ml

Some precipitation may occur in this solution upon prolonged storage, which
may affect the quality of staining, If so, warm the bottle with the cap open in a
water bath at 37°C, then close and shake until the precipitate is dissolved.

2. Todine solution

iodinc lg
potassium iodide 2g
cthanol 25 ml
distilled watcr 100 ml

This working Gram iodinc solution detcriorates rapidly, especially when exposed
to light and/or hcat. Working solution may rcmain stable up to threec months
under normal conditions of daily usc. It should be discarded when color loss
becomes apparent or when adequate results are no longer obtained.

3.  Decolorizing solution

cthyl alcohol 95 ml
distilled water 5 ml
or
ethyl alcohol 75 ml
acctone 25 ml
4. Counterstain solution

2.5% safranin in cthanol 10 ml
distilled watcr 100 ml

Staining Procedure:

1. Prepare a thin, cvenly distributed smear of the material (o be Gram stained.
Note: In very thick smears, decolorization cannot be adequatcely cvaluated or
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controlled; very thin smears are casily over-decolorized.

a. bacteroids from fresh nodules and bacteria growing in broth culture can be
applied dircctly to a microscope slide with a swab or inoculating loop.

b. growth from bacterial colonics can be picked with an inoculating loop or
needle and mixed with a drop of water or saline placed on the slide.

Allow the smear to completely air-dry without heat, and then heat-fix quickly

passing the slide through the (low) flame of a Bunsen burner two or three

times (the slide should be just hot to the touch for correct smear fixation; if

cxposed to excess heat, bacteria may not stain properly) (Figure A.6.1).

Note: A simple staining rack can be made by suspending two glass or metal

rods over a sink with drain (Figure A.6.2).

Cover the smear with crystal violet solution and allow the stain to act for

approximately one minute.

Fig. A.6.1. Heat fixing a smear over alcohol burner flame.



Fig. A.6.3. Rinsing the excess stain with water, taking care not to hit smear directly.
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5. Shakc off the excess water, flood the smear with iodine solution, and allow it to
stand for one minute or longer.

6. Rinsc off the iodine solution with tap water and carcfully apply eithcr
decolorizer solution just until no morc color is being washced from the smcar.
Quickly rinsc off any remaining decolorizer with tap water.

Note: This step is critical; do not over-decolorize.

7. Shake off any exccss watcr and apply the safranin counterstain solution for
approximately onc minutc.
8. Wash the slide in tap watcr, blot dry, and examine microscopically.

A.7. Classification of Rhizobium

Under the present classification system (according to Bergey’s Manual), three gencra
exist within the family Rhizobiaceae. They are Rhizobium, Bradyrhizobium, and
Agrobacterium. To provide some understanding of why rhizobia arc groupcd as they
are, we describe bricfly the previously uscd rhizobia classification system, and in
addition providc a mcthod of grouping based on cffectivencss.

Becausc of the high degree of specificity between specics of legumes and ccrtain
Rhizobium, the previous classification system uscd to identify these bacteria was based
solcly on host (legume) specificity. Scven species (or groups of closcly rclated strains),
plus a miscellancous group to cover a multitude of lcgumes, designated on the basis
of preferred host, were cstablished:

Species Preferred host

R. leguminosarum Pisum, Vicia, Lathyrus,
Lens, Cicer, Trifolium

R. trifolii Trifolium spp.

R. phaseoli Phaseolus spp.

R. meliloti Medicago, Melilotus, Trigonella

R. lupini Lupinus, Omithopus

R. japonicum Glycine

Rhizobium (cowpca misccllaneous) Vignfz, tree specics, other (mostly tropical)
specics
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Within each specics designation, various rhizobial strains arc able to infect the rclated
group of legumc. The rhizobial strains within a specics were grouped together and
called a ‘cross-inoculation group’. Within the cross-inoculation group, the strains able
to infcct and bring about N_-fixation were called cffcctive, and thosc only able to
infcct but not fix N werce incffective.

With the newer classification systcm (rcleased in the 8th cdition of Bergey's Manual,
1984), the above scven distinet rhizobia species were further split into two groups
bascd on their growth habits and physiological charactcristics. Group I consists of
specics that are considered "fast” growers (gencration time of two to four hours in
liquid media, showing visible colonics on solid mcdia in three to five days) and utilizc
a wide range of carbohydrates while producing acid metabolitcs. Group 11 species are
"slow" growers (gencration time of six to cight hours with visible colony growth after
five Lo cight days) which utilize pentose sugars as a carbon source and producc alkali
metabolites. The species Rhizobium leguminosarum is now divided into three ‘biovars’,
relating to legume species nodulated.

Group 1
Genus Species Biovar Host species
Rhizobium leguminosarum vicieae Pisum, Vicia, Lens, Lathyrus
Rhizobium leguminosanum trifolii Trifolium
Rhizobium leguminosarum  phaseoli Phaseolus
Rhizobium meliloti Medicago, Melilotus,
Trigonella
Rhizobium loti Cicer, Lotus
Rhizobium fredii Glycine
Rhizobium spp. Other spccics
Group 11
Bradyrhizobium japonicum Glycine, Macroptylium
Bradyrhizobium spp. not yct clearly classificd but includes somc

Cicer, Sesbania, Lupinus, Acacia,
Omithopus, Leucaena, Vigna
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A.8. Sterile Technique

When handling cultures of Riizobium in the laboratory, certain techniques amounting
Lo a system must be followed if consistent results are expected. Rhizobia face a world
of harsh competition, and most other bacteria and fungi are faster than rhizobia in
their utilization of food sources. These other organisms are also ubiquitous, which
means they are everywhere: on hands, all surfaces, in soil, air and water. These other
organisms must be climinated if pure cultures of rhizobia are to be grown. If mixed
cultures of rhizobia and other organisms are introduced into a growth media, such as
that used in production of inoculants, the other organisms will almost surcly
outcompelte the rhizobia and you will end up with an inoculant containing few
rhizobia. This is the reason for using a sterile technique in the laboratory: to climinate
other microorganisms from the media in which rhizobia arc grown.

Basic caution and understanding of the omnipresence of contaminating
microorganisms applicd to laboratory work with rhizobia will lead to good results.
Following arc some specific points that should be followed:

L All work with Rhizobium cultures should take place under a laminar-flow
bench, which pumps pure filtered air (Figure A.8.1) or a clean bench
(deseribed later in this Section). A Bunsen burner (preferred) or an alcohol
lamp should be lit at all times when using the clean bench.

Microflow

Fig. A.8.1. Laminar flow bench for aseptic handling of cultures,
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Before beginning work, all surfaces of clean bench (or laminar hood) and the
hands should be cleaned with 70% alcohol.

All containers, pipcttes, tubes, swabs, cotton, ctc., should be sterilized by
autoclaving (stcam sterilization at 121°C) before use. After autoclaving, these
items should be closed (containers with caps or cotton stoppers) or wrapped in
paper or tinfoil before sterilization to prevent contamination after removal from
the autoclave.

All media, diluents, cte., must be sterilized by autoclaving, Sterilization time
depends on the quantity or bulk of the items being autoclaved; small amounts
of liquid (up to 500 ml) will requirc only 20 minutes at 121°C, volumes over 5
L may require sterilization of up to onc hour.

Caution must be taken when autoclaving media containing carbohydrates such
as mannitol; excessive sterilization (heat) may alter carbohydrate composition,
making it unusable by rhizobia.

When caps, covers, or plugs arc removed to manipulate rhizobia, it should be
for the minimum time possible. Upon opening a container, the mouth should
be briefly flamed over the Bunsen burner to kill contaminant around the
opening (Figure A8.2).

Fig. A.8.2. Flaming test tube lip over hurner Mlame.
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6. All metal utensils, such as forceps and knife, should be dipped in alcohol then
sct alight in the burner flame (Figure A.8.3); they should be used immediately
when the flame goes out. Inoculation needles and loops should be placed in the
hottest part of the burner flame until they glow an orange color (Figure A.8.4);
the entirc Iength of the wire should be flamed, not just the tip. These utensils
should be used immediately after cooling slightly.

7. Before discarding used cultures, autoclave all materials containing living
cultures.

[ 1 Wi i " LE
T PP T LI !
Srararn

LR ]

§
et 1 .
| |

1

W\
LT

[
L
AL

4
“3
|..J
=1

-
1 f

-

'-"lf‘

Fig. A.83. Flaming forceps after alcohol dip.

Simple Transfer Chamber

A simple transfer chamber for aseptic (sterile) work can be constructed from the
materials and plans following. In this design of the transfer chamber, specific attention
is given to the placement and position of the Bunsen burncr as this is critical to
producing a sterile environment suitable for aseptic work.
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Fig. A.8.4. Flaming the length of wire loop in hottest part of burner flame.

The Bunsen burner is positioned so that approximately 3 ¢cm of the tip of the burncr
protrudes into the chamber through a hole in the base (Figure A.8.5). In this position,
the gas supply line and the air intake ports of the burner are left on the outside of the
chamber. When the burner is lit, the flame eventually warms up the air inside the
chamber and a one-way warm air current is created which exits through the open
front thus preventing entry of contaminants.

A few simple steps arce essential to proper functioning of the chamber: (1) open the
hinged door and wipe the interior thoroughly with 70% alcohol. Allow to dry before
lighting burner; (2) turn on the gas and light burner. Flame should be blue and

adjusted to no more than 6 cm in height; and (3) close the hinged door and wait 20
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minutes before using chamber. This allows the proper air flow to be established.
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Fig. A.8.5. Simple transfer chamber showing cross section of chamber
illustrating working principle and construction drawing (NHTAL Project),



When work in the chamber is completed, turn off the flame and disconnect the gas
line on the outside of the chamber. A leaky gas valve may causc the chamber to fill
with gas, which would rcsult in an cxplosion when the burner is lit. This is not a
theoretical danger; it has happened. With correct procedures and precautions, this
simple incxpensive transfer chamber will enable the user to produce consistently purc
Rhizobium cultures.

Transfer Chamber Components

1. Back; madc of plywood, hardwood and glass (0.2-0.5 cm thickness)

Bottom; made of plywood with formica surface, includes 1.5-2.0 cm diameter

hole for Bunscn burncr

Top; made of plywood

Reinforcement; madce of wood, scrves as anchor for hinged door

Door; made of plate glass with hardwood frame, attached to the reinforcement

with hinges.

6.  Sides; made of plywood and glass

7. Wooden moldings (8); to hold glass for [ront window and door

8. Wooden moldings (8); to hold glass for rcar window (optional)

9. Wooden moldings (16); to hold glass for side windows

10.  Woodcen legs (4); 10 cm high. Entire chamber sits on scparate table of height
to allow comfortable work.

(]

W

The plywood used should be 1.5 cm thick with a smooth finish on both sides. All
wooden surfaces of the chambcr, inside and out, should be painted with a hard-
coated, smooth oil-bascd cpoxy type paint.

Note: This chamber was designed and promoted by the Nif TAL Project, University of
Hawaii, in its ‘Applicd technologices’ serics.

A.9. Media Preparation

A9.a Media for Rhizobia

Routine Complex Media

The basic medium used in culturing of root-nodule bacteria is yeast extract-mannitol
agar (YMA) or broth (YMB). Rhizobia gencrally grow well with supplements of
complex extracts such as ycast. Mannitol is commonly used as the carbon source;
howcver, Bradvrhizobium is known to grow better on other carbohydrates (galactosce
or arabinose). Rhizobia (fast growers) show visible growth after three days while
bradyrhizobia (slow growers) show growth after seven days.
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The composition of standard YMA is:

K,HPO, 05g
MgSO,7TH,0 0lg
NaCl 02g
Mannitol 100g
Ycast extract 05g
Agar 150g
Distilled water 1L

adjust pH to 7.0 if nccessary
* Do not add agar for liquid media YMB.

Some laboratorics recommend the addition of 3 g of CaCO, as a ncutralizing agent
for acidity during long-tcrm storage, but only to media which are uscd to store fast-
growing (acid-producing) cultures of rhizobia.

If large quantitics of mcdia arc frequently used, it is convenicent to prepare stock
solutions of the rcagents as follows:

Stock Conccentration ml/L
solution Reactants g/L of medium
A K,HPO, 50 10
B MgSO,TH,0 10 10
C NaCl 20 10

The combincd media mixture is sterilized by autoclaving at 120°C for 20 minutcs (for
1 L; larger volumes will requirc more time). The pH is then corrected aseptically to
7.0 with approximatcly four drops of NaOH (1.0 N) into 1 L of thc preparation. Mix
thoroughly and recheck the pH (remove a small portion ascptically and check with pH
mcicr).

To prevent cxcessive waler condensation in plates it is necessary to allow the medium
to cool down to about 50°C before dispensing it into sterile petri dishes. The agar
solidifics at 44°C. The plates should be poured a day before they arc uscd to allow the
agar to dry out slightly and incrcasc its watcr-absorption capacity. Each glass plate
contains 30-40 ml of medium (25 ml in the casc of plastic disposable platcs).
Precautions should be excrcised to avoid contamination during the pouring operation.
The lip of the flask or tube should be passcd through the flame of a burncr before
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pouring. In some cascs, special dispensers and sterilized syringes are also utilized to
dispense sterile molten media.

For the preparation of slants (slopes) used for storage of rhizobia, molten medium
(heated carcfully over a burner to just below boiling to dissolve agar thoroughly - do
not boil) is dispensed into the vials before autoclaving. Vials of 25-50 ml capacity are
generally used for this purposc. Approximately half of the volume of the vial can be
filled with the YMA medium. After autoclaving, screw caps arc tightened and vials
are Ieft to cool on a 30-45° slanted surface (Figure A9.1).

Fig. A.9.1. Liquid agar, automatic syringe, slants, and sterilized agar tubes cooling in a slanted position.

Selective YMA Media
1. Additives
Contaminants from senescent nodules or from the working environment are likely to

interfere with the normal growth of rhizobia on YMA. The incorporation of biostats
to YMA medium aids in the suppression of growth of fungi and actinomycetes thus
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making thc medium more selective for rhizobia. The supplementcd media should be
uscd cautiously as the biostats may differcntially affcct different strains of rhizobia.
The most commonly used biostats arc:

Congo Red

Besides suppressing the growth of some actinomycetes it also assists in the recognition
of rhizobia from other soil bactcria. Rhizobia and bradyrhizobia absorb the dyc
weakly (colonics with a white or pinkish coloration) whercas many other bacteria
(c.g., Agrobacterium) take it strongly (rcddish colonies). However, the distinction is
not absolute; this property is onc of several sometimes sharcd by Agrobacterium,
Rhizobium, and Bradyrhizobium, most commonly R. meliloti. Dyc adsorption may also
be affected by the nature of the medium and conditions of cultivation. Congo red is
soluble in water and in cthanol. Stock solutions arc usually preparcd by adding 2.5 g
of Congo red to 100 ml of sterile water. A 1-ml aliquot of this stock is added to 1 L
of YMA mcdium before sterilization.

Brilliant Green (Malachite Green, Ethyl Green, Emerald Green)

A staining constitucnt of bactcriological media, it cxcludes the growth of many
microorganisms. It is reccommendcd that this biostat not be uscd with a pH indicator
in thc YMA mcdium. Stock soiutions of brilliant grcen arc usually preparcd by adding
3 g to 100 ml of sterile water or cthanol; 1 ml of the stock is added per liter of
mcdium to obtain a final concentration of 30 ppm. The brilliant green can be added
to the medium before autoclaving,

Actidione (Cycloheximide)

This antibiotic hclps in the suppression of fungal growth. A stock solution can be
preparcd by adding 3 g actidione to 250 ml of cthyl alcohol. It is recommended to
filtcr-sterilize the stock solution. Altcrnatively, actidione may be dissolved in sterile
water and used immediatcly. A 1-ml aliquot of the stock is added to 1 L of a coolcd
50°C YMA medium. Final concentration will be 12 ppm. Extreme caution must be
cxcrciscd in handling this product as it is toxic.

Rose Bengal

Stock solutions arc preparcd by adding 3 g of rosc bengal to 100 ml of sterile water.
An aliquot of 1 ml is addcd to 1 L of cooled YMA mcdium. Somc investigators
combinc actidionc with rosc bengal to strengthen the exclusion of contaminants able
to grow in YMA. To prcpare a modificd rose bengal-actidione medium usc stock
solutions prepared for actidionc and rosc bengal. Add same proportions as if additives
were being uscd separatcely,



2. pH Indicators

Acid and alkali production undcr standard conditions can be used (o divide root-
nodule bactcria into two major groups, which correspond to their rate of growth: fast
growers, acid produccrs (Rhizobium leguminosarum, R. loti, R. fredii, and R. meliloti);
and slow growcrs, alkali producers (Bradyrhizobium spp.).

Solutions madc of pH-indicator substances can be preparced as stock solutions and
added to YMA medium to demonstrate rclatively small changes in acidity or alkalinity
of the media as indicated by changes in color of the medium by the above root-nodule
bactcria. Many non-rhizobial contaminants will also be revealed in this medium by
their most drastic effcct in pH. Some commonly used pH indicators for rhizobial
studies are:

Bromthymol Blue

This indicator turns ycllow at pH 6.0 and blue at pH 7.6, and is grcen between pH 6.0
and 7.6. Stock solutions arc prepared as 0.5% bromthymol bluc (BTB) in 0016 N
NaOH (pH 6.8). Add 5 m] to the mcdium before autoclaving. In gencral,

bradyrhizobia will turn the green YMA mcdium into blue wherceas rhizobia will turn it
into yellow.

Bromcresol Purple

This turns ycllow at pH 5.2 and purplc at 6.8. Stock solutions arc preparcd as 0.5%
bromcresol purple (BCP) in 0.016 N NaOH (pH 5.5). Add 5 ml to YMA medium
before autoclaving,

Bromcresol Green

This turns ycllow at pH 3.8 and bluc-green at pH 5.4. Stock solutions arc prcpared as

0.3% bromcresol green (BCG) in 0.016 N NaOH (pH 4.5). Add 5 ml to YMA
mcdium before autoclaving.

A.9.b Growth Medium to Screen Rhizobia for Acid Tolerance

The composition of the defined medium and final concentrations are:
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D.
E.
F

Compound mg/L

Na,SO, 100.00
MgSO, TH,0 200.00
CaCl,H,0 5.00
MnSO,4H,0 1.11
FcSO,7TH,0 5.00
ZnS0,7H,0 1.00
CuSO,SH,0 0.50
KH,PO, 3.40
K,HPO, 435
Lysinc 100.00
Thiamine HCI 1.00
Pantothenic acid 1.00
Biotin 2 x 10?
Folic acid 0.125 x 10°
Agar 20.00 g/L
MES 30.7 mM
Distilled water 1L

Stock Solutions Needed:

1.

Make a stock solution in a ratio of 100 times the concentration of the
componcnts of A (cxcept for Na,SO, and MgSO,7H,0) for 100 ml of
distillcd watcr. To avoid waste of chemicals, we recommend adjusting
concentrations for 25 or 50 ml volumes so that an aliquot of the stock will
contain the rcquired final concentration for the final volume (1 ml for 1 L, 0.5
ml for 500 ml, ctc.)

2. Make a stock solution for B in a ratio of 100 times the concentration of both
componcats for 100 ml of distilled water, Adjust concentration and volume
according to final volume rcquired.

3. Make a stock solution for C using a ratio of 100 times thc concentration of
cach component in 100 ml of distilled watcr. Because of costs, we recommend
using the samc ratio of concentration but in lower volumes (25 or 50 ml). Then
take the necessary aliquot according to the final volume to be prepared.

Filtration:

1. Filter the stock solution B using a 0.45-pm pore sizc mcmbranc. Membranc
and holder must have been autoclaved previously.

2. Similarly, filter stock solution C using a new membranc.
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Preparation: (Assume 1 L)

1 Add 1 L of distilled water into a flask. Add 1 ml of stock A and 20 g of agar.
Autoclave at 120°C for 15 minutcs. Final pH will be approximately 5.1.

2. Add 1 ml of both stocks B and C to thc above sterile solution. Temperature of
the solution must range between 45 and 50°C.

3. Add 7.15 g/L (30.7 mM) of MES [2(N-morpholino) cthanc sulfonic acid] to the
above sterile solution and shake strongly. No need to filter MES. Temperature
of the solution must range between 45 and 50°C. Final pH will be
approximately 8.16.

Adjustment of pH

1. Adjust pH with 0.3N HCI, 1M NaOH and 0.1M NaHCO,* HCl to dccrcasc
pH and the other two to increase it. Ascptically insert pH probe into flask to
mcasure pH until desired pH is obtained. As the pk, of MES is 6.09, the
minimum possible pH of this medium is 5.2.

2, Pour volumes of approximatcly 20 ml into petri dishes. Let them cool, then
invert and refrigerate them.
3. We have tricd pH values of 6.0, 5.5, and 5.2 with successful results in screening

R. meliloti.

A.9.c. Plant Growth Media

Legume plants produccd from surface-sterilized seed can be grown undcr sterile
conditions in glass tubes, plastic pouches, and jars of all types. These systems allow
studies of rhizobia for enumcration, strain sclection, and host-plant compatibility
studics using a mincral solution lacking mincral nitrogen.

For any expcrimental system, all the nccessary nutricnts, with the exception of mincral
or combined nitrogen, must be provided at the levels adequate to ensure that nutrition
docs not limit the cxpression of symbiotic capacity. Sceveral clements are essential for
the successful formation and function of legume nodules. Calcium, phosphorus,
molybdenum, cobalt, boron, copper, and iron cach have a particular rolc in the
symbiosis. However, in formulating any nutritive solution for growing plants in the
above systems, consideration must be given to growth of the entire plant and other
clements, such as sulphur, potassium, chloride, and zinc, must be included.

There arc many nutricnt solutions uscd by rescarchers working with rhizobia. Some
popular mincral solutions arc those of Thornton (1930), Jenscn (1942), McKnight
(1949), Fahracus (1957), Munns (1968), Harpcr and Gibson (1984), and Broughton
and Dillworth (1970). Howecver, they arc similar in the concentration of the
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component ions and in general most clements arc provided in cxcess amounts so that
any plant-nutricnt disorders arc likely duc to toxicity rathcr than to deficicncy. Such
is the casc of phosphatc, which is uscd in excess to increase the pH-buffering capacity
of the nutritive medium.,

The majority of legumes nodulate well in the pH range of 6.0-8.0, but there is wide
variability among spccics in their ability to form nodules outside this range. For
cxample, Medicago specics nodulate poorly below pH 6.0 and rarcly nodulate below
pH 5.2. Clovers are morc tolerant to low pH than medics, but pH 4.7 is the lower
limit for nodulation of most clover (7rifolium) specics. Low pH also promotes the
availability of Al and Mn which are known to produce toxicity problems in legumes.
On the other hand, caution must be exercised that the pH of thc medium is not above
8.0 as it may lower the availability of elcments such as Fe, B, Zn, and phosphate.

In liquid or solid systcms having nutricnt solutions, legumes usually causc a drop in
the pH of the solution in the rooting medium because of hydrogen ion (H*) excretion
during cation uptake and cxcrction of organic acids. With the uptake of nitrate (NO,’
from thc medium the pH tends to rise, whercas with ammonium ion (NH,*) uptake
the pH falls. The usc of NH,NQ, as a sourcc of nitrogen in control trcatments will
minimizc the pH change. With agar medium, appropriate mixturcs of K,HPO, and
KH,PO, can bc uscd as a buffer to cstablish and maintain the required pH for four to
five weeks depending on the volume of the medium, plant specics and growth
conditions. '

In systems in which solid rooting substrates such as sand, gravel, vermiculite, and
perlite arc uscd, it is nccessary to thoroughly wash the substrate with running water
overnight to bring the pH to ncar ncutrality. Some rescarchers use acidificd water for
this purposc. Newly purchascd vermiculite, for cxample, sometimes has a pH in cxcess
of 9.0, depending on the source. After washing the substrate, it is advisable to rinsc
the matcrial with distilled or deionized watcr. Some tap water may contain traces of
nitratc, which if adsorbcd onto the substrate will affect nodulation and plant growth of
legumes undcer experimentation.

The formulations of the nitrogen-free mineral nutrient solutions used at ICARDA
are:

1. For large-sceded lcgumes (food and forage legumes):
Modificd Broughton and Dillworth (1970)
2. For small-sceded lcgumes (pasture legumes):

McKnight (1949).

The composition of the modificd Broughton and Dillworth’s nitrogen-free mincral
solution used at ICARDA is:
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Stock Compound Amount Final solution

g/L concentration’
1 CaCl,2H,0 294.1 1.00 mM
2 KH,PQ, 136.1 0.50 mM
3 MgSO, TH,0 1233 0.25 mM
K, SO, 87.0 0.25 mM
MnSO,H,0 0338 1.00 uM
4 H,BO, 0.247 0.30 1M
ZnSO,7H,0 0.288 0.50 uM
Cus0,'SH,0 0.1 0.20 uM
NaMoQ,2H,0 0.048 0.01 uM
CoS0O,7H,0 0.056 0.01 uM
5 Fe citrate’ 54 10.00 uM

* For cach liter of full-strength solution add 0.5 ml from cach of the five stock solutions.
+ Modificd from original formulation.

The composition of McKnight's nitrogen-frce mincral solution uscd at ICARDA for
small-sceded legumes grown in vermiculite is:

Stock Compound Amount
solution” g/L
1 CaSO, 24
MgSO,7H,0 4
KH,PO, 4
KCl 4
FeCl, 0.20
2 MnSO,H,0 1.54
H,BO, 2.80
ZnSO,7H0 0.22
MnCL4H,0 249
CuSO,5H,0O 0.08
Na,Mo0,'H,0 0.021
CoS0,7H,0 0.286

* Add 300 ml of stock solution 1 and 4 ml of stock solution 2 to 3.7 L. of distilled water.
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When growing seed of Medicago or Trifolium spccics in tubcs containing agar slopcs
we recommend the Fanhracus solution with agar for firmncss.

Compound Amount
Macroclements
KH,PO, 100 mg/L
NaH,PO, 150 mg/L
CaCl, 100 mg/L
MgSO,'H,0 120 mg/L
Fe citrate 5 mg/L
Micronutricnt stock 1

H,BO, 2.86 g/L
MnSO,‘H,0 208 g/L
ZnS0,7H,0 022 g/L
CuSO,5H,0 0.08 g/L
Na,MoO, 0.11 g/L

Add 1.0 ml of stock 1 (micronutrient solution) to the 1-L preparation donce with the
macroclements. Shake vigorously and then add 16 g of agar. Autoclave the scedling
agar preparation at 121°C for 15 minutes. Let it cool down to about 50-55°C and
dispense cqual volumes into tubes. Let tubes rest in an inclined position to obtain
slanted surfacc to which scedlings then will be transferred.
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B. Enumeration

Estimating numbers of rhizobia in soils, inoculants and laboratory cultures is an
important activity in most Rhizobium laboratorics, and is csscntial in inoculum
production. The methodologics described apply to this range of nceds, and vary in
terms of accuracy, facilitics and time required. Usc of ncphclometry (optical density
mcasurcment) for cnumcration in broth media is fastest and simplest, but may be
inaccurate. Plant infcction tests provide a reliable cstimation of infective rhizobia
populations in sils and inoculants, but require six to eight wecks. Counts in YM agar
platcs can be performed in the time required for the rhizobia to producc a few
gencrations and arc accurate in pure or cven fairly clean cultures, such as inoculants.
The most uscful techniques for cach of the Rhizobium technologists’ requircments
have been emphasized in this scction; information on alternate mcthodologics is
preseated in shorter form,

B.1. Direct Population Counts in Liquid Culture

B.l.a. Microscopic Cell Counts

The size of a microbial population may be measured by counting the number of
individual cells with a microscope. There arc four important limitations 1o keep in
mind if using this procedurc.

1. Counting individual cells under a microscope is tedious and not practical for
large numbers of samplcs.

2. At least 10° bacterial cells per ml must be present before a single cell can be
scen in the microscope ficld.

3. Living cells cannot be distinguished from dead cells, so counts will likely be
higher than actual number of viable cclls present.

4. Only suspensions of purc cultures, such as broth cultures, can cflectively be

mecasured using this method.

In order to count the number of cells present, and extrapolate to populations in
culturc, a microscope slide containing a special chamber of known volume is uscd; the
varicty described here is the Petroff-Hausser type.

The Petroff-Hausser counting chamber (Figure B.1.1) is a machincd glass slide with a
sunkcn platform within a well. The platform is located cxactly 0.02 mm below the
slide’s surface and contains a preciscly ctched grid of 25 squarcs; cach of these
squarcs is further divided into 16 squares. The grid has an arca of 1 mm? and a total
volume of 2 x 10® ml. Because the gap between the grid surface and the overlying
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glass coverslip is so precise it is possible to relate the number of cells counted in the
grid with the volume of suspension; from this the concentration of bacterial
suspension can be calculated (with a large degree of variance). The only advantage of
this method is that a population estimate can be obtained almost immediatcly.
Depending on the age and condition of the culture suspension, it can be inaccurate.
These factors make the technique of use only in special situations.

Fig. B.1.1. Petroff-Hausser counter for bacterial cell enumeration.

B.1.b. Viable Cell Counts

A viable cell is defined as onc that is able to divide and form a colony. Viable counts
are therefore performed by determining the number of cells capable of forming
colonics. The most widely used method utilizes a yeast mannitol (YM) agar plate
surface to grow individual cells until they become visible colonics. A known volume of
rhizobial suspension is placed on the surface of the plate; population of the original
suspension then can be calculated from the number of colonics produced (assuming
one cell produces onc colony). Dilutions are usually made so that the number of
colonics produced is countable (try to imagine accurately counting 1000 dots on a
small picce of paper) but high enough to be statistically accurate (counting only three
to four colonies per plate will induce a high coefficient of variability).
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All viable cell count methods rely on a sct of serial dilutions which are intended to
bracket the expected number of cells in the culture. A visual presentation of the
dilution serics is given in Figurc B.1.2, and will be further claborated for cach of the
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Fig, B.1.2. Ten-fold dilution series illustration.
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applications. The number of cells in a pure broth culture may be estimated visually by
color and opacity; a culture which is opaque and milky will usually contain 10%-10°
cells per ml; a culture only slightly cloudy will contain 10°-107 cells (Figurc B.1.3).
Most soils contain between 0 and 10° cells per gram; inoculants up to 10' per gram,
Dilutions are chosen to overlap on the high and low sides of expected population, with
an attempt to count 50-300 colonies per plate. The number of colonics on the agar
surface, multiplied by all dilutions used, gives the population in the original
suspension,

Fig. B.1.3. Visual growth densities in erlenmeyer flasks containing
YM broth at 107, 108, and 107 dilutions.

The most common version of this technique is the ‘spread plate’, but versions utilizing
an "agar sandwich" (‘pour plate’) or counting the number of cells within one drop on
the plate (‘drop count’) are used by some technologists. Emphasis in this handbook is
placed on the spread plate method, with short explanations and calculations for the
other two.

In the spread plate technique, a small volume of diluted culture (0.1 ml) is ascptically
pipetted direetly onto the surface of an agar plate containing YM media, or YM with
Congo red (sec Section A.9). The culture is then dispersed with a sterile glass-rod
spreader evenly over the surface of the plate. This spreader can casily be made from a
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straight glass rod, in the shapce shown in Figure B.1.4. The rod uscd for spreading the
culture must be dipped in alcohol, flame sterilized and cooled briefly before using on
cach plate. The sample is most evenly distributed over the surface of the agar if a
small turntable (Figure B.1.5) is used; with this device, the spreader rests lightly on
the surface of the agar after pipetting the bacterial suspension onto the center of the
plate, and in gently spinning the turntable the suspension is evenly spread over the
entire agar surface. If a turntable is not available the plate can be manually rotated
with onc hand one-third of a turn at a time while the spreader is held in the other.
The petri dish cover should not be sct aside while spreading, but should be held 4-5
cm over the plate surface to prevent entry of contaminants (Figure B.1.6).

With this method, colonies develop uniformly over the surface of the agar;
contaminants with different colony morphologics can be easily detected, particularly if
Congo red YMA plates are uscd. If the spreading procedure and dilution scries are
performed correctly, colonies will be separated and casy to count (Figure B.1.7). The
following is a samplc excrcise to acquaint you better with the technique.

Fig. B.1.4. L-shaped glass spreader rod.
Note slight bend about 5 em from *L’ to facilitate application to agar surface.
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Fig. B.1.5. Spreading suspension on the agar surface aided by the spinning
action of a turntable. Note that petri dish cover is held just
over agar to minimize possibility of contamination.

Fig. B.1.6. YMA plate showing colonies of rhizobia and contaminants.
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Fig. B.L.7. Colonies of rhizobia on the surface of a YMA plate for colony count.

Sample exercise. Preparc a 10-fold dilution series up to 107 beginning with 5 g of peat
inoculant, using sterile 0.01 M CaCl, as the diluent. The steps involved in the dilution
scries are as follows: 5 g peat inoculant is transferred into a bottle containing 95 ml
sterile diluent; this is shaken vigorously by hand for one minute, or on a mechanical
shaker for 10 minutes. One ml of this suspension is pipetted into a test tube
containing 9 ml sterile diluent; this tube is the 10* dilution. After mixing carcfully by
hand or vortex mixer (do not shake), 1 ml of this dilution is transferred to another
tube containing 9 ml sterile diluent; this tube is the 10* dilution. Proceed with the
dilution process until you reach the 107 step. Using three plate replications per
dilution, transfer 0.1 ml of the 107 dilution onto the surfaces of cach of the (usually 3)
plates, and spread (Figure B.1.5). Repeat this procedure with the 108, 10° and 10*
dilutions in succession.

Note: If pipettes are scarce, the same pipette can be used through the whole
procedure for each sample, as long as you work back from the highest dilution to the

62



lowest (i.c., from the dilution containing the fewest cclls to that containing the most);
care must be taken to rinse the pipetic well in the dilution being currently pipetted
before taking out a sample.

This is an casy procedurce to follow:

1. Make all dilutions using test tubes filled with sterilized dilucnt (usually
preparcd for duplicate or triplicate samplcs).
2. Labcl plates (three or four per dilution sample) with treatment, replication,

datc and dilution.
3. Taking the highest dilution, pipcttc 0.1 ml to each of the three plates.

4, Flamc sterilize the glass-rod spreader before using on cach of the three plates
in turn.

5. Proceed with other dilutions in same manner.

6. Invert plates (so that the half holding agar is on top) and place in incubator at
25-28°C.

7. Check the plates cach day for growth. When colonies are casily discernible on

agar surfacc, count the number of colonics on plates of the dilution having
40-300 colonies visible; this will give you the most accurate count.

8. Multiply the average number of colonics from the three plates (or six plates if
you uscd two sample replications) and the dilution serics to get the population
in the original material. A sample calculation where the average count is 125
colonics per plate on the 10° dilution (should be 12-13 colonics on the 10°
dilution) is:

100 ml diluecnt 10 ml 10 ml  platc 125 colonics cclls
x x X X =25 x 10°
Sginoculant 1ml 1ml 0.1 ml plate g inoculant

(2 x 10' dilution) (10") (10") (10') (125) . . . Note that all units canccl cxcept cells per
g inoculant (colonics are assumed to be formed from 1 ccll); knowing what final units
you want to achicve will help you in sctting up the cquation. Remember that you have
used an incrcasing dilution scrics, so cach componcent of the equation should increasc
the total.

The pour plate mcthod uses the same principles of the dilution scrics and counting
the number of colonies contained in the cntire plate, but instcad of growing the
colonics on the agar surface, they are placed within the agar to reduce later contami-
nation. A sample (usually 1 ml) of diluted culture is pipcticd into an cmpty sterile
petri dish, and approximatcly 20 m! of still liquid but cooled agar (44-45°C) is pourcd
on top. The contents are then swirled gently both clockwise and counterclockwisc,
forward and back, left and right to thoroughly mix culturc and agar. Allow the mixture
to solidify completely, invert the plates and incubate at 25-28°C until individual
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colonics can be seen. Colonies will appear on the surface of the medium as well as be
embedded in the agar. Calculations are performed as in the spread plate method.

The most critical step in this procedure is pouring the media at the correct
temperature. If too hot (> 45°C) the rhizobia will be killed; if too cool (< about
44°C) the agar will have begun to solidify and will not pour properly. About the only
way to manage this is by using a water bath sct at 45°C; flasks containing the sterile
molten agar media arc kept in this bath until plates are poured (Figure B.1.8).
Calculations are performed as in the spread plate method. If 1 ml of suspension is
uscd to inoculate the plate, this step need not figure in the calculations; if less than 1
ml is used this will be an additional factor, to be included in the calculations as shown

for the spread plate technique (more than 1 ml should not be used, as this will over-
dilute the agar).

Fig. B.18. Flask containing media held in a water bath at 47°C
(constant temperature) prior to pouring plates,
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The drop plate technique is used when large numbers of samples must be counted, as
when determining population response of several different rhizobial strains to stress in
laboratory experiments. The advantage of this method is that up to six samples (e.g.,
three replications of two dilutions) can be placed in one petri dish, thus saving plates
(Figure B.1.9). The method does, however, require extra skill (meaning more practice)
and stcady hands; in addition, it is nccessary to calibrate the Pasteur pipettes so that
all pipettes used deliver the same volume in a drop. The main disadvantage of the
technique is that it can only be used with pure cultures; if a fast-growing contaminant
is present, it will obscure rhizobia colonies within the drop before they can be
counted.

Fig. B.1.9. Drop plate with divisions showing drop area with countable colonies,

Usc agar plates that arc at lcast three days old or have been dried at 30°C overnight;
a somewhat dry agar will quickly absorb individual drops, preventing the drops from
running together when the plates arc inverted or moved. Radially mark off six cqual
scctors on the outside bottom of the petri dish. Label three sectors for replications of
one dilution and three for another, allowing two dilutions per plate.

As with the spread or pour plate techniques, between 20 and 200 colonics should be

counted per drop to obtain statistically accurate information. Clearly, timing in colony
counting is more critical with this technique. If a viewing microscope is available (such
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as those used for viewing plant samples for inscet or discase identification), colonies
can be counted before they can be seen by the naked eye within a field of vision to

allow for counting 200 colonies. If colonics become larger than a pinpoint, they will

begin to grow together and numbers will be difficult to determine correctly.

An additional dilution must be taken into account when determining final population
in the original sample: the volume of the drop must be known and consistent. A
Pasteur pipette (Figure B.1.10) is the casiest way to deliver a drop of consistent
volume, but two major factors must be taken into account: 1) the opening of the
pipette must be the same in all pipettes used. Pasteur pipettes are mass manufactured
and vary in opcening diameter, so must be selected for uniformity; and 2) the angle of
the pipette with the table top when held in the hand should remain the same for all
drops delivered (Figure B.1.11). The volume of the drop will become less as the
pipette is moved to the vertical position,

Fig. B.1.10. Pasteur pipette with rubber bulb used in applying drops to plate.
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Fig. B.1.11 Correct angle for holding pasteur pipette for applying drops to agar surface

In order to use only pipettes which deliver a known value, pipettes can be calibrated
with a thin wire of a standard size. Pipettes where the wire does not fit or is too loose
should be used in other applications. Actual calibration of the pipettes can casily be
accomplished by using an sensitive balance, with an accuracy of + 0.01 mg. The
weight of 20 drops of distilled water, divided by the number of drops, will give the
volume of onc drop (1 g = 1 ml). The viscosity of mature cultures will generally have
been reduced to that of water in the dilution series, so using water or diluent to
measure drop volume (waight) will give accurate results. If a sensilive balance is not
available, an estimate of how many drops are required to make 5 ml, using a burctie
or volumetric cylinder, will also then give you the volume of one drop. This ‘drop
volume’ can then be used in the calculation to give the population in the original
sample:
10 ml diluent 10 ml 10 ml  drop 25 colonies cells
X X X X =§x10° —
1 ml broth Iml 1ml 0.05ml drop ml broth

(10" dilution) (10") (10") (2 x 10") (25). . . Note that all units cancel except cells
(which is assumed to equal colonies) per ml in original broth. The drop volume here
(cqual to 20 drops per ml) is approximately the delivery volume of a Pasteur pipette if
held at an angle acute to the table top (sce Figure B.1.11).
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B.l.c. Growth Rate Measurements

The colony-counting mcthods described above are particularly uscful for detcrmining
growth ratcs of strains under controlled conditions. The most common use of a
growth curve is to dctermine the time required for a culture to rcach maximum log
phasc for culturc harvesting in inoculum production. Figurc B.1.12 shows a growth
curve for a ‘typical’ fast-growing strain, with lag, log, stationary, and dcath phascs. In
this graph, mcan viablc counts have been determined cvery 12 hours, and transformed
into log,, valucs. Viable cclls from plate counts (Y-axis) have been plotted versus time
(X-axis) beginning at time-zcro, resulting in a smooth curve drawn through the points.
This curve will be reproducible with a strain in a given medium at a given
lempcrature.

9 Log rhizobia per ml stationary  de
1 . T

e N

ath
harvest for inoculant production

~e

7 log /
6
5 /./"
_— 74,_/’/
4 lag
1 2 3 4 5

Time (days)

Fig. B.1.12. Growth curve typical for fast-growing rhizobia species
(strains will vary), showing the lag, log, stationary and death phases.
Arrow indicates optimum harvest time for inoculant production.

Temperature will affect rate of growth, so development of growth curves for specific
applications (c.g., inoculum production) should be obtained under the conditions to
which it will be applicd. If, for cxample, a fermentor will run during winter months in
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an unhcatcd shed at 18°C, the applicable growth curve should not be generated in the
laboratory at 25°C, as the cooler temperature will delay growth, resulting in harvesting
of the fermentor before a high population is obtained.

B.2. Indirect Counting of Liquid Cultures

Indircct cnumcration docs not imply less accuracy than dircct counts; in fact the two
methods described in this section have differcnt applications and precision. Optical
density mcasurcments have the advantage of providing an answer almost immcdiatcly,
and may be accuratc if working with a fresh, purc culture of a strain for which a
growth curve has been calibrated on the spectrophotometer. The plant-infection
tcchnique requires a long time, enough for rhizobia to infect the plant and form
functioning nodules, but gives an cstimation of the numbers of viable, effective
rhizobia in a nonsterile samplc of soil, inoculant, or broth culture.

B.2.a. Optical Density Measurements

In everyday use of a limited number of strains, as in inoculant production, it is
possible to charactcrize growth of the strains by platc counts and to corrclate growth
in platcs with the turbidity, or optical density reading on a spectrophotometer. To do
this, a growth curve must be developed using a viable cell count method (plate count),
with corresponding readings taken at cach sampling time on a spectrophotometer at
wavclength 540 nm. This growth curve, relating optical density with population, can
then be uscd in future applications with this particular strain in purc culturcs.
Optical density measurcments, if calibrated beforchand in this way, arc a simple,
accuratc and convenicnt cstimatc of ccll numbers in fresh pure cultures. They require
little manipulation and ascptic conditions nced not be obscrved.

This type of mcasurcment can only be performed on fresh pure cultures under
nonstress conditions, as the technique will not distinguish between different types of
bacteria or live cells from dcad. In addition, some species and strains of Rhizobium
producc large quantitics of extraccllular gum or exopolysaccharides (particularly in
older cultures or under stress conditions, c.g., low pH), which arc long-chain
molecules that add o the optical density and thercfore cause overestimation of the
numbcrs of rhizobia.

A simple photometer which can read at 520-540 nm wavelength is all that is required
(Figurc B.2.1); the machinc is adjusted to zero prior to cach rcading with a blank of
sterile liquid medium (the medium contains suspended solids which add to the optical
density of the solution; this factor is subtracted automatically if the photomecter is
adjusted to zero prior to rcading samples). Cuvettes (special glass tubes used in a
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photometer, Figure B.2.2) should be washed carcfully between readings with distilled
walcr,

i g iy = - ?-r -
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B.2.b. Plant Infection Method

Direct counts arc applicable only to pure cultures of Rhizobium, for any bactcria with
the appearance of rhizobia on solid media (and there are many) will be counted as
rhizobia. There is no selective medium that permits growth of rhizobia alone.
Therefore, quantifying Rhizobium in mixced culturc requires use of a plant infection
count (also rcferred to here as the MPN or most probablc numbcr cstimation),
rclying on the unique property of rhizobia to form cffective nodules on legumes.
Testing by plant infcction is of special interest in strain authentication as it indicatcs
only thc numbcr of bacteria capable of effectively nodulating plants and not rhizobia
that have lost their infcctivencess or cffectivencss. The technique involves growing the
plants in sterile culture in Leonard jars (Figurc B.2.3), plastic pouchcs (Figure B.2.4),
or large test tubes (Figure B.2.5) and inoculating them with a prepared dilution scrics
from the liquid medium to be counted. The presence of nodule(s) in the various
dilution scrics indicatcs that rhizobia were present in the dilution. By using the
statistical tables provided, the presence/absence of nodules in the various dilutions
can be transformed into an estimate of numbers of rhizobia in the original samplc.

}4——— Atummum foil cover

Growth medium
{veramiculite or sand)

Cotton rope wick Flabilie band

Bottle

Insulation sheath
(paper or alunnum foil)

-————

F-'F— Cotton woo)

Rubber band —1

Nitrogen free nutnent

solution

Fig. B.2J. Leonard jar system for growing plants.
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Fig. B.2.4. Plastic growth pouch with paper liner for growing plants.
Nodules are clearly visible on the more vigorous plants in right-hand pouch.

Fig. B.2.5. Test tube growth system with gravel-vermiculite mixture as rooting medium.
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This tcchnique or variations of it arc not the only ones available to cnumcrate
infcctive rhizobia in mixed cultures, but require the least sophisticated facilitics and
cxpertisc and arc the most commonly used. The plant infection method, as well as
other methods, are described in detail in the following scction.

B.3. Population Counts in Soils and Inoculants

Knowledge of populations of infective rhizobia in soils is extremely uscful to the
microbiologist, as it can be uscd to interpret the need for inoculation and survival of
introduccd rhizobia, and is the basis for various approaches to competition studics.
For the inoculant produccr or quality control supervisor, determination of viable
rhizobia populations in inoculants is essential for a product that will be consistently
cffective and that will be accepted by farmers.

B.3.a. Differential Media

In order to cnumerate rhizobia in the soil environment it is necessary to remove
interference from other soil microorganisms; this, however, is a difficult task.
Common soil microflora (bacteria, actinomycctes, and fungi) grow in abundance on
the nutrient-rich media, making the counting of rhizobia extremely difficult. Most
bactcria and fungi grow faster than rhizobia and will outcompete them in the growth
media. Also, contaminants such as fungi and aclinomyccles may have an antagonistic
clfect on rhizobial growth. We have found that adding sclective agents in a basic
medium can lower the contamination level enough so that estimates ol Rhizobium
meliloti populations in soil can be made, although in gencral all contaminants arc not
excluded.

Sclective agents such as Congo red, brilliant green, sodium azide, and PCNB, when
added to growth media, allow monitoring of particular R. meliloti strains in the soil,
becausc they inhibit growth of other soil organisms. Populations can be cstimated
frequently, because of the simplicity and rapidity of the technique. The technique is
most accuratc when rhizobial numbers in the soil or substrate arc high, The selective
agents arc uscful in many ccological studics involving single or multiple strain inocula.
However, the plant infection count remains a more reliable method of cnumerating
rhizobia in soil, particularly when they are present in low numbers.

The formulation of the medium used to successfully enumerate from soil R. meliloti
strains [ICARDA M28, M29, and M38 and others consists of:

73



K,HPO, 05¢g

MgSO,7TH, 0 02g
NaCl 0lg
Mannitol 100 g
Yeast extract 05¢g
Agar 150 g
Distilled water 10L

Adjust the pH to 7.1-7.2, sterilize at 121°C, 15 1b pressurc for 15 minutcs. After the
mcdium has coolcd (o 45-50°C add aliquots of the following biostats:

For medium A:

Stock

Stock solution concentration Amount to

(ng/ml) add (ml)
Congo red 25.0 10.0
Brilliant grcen 1.5 1.5
Sodium azide 1.0 0.1
Pentachloronitrobenzene(PCNB) 500 50
For medium B;

Stock
Stock solution concentration Amount to
(ng/ml) add (ml)

Rosc bengal 25.0 100
Brilliant green 1.5 L5
Sodium azide 1.0 0.1
Pentachloronitrobenzenc (PCNB) 500 50

After adding corresponding aliquots to basic medium, allow the plates to dry for two
days. Make soil dilutions and add 0.1 ml of soil suspension corresponding to 10' (10 g
soil in 90 ml sterile water), 10° and 10° dilution levels and spread uniformly onto the
surface of the plate. Incubate at 26°C for three days. Count colonics that appear to be
rhizobia. The assumption that bactceria arc rhizobia may be supported by taking
samples of somc representative colonics at random for a Gram stain check (some
knowledge of growth characteristics of rhizobia on the medium is necessary; Gram
stain will not verify whether bacicria are rhizobia).
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B.3.b. MPN Plant Infection Technique

As mentioned in the previous section, usc of sclective media to estimate numbers of
rhizobia in soil is often not accuratc in distinguishing rhizobia from other soil bacteria,
and will not allow the cxperimenter to distinguish between the different specics of
rhizobia. Therefore, controlled plant infection tests are usually used to cstimatc
numbers, type, and cffectiveness of soil-borne rhizobia.

The plant infection count (also callcd the most probable number or MPN) is
commonly applicd to cstimate numbers of rhizobia in soil or to determinc the quality
of inoculants produced from nonsterile carricr matcrials. Basically, the method uscs
plants grown under sterile conditions, which arc inoculated with the soil or inoculant
in solution. By making a scrics of dilutions of this soil /water mixture, adding cach
dilution to scveral plant replicates, and then counting the proportion of plants that
form nodules at cach dilution, the number of rhizobia in the original sample can be
calculated from statistical tables. The accuracy of the method depends on the ability
of a single rhizobia ccll to form a nodule on the test plant. This assumption may not
be completely valid, particularly when the plant is grown on vermiculite or

gravel /vermiculite mixture, as it is nccessary that the growing roots encounter all
rhizobia cclls in the container. This lcads to an underestimation of the population
being counted; this underestimation will vary with species and with the moisture
content of the growth system. The method does, however, provide the best estimate of
the number of infective rhizobia in soil.

Sample selection. As soil is the most complex system to deal with, further discussion
will focus on counting rhizobia in soils. The same principles, however, apply to
cnumecrating infective rhizobia in nonsterile inoculants.

Since the size of ficld populations of rhizobia may vary within short distances in a
ficld, much carc should be taken in sampling so that a truly representative sample of
the ficld soil is obtained. The arca should be mentally divided into cqual squarcs,
approximately 10 for cach onc-fourth hectare, and a subsample taken from each
square. A subsample should be roughly cylindrical in shape, 3-5 ¢m in diamcler, and
taken from the 5-20 em depth. A presterilized coring tool (Figure B.3.1) or a long-
noscd hand shovel can be used to extract the subsamples, which are lumped together
in a plastic bag. To prevent cross-contamination il another arca is to be sampled, a
sccond presterilized sampling tool should be used—or the first one cleaned to remove
all soil, washed with 95% alcohol, and stcrilized by flaming. Because of rapid changes
in the bactcrial populations of extracted soils, the soil samples should be tested
immediately after collection. If this is not possible, the samples should be stored
without drying at 4°C but for no longer than is nccessary.
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Fig. B.3.1. Soil sampling coring tool in use in the field (soil auger).

In the laboratory, the lumped subsamples are thoroughly mixed on a clean, sterilized,
solid surface, quartered, mixed again, and so on until a small (100-200 g) composite
sample, as homogencous as possible, is obtained. Stones should be removed, but
sieving is not necessary and may remove bits of organic matter in which colonies of
rhizobia reside. It is desirable that soil moisture content be determined to express
population figures on a soil dry-weight basis.

Growth Systems

Small-seeded legumes The system described here for growing small-seeded legumes
was developed in CSIRO (Canberra) to provide good bacteriological control for
small-sceded legumes without restriction duc to inadequate CO, or irradiance and to
allow frequent observation of nodulation of the growing plant. The same system
allows for other types of studics involving the evaluation of the symbiosis by observing
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shoots and the roots (see Section D). Plants with sceds weighing 1-15 mg, including
Medicago spp., Trifolium spp., Macroptilium spp., Stylosanthes spp., and Desmodium
spp., grow well in this system.

The materials needed are: wooden racks, 50 x 50 ¢cm (Figure B.3.2), with surface of
the board perforated with holes to allow tubes (150 x 18 mm) to pass through with
1-2 mm clearance [a total of 100 holes (10 x 10) can be obtained]; a good supply of
glass test tubes of 150 x 18 mm dimension; Elastrator rings; Elastrator plicrs; small
rubber or cork stoppers of approximately 4-mm diameter; aluminum foil; vermiculite,
perlite, or gravel; 10-60 ml syringe; large plastic bags (25 1); glass petri dishes;
concentrated sulfuric acid; Pasteur pipettes (5.75 inch); growth chamber or
greenhouse facility (min temp 15-18°C; max 25-28°C); and chemicals for nutrient
solution.

:

L ® ¢ 00000

Fig. B3.2. Main components of aseptic growth system for small-seeded legumes,
including 100-hole wooden rack and Elastrator pliers.
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The rooting media to fill the tubes must be thoroughly washed several times and have
a pH of approximate ncutrality. Vermiculite and perlite are washed thoroughly for
three continuous days by changing the water at Icast twice a day and stirring
frequently; final rinse should be with distilled or deionized water. New batches of
these materials nced more changes of water to bring down the pH to near neutrality.
Drying is reccommended in a oven at 75°C. Coarse gravel can be mixed with the
micaccous media as one-fourth of the total content.

Test tubes of 150 x 18 mm arce filled to the top with the rooting material. The filled
tubes are moistened with 10-15 ml of a nitrogen-free nutrient solution before
autoclaving; McKnight’s nutrient solution is recommended (see Scction A.9). Cut
small circles of 45-50 mm diameter from thick aluminum foil, with sheets of foil
folded to 50 mm width and interleaved with newspaper (this aids in the separation of
the disks). A disk of foil is placed on the top of cach tube and held in place by means
of a rubber band or, preferably, a rubber clastrator ring normally used for marking
and tailing lambs. The ring will hold the tube suspended in the hole of the rack
(Figure B.3.3). The Elastrator ring, of stiff rubber, is casily inserted around the foil-
capped tube with Elastrator pliers (Figure B.3.4, obtainable from Elastrator Pty Ltd.,
414 Collins Strect, Melbourne, Australia, or stock agents clsewhere). Tubes are then
autoclaved at 121°C/15 Ib pressure for 15 minutes.

Fig. B3.3. Tubes held suspended in a hole of wooden rack by Elastrator band,
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Fig. B34, Placing Elastrator ring over foil cover on tube with special pliers.

After autoclaving and cooling, tubes arc prepared for planting scedlings by making a
hole through the foil using a sterile needle of the same diameter as the radicle of the
scedlings to be sown. The hole should be 3 mm from the edge of the tube (Figure
B3.5).

Sceds of most medics and some clover species have hard coats which make them
difficult to germinate unless subjected to chemical or physical scarification. Certain
species of medics, e.g., Medicago orbicularis, require a 45-minute exposure to
concentrated sulfuric acid whereas most other medic species require a three- to four-
minute exposure time to break their hard coat and render them suitable for uniform
germination. After pouring off the acid carcfully (caution: concentrated sulfuric acid is
highly caustic), it is essential to flush the flask containing the acid-treated sced with
abundant water and rinse them with sterile distilled water at least six times.
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Fig. B.3.5. Making hole in foil cover with pointed sterile rod for placement of seedlings.

Alter scarification, seeds are carclully transferred to and separated from cach other
on the surface of a 2% watcer agar petri dish (Figure B.3.6). The dishes are kept
inverted with a few drops of water in the cover for 36 hours at 5-8°C (cold
trcatment) then the dishes arce placed into an incubator having a temperature of
25-26°C for 24 hours. The dishes are kept inverted so as to obtain scedlings with
straight radicles (Figure B.3.7).

Scedlings of uniform appearance and of approximately 10-mm radicle length are
grasped by the radicle just below the cotyledon using sterile forceps to carcefully insert
the radicle into the hole of a tube (Figure B.3.8). Care must be taken not to damage
the radical, as this will prevent plant growth,

To improve growth and vigor of the scedlings, tubes with sown scedlings are covered
with moistened paper tissucs. The rack or basket of tubes should then be placed in a



Fig. B3.7. Medic seedlings at the proper stage for planting.

81



Do, 7y
&‘gm‘ P

Fig. B3.8. Carefully placing medic seedling into hole in tube cover.

large, clean, clear plastic bag containing free water (Figure B.3.9). The paper tissucs
arc kept wet on a daily basis for a period of four to five days in an environment of
15-18°C min to 25-28°C max. Bagged matcrial can be kept in a growth chamber
with artificial lighting (Figure B.3.10) or in a greenhouse. It should be noted that
sterile, distilled water is recommended for this operation. On the fourth day of the
moisture treatment the bags and the paper tissucs arc removed from the racks or
baskets containing the tubes, and tubes are placed in the wooden racks previously
described (Figure B.3.11).

A sterile sharpened probe of 4 mm-diameter is used to make a hole in the edge of
the foil cap diagonally opposite the scedling. The hole is covered by a small dried cork
or rubber bung previously disinfected with cthanol (Figure B.3.12). The hole will serve
as a watering and inoculation port. Sterile distilled water is then carefully added to
each tube using a syringe inserted through the watering holes (Figure B.3.13).
Watering can also be done using an automatic dispensing syringe to avoid having to
continually fill a normal syringe. Water is carcfully added until the seepage is scen to
reach the radicle. Some space should be left for the volume of the inoculant dilution
solution. The diluted inoculant can be added in the watering solution or as 0.1 mlof
the dilution suspension (e.g., soil suspended in water) through the port with a pipette.
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Fig. B3.9. Wetting paper towels covering planted tubes in rack prior to covering
with plastic bag for protection during early plant growth.

Fig. B.3.10. Rack containing planted tubes with plastic cover to conserve
moisture and provide warm humid atmosphere.
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Fig. B3.12. Insertion of sterile bung into watering hole in tube cover.
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Fig. B.3.13. Watering medic tube system with a 60 ml auto-filling syringe.

Racks are then kept in a lightroom or greenhouse for 28 days after inoculation, N-free
nutrient solution is added to the tubes when the water level has dropped near the
lower parts of the roots. Depending on type of rooting media, temperature and
relative humidity, this is generally necessary at the third week of growth. Itis good
practice to utilize distilled or deionized water for making all solutions, as tap water in
many locations contains enough nitrate-N for small plant growth.

Large-seeded legumes The system for large-seeded legumes is similar to that
deseribed previously for small-sceded plants. The two main systems used are the
plastic growth pouch and the large vermiculite (or gravel /vermiculite mix) filled glass
tube. Both systems are effective in maintaining sterility and allow good plant growth
for up to six to cight weeks. Other growth systems for evaluation of N, fixation
effectivencess are described in Scction D. Plants with sceds ranging from the size of
small-sceded lentil (15 g per 100 seeds) to large-sceded faba beans (3 g per seed) can
be grown in the tubes. Smaller-seeded legumes, such as lentil, veteh, and lathyrus, can
also be grown in growth pouches. Both systems will be described.
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Tube System

The materials needed for the tube system are: wooden racks, 6 x 30 x 8 ¢cm (Figure
B.3.14), with holes drilled to accommodate the tubes (150 x 18 mm) with 1-2 mm
clearance [a total of 24 holes (2 x 12) can be obtained]; a good supply of test tubes of
150 x 18 mm dimension; cotton wool presterilized in small packages; vermiculite,
perlite, or gravel; 50-60 ml sterile syringe; petri dishes containing 2% water agar; a
pair of long-handled forceps; 1-ml and 10-ml pipettes; growth chamber or greenhouse
facility (min temp 15-18°C; max 25-28°C); and chemicals for nutrient solution.

Fig. B3.14. Wooden block with drilled 20 mm x 50 mm holes
to hold 18 growth tubes for large-seeded legumes.

The rooting media to fill the tubes must be thoroughly washed several times and have
a pH ol approximate ncutrality. Vermiculite and perlite arc washed thoroughly for
three continuous days by changing the water at least twice a day and stirring
frequently; final rinse should be with distilled or deionized water. New batches of
these materials need more changes of water to ensure cleanliness and correct pH.
Drying is reccommended in an oven at 75°C. Coarse gravel can be mixed with the
vermiculite to make up three-fourths of the total content when vermiculite is not
readily available.
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Test tubes of 150 x 18 mm arc filled approximately one-third full with the rooting
material (Figure B.3.15). The filled tubes are moistened slightly with distilled water or
nitrogen-free nutrient solution before autoclaving. A variation of the nitrogen-free
nutricnt solution developed by Broughton and Dilworth is reccommended (see Section
A9). It is good practice to utilize distilled or deionized water for making all solutions,
as tap water in many locations contains enough nitrate-N for plant growth. The racks
of prepared tubes are covered loosely with aluminum foil (Figure B.3.16) and
autoclaved for 15 minutes at 121°C/15 Ib. pressure.

Fig. B3.15. Filling tube system with dry gravel/vermiculite mixture prior to autoclaving.
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Fig. B3.16. Prepared tubes covered loosely with foil for autoclaving.

The large-seeded legumes grown in the region do not gencrally require scarification to
enhance germination, but sceds must be surface sterilized before germination to
climinate sced-borne rhizobia and other microorganisms (especially fungi) which will
interfere with germination. Clean, undamaged secds, selected for uniform size and
appcarance, arc dipped momentarily in 95% alcohol and then immersed in 0.1%
HgCl, solution for two minutes. They are then washed thoroughly in not less than 10
changes of sterile, distilled water to remove all traces of HgCL, (sample system shown
in Figure B.3.17). (Caution: HgCl, is highly poisonous, and all contact with skin must
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Fig. B3.17. Sterilization of large legume seed. Seeds are left
in the flask, with sterilizing and rinsing solutions added, mixed, and poured off in turn.

be avoided.) The seeds can be left in the final change of sterile water until they are
fully imbibed. The seeds arc then transferred ascptically with forceps to the surface of
a 2% water agar petri dish, where they are spread to give room for root growth
(Figure B.3.18). The dishes are then placed in an incubator having a temperature of
25-26°C for 24 hours, after which they are placed inside a large plastic bag
containing a few milliliters of water to maintain high humidity (Figure B.3.19).
Scedlings with equal germination and straight radicles should be sclected for planting
(Figure B.3.20).

After autoclaving and cooling, tubes are prepared for planting in a clean bench or
laminar flow bench. The aluminum cover is removed, and pregerminated scedlings
with radicals of 1-3 cm length arc transferred ascptically into the test tubes, onc per
tube. A pair of sterile, long, fine forceps works well to first produce a depression in
which to place the seedling and then to transfer the seedling and cover it (Figures
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Fig. B.3.19. Plates containing germinating seed are placed
inside clean plastic bag to maintain humidity.
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Fig. B3.20. Seedlings at proper stage for planting.
Care should be taken to choose seedlings with uniform vigorous growth,

B.3.21 and B.3.22). The scedling is buricd vertically, if possible with the radical against
one wall of the tube (to allow for later viewing of the nodulation process), with the
sced approximately 2 mm bencath the surface of the vermiculite. Tamp the surface of
the vermiculite lightly after planting to provide a firm sced bed and uniform
emergence of the scedlings (Figure B.3.23). After planting, a 1-ml aliquot of inoculant
dilution is applied over each planted seed. Tubes can then be irrigated with N-free
nutrient solution with a syringe (manual or automatic) so that all the media appear
moist but not flooded (Figure B.3.24). The tubes arc stoppered with a wad of
sterilized cotton wool or a prepared reusable cotton-and-gauze stopper (Figure B.3.25)
to maintain sterility and allow gas exchange for the growing plant. Racks are placed in
a shaded glasshouse or growth chamber. Plants requirc approximately 8-10 x 10° lux
for adequate growth.

Racks arc kept in a lightroom or greenhouse for four to six weeks after inoculation.
Sterile N-free nutrient solution is added to the tubes when the vermiculite appears to
dry out slightly (once every four to five days during carly growth and morce often as
plants increase in size). Care must be taken that plants arc not subjected to drought
stress and that roots are not flooded. As the tips of the growing plants rcach the
cotton stopper, a picce of fresh, sterilized cotton wool is carcfully (ascptically)
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Fig. B3.22. Planting chickpea seedling in growth tube with sterile forceps.
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Fig. B3.23, Tamping growth medium over seed with forceps to prevent root
growth from pushing seed out of the medium.
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Fig. B.3.24, Watering tube with auto-filling syringe after planting seedling.

93



Fig. B3.25. Planted tube with cotton-and-gauze stopper.

wrapped around the plant stem below the top set of leaves (Figure B.3.26) to allow
the plant to grow while maintaining sterility in the system. While watering, carc musl
be taken not to wet this cotton barricr. Clearly, plants cannot be grown to maturity in
this system, but even large-seeded faba bean can be grown for cight weeks with daily
watering during the last weeks.

Growth Pouches

Plastic growth pouches as an alternative system for MPN determinations are uscful in
some situations using large-seeded legumes. They are, however, more susceplible to
contamination and are not shiclded against irradiated heat. Their use is therefore
restricted to growth chambers or growth rooms with controlled aseptic conditions. The
pouches suggested arc made from polypropylene (16 x 18 cm) with paper wick liners
obtainable from Scientific Products, Evanston, 1L, USA. Paper liners can also be
made from paper towels, as shown in Figure B.3.27. Racks to hold the pouches can be
devised from many different materials; we have found better nodulation results if
roots arc not exposcd to excessive light. One suggested type of rack is shown in
Figure B.3.28.
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Fig. B3.26. Plant with cotton wrapped around its stem to
exclude contaminants from growth vessel.

Fig. B.3.27. Growth pouch liner produced from paper towel or filter paper.
Note fold for planting trough.
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Fig. B.3.28. Growth pouch rack made from bent wire and wood.
Outside of assembly is wrapped with opaque paper to shield roots from light

Purchased growth pouches are sterile, but homemade pouches must be sterilized in
the autoclave for 15 minutes after insertion of the paper liner and 30 ml N-free
nutrient solution in cach pouch. Purchased pouches are filled with 30 ml sterile
solution before planting. Pregerminated seedlings (as described carlier) are
transferred (one sced per pouch) aseptically to the trough in the liner. To prevent the
growing radical from pushing the sced out of the pouch, a hole is made in the trough
of the liner and the radical inserted into the hole during planting (Figure B.3.29).
Holes are casily made in the trough with finc-tipped, sterile forceps when the wick is
wet., Two foreeps are needed: one for holding the wick and the other for making the
hole.

Other growth systems (those more suitable for evaluation of the symbiotic potential of
the rhizobia) are discussed in Section D.
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Fig. B3.29. Making hole in liner planting trough to allow seedling
root to grow toward nutrient solution.

MPN Inoculation and Estimation

Preparc a 10-fold dilution scries as described previously in Section B.1, but prepare a
10" to 10'° dilution series. When diluting, it is good practice to suck the liquid up and
down the pipette several times before transferring the subsample to the next dilution
level or growth tube; this keeps the suspension in motion during sampling and reduces
the risk of nonuniform distribution of rhizobia. Four plant replicates arce suggested for
cach dilution (fewer may be used with less accuracy), with 1 ml of cach of the 107 to
107 dilutions (plus uninoculated control to check for sterile conditions) applicd to
four replicate plants. A fresh pipette is used for cach dilution level. Thus, 44 plants
arc required for each subsample tested in this example.
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Test plants are grown four to six weeks after inoculation, arc watered as necessary,
and arc examined for presence of nodules after the fourth week by observation of
roots through glass walls of the tubes (Figure B.3.30). From the proportion of plants
forming nodules at each dilution level, the most probable number of rhizobia in the
original sample is calculated using a modified version of Fisher and Yates’ (1963)
tables (sce Tables B.3.1 and B.3.2). This method provides for a range of 1 to 10°
rhizobia per ml of the initial soil suspension, or 10 to 10° rhizobia per g soil. When
counting inoculants as part of a quality control program, higher dilutions to measure
up to 10" rhizobia per g should be used. When counting soils, up to 108 dilution
should be sufficient. A five- or four-fold dilution series can be used if greater accuracy
is required (c.g., counting rhizobia in soils). The method of preparation of the
matcrial for examination is the same as for 10-fold dilutions.

Fig. B.3.30. Roots and nodules can be observed during plant growth.
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For cach set, write down thc dilutions used and rccord the nodulation, as demonstrat-
cd in Table B.3.3. The actual number of nodulces on cach plant docs not matter for
thc MPN count. If four replications arc used, the reading for cach dilution will be 4,
3,2, 1, or 0 nodulated units for each dilution level. The uninoculated treatment and
highest dilution used should show no nodulation in cach rcplication, an indication of
the absence of contaminating rhizobia. Each scrics should end with a dilution in which
no nodules arc formed. The MPN is given for the lcast dilutc member of a dilution
serics. The MPN s calculated from the most likcly number (m) found in the MPN
tablcs. To find this numbcr, usc the procedurc in the cxample shown:

Record nodulation as shown in Table B.3.3.

Note number of replications (n) used (n = 4 in this cxamplc).

Note the number of dilution steps (s) used (s = 10 here).

Add the total number of nodulated (positive) units (+ = 19 here).

Find this numbcr in Table B.3.1 (calculated here for 10-fold).

Localc the most likcly number (m) in column for number of dilution steps
(s = 10 here), on the same linc as total number of units.

Note the lowest dilution (d) in the scrics (d = 10" here).

Note the aliquot used (v) for inoculation (v = 1 ml here).

Calculatc MPN from "m" according to the formula:

A ol

o e

m x d (1 x 10% x 10"
MPN = = —— =1 x 10° rhizobia/g
v 1

Expcriments with these techniques in several laboratorics have shown that the results
obtaincd are reproducible. Thus, replicate counts of a single sample arc not nccessary,
it is preferable 10 count replicate samples. As mentioned carlier, rhizobial numbers
will be underestimated in the vermiculite tube system, depending on cxperimental
conditions and plant type,

A comglication which usually occurs is the occurrence of ‘skips’, or test plants without
nodules at a dilution above which most or all plants arc nodulated. The MPN tables
do not account for this, mcaning that the experimenter must guess what the result
should have been. These ‘skips’ result from unfavorable conditions for nodulation
within the tube; c.g., failurc of the plant because of poor growth conditions, failure of
the rhizobia to survive or multiply, or interference from algae or saprophytic fungi.
Good techniques and a well-designed growth room or greenhouse are the only
solutions.
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Table B3.1.* Number (m) of rhizobia estiniated by the plant infection count (after Vincent, 1970).

Ten-fold dilutions (A = 10)

Positive tubes

Dilution step(s)

n=4 n=2 s =10
40 20 7x108
39
38 19 6.9
37 34
36 18 1.8
35 10 -
3 17 59 x 107
33 3.1 $s=8
32 16 1.7 7 x 108
k)| 1.0
30 15 5.8 x 108 6.9
29 3.1 34
28 14 1.7 1.8
27 10 1.0
26 13 58 x 10° 5.9 x 108
25 3.1 kN | §=6
24 12 1.7 1.7 7 x 104
23 1.0 1.0
22 11 5.8 x 10* 5.8 x 104 6.9
21 31 31 34
20 10 1.7 1.7 18
19 1.0 1.0 1.0
18 9 58x 103 58 x 10° 59x10°
17 31 31 31
16 8 1.7 1.7 1.7
15 1.0 1.0 1.0
14 7 58 x 102 5.8 x 10? 58x% 102
13 31 31 31
12 6 1.7 1.7 1.7
11 1.0 1.0 1.0
10 5 58 % 10! 5.8 x 10 5.8x 10’
9 31 k8| 3l
8 4 1.7 1.7 1.7
7 10 1.0 1.0
6 3 58x1 58x1 58x%1
5 3.1 3l 3l
4 2 1.7 17 1.7
3 1.0 1.0 1.0
2 1 0.6 0.6 0.6
1 1 0.6 0.6 0.6
0 0

g =

7 x 10°

6.9
34
1.8
1.0
59x10°
31
1.7
1.0
58x1
3.1
1.7
1.0
0.6
0.6

Approximate range  10° 107 105 10°
Factor, Y59; liducial limits n = 2, 6.6; n = 4, 3.8
* Calculated from ‘Table V111 of Fisher and Yates (1963)
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Table B3.2.* Number (m) of rhizobia estimated by the plant infection count (after Vincent, 1970).

Four-fold dilutions (A = 4)

Positive Lubes

Dilution step(s)

n=4 n=2 s =10
40 20
39 2.0x 10°
38 19 2.0 x10°
37 1.2
36 18 8.1 x 10*
35 55
k21 17 38
33 2.6 s=8
32 16 1.8 1.3 x 10*
31 1.3
30 15 9.1 x 10° 1.3 x 104
29 6.3 7.9 x 10°
28 1 45 5.1
27 3s 35
26 13 22 24
25 1.6 1.7 $s=6
2 12 1.1 1.1 7.9 % 102
23 8.0 x 102 8.0 x 102
22 1] 5.6 5.6 7.9 x 102
21 4.0 4.0 5.0
20 10 28 28 3.2
19 20 20 22
18 9 14 1.4 1.5
17 1.0 1.0 L0 s=4
16 8 7.1 % 10} 7.1 x 10! 7.2 % 10 5.0x 10
15 5.0 50 5.1
14 7 35 35 35 5.0 % 30!
13 25 25 25 32
12 6 18 18 1.8 20
1 1.3 1.3 1.3 14
10 5 8.9 x 100 8.9 x 10° 8.9 x 10° 9.6 x 10°
9 63 6.3 6.3 6.6
8 4 45 45 1.5 4.6
7 32 32 32 32
6 3 22 22 22 22
5 1.6 16 1.6 1.6
4 2 1.1 1.1 L1 1.1
3 72 x 10" 7.2 x 107 72x 101 72 %10
2 1 44 4.4 14 414
1
0 0 44 x 10" 44 x 107 14 x 107 44 x 10!
Approximale range  $x 105 3x10* 2x10° 1x10?

Factor, 95%; fiducial limits

=240, n = 4,27

* Caleulated from Table VIII of Fisher and Yates (1963)
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Table B3.3. Example evaluation of numbers of nodulated
plants in MPN dctermination.

Nodulation
(+) or ()
replications Total number of
Dilution I I I v nodulated units
10 + o+ o+ o+ 4
10? + o+ o+ o+ 4
10° + + o+ 4 4
10* S T 3
10° - - 4+ 2
10° + - o+ - 2
107 - - - . 0
10° .- - 0
10° - - 0
1010 . _ _ _ Q
19
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B.3.c. Fluorescent Enumeration Technique

Enumcration of rhizobia in soil using the fluorescent antibody technique first requires
that the strain(s) being counted are known to react to a given prepared fluorescence-
labelled antiscrum (sce Section C.5). This mcthod is particularly applicable to cvaluate
the ability of a known inoculant strain to survive in soil over time, but the method is
complicated, requires a well-cquipped laboratory, and should be attempted only alter
some experience in use of the fluorescent antibody (FA) technique has been obtained.
Enumcration of bactcria in soil with this tcchnique is complicated by the colloidal and
particulate nature of soil. We bricfly outline the procedure below, but for those
investigators interested in the technique, it is suggested that papers cited in the
reference scction be obtained.

Suspend 10 g soil in 95 ml of hydrolyzed gelatin extractant [1% solution of gelatin at
pH 10.5, adjusted with 1 M NaOH, diluied 1:10 with 0.1 M (NH,),HPO,} and shake
for five minutcs on wrist-action shaker. Recmove colloidal material cither by mild
centrifugation (700 x g, 5 minutes) or by flocculation with 0.7 g Ca(OH), and MgCOQ,
in a 2:5 mixturc (the most suitable procedure varics with soil type). Filter a known
volume (1-5 ml) of supcrnatant through Irgalan-trcated Nuclcopore filters
(membranc filters, 0.45 um, prestained with Irgalan black) and wash through with
prefilicred saline. Transfer the filter to a glass slide and apply 0.5 ml of gelatine-
rhodaminc solution (see Bohlool and Schmidt, 1968) dircctly on the cffective filtering
arca. Allow the solution to dry on the filter at 65°C. Apply appropriate dilution of FA
(prefiltered through the membrane filter—see Scction C.S for preparation of FA and
titer determination) and incubate in a moist chamber for 30 minutes. Carcfully
transfcr the filter to a suction unit and wash through with prefiltered saline (200-300
ml salinc wash is nceded to provide a dark background). Mount the filtcr on a glass
slide under mounting fluid. Count the fluorescent bacteria per ficld of microscope
(counting scveral ficlds and taking an average) and cextrapolate to numbers per gram
of dry soil, taking into account the arca of the microscope ficld, arca of effective
filtering surface, the volume and dilution of the soil filtered, and the moisture content
of the soil.

B.3.d. Enumeration Using ELISA Technique

Usc of ELISA 1o dctermine the numbers of a specific strain of rhizobia in the
presence of other rhizobia or microorganisms in soils or inoculants depends on
principlcs similar to those described in the previous scction (FA enumeration). The
principles of ELISA arc described in Scctions C.3 and C.4, and will not be claborated
here. The basis of using this antigen-antibody reaction to count rhizobial numbers is
that the rcaction (production of color) will be proportional to the concentration of
antigen, and hence the number of rhizobia present. This method has been described
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by Nambiar and Anjaiah (1985), but because of lack of accuracy and inability to
enumerate at levels below 10* rhizobia per g, has not been widely used.
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C. Rhizobia Strain Identification

It is useful for the Rhizobium worker to have a range of marker methods to usc, as
there is considerable variability in applicability of methods to the various rhizobial
species and a wide range of uscs. Some of the applications of identification mcthods
arc to:

1. Obtain cvidence for likely taxonomic relationships.
Dcfine strains in terms of their antigenic composition and to recognize them
when used experimentally or routincly.

3 Provide markers for genetic studics and for authentication of mutants,

4, Dectermine authenticity and purity of a culture, including that of a noninvasive
mutant; this can include quality control of inoculants.

5. Determine proportion of experimentally used strains in a mixed rhizobial
population.

6. Identify strain or strains occupying a nodule.

Given the wide range of techniques available, and extensive coverage in other
literature, we present here selected methodologics which we have found most useful
in laboratory and ficld usc at ICARDA. The choice of a methodology and awarencess
of its limitations arc as important to the success of the experiment as preparation and
application of the methods, and we have attempled to indicate suitable applications as
well as weaknesses for cach methodology presented.

C.1. Development of Antibiotic-Resistant Mutants

C.l.a. Theory and Media Preparation

A major problem associated with studics of bacteria is the lack of visible variation in
growth by strains of diffcrent genotypes. Strains with completely different physiological
characteristics can appcar morphologically identical. Use of Rhizobium strains in most
ficld studics requires some way to distinguish between nodulation by the applied
inoculum and that by the indigenous or resident soil bacteria. The lack of differences
in obvious growth characteristics of strains in culture means that some method of
distinguishing between selected strains must be used; the three methods most
commonly utilized by rescarchers today are (a) antibiotic-resistant mutants, (b)
ELISA, and (¢) fluorescent antibody techniques.

Antibiotic resistance has been frequently used in rhizobial studics as a means of

identifying inoculum strains, monitoring their survival in soil and inoculants and on
inoculated sced, and determining strain occupancy of legume nodules. Strains
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demonstrating tolerance to antibiotics have been sclected by spontancously acquired
and laboratory-mutagenized mechanisms. Streptomycin, kanamycin, and spectinomycin
have reccived the greatest attention in ccological investigations incorporating antibiotic
rcsistance in strains of rhizobia.

The suppression of soil bacterial growth by antibiotics of certain concentrations
incorporatcd into sclective growth media indicates that the majority of soil bacteria
are susceptible to scveral commonly uscd antibiotics. However, small numbers of
naturally occurring mutants may be present in a given soil bacterial population. Two
methodologics can be used in sclecting mutants: (1) nonmutant cells arc totally killed
by exposure to the antibiotic in solution before plating on solid media; and (2) only
mutant cclls form colonics on the antibiotic-cnriched plating medium. A small number
of naturally occurring mutants arc frequently present in rhizobial populations; mutants
can be isolated with the minimum of effort even from populations in which the
proportion of mutant cclls is much less than 1 in 10°. We therefore suggest that the
investigator avoid using dangerous mutagens (c.g., nitrosoguanidinc) and rcly on the
spontancous origin of mutants.

The uscfulness of antibiotic-resistant markers stems from the high level of single-step
resistance attainable, the stability of the trait, and the low frequency of cross
resistance (o other antibiotics. One question which must be considered is whether the
cffectiveness, as well as other characteristics of the rhizobial strains, has been alfected
by selccting for antibiotic resistance. In some cases strain cffectivencss has been
reduced during sclection for resistance to some antibiotics, but sclection for antibiotic
resistance docs not necessarily influcnce cffcctivencss. It is essential, however, 1o test
thc nodulating ability of all antibiotic-resistant mutants before using them as
inoculants. In Rhizobium, mutants resistant to antibiotics such as streptomycin or
spectinomycin that inhibit protein synthesis arc less likcly to have associated defects in
symbiotic function than mutants sclected for resistance to antibiotics that affect ccll
wall/membranc function. Experiments at ICARDA with streptomycin-resistant R.
meliloti mutants havc demonstrated the uscfulness and stability of the markers during
a period of four consecutive years. Scrological and symbiotic propertics arc
sufficicntly stable to be of usc in long-tcrm ccological studies, although according (o
somc rcports antibiotic sensitivity appears less stable.

Stock solutions of antibiotics (Tablc C.1.1) should be prepared before starling a
program of mutant selection. The advantage of preparing a stock solution is that small
quantitics can be diluted into larger volumes of melted agar and a standardizcd
desired final concentration in the order of micrograms per ml (parts per million) can
be obtained. The stock solution is prepared using a sterile flask and stcrile solvent
(usually distilled water). The solution can be sterilized by passing it through a sterile
(Millipore) filter membrane with 0.2 um pore size (Figure C.1.1). Never sterilize the
antibiotic solution by autoclaving as antibiotics will brecak down when exposed to heat.
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Table C.1.1. Antibiotics, concentrations and stock solutions used in the preparation
of plates for the culturing of antibiotic-resistant mutants at ICARDA.

Concentration Stock Stock/L
Antibiotic Mcdium Stock solvent final medium
ppm ppm ml
Streptomycin 40 10,000 dist. water 4
60 10,000 dist. water 6
100 10,000 dist, water 10
Spectinomycin 40 20,000 dist. water 2
60 20,000 dist. water 3
100 20,000 dist. water 5
Kanamycin 40 10,000 dist. water 4
60 10,000 dist. water 6
100 10,000 dist. water 10
Chloramphenicol 40 10,000 95% ethanol 4
60 10,000 95% cthanol 6
100 10,000 95% cthanol 10
Rifampicin 40 10,000 95% ethanol 4
60 10,000 95% cthanol 6
100 10,000 95% cthanol 10
Naladixic acid 40 20,000 1IN NaOH 2
60 20,000 IN NaOH 3
100 20,000 1IN NaOH 5
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Fig. C.L.1. Filter assembly for micropore filtration.
Completed assembly is seen in Figure C.2.1.

We occasionally do not filter the antibiotic through a membrane filter, but take great
care that the transference of the antibiotic powder to the flask containing the sterile
diluent is done under sterile conditions.

As an example, a concentrated stock solution of streptomycin prepared as 40 mg in
100 ml of distilled water (400 pg/ml) can be diluted in 500 ml sterilized melted YMA
medium to 20 ug/ml (ppm) by adding 2.5 ml of the stock when the media has
rcached a temperature of 45-50°C. The contents are mixed thoroughly and then
distributed into petri plates. Avoid vigorous shaking to reduce the formation of air
bubbles. Special care should be taken to determine the exact volume of the YMA
medium in the flask as some volume may be lost during autoclaving by evaporation or
by rapid venting.

To calculate the different concentrations of antibiotic to be prepared the following
formula may be used: VIC, = V,C, where V and C stand for volume and their
concentrations at initial (i) and final () stages. As an example, if we wish to prepare a
petri dish containing 20 ml of YMA with a concentration of 5 ppm from a
concentrated stock solution containing 80 ppm:

V, x 80 =20 x 5
V, = 100/80 = 1.25
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An alternate method to produce single plates would be to pipette 1.25 ml from the
concentrated stock solution and place it inside a sterile petri dish; complete the
volume with agar to 20 ml, mix clockwise, counterclockwise, backward and forward, to
obtain an cvenly mixed final concentration of 5 ppm antibiotic. In practice, larger
numbers of plates are made (500 ml of medium will produce approximately 25 plates),
and mixing of antibiotic and medium will take place in the flask before adding
identical volumes of the medium to petri dishes. Care must be taken in making
accurate measurement of the medium volume added to petri dishes, so that
concentrations ol antibiotics arc consistent.

Store petri dishes containing YMA with and without antibiotic under cool conditions
(4-6°C) if they are not to be used immediately. Storage will also allow the antibiotic
sufficicnt time to diffuse thoroughly in the medium. We recommend, however, that
antibiotic plates not be stored longer than two weeks before use, as antibiotics may
break down with drying of the agar. Scaling plates with a thin strip of parafilm
(Figurce C.1.2) will prevent drying out where plates are to be kept for a longer period.

Fig. C.1.2. Sealing prepared agar plates with a thin strip of parafilm.
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Working volumes of concentrated stock solutions should be preparcd fresh and uscd
at once. However, depending on the nature of the antibiotic molecule, some can be
kept refrigerated providing the solution is used within a few days or, prefcrably, stored
in dcep freeze for later usc. If in doubt, discard the stock solution and make anothcr,
as variations in potency of the antibiotic can give uncxpected and erroncous results.
According to our expericnce, supplementing YMA with two different antibiotics in the
same plate presents no problem to rhizobial mutant growth, if the mutant strain is
resistant to both antibiotics.

Commonly used antibiolics include: streptomycin, kanamycin, spectinomycin,
chloramphcnicol, nalidixic acid, and rifampicin. Check to be surc that the expiration
datc has not passed, and keep them in a dark and cool dry placc (refrigerator).
Whatever antibiotic marker is choscn, it should meet the following criteria: (a)
resistance should not also be a characteristic of the indigenous bacteria; (b) it should
be adaptable to a simplc and cfficicnt method of detection; (c) the resistant mutant
should be stable, cven through repeated culture or prolonged culture and storage; and
(d) the mutant should not diffcr from the parent strain in symbiotic propertics.

C.Lb. Selection of Spontaneous Mutants Resistant to One or Two
Antibiotics

Take a 0.1-ml aliquot of a fresh liquid culture of approximately 107 rhizobia per ml
(two-day culture) and pipettce it on surfaccs of YMA antibiotic- supplemented dishes.
Uniformly spread the bacterial suspension with a sterilized L-shape glass rod bar
(Figure C.1.3); dip it in alcohol and flame it between treatments or do so occasionally
within (rcatments. Use scveral concentrations of the antibiotic and start from the
lowest (0 control) to the highest concentration. Usc at lcast four replicated plates per
concentration. A plate count of the original liquid culturc will be required to cstimate
the frequency of occurrence of the spontancous mutants in the initial suspension,

Incubate plates inverted at 26°C. If a strain is scnsitive to the given antibiotic no
growth will appcar on the surface of the antibiotic-supplemented plate whercas
abundant growth will appcar on the control platc (Figurc C.1.4). A spontancously
rcsistant mutant bacterial cell will gencrate a colony which will allow sufficient
matcrial for isolation and eventual transference onto a YMA slant for storage and
cvaluation. This culturc is kept for further verification of its antibiotic resistance trait
by streaking a loopful of the culture onto the surface of YMA plates supplemented
with the specific concentration of antibiotic. It is always nccessary to test the mutant
in a plant-infcction test in comparison with the parcnt to cnsurc that symbiotic
propertics have not changed. Some rescarchers recommend keeping the antibiotic-
rcsistant mutants in slants containing a modcratc level of the antibiotic to avoid
back-mutation to antibiotic scnsitivity. At ICARDA we preserve them in slants
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Fig. C.1.3. Using a turntable and L-shaped glass rod to allow uniform spread
of a bacterial supension on agar surface.

YMA+Antibiotic

Fig. C.14. Differentiation of sensitive and resistant rhizobia to antibiotics,
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containing normal YMA, but test periodically for antibiotic resistance and symbiotic
clfectiveness. In cases where the cultures have been lyophilized, the antibiotic-
resistance trait and their cffectiveness are not normally lost.

It may be desirable to usc strains of Rhizobium with resistance to two antibiotics,
particularly in cxpcriments in which other singly marked strains arc included. The
procedure is to sclect the mutant using a given antibiotic (as indicatcd above) and
then repeat the procedure using a second antibiotic. A combination of streptomycin
with cither kanamycin or spectinomycin works well. Double-resistance mutants are
distinguishable from mutants resistant to either singlc antibiotic, and can be used, for
cxample, in compctition expcriments using three strains in which two antibiotics arc
involved. Nodules can then be casily typed on plates containing each of the antibiotics
for the idcntification of the double- and single-resistant strains (scc following scction
on nodule typing).

Spontancous anlibiotic-resistant mutants from highly cffective strains of rhizobia
somctimes produce incffective nodulation in the host. For this rcason, the mutant
strain should be tested for symbiotic cffectivencss before using it in a comparative
study. Broth cultures of both the mutant and parcntal strains should be grown for
inoculation of legume scedlings ascptically raiscd in glass tubes or pouches containing
N-frce nutrient solution (sce Section B). After nitrogen fixation is active (four to six
weceks), check for nodulation morphology and plant appcarance. If there arc not
apparcnt differences in nodulation, plant color, and shoot weights, it can be assumed
that thc mutant behaves as the parcntal strain. It is suggested that a comparison of
the shoot weights of both trcatments be done on a statistical basis, which mcans that
from four to six replicates arc nccessary.

C.l.c. Identification of Mutants from Nodules

The main purpose in selecting spontancous antibiotic-resistant rhizobial mutants from
parcntal strains is the capacity to differentiate from other rhizobia in media, soil, or in
a nodule. The mutant strain can be identified when cultured on YMA supplemented
with Lhe antibiotic to which the strain has resistance. In "nodulc typing”, nodule
contents are cultured on the surface of plates with and without antibiotic to deicrmine
whether the nodule was occupicd by a resistant or a scnsitive strain. The operation is
usually done on plates having a grid pattern to allow for nodule identification. Figurc
C.1.5 shows a plate layout suitable for typing 24 nodulcs.

Nodulcs are surface sterilized (sce Section A) and kept inside a sterile petri dish on

wet filter or blotter paper to keep them turgid. The nodule is picked up with a pair of
sterile blunt-tipped forceps, then gently squeezed between the tips of the forceps until
nodule contents appear (Figure C.1.6). Spread this nodule squash in equal amounts in

112



Fig. C.1.5. Grid pattern template for uniform application of nodule
squashes to antibiotic plates.

Fig. C.1.6. Squeezing nodule contents into a drop of sterile water
with the tips of a sterile forceps.
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the center of the corresponding square of the grid pattern on cach plate (Figure
C.1.7); first on the plate without antibiotic and then on the antibiotic plate. Clean
forceps well with an alcohol-wetted cotton swab, then pass the forcep tips through the
bunsen burner flame before repeating the procedure with another nodule. Tt is
important that equal amounts of nodule contents are delivered to each square of the
plates throughout the operation.

Fig. C.1.7. Application of nodule squash to grid squares on antibiotic plates.

In cases of very small nodules where not enough nodule ‘squash’ is available to
inoculate squares on both types of plates, one could first use the plates without
antibiotic as a source of inoculum for later application to the plates with antibiotic.
Another alternative is to use pins to perforate the nodule and then inoculate the
surface of the plates by gently scratching on the agar surface of both treatment plates
(Figure C.1.8). With these methods, smaller amounts of inocula are delivered to the
plate, and a longer time is required before results are visible.
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Fig. C.1.8. Application of nodule contents to antibiotic plates using the pin method.

Inspection of the plates for growth should be performed daily after inoculation; once
growth is observed on the control plates, + /- growth on the antibiotic plate will
indicate whether a given typed nodule contained resistant or sensitive strains, If there
is growth on both treatment plates (with and without antibiotic) then it is assumed
that the nodule was occupicd by a resistant strain (the mutant). If growth is detected
only in the plate without antibiotic then we assume that the nodule was occupied by
sensitive rhizobia. Here, you can sce the value of replications of plates, for
confirmation of results. We recommend a minimum of two replications, or if possible
more, be used.

Double or mixed infections, which are sometimes present in a proportion of nodules,

can also be detected in experiments in which two single antibiotic-resistant strains are
included. Growth in both plates with different antibiotics indicates that the nodule was
occupicd by both strains.

In the case of double-resistance mutants, growth should be detected in the plates
having cach of the antibiotics to which the strain is resistant. Competition experiments

115



having a double-resistant strain and singlc-resistant strains to cither of the two
antibiotics allow usc of two or thrce strains in nodulc identification studics; however,
mixcd or double infections are not detcctable when using these combinations.

C.2. Utilization of Intrinsic Antibiotic Resistance (IAR)

C.2.a. Principles and Applications

Intrinsic antibiotic resistance diffcrs from the induced resistance to high levels of an
antibiotic (as described in the previous section) in that it uscs the natural resistance of
the strain(s) to given levels of various antibiotics for idcntification. The chicf uscs for
IAR in Rhizobium studics are: (1) as a trait for comparing or characterizing strains;
(2) as a predeterminant in sclecting strains for antigen-antibody studics; and (3) as a
marker for ecological studics. Work by several investigators, including work at
ICARDA, has indicated that in many cases it is possiblc to distinguish between strains
grown on YEM medium containing different levels of antibiotics by differential
growth. However, it is a mistake to assume that diffcrent strains can always be
distinguished by IAR. The larger the number of antibiotics used to compare strains,
the more likely it is that diffcrences will be discovered, but it can be difficult to be
certain that AR characteristics of two strains arc identical.

AL ICARDA, we have found it most uscful 1o usc six antibiotics at diffcring
conccntrations for comparison of strains (Table C.2.1), using thc agar dilution method
(where the antibiotic is mixcd with the agar during preparation of the media). It is
important that conditions and components be standardized to ensurc reproducible
results. Particularly important arc:

- culture medium composition and pH,

- sterilization procedurcs,

- temperature of agar medium when antibiotic stock solution is added,
- volume of agar per petri plate,

- growth stage of test culturcs,

- sizc of inoculum.

A critical factor is the preparation of antibiotic stock solutions. Many antibiotics are
rclatively unstable and can be storcd only a short timc; stock solutions should be uscd
immcdiately, but if storage is nccessary it should be at -20°C. Stock solutions must be
sterilized, but most break down with autoclaving so must be filter sterilized through a
0.45-um filter system (Figurc C.2.1). Antibiotic stocks should be added to thc medium
held at 45-50°C in a water bath (Figure C.2.2) or oven (usc the same temperature
cach time), thoroughly mixed, poured, and cooled. The plates should be used as soon

116



as possible after preparation, preferably after plates have dried inverted for two or

three days at 25°C.

Table C.2.1. Recommended antibiotics, concentrations and solvents

Antibiotic Source Concentrations mg/l medium Solvent
Chloramphenicol  Sigma Co. 2-10-20-30 95% Ethanol
Kanamycin " 10-20 1 M. NaOH
Nalidixic acid " 5-10-20 Distilled water
Rifampicin ! 1-3-5 Methanol
Streptomycin o 10 Distilled water
Ampicillin 7.5-10 Distilled water
Vancomycin 2.5-5 Distilled water

Fig. C.2.1. Filter sterilization of a stock antibiotic solution.
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Fig. C.2.2. Adding antibiotic stock solution to warm YMA medium at 47°C
just prior to pouring plates,

To obtain an inoculum of uniform size and activity for application to the plates, it is
necessary o use cultures at an equivalent growth stage. For this reason, fresh cultures
of approximately equal population density grown in YM broth should be used
(107-10° cells/ml, or when growth is seen as slightly cloudy). A multiple inoculator
(Figure C.2.3) will allow application of many strains to cach plate while delivering
cqual amounts of inoculum every time. An alternative is to use a calibrated
inoculation loop (1/1000 ml) for application of inoculum to the plates, although this
method is much more tedious and less reproducible.

The main disadvantage of IAR is also the property that makes it valuable: the number
of different tests (antibiotics/concentrations) involved. The amount of work can be
reduced by using the multiple inoculator that is capable of transferring 24 samples at
a time to different test media. A further problem is that when intrinsic resistance to
drugs is being determined, onc is looking at small differences in the concentration of
that drug to distinguish sensitive and resistant strains (c.g., 2.5 and 5 mg/L). Mcdia
must, therefore, be prepared carcfully and used uniformly, but cven then there will
always be strains that give variable results.

118



P i -,
tl|¢|.

IIL
[

||d
T

- IJ
=
(s

A4, 0.0

o..@./_

...o.@lmmxm

86666

0666
®

|

..........

@@@@@

lllllll

sec Figurc

119

Fig. C.23. Schematic diagram of the multiple inoculator,
used to apply equal amounts of inoculum to each of 24 spots on one plate.
This useful tool is easily fabricated out of brass in a metal fabrication workshop.

.
.

1/1000 inoculation loop or multiple inoculator (fabricated locally,

antibiotics, storcd dry at 4°C in refrigerator (Table C.2.1)
C23)

antibiotic solvents (Table C.2.1)

water bath capable of maintaining 45-50°C

C.2.b. Multiple-Inoculator Agar Dilution Method
YEM mecdia

Requirements



% petri dishes
- 250 44 pipettor (optional)

Procedure:

T Prepare 5 ml of 10 mg/ml stock solutions of the above antibiotics by dissolving
30 mg of cach antibiotic into 5 ml of corresponding solvent.

2. From the antibiotic stock solutions prepare YEM containing the above
concentrations,

3. Cool the medium in water bath (48-50°C); when the media reaches 48°C, add
the antibiotic, and swirl the flask to mix the contents thoroughly.

4. Dispense exactly 25 ml of antibiotic-enriched medium into each petri dish,

carclully labelling antibiotic and concentration on the plates with a marker pen
(Figure C.2.4). Antibiotic media are prepared 24-72 hours before use. If to be
uscd within 24 hours, plates must be dried, and inverted in an incubator at
35°C for at least 18 hours. There should be no excess water on the media
surface at the time of inoculation.

Fig. C.24. Using an automatic syringe to dispense equal amounts
of an antibiotic-enriched medium into petri dishes.
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Grow fresh cultures of different Rhizobium strains in screw-cap bottles
containing 5 ml broth cach, inoculating each with a loopful of viable rhizobia
from a YEM agar slant.

Put the inoculated bottles on a shaker water bath at 26°C for 24-48 hours,
depending on growth rate, until slightly cloudy.

Prepare a map to indicate placement and the strain identification numbers for
cach series of plates (Figure C.2.5). Map corresponds to inoculating pins on
multiple inoculator (Figurce C.2.6).

Transfer 250 ul of the broth culture to the corresponding well of the multiple
inoculator (Figure C.2.7).

Add to cach well 50 gl sterilized water. This dilution represents 10° cell/ml.

IO o al.al. o7 AN

\\ OO0 /

Fig. C.2.5. Differential growth of strains on antibiotic plate.
Note that numbers on plate correspond to strain identification numbers on
key-map for the multiple inoculator system.
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Fig. C.2.6. Orientation of inoculator should always be the same,
with pins to align applicator with base used to indicate top and bottom.

Fig. C.2.7. Transfer of broth culture to well of multiple inoculator with pipettor.
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10.  Put the inoculator cover on the base containing the wells (cach rod fits the
corresponding well, oriented by a pin on the edge).

11.  Lift the cover and put it on the petri dish taking care that all rods have
touched the medium (Figure C.2.8).

12. Incubate petri dishes inverted at 27°C.

13.  Observe the growth of different strains of Rhizobium on different antibiotics
media aflter 72 hours ol incubation (for chloramphenicol, kanamycin, nalidixic
acid, and vancomycin), and alter scven days incubation (for rifampicin,
streptomycin, spectinomycein, and ampicillin).

Fig. C.2.8. Note that male pin on applicator base is always at the bottom,
maintaining correct orientation for all plates. A mark on the petri dish
base corresponds to the male pin on the applicator handle,

We strongly recommend that at least three or four replications arc conducted in cach
experiment, and that all experiments be conducted at least twice. Growth can be
scored with a simple two-level system, simplifying statistical analysis of data: 0 = no
growth; and 1 = positive growth. If growth is not clear, i.c., +/- in a particular
concentration of antibiotic, using a higher concentration of antibiotic is recommended
to better define resistance (sce Figure C.2.5 for example). Difficultics may arise if
more than one person reads the plates; at ICARDA only one person will read the
growth on antibiotic plates in all experiments, which makes the scoring system more
consistent. A simple table of antibiotics and concentrations versus strains will help to
distinguish different TAR patterns.
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C.3. Serological Techniques

C.3.a General Description

The scrological reactions which are uscd to identify rhizobia are the result of
interaction between antigens, composed of basic proteins or large molccules like
polysaccharides which may be characteristic of a particular rhizobia strain, and
antibodics, which arc produced by an animal in rcsponse to injcction of foreign
protcin matcrial (antigen). Becausce the antibody is produced to react to a specific
antigen, it can be used for identification of that particular protcin-containing strain
when linked with cnzymes or dyes that make the reaction visible.

Scveral types of scrological reactions are widcly used in the study of rhizobia. Of
these, the two which will be discusscd most thoroughly here (ELISA and FA) involve
antigens located at the surface of rhizobia cclls. These surface somatic antigens of the
rhizobia arc the most strain specific, and scrological cxamination of any collection of a
specics is likely to cnable division into ‘scrogroups’. Internal antigens arc widcly
sharcd within slow-growing rhizobia, but not with fast growers; likewisc, fast-growing
rhizobia commonly sharc internal antigens, but not with slow growers. For this reason,
intact cclls arc nccessary for the serological reactions described in this section.
Flagellar antigens arc generally widely shared between strains, so they are often
deactivated by heat treatment to make the antigen-antibody reaction more specific.
Specific methods have been developed which have greater sensitivity but gencrally
involve specialized cquipment and require greater experience, Precipitation in a gel-
diffusion system can detect a wide range of solubilized intcrnal or surfacc antigens
and is probably most uscful for classification work; antigen scparation to speed
clectrophorctic diffusion can provide highly precise strain definition.

The specificity that cxists between a strain’s antigens and antisera makes scrology a
convenicnt means of investigating rhizobial behavior in ecological and agronomic
studics. The scrological methods discussed in this section — ELISA and FA — can be
uscd for dircct identification of a strain, or strains, occupying a nodule, and as a basis
for enumcration of specific rhizobia in soil survival studies. These methods are not
difficult to master, but attention must be given to specificity in relation to other strains
and bacteria (cross rcactions), sensitivity, rcliability (reproducibility), antigenic stability
and convenicnce in testing. It should be remembered that an antiserum is a complex
mixturc of scrum protcins and antibody moleculcs; final concentrations of these
substances can be greatly affected by antigen preparation, the immunization
procedure, and the tempcratures during storage and use.

The involvement of animals in production of antiscrum may dcter some scicnlists

from using scrological mcthods. Where large numbers of diverse antiscra need to be
prepared, it is nccessary to have access to an equipped animal house and technical

124



help. It is possible, however, to prepare cnough antiscra for studics involving a few
strains in fairly claboratc investigations with the simplest of facilitics. Rabbits have
been used almost cxclusively for rhizobia antiscra production, duc to casce of handling
and success in production of scra with good titer. The most commonly uscd rabbit
species is the New Zcaland whitc rabbit, preferred for its large size (making it
possible to collcct a greater quantity of scrum) and docility (for casc of handling). It
is not nccessary (o kill the rabbit or cause it unduc suffcring to producc antiscrum.

C.3.b. Preparation of Somatic Antigens

It is good practicc to usc a defincd medium for growth of rhizobia in antigen
prcparation, as the undefined constituents of yeast extract may themsclves be
anligenic, In our work, we find the defined medium of Bergersen (Scction A.10.a)
uscful for growing rhizobia for antigen preparation. It may not be nccessary to use
this defincd medium, which supplics the nccessary specific vitamins contained in yeast
extract, but it may prevent problems with low antibody titer and cross-reactions.

Requirements:

- fresh slant of Rhizobium culture

- sterile YEM (or defined media) agar in Roux flask or Erlenmeyer flask
- filtered and sterile N-saline (1 normal) in dilution tubes (10 ml)
- sterile YM broth in dilution tubes (9 ml)

- petri dishes with YEM agar

- sterile centrifuge tubes with caps (30-50 ml cap)

- sterile pipettes (1, 5, and 10 ml)

- sterile serum bottles with rubber scptum and aluminum caps

- dry and stcrile Erlenmeyer flask (100 ml)

- glass rod

- vortcx mixer

- high speed, refrigerated, floor model centrifuge

- incubator

- refrigerator

Procedure:

1. Ascptically add to a fresh slant containing fully grown Rhizobium culturc about

6 ml of stcrile N-salinc (1 N) and suspend the bactcria thoroughly using vortex
mixer (Figure C.3.1).

2. Transfer 2.5 ml of the suspension to Roux flask (Figure C.3.2) using a 5-ml
stcrile pipette (prepare two Roux flasks for cach strain).
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Fig. C3.2. Transfer of the rhizobial suspension to a Roux flask containing defined agar.
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6.

Incubate inoculated Roux lasks at 26 -28°C for three to five days for fast
growers and 7-10 days for slow growers; Roux flasks must be inverted (agar
surface facing down) during incubation. Daily obscrvations of growth arc
recorded every day.

Harvest the culture in Roux flask by adding 20 ml of sterile N-saline and
suspending the rhizobia colonies in the liquid using sterile glass rod (Figure
C33),

Fig. C3.3. Harvesting of rhizobia from Roux flask in saline,
using a glass rod to suspend the bacterial mat.

Transfer the suspension from Roux flask to a sterile Erlenmeyer flask, pouring
ascptically; the two Roux flasks containing the same strain arc harvested and
transferred to a single 100-ml sterile Erlenmeyer.

Note: If any uncharacteristic colonics (contaminants) arc observed, do not use
the culture for antigen preparation.

Transfer 1 ml of the suspension to sterile dilution tube containing 9 ml YM
broth (save for later quality determination, including plate count and Gram
stain).

Heat the suspension by placing Erlenmeyer flask in a boiling water bath for
one hour to inactivate flagellar antigens and other proteins (Figure C.3.4).
Transler the suspension to a 30-50 ml sterile centrifuge tube and centrifuge at
10000 x g for 15 minutes and 6°C (Figure C3.5).

Discard supernatant (Figure C.3.6) and resuspend the precipitate in 20 ml
sterile N-saline (Figure C.3.7), then recentrifuge as above. Repeat this
centrifuge-washing procedure three times.
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Fig. C.3.5. Using a refrigerated centrifuge to obtain a pure-cell pellet.
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10. Suspend the final precipitate in 20 ml sterile N-saline.
11. From this pure cell suspension, dispense 2 ml into cach of 10 5-ml sterile
serum bottles and store them at 4-6°C in refrigerator.

C.3.c. Immunizing Rabbits: Injection and Blood Collection

Immunization procedures and injection schedules vary among investigalors;
procedures different from those given here are referred to in the reference section.
Immunization procedures fall into two general types: (a) primary immunization by
repeated intravenous injection of the antigen without an adjuvant, at intervals of one
or more days, followed by a number of booster injections prior to bleeding; and (b)
primary immunization with a single intramuscular injection of the antigen emulsificd
with an adjuvant, followed by one or more booster injections before bleeding.
According to the literature, titers of the antisera obtained by the two methods, when
recorded, were similar (the highest dilution which gives a clear serological reaction is
known as the ‘titer’ of the reaction). We present the procedure for the first method,
which we have found most effective in producing scra with high titers in work with
chickpea and lentil rhizobia at ICARDA. Whenever possible, two rabbits are used
with cach antigen because of the variability in response by different animals.

Immunization and Blood Collection
Twao types of injection are described in the following procedure. The intravenous

injections of 0.5 to 2.0 ml are injected into the large marginal car vein of one car
(Figure C.3.8). Il necessary, both cars may be used for the injections, but we try to

Fig. C.3.8. Injecting 2 ml of antigen into the marginal ear vein of a rabbit.
Note that hair is pulled from vein area to allow unobstructed view of vein.
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keep one car free for later bleeding of the rabbit. We have found it useful to place
the rabbit in a restraining cage (ref. Thomas Scientific Catalogue No. 1123-H50) while
injecting or drawing blood (Figure C.3.9). The intradermal injections of 2.0 ml cach
are injected under the loose skin of the hindquarters (above the rear legs — Figure
C.3.10). The antigen suspension prepared previously is freshly unfrozen (but kept in
an icc bath at all times before usc) and used to immunize young adult rabbits
according to the following schedule:

Day Route of injection ml antigen
1 Intravenous (1V) 0.5
2 v 1.0
3 |AY 1.5

4-7 Rest -

8 v 135

9 v 2.0

10 IV + intradermal (1D) 2+2
11-16 Rest -

17 1st bleeding -
24 1D 2

31 2nd bleeding -

38 1D 2

45 3rd bleeding -

52 1D 2

59 4th bleeding -

Fig. C3.9. Commercial restraining cage to facilitate the handling of rabbits
during injection and bleeding activities.
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Fig. C.3.10. Intradermal injection just under the skin above the rear legs of the rabbit.

Differcnt methods of blood collection arc used by various workers; some kill the
animal and collect as much blood as possible from the jugular vein into a large beaker
after the titer has reached a high level (as determined by test bleeding from the ear).
Others use a heart puncture to collect 50-80 ml dircctly from the cavitics of the

heart. We prefer bleeding from the marginal car vein, taking 10-20 ml of blood on
successive bleedings about two weeks apart (Figure C.3.11); this of course is much
less damaging to the rabbit than the other methods, and will be the only method
described here,

In order to collect blood, a cut is made in the marginal car vein with a sharp blade
(Figure C.3.12) and the blood is collected in serum bottles or centrifuge tubes. After
blood collection, keep the bottles at room temperature for one hour, then carclully
loosen the blood clot from the walls of the bottle with a glass rod (Figure C.3.13).
Store the scrum (with clot) in the refrigerator overnight, then transfer to a centrifuge
tube and centrifuge at 10° x g for 15 minutes at 4°C. It may be necessary to
recentrifuge the scrum to remove all red cells from the supernatant scra. Transfer the
supernatant (clear scrum without any traces of cells) to a sterile screw-cap tube. It
may not be necessary to add preservatives o serum samples il they are stored frozen
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(in the deep-frecze compartment of a refrigerator). Repeated thawing and refreezing
do not scem to harm the activity of the sera, but caution should be exercised to keep
thawed sera chilled in ice (4-6°C) during use. Sera may be kept unfrozen at 4°C if
preservatives arc added. We prefer to be doubly certain, and add merthiolate (sodium
ethylmercuri-thiosalicylate = Thimersol, Sigma Catalogue No. T 5125) at 0.01%
(1/10* or 1 mg/10 ml) while storing at -20°C (in freezer compartment) until ready for
use.

Fig. C3.11. Using a sharp blade to cut the marginal ear vein of a rabbit for blood collection.

C.3.d. Evaluation of Antisera Titer by Agglutination

The agglutination reaction is simple to perform, and is often used for preliminary titer
determination to decide when to harvest blood from the rabbit. This method,
however, does not always give clear distinctions between reactions of antigenic identity
and cross-reactions between closely related strains. Agglutination is based on the
aggregation, or clumping together, of rhizobial cells caused by antibody molecules
binding to their surfaces and cross-linking them.
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Fig. C3.13. Carefully loosen the blood clot from walls
of vial by means of a Pasteur pipette or glass rod.

Avoid mixing serum (clear fluid) with the blood clot.
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For greatest accuracy, agglutinations are usually performed in small tubes by mixing
given amounts of rhizobia suspensions with a dilution series of an antiserum. The
highest dilution that gives a clear agglutination reaction is known as the ‘titer’ of the
rcaction. Comparison of strains with a particular antiscrum is made by comparing
their respective titers. Strains which react similarly to a given dilution of an antiserum
are considered serologically identical.

Rhizobia to be used in agglutination tests are grown on YEM agar slants (Figure
C.3.14), and suspended in approximately 5 ml 0.85% saline (w/v NaCl). We
recommend heating this suspension in a boiling water bath for one hour to destroy
flagellar protcins which may interfere with the somatic protein reactions (Figure
C.3.15). After heating, centrifuge cells for 10 minutes at 4°C, discard supernatant, and
suspend cells in 2 ml saline, making sure that no clumping of cclls is taking place
before the agglutination. If cells are clumped at this stage, vortex mix the suspension
and centrifuge at 1000 x g for five minutes; use the turbid supernatant to perform the
agglutination test.

|
|

Fig. C.3.14. Rhizobial slant culture for use in agglutination tests,
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Fig. C.3.15. Heating cell suspension in boiling water bath for one hour,

The antiserum is diluted in a two-fold series with saline. Mix a constant volume of
diluted antiserum with an equal volume of rhizobia cell suspension (0.5 ml cach), mix
tubes by swirling and place undisturbed in a rack which is kept in a water bath
(Figure C.3.16). If kept at 52°C, the agglutination reaction can be determined after
four hours; if kept at 37°C, the reaction may be read after 10-12 hours. Agglutination
is most casily distinguished by holding tubes up against a dark background (Figure
C.3.17). It is important that in all agglutination tests, an antigen control (antigen
combined with equal volume of saline) is used as a ncgative control, so that evaluation
of agglutinations at the higher dilution levels will be more clear.

Although the agglutination reaction may be useful, we recommend testing the titer of
antisera by indircct ELISA if possible (sce Scction C.4.a); antiscrum shouald have not
less than 1/1280 titer if it is to be used to prepare conjugate. The antisera from the
scparate bleedings and from all rabbits immunized with the same antigen should be
compared with indirect ELISA or agglutination test and, if equally acceptable, added
together to give a larger volume of uniform antiserum which should then be divided
into small samples (no more than 5 ml) for storage. Furthermore, storage of different
lots of the same antiserum in diffcrent refrigerators may be wise, as failure of one
refrigerator will not result in loss of an entire batch of antiscrum (heat will cause
rapid breakdown of proteins and therefore reduce the antiscra titer).
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Fig. C3.16. Rack containing mixed antiserum and cell suspension in water
hath to maintain constant temperature.

Fig. C3.17. Holding tubes against a dark background to detect agglutination.
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C.4. Enzyme-Linked Immunosorbent Assay (ELISA)

By joining togcther an enzyme with the antiscra produced, in a process called
conjugation, the scnsitivity of serological reactions can be greatly incrcased. With the
usc of cnzymc-conjugated antibody preparations, it is possible to detect extremely
small quantities of antigens with small quantitics of antiscrum. Binding of antibody o
antigen in a homologous strain (strain from which the antigen is produced) activatcs
the cnzymes which form a highly colored product; no binding and therefore no color
is formed with a heterolopous strain (strain which is not rcactive with the antibodics
produced from the homologous strain). In addition (o their sensitivity, ELISA
mecthods are rapid and simple to perform, and do not require complex cquipment.
The only relatively difficult part of the procedure is the preparation of the conjugated
antibody reagents, but once prepared, these are extremely stable and economical to
usc as only small volumes at very low concentrations arc required.

In ELISA, the antigen is first adsorbed onto the surface of a plastic well where the
antigen-antibody reaction takes place. The adsorbed antigen is then reacted with the
cnzyme linked anti-antibody. Where the antibody complex “fits’ or rcacts with the
antigen, an enzymatic rcaction producing color takes place. The major advantages of
this method are the small amounts of antiscra required and the very small quantitics
of antigen nccessary (mcaning that the smallest of nodules can be tested), and the
ability to perform many dctcrminations in onc plastic tray (with many wells). Thus
many nodules can be tested for the strain(s) occupying the nodules with relative casc.
A disadvantage of ELISA is the relatively high cost of special plastic trays (usable only
once) and chemicals.

There are both direct and indircct ELISA mecthods. In the dircct technique, the anti-
rhizobia antibodies arc labelled with enzyme, making it necessary to have enzyme-
linked antibodies (conjugated) for each strain to be studicd. This is not necessary with
the indirect technique, where a second antiscrum prepared in an animal specics other
than that used to make the anti-rhizobia antibodies is linked with the ¢nzyme and
then used to detect the attachment to anti-rhizobia antibodics produced in the rabbit,
In the indirect method, it is necessary to have only one enzyme-linked typc of
antibody (the anti-rabbit antibody). This sccond antiserum used in the indirect ELISA
tcchnique can be purchascd (with or without the enzyme alrcady attachcd) from
scrological or scientific supply houses. If the sccond antiscrum is purchased
unlabelled, it can be made enzyme-linked in the same way as anti-rhizobia antibodics
(Scction C.4.b). The process of linking cnzyme with antibody, or conjugation, is
complex and rcquires considerable time and cffort. If many strains are to be identificd
or ‘grouped’, it is recommended that the indirect method be uscd, as this will require
much less effort than labelling cach anti-rhizobia antibody individually. The direct
mcthod is, however, gencrally more sensitive, and should be used in ccological
investigations of two or three strains.
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C.4.a. Indirect ELISA for Antisera Titer Determination

The indircct ELISA involves the usc of two antisera: (1) strain-specific rabbit antiscra;
and (2) sheep or goat anti-rabbit globulin. Anti-rabbit globulins arc conjugated to
alkaline phosphatase or peroxidase; these are availablc from commercial sources (c.g.,
Sigma A-8025, a preconjugated goat anti-rabbit globulin, is used at ICARDA).

In the following procedurc, the indircet method of ELISA is uscd to determine the
titer of an antiscra produced in a rabbit. For this procedurc it is not nccessary to
fractionate the antisera before testing.

Requirements:

- disposablc plastic trays with 96 wells each, of special type for adsorption of
protcins in ELISA tests (c.g., Fisher Cataloguc no. 1424561, Immulon II
platces)

- spectrophotometer with cuvettes

- goat anti-rabbit globulin; may be purchased alrcady conjugated with alkaline
phosphatasc (Sigma A-8025)

- micropipettors capablc of dclivering 100 and 150 2l

- drying oven or incubation chamber capable of 30-35°C

- phosphate-buffcred saline

- Tween-20 (Sigma P-2287)

- p-nitrophcnyl phosphate (Sigma 104-40T)

- dicthanolaminc (Sigma D-8885)

- antiscra produced in rabbit against somatic antigen of specific rhizobia strain

Reagents:

PBS: Phosphate buffered saline

- NaCl 80¢g

- Na,HPO,12H,0 27¢g

- NaH,PO, 04¢g

- Distilled water 1000 ml
- pH 72-74

PBS Tween-20: Add 0.5 ml Twcen-20 to 11 PBS, adjust pH to 7.4

Diethanolamine buffer: Add 97 ml dicthanolaminc to 800 ml distilled water, adjust
pH =98

ELISA buffer substrate: Dissolve 1 mg p-nitrophcnyl phosphate (phosphate substratc)
in 1 ml dicthanolamine buffer
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Procedure:

1. A fresh culture on YEM agar slant is suspended in distilled water. If the titer
is to be tested against differing strains for cross-reaction, suspensions of
different strains (homologous = the strain from which the anligen was
prepared, and heterologous or a nonreactive strain) must be adjusted to the
same turbidity (using a spectrophotometer set at A600 nm with a distilled
water blank, dilute with sterile saline until reading = 0.20) and then diluted
50-fold with sterile saline (0.85% NaCl). In all ELISA testing a homologous
and a heterologous strain must be included as positive and ncgative controls,
respectively. A simple map of an example ELISA plate is shown in Figure

Ca4.1.

2. For positive control, add 100 z of the homologous suspension to cach of 4
wells; use four wells for each dilution of antiscra.

3 For negative control, add 100 gl of the heterologous suspension to another set
of wells; use four wells for cach dilution of antisera.

4, For blank controls (3 scts) add to four wells cach: a) 100 4 distilled water

(water blank); b) 100 4l of homologous suspension; and ¢) 100 ul
heterologous suspension. These wells will not receive rabbit antiserum.
5. Allow the plates to dry in the oven overnight at 35°C.
6. Wash the plates three times with 150 gl PBS Tween-20 and shake off to
rCmove excess moisture,

Fig. C.4.1. ELISA plate map indicating placement of controls and test wells.
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7. Dilute antisera with PBS Tween-20 (Figure C.4.2).

8. Add to four duplicate wells (except blank controls) 100 ul of scrial dilutions of
the whole antisera (1/100, 1/200, ctc., Figure C.4.3).

9. Cover the plates with tape (Figure C.4.4) and incubate in a chamber at 30°C
for four to six hours.

&

2ml Z2ml 2ml Iml 2ml 2ml

SO0l Antisera——Pp

1rrerr

PESTween=20(ml) 4.95 2 2 ) 2 2 2

Titre 1/100 1/200 /400 1/800 1/1600 1/3200 1/5400

Fig. C.4.2. Dilution series for antisera using PBS Tween-20.

Fig. C.4.3. To each of four wells add 100 gl of each dilution of antisera.
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10.
11.

12
13.

14.
15.

Fig. C.4.4. ELISA plate covered with tape for incubation at 30°C for 4-6 h.

Wash wells three times with 150 g1 PBS Tween-20,

Add to cach well (except water blank) 100 44 of goat anti-rabbit globulin
conjugated with alkaline phosphatase and diluted 1/1000 in PBST-20. Cover
the plates with tape and reincubate overnight in a chamber at 30°C.

Wash twice with 150 ul PBS Tween-20 and once with PBS.

Shake off the plates to remove the excess liquid, then add 100 4 ELISA
buffer substrate (1 mg p-nitrophenyl phosphate/1 ml dicthanolamine buffer,
pH = 9.8).

Wait until sufficient color develops (30-60 minutes).

Positive results are indicated by a yellow color, which can be made quantitative
by reading optical density at 405 nm on a spectrophotometer designed to read
ELISA plates. If an ELISA reader is not available, a visible color scale of 0-4
(0 = no color, 4 = strong yellow) can be used with some success (Figure
C.4.5).

Calculations to Determine Titer:

The titer as determined here using the indirect method to evaluate unfractionated
antisera is an indication of the sensitivity of the antisera produced. Where a high titer
is indicated here, the final concentrated antisera will be very cffective and only small
amounts will be needed in determinations. If a low titer is indicated (c.g., <1/300),
concentration of the active antibody fraction may increase the titer to where the
antiscra is usable. It is the globulin fraction of the antibody that is most specific
against the antigen, and so it will still be necessary to fractionate the globulins in the
antirhizobial antisera produced in rabbits against specific strains, This process is
described in the following section.
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Fig. C4.5. Reading ELISA results in an automated spectrophotometer at wavelength 405 nm.

Use of the indircct method will give a quick estimation of titer when determining
whether to harvest blood from the rabbit, or it can be used for genceral investigation
of strains. Purchase of the preconjugated goat anti-rabbit globulin will save
considerable laboratory cffort. In work at ICARDA in ccological studics with chickpea
and lentil rhizobia, we have found the indirect method useful in classification and
identification exercises, but we use the direct method in competition and survival
studies as we have found it to give more sensitive and reliable results.

C.4.b. Development of ELISA Conjugate

Developing the ELISA conjugale can apply either to conjugation of the goat anti-
rabbit globulin if purchased unconjugated (indirect method) or to the antisera (direct
method) with alkaline phosphatase. We suggest that, in order to save considerable
effort when using the indirect method, this anti-rabbit globulin be purchased
preconjugated with the proper alkaline phosphatase. In the case where the antiserum
produced in the rabbit is labelled directly, it is necessary to first isolate the globulin
fraction from the antisera before the procedure of labelling (conjugation). For the
ELISA technique to work, a highly purified globulin preparation is required. Two
fractionation steps are necessary: (1) sodium sulfate precipitation, followed by (2)
purification through a chromatography column containing DEAE ccllulose.
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C.4.b.1. Purification of Globulin Fraction
Requirements:

- antiscrum produced in rabbits against somatic antigen of rhizobia

- solid Na,SO,

- 1 N saline (0.85%)

. PBS, pH 7.4

- dicthylaminocthyl (DEAE) cellulose beads (DE-22, Whatman 6892)
- 5-ml syringe (disposablc)

- 0.5 M HCI

- 0.5 M NaOH

- magnetic stirrer

- spectrophotometer and cuvettes

- Spectrapor #2 dialysis tubing and clamps (ColcParmer N-02900-20)

Procedures:

1. Primary Fractionation of Serum Globulins

1. To a mcasurcd volume of scrum (for example, 10 ml) on a magnclic stirrer at
room temperature, slowly add 14% solid Na,SO, (1.4 g in this cxample). If a
magnctic stirrer is not available, constant manual stirring is necessary during
addition of sodium sulfate and for approximatcly the five minutes following
addition (Figurc C.4.6).

Centrifuge at 3000 x g for 10 minutes and discard the supernatant.

3. Resuspend the precipitate in enough 1 N saline to give half the original
volume of the scrum (5 ml).

4. Slowly add 12% solid Na,SO, (0.6 g in this cxample). Centrifuge again and
resuspend in saline (S ml).

5. Repeat this precipitation and washing (steps 4 and 5) onc more time.

6. Resuspend the final precipitate in saline (5 ml) and transfer to dialysis bag
(Figure C.4.7). To remove all the Na,SO,, dialyzc the precipitate at 4°C (in
rcfrigerator or ice-bath) against PBS, pH 7.4. The large protcin molecules
cannot pass through the dialysis bag walls, whilc the smaller sodium sulfate
molccules will move with the concentration gradicnt into the PBS.

7. After scveral (four or five) changes of PBS, dcterminc the protcin
concentration of the solution inside the dialysis tubing by mcasuring OD at 280
and 260 nm using a crystal cuvette and spcctrophotometcer, as follows:

(84

Tube Saline (ml) Globulin (ml) Dilution
1 3 0 -
2 21 03 1:10
3 2.85 0.15 1:20
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Fig. C.4.7. Resuspended precipitate in dialysis bag.
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9.

10.

11.

Adjust spectrophotometer to zero using tube 1 at 280 nm. Read OD of tubes 2
and 3. Readjust spectrophotometer to zero using tube 1 at 260 nm wave length
then rcad OD of tubes 2 and 3. Calculate mg protein/ml for cach tube using
the following formula:

1.4 x (OD at 280 nm) - 0.7 x (OD at 260 nm) = mg protcin/ml.
Remember that the protein has been diluted 1:10 in tube 2 and 1:20 in tube 3;
thercefore multiply by appropriate dilution factor and calculate the protein
concentration/ml. Take the average of tubes 2 and 3.

Adjust the protein concentration to 10 mg protein/ml by diluting the globulin
with saline.

To obtain a more purificd globulin solution (with higher titer), it is nccessary
to pass the globulin solution through a cellulose column. We have obtained
good results with DEAE type DE-22, which allows protein molecules of a
certain size to pass through.

IL. Preparation of DE-22 Cellulose Column

Place 2 g DE-22 cellulose in 30 ml 0.5 M HCI.

Stir at low speed for 30 minutces.

Pour the contents through a funnel containing Whatman No. 4 filter paper.
Wash with distilled water and keep on washing until pH of wash solution
rcaches 4 (Figure C.4.8).

Fig. C.4.8. Washing acidified cellulose beads with distilled water until pH reaches 4.0.
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Transfer ccllulose beads to a beaker, pour off water

Add to the cellulose 30 ml NaOH 0.5 M

Leave standing for 30 minutes; decant the supernatant

Add another 30 ml of NaOH 0.5M, and leave standing for another 30

minutes,

0. Adjust the pH of the solution to 7 with 0.5 M HCI, then decant liquid.

10, Place beads in 125 ml PBS, cover beaker with paralilm or plastic wrap, and
leave in refrigerator until use.

11 Pour the bead-PBS mixture into the column (Figure C.4.9).

LN

Fig. C.4.9. Pouring the cellulose bead-PBS mixture into a plastic column.

I11. Collection of Purified Globulin Fraction from Column

The cellulose within the column has to be at least 5 cm long (Figure C.4.10) and
should be pre-cquilibrated within the column by washing three times with PBS. After
filling column with the prepared cellulose beads, outflow of solution should be
adjusted with the outflow valve of the column to 10-12 drops/minute. Once the level
of the final PBS wash reaches 1o 0.5 em above the cellulose surface in the column,
slowly add 1 ml of the dialyzed antiscrum from the dialysis bag (Figure C.4.11) and at
the same time start collecting separate fractions of 2 ml from the outflow (Figure
C.4.12). When the antiserum has entered the cellulose (Figure C.4.13), add PBS
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Fig. C.4.11. Adding the dialyzed antisera to the PBS at
the surface of the cellulose column.
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Fig. C.4.12. Collection of the first fraction from the outflow of the column
as the antiserum is added.

Fig. C.4.13. Adding PBS as antiserum enters the cellulose column,
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carcfully to fill the entire column. Collect fractions in tubes (Figure C.4.14), each tube
containing 2 ml. Read OD of cach fraction in a cuvette at 280 nm on a
spectrophotometer blanked with PBS. Readings should be low in the first and/or
second tubes, but should increase until they reach a peak, then decrease again 1o a
value near 0. Fractions with optical density readings higher than 1.4 will be kept for
dilution to a protein concentration of 1 mg/ml, but fractions with readings below 1.4
will have to be reconcentrated. A reading of 1.4 OD represents a protein
concentration of 1 mg/ml, which is the desired concentration of the 1g-G (gamma
globulin) protcin fraction in the final product.

Fig. C.4.14. Collecting fractions in tubes each holding 2 ml.

If desired, you may combine all fractions with an OD reading of > 1.4, mix well and
again rcad OD. Alternatively, cach fraction can be adjusted to the proper protein
concentration, and kept separately; the purest Ig-G fraction will have the highest titer
and may be especially useful where low titers are a problem. To adjust the reading to
1.4 OD (concentration of 1 mg/ml) in the combined fractions with a reading > 1.4, it
will be necessary to dilute with saline (PBS). Supposing a rcading of 1.8 at 280 nm
and a volume 4 ml, the following calculations show how much PBS should be added
Lo obtain an OD reading of 1.4:

18 x4ml=14xV
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1.8 x 4
14
51-4=11ml

Add 1 ml PBS to the 4-ml tube, then read again at 280 nm; dilute with more PBS,
drop by drop with a pasture pipette, mixing between additions, until you have a
reading of 1.4,

To reconcentrate the fractions which had readings below 1.4, mix them together,
measure the volume, then add 12% solid Na,SO, slowly on a magnetic stirrer (Figurce
C.4.15). Leave the solution for two hours at room temperature, then centrifuge for
five minutes at 10* x g. Discard the supernatant and dissolve the precipitate in 1 ml
PBS. Transfer to dialysis sac and dialyzc five times in PBS at 4°C as before. Read
optical density of final product in dialysis bag directly at 280 mm; there is no need to
pass through the chromatography column again. If reading is above 1.4, dilute as
above; if below 1.4, discard. Store the purified gamma globulin (Ig-G) of 1 mg/ml
protcin concentration in 2-ml amounts in the deep freeze (-20°C).

Fig. C.4.15. Reconcentration of fractions by slow mixing with
sodium sulfate on a magnetic stirrer.
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C.4.b.2. Preparation of Enzyme-Labelled Antibody (Conjugation)

Requirements:

purificd globulin (Ig-G at 1 mg protein/ml from above steps)
alkaline phosphatase suspension (Sigma P-5521)

25% glutaraldchyde (Sigma G-5882)

Tris buffer, 0.05 M, pH 8 (Sigma T-1503)

3.2 M ammonium sulfate

dialysis tubing (Spectrapor #2)

ovalbumin (Sigma A-5378)

sodium azide (NaN,)

centrifuge

Procedure:

1.

Centrifuge 5000 units (5 mg) of alkaline phosphatase suspension plus rinsing
from the bottle with 0.5 ml 3.2 M (NH,),SO,, pH 7, at 6000 x g for 20
minutes. Discard the supernatant.

Add 2 ml of purified globulin (with adjusted globulin concentration to 1
mg/ml) to the enzyme pellet.

Mix thoroughly at room temperature with vortex mixer, then dialyze at 4°C (in
ice bath) with several changes of PBS (Figure C.4.16).

Fig. C.4.16. Dialyzing the enzyme-globulin mixture in a refrigerator at 4-6°C.
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Add 25% glutaraldchyde to the enzyme-antibody mixture in the dialysis bag
(Figure C.4.17) to give a final concentration of 0.2% glutaraldchyde
(approximately 10 ul).

Allow conjugation to proceed for one to two hours at room temperature, then
dialyzc at 4°C against several (four or five) changes of PBS to remove the
glutaraldehyde.

Dialyzc the conjugate (in the same dialysis bag) against scveral changes of Tris
buffer, 0.05 M, pH 8.

Remove as much of the conjugate as possible from dialysis bag (Figure C.4.18)
and add 1 ml of Tris buffer containing 1% ovalbumin and 0.02% sodium azide
to the remaining contents of the dialysis bag, mix well in bag. Add this ‘rinse’
to the conjugate mixture (this will collect any conjugate mixture which had
adhered to walls of the bag).

Add enough Tris buffer containing 1% ovalbumin and 0.02% NaNj to achicve
a final conjugate mixture volume of 4.0 ml. Store the concentrated stock
conjugate in the refrigerator at 4°C (Figure C.4.19).

Fig. C4.17. Adding 25% glutaraldehyde to the enzyme-antibody mixture in the dialysis hag.
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Fig. C4.18. Removal of the conjugate from dialysis bag.

Fig. C4.19. Concentrated stock conjugate is stored in the refridgerator at 4-6°C.
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C.d.c. Titer Estimation Using Direct ELISA

Requirements:

fresh slants of rhizobia strains, homologous and heterologous
cnzyme-conjugated antiserum

0.85% (1 N) saline

PBS

PBS Tween-20

pipettors capable of delivering 50, 100, and 150 pl

plastic ELISA trays, 96 wells

ELISA buffer substrate (1 mg p-nitrophenyl phosphate in 1 ml
dicthanolamine buffer, pH = 8.5)

Procedure:

i

Rhizobia from fresh slants of homologous and heterologous strains arc
suspended in a few ml of 0.85% saline in small tubes.

Adjust the turbidity of cach with saline to 0.2 optical density at A600 nm.
Dispense 100 ul of antigen in each well (homologous and heterologous), using
four wells per strain per dilution. Likewise, 100 gl distilled water is used for
four blank wells (Figure C.4.20).

Fig. C.4.20. Distribution of 100 gl of antigen in each well of an ELISA plate.

155



4. Incubate the plates at 37°C overnight.

5. Shake off the plate to remove excess moisture.

6. Wash three times with 150 g1 PBS Tween and shake off the plates to remove
excess moisture (Figure C.4.21).

7. To cach well add 100 ul of specific dilution of antiscra (except blanks), cover
the plate with tape or enclosc in a moist chamber and incubatc for one to two
hours at 30°C.

8. Shake off the plates to remove excess moisture and wash three times with 150

ul PBS Tween.
9. Add to cach well 100 ul ELISA buffer substrate and incubate the plates at
room temperature for 30 minutes or until sufficient yellow color develops.

Fig. C.4.21. Removal of excess moisture from ELISA plates by shaking.

10.  Read optical density at 405 nm on ELISA reader or score with color scale (scc
Section C4.a).

The titer sclected for use in later typing of nodules or strain identification will be the
highest possible; it is important, however, that a clear distinction is made between
homologous and heterologous strains. It is best to draw a graph of titer (X-axis)
versus OD (Y-axis) and draw lines for homologous and heterologous strains. The
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highest titer where standard deviations for the homologous and heterologous strains
do not intersect may be used. In practice, however, we like to use a slightly lower titer
than maximum to achicve clear results. Remember that the higher the titer used, the
less antiscrum that will be consumed.

C.4.d. Nodule Serotyping Using Direct ELISA

Requirements:

- enzyme-conjugated antiserum

- 0.85% saline

- PBS

- PBS Twcen-20

- pipettors capable of delivering 50, 100, and 150 wl

- plastic ELISA trays, 96 wells

- ELISA buffer substrate (1 mg p-nitrophenyl phosphate in 1 ml
dicthanolamine buffer pH = 8.5)

= speetrophotometer and cuvettes

- fresh rhizobia homologous and heterologous cultures on YEM slants

- ELISA reader (optional)

- fresh, frozen, or rehydrated dried nodules

Procedure:
1. Wash the nodule(s) well to remove all soil particles (Figure C.4.22).
5

Place cach individual nodule in a separate test tube (Figure C.4.23)

Fig. C.4.22. Removal of soil particles from nodules by washing with tap water over screen.
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Fig. C.4.23. Individual nodules to be assayed are placed in separate test tubes,
Care must be taken that nodule mass is
approximately equal in all tubes.

Add 1 ml distilled water to each tube.

Boil the nodule briefly over Bunsen burner flame (Figure C.4.24), then crush it
using sterile glass rod (Figure C.4.25).

Transfer the contents of the tube to spectrophotometer cuvette and adjust
optical density to 0.4 at A600 nm with distilled water. Then dilutc contents of
tube further 1:50 with distilled water.

Dispense 100 w4l of each nodule solution in one well (Figure C.4.26); repeat
for lour replications.

Suspend fresh homologous and heterologous YEM slant cultures in distilled
water and adjust optical density with PBS to 0.4 at A600 nm, then dilute
further 1:50 with distilled water (Figure C.4.27).

Dispense 100 ul of homologous and heterologous strain solutions in cach of
two wells of plastic trays as positive and negative controls, respectively.
Dispense 100wl distilled water in two wells for blank (Figure C.4.28).
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Fig. C.4.24. Boil nodule in water briefly by holding the tube
over the flame of a bunsen burner.

‘ig. C.4.25. Crush the boiled nodules thoroughly with a glass
rod prior to adjusting optical density.
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Fig. C.4.27. Fresh homologous and heterologous YEM slant cultures are diluted
in PBS to an optical density of 0.4, then diluted 1:50 in
water before adding to wells as controls.
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10.
11

12

13.

14.

15.
16.

17.

Fig. C.4.28. Each plate will have blank wells (2-water only),
and homologous and heterologous controls (4 reps each).

Incubate the plates at 37°C overnight.

Shake off any remaining liquid, wash each well three times with 150 ml PBS
Tween (Figure C.4.29).

Add 100 gl of specific dilution of antisera (dilution predetermined to give
clear reaction at highest dilution) to each well (except blanks); cover the plate
with tape or enclose in moist chamber and incubate for two hours at 30°C.
Shake off the plates to remove excess moisture.

Wash each well three times with 150 ul PBS Tween and shake off the plate to
remove extra moisture.

Add to each well 100 ul ELISA buffer substrate.

Incubate at room temperature until sufficient color is developed, usually 30-60
minutes (Figure C.4.30). Note that incubation temperature (room temperature)
at this stage will affect the speed of the color development reaction; colder =
slower.

Rcad OD at 405 nm on ELISA rcader, or score by visual color scale.

A typical example showing reactions is shown in Figure C.4.31.
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Fig. C.4.29. An automatic washer makes the multiple washing process easier, but is not necessary.
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Fig. C.4.30. Incubating ELISA plates in the incubator at a standard
temperature (e.g. 25°C) will standardize the reaction rate,
giving a known reaction in the homologous control after a given amount of time,

162



Fig. C.4.31. ELISA reactions produce varying yellow color which can
be judged to some extent by eye.

C.5. Fluorescent Antibody (FA) Technique

C.3.a. Principles and Applications

In the fluorescent antibody technique, antibody molecules are covalently bonded with
a fluorescent dye so that their presence, in nodules or soils, can be detected by
microscopy in ultraviolet light. As with the ELISA techniques, there are direct and
indirect FA mecthods, depending on whether the fluorochrome is attached to the
antibodics that react to the antigen (direct) or to secondary antibodies that react with
the rabbit-produced antibodies (indirect). In the direct technique, it is necessary to
have fluorescent antibodies for each of the strains to be studied. This requirement is
eliminated by using the indirect technique. By labelling the antibodies in a second
antiserum produced in goat or sheep and using them to detect attachment of the
antirhizobial antibodies it is nccessary to have only one type of fluorescent-labelled
antibody. We suggest that this second antiscrum for use in the indirect technique be
purchased with the fluorescent dye already attached. If purchased unlabelled, it can be
made fluorescent in the same way as antibodies produced in rabbits (described in
Section C.5.b.).
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What is unique about the FA technique is that it allows the antigens on single cclls to
be investigated; this means that the smallest of nodules can be ‘typed’ or ecological
investigations of rhizobial behavior in soil systems can be conducted. Tsolation from
soil for the purpose of enumeration using FA is detailed briefly in Section B.3.c.; for
full details of isolation from soils sce papers in reference section. The drawbacks of
the technique are its cost and complexity. Practice will greatly improve antiserum
production and results; major cost inputs arc for a refrigerated centrifuge, chemicals,
and a UV-capable microscope.

C.5.a.1. Microscope. The fluorescence microscope is a conventional compound
microscope equipped with a special light source of suitable wavelength and intensity
and the proper combination of objectives and filters (Figure C.5.1). If a fluorescent
microscope is to be purchased, it is suggested that various manufacturers be contacted
with information of your intended needs so that the various quotations can be
compared. The HBO-50 (or 12-V 100-W quartz-halogen) for reflected light
fluorescence is recommended. For transmitted-light observations, a condenser must be

Fig. C.5.1. Fluorescence microscope, with fluorescent light source,
UV filters, and camera attachment

164



used; the phasc-contrast condenscr is suitable for this purposc. Special objectives are
nceded for usc with these condenscers (as described in the User’s Manual for the
microscopc). Finally, the microscope must be equipped with the proper filter set for
Rhizobium work, suitable for FITC work and acridinc orange. Most microscope
models offcr an “FITC filter sct” as an option. It is advisablc to check with a dcaler
representative for your nceds. Cost for the microscope setup will range from about
U.S. $7,000 to $20,000, dcpending on quality and sophistication (sec Figure C.5.2 for
sample purchase request).

1 C A R DA

International Center for Agricultural Research in Dry Areas

INTEROFFICE MEMORANDUM 9 Noveeber, 1989
To :  Dr. K. Makkouk

Froe : br. D. Beck

Subject: Purchase of fluorescent-capable aicroacope

The following items from a Nikon quotation represent what is needed for
FA work in microbiology. Thin ir a high quality microscope with all
needed attachaents, for a very reasonable price. The Nikon price list,
from a Dapascus distributor, is attached. Also attached is a less
cooplete quotation from Karl Kolb for a Zeiss Epi-[luorescence standard
20 microscope. This model is lesa adequate for our needs. Purchaning
and Supplies Dept. should obtain additional quotations along the lines
of the rquipment outlined below. Thanka.

Code_no, ___ _ bescription ________ yen price

MRA135AD Optiphot Model X-2 258,830
MBC11200 Stage “"IR" 56,800
MRR13130 Trinocular eyepiece tube F2 79,200
MAJ 20100 Eyepiece lenne CFWN DIOX 22,000
MBL11400 Achroeat/Aplanat condenser 15,100
MSJ00101 N Plan Achromat objective 10X 46,200
M5J00201 N Plan Achroeat objective 20X 51,150
MSR00401 CF N Plan Achromat obj 40X 176,000
MSM40400 CF Fluor objective 40X 148,500
MSJ02901 N Plan Achromat objective 100X 165,000
MHL1318F Phase contrast set(w/box) 221,100
MBE14008 Epi-fluorescent mercury EF-D set 636,900
MXA21044 Eng/photo sdapter 29,700
MPC340AR Microllex Camera 375,100

TOTAL 2,314,580

= Approx USh 18,000

Fig. C.5.2. Sample purchase order for fluorescence microscope setup.
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Adjusting microscope for bright field. First follow steps 1-6 to properly adjust
microscope for bright (normal) ficld viewing as follows (Figure C.5.3):

1. Fully raise condenser with top lens swung in.

2. Focus on specimen with 10x objective.

3 While viewing, close down lamp ficld stop in microscope base.

4. Slightly lower condenser until stop image is in optimum focus.

5 Usc the two condenser centering screws to center the image of field stop in
the field of view.

6.

Open up field stop until the image nearly fills the field of view, fine focus, and
then open further until the image is the size of the ficld of view.

Advantages:

Evenly illuminated obj ek
Brilliant image without clions or glare
Minimum heating of specimen

Light-path requirements:
Lamp field stop image or sSpecimen
Objective pupil filled with light

Equipment required:

Vertically adjustable cenlerable condenser
lluminator with lamp condenser and iris
diaphragm

In short, a standard Opton microscone

e ——

'? l_/_‘\ \

Fig. C.5.3. Adjusting fluorescence microscope for bright (normal) field.

166



Adjusting for phase contrast. To properly adjust the microscope for phase contrast
viewing, first adjust bright ficld viewing as above in steps 1-6. Then proceed with the
following steps (Figure C.5.4):

Modifications for phase contrast (Ph)

e
? Usa condensor diaphragm to control image contrast I
Pr-condensar in J position) =B Same as betore

L 8
\.
// ;‘\ i " |
S b \f
e‘ » - s -

8 Check Remove eyepi
Three quarters of

should be filled with bght

Replace eyepoco by

on phase
9 Adust image brightness by means of fiters

g lamp veltage

biectives:

and condenser diaphe \]"11-’Jrn|£.‘c, ve apedture

and o

firve

Fig. C.5.4. Ajusting microscope for phase constrast viewing.
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Use the condenser diaphragm to control the image contrast (phasc condenser
in ‘J’ position).

To check, remove eyepicce and look through the viewing tube. Three-quartcrs
of the visible objective aperture should be filled with light.

Adjust image brightncss by mcans of filters or by varying lamp voltage.

After changing objective, adjust lamp ficld stop to size of visual ficld and
condcnser diaphragm to objective aperture.

Focussing and centering high-pressure mercury light source (HBO-50 or HBO-100).
For optimum light yicld of the light source, usc the proper lamp condenscr suitable

for the light source (Figurc C.5.5):

Eall ol S e

N

\

\\\

=
RV]

L

A
o ~UW

Fig. C.5.5. Condenser for high pressure mercury lamp of fluorescence microscope,
with adjusting components: (1) knob for collector adjustment;
(2) vertical lamp adjustment; (3) lateral lamp adjustment;
(4) focussing of mirror image; (5) vertical adjustment
of mirror image; and (6) lateral adjustment of
mirror image,

Open the aperture diaphragm of the reflected light microscope.

Take objective out of the vertical illuminator.

Place a sheet of white paper on the specimen stage.

Check the focus of the light source image; if necessary, adjust with knob (1),
adjust vertically with screw (2) and laterally with screw (3). Focus the mirror
image with screw (4). If the mirror image in not parallcl to lamp filament
(Figurc C.5.6), carefully correct it vertically with screw (5) and latcrally with
screw (6).



Fig. C.5.6. Correction of lamp filament to obtain proper alignment of the mirror image.

C.5.b. Immunofluorescent Indirect Staining for Titer Determination

The titer of an antiscrum may be determined by using indirect staining. The titer is
satisfactory if it is not less than 1:1280, indicating that the rabbit can be bled to obtain
30-50 ml of blood. Antisera with a titer of no less than 1:1280 should be used to
prepare fluorescent antibodics.

Requirements:

- 12-place multitest slides (Flow Laboratories, Catalogue No. 60-412-05)

- Goat antiserum anti-rabbit globulin, FITC conjugated (Sigma, F-0382)

- Glycerol (Merck, 4093)

- FITC working solution: add 50 ul of goat anti-rabbit globulin (FITC
conjugated) to a vial containing 1 ml PBS, then add 4 ml glycerol; dispense 0.1
ml of this solution in each of 50 1-ml tubes, cover with parafilm and store at -
20°C in freezer compartment of refrigerator.

- Phosphate buffered saline

- Mounting fluid

- Pipettor capable of delivering 50 ul

- Fluorescent microscope with oil immersion 60x or 100x objective (sec
Section C.5.a)
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Reagents:

Phosphate buffered saline (PBS)

Sodium chloride 8¢g
Di-sodium hydrogen phosphate - 12 H,0 2.7g¢
Sodium di-hydrogen phosphate -2 H,0 04¢g
Distilled water 1000 ml
pH  72-74

Mounting fluid:

Di-sodium hydrogen phosphate - 12 H,0 3.2¢
Sodium di-hydrogen phosphate « 2 H,0 0.15 g

Glycerin 50 ml

Distilled water 100 ml

pH 7.6

Procedure:

1. Transfer two loopfuls of a fresh culture of homologous strain of Rhizobium to

a vial containing 2 ml sterilized and distilled water (Figure C.5.7); mix well
with a vortex mixer.

Fig. C.5.7. Transfer 2 loopfuls of culture into vial containing 2 ml sterile water.
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2. Make two-fold serial dilutions of homologous antiscra starting from 1:10 to a
final dilution of 1:10240 (illustrated in Figure C.5.8):

Transfer (mi) 0.5

R
0.1 mi_, I
antisera !

P.B.S. (ml) 0.9 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Dilution 1:10  1:20 1:40  1:B0  1:160 1:320 1:640 1: 1230 13 2553 151201 10240

Fig. C.5.8. Two-fold dilution series of homologous antisera.

3. In cach section (well) of a multitest slide add 50 1 of homologous antigen
(Figure C.5.9). Allow to dry at room temperature or usc hair dryer at low
setting to speed drying.

Fig. C.5.9. Add 50 gl of homologous antigen to a marked section of the multitest slide.
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4, Heat-fix slides by passing them rapidly over a bunsen flame.

5, Cover cach smear (within a section) with 50 ul of a particular dilution of
antisera, so as to have a slide with 11 different dilutions of the same
antiserum. Leave well number 12 free from antisera for use as a control
(Figure C.5.10).

Fig. C.5.10. A blank well (number 12) is left clean as a control.

6. Allow to react in a moisture-saturated chamber (slides resting on a moistened
piece of filter paper, with an inverted petri dish over the slides) for 20 minutes
(Figure C.5.11).

Fig. C.5.11. A moisture-saturated chamber is created by cutting several layers
of paper towel to fit inside a petri dish cover, wetting them with sterile water,
and covering the paper towels and slide with the dish cover.

7. Remove excess antibodies by washing in PBS for 15 minutes (5 minutes for
cach of three scparate washes), taking care to avoid dislodging the smears by
hitting them directly (Figure C.5.12).
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10.

11.
12,

13,

Fig. C.5.12. Care should be taken during the washing process
not to hit the smears directly with PBS.

To the tube containing 0.1 ml of FITC working solution, add 1.9 ml PBS.
Shake cach slide to eliminate excess PBS, then add 50 wl of dilute FITC
working solution to each of the twelve smcars.

Allow to react in a moisture-saturated chamber for 30 minutes at room
temperaturc.

Remove excess FA by washing the slide in PBS for 15 minutes (5 minutes for
cach of three scparate washes).

Shake cach slide to climinate excess PBS.

Add mounting fluid, approximately two drops per slide for 12 smears; place
long coverslip over the smears, taking carc to exclude air bubbles (Figure
C.5.13).

Observe the preparations under UV microscope, using oil immersion objective
at 40x, 60x, or 100x.

To cnsure the validity of the results, use a combination of epifluorescence and phase-
contrast equipment to assess the presence of bacterial cells (first observe cells under
phasc contrast before switching to same-ficld viewing with fluorescence). Care must
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Fig. C.5.13. Coverslips should be lowered carefully
from one end to the other to avoid trapping air bubbles.

be taken to have the ficld of cells being observed exposed to the fluorescent light for
only short periods of time, as fluorescence of cells will decrease rapidly with exposure
to the UV light. Scoring for fluorescence should therefore be done immediately upon
viewing a ficld with UV light; hence the wisdom in first choosing a field of cells using
phase contrast viewing,

The intensity of the fluorescence will decrease with the higher dilutions of the specific
antiserum. Grade cach smear for the intensity of the fluorescence using the following
scale:

3 + Bright yellow-green
2 + Yellow-green

1 + Dull-green

0  No fluorescence

An antiserum has a correct titer when the intensity of the fluorescence at dilution

1:1280 is 3 + or at least 2 +. Such an antiscrum will be suitable to prepare
fluorescent antibodies for dircct FA, or for general use with the indircet method.
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C.5.c. Development of Fluorescent Antibodies

As in ELISA, it is nccessary to separate the portion of the antiscrum which is most
reactive to the antigen (again the Ig-G fraction) before conjugating with the
fluorcscent dye. The procedure is not altogether differcnt from conjugation in ELISA,
and practice at one proccdure will help with the other.

Requirements:

- antiscrum developed in rabbit against somatic antigen of rhizobia strain

- physiological saline (0.85%)

- ammonium sulfate, 3.9 M

- Spectrapor #2 dialysis tubing

- PBS

- sodium bicarbonate 1M

- sodium carbonatc 1M

- saturatcd barium chloride solution (about 40 g per 100 ml watcr)

- spcctrophotometer with cuvettes

- fluoresccin isothionate (FITC) (Sigma F7250)

- chromatography column, 330 x 22 mm, glass (Thomas Scicntific Catalogue
No. 2726-D78)

- Scphadex G-25 beads (Sigma G-25-50)

- merthiolatc (sodium cthylmercurithiosalicylate, Sigma T5125)

- polyethylenc glycol (PEG 600) (Sigma P-3390)

- glycerol (Sigma G-5516)

- refrigerated centrifuge capable of 10 x g

- magnetic stirrer

- Millipore filter system and 0.45 um filtcrs

Procedures:
L Fractionation of Serum Globulin
1 To a measurcd amount of scrum (i.c., 10 ml) add an equal volume of 0.85%

filtcred salinc (10 ml).

2. Add slowly the same volumc of 3.9 M ammonium sulfate (3.9 M = 51.25
g/100 ml distilled water) dropwisc with constant stirring (i.c., add 20 ml
ammonium sulfate, about 400 drops) (Figurc C.5.14).

3 Allow the cloudy mixture o stand overnight (or for at lcast two hours) at 4°C
(in refrigerator).

4, Centrifuge the mixture at 10° x g for 15 minutcs, in a refrigerated centrifuge
at 4°C,

5. Dccant the supernatant fluid (Figure C.5.15) and dissolve the precipitate in

distilled water to give the original volume of the serum (10 ml).

175



Fig. C.5.15. Decanting supernatant fluid after precipitation.
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Repeat ammonium sulfate precipitation by adding 10 ml ammonium sulfate
(same volume as volume of the serum) dropwise with constant stirring but
without incubation, then centrifuge at 10* x g for 15 minutes at 4°C. Three
precipitations and centrifugations are usually sufficient to render the globulin
completely white and free of hemoglobin (Figure C.5.16).

Dissolve the final precipitate in a minimum volume of distilled water (3 ml)
and dialyze (using dialysis bag, Spectrapor #2) at 4°C against PBS (Figure
C.5.17) using several changes of PBS until sulfate is no longer detectable in the
dialysate. Use saturated barium chloride to detect presence of ammonium
sulfate; addition of a few drops of barium chloride to the PBS dialyzate will
turn the solution cloudy in the presence of sulfate (Figure C.5.18). Before
storage, determine protein concentration of globulin mixture (next step below).
Keep globulin frozen at -20°C after dialysis and protein concentration
determination,

Fig. C.5.16. Globulin devoid of hemoglobulin.
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Fig. C.5.17. Add globulin precipitate to a dialysis bag.
Dialyze at 4°C in refrigerator against PBS.

Fig. C.5.18. Addition of barium chloride to the PBS dialyzate (in a separate tube)
turns the solution cloudy if any sulfate is present.
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Preparation of Fluorescent Antibodies (FA)

Determine the protein concentration of the solution inside the dialysis tubing
by measuring OD at 280 and 260 nm using a crystal cuvette and UV
spectrophotometer, as follows:

Tube Saline (ml) Globulin (ml) Dilution
1 3 0 -
2 2.7 0.3 1:10
3 2.85 0.15 1:20

Adjust spectrophotometer to zero using tube 1 at 280 nm. Read OD of tubes 2
and 3. Readjust spectrophotometer to zero using tube 1 at 260 nm wave length
then read OD of tubes 2 and 3. Calculate mg protein/ml for each tube using
the following formula:

1.4 x (OD at 280 nm) - 0.7 x (OD at 260 nm) = mg protcin/ml.
Remember that the protein has been diluted 1:10 in tube 2 and 1:20 in tube 3;
therefore you must multiply by the appropriate dilution factor and calculate
the protein concentration/ml. Take the averages of tubes 2 and 3.

Prepare sodium carbonate - sodium bicarbonate buffer as follows:

Put 5 ml of 1 M sodium carbonate (dissolve 28.6 g Na,CO,.10H,0/100 ml
distilled water) in a beaker; then adjust pH 9.2-9.5 by slowly adding 25-30 ml

1 M sodium bicarbonate (dissolve 8.4 ¢ NaHCO, /100 ml distilled water).
Dissolve fluorescein isothiocyante (FITC, Sigma F-7250) in sodium carbonate -
sodium bicarbonate buffer pH 9.2-9.5 (Figure C.5.19) to have a concentration
of 10 mg FITC/ml buffer (recommended to make 2 ml FITC solution; this will
require 20 mg FITC. Any remaining solution can be stored at 4°C as a stock
for several months).

-~

Fig. C.5.19. FITC being dissolved in sodium carbonate/sodium bicarbonate buffer.
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To the globulin solution (1 mg protein/ml, prepared previously) add an cqual
volume of distilled water, then adjust pH to 9.5 using 10% sodium carbonate
(Figurc C.5.20). Do not raise pH above 9.5.

5. Add FITC solution to provide 0.04 mg FITC/mg protcin.

6. Conjugation (binding of FITC to globulin) is accomplished in a small vial
covered with aluminum foil with constant stirring on a magnetic stirrer for four
hours at room temperature (Figure C.5.21).

Fig. C.5.20. The pH of the globulin solution is adjusted to 9.5
using 10% sodium carbonate solution.

l'l:i“ “-.' ‘

L

Fig. C.5.21. Binding of FITC to globulin is accomplished with
continuous stirring at room temperature.
Vial on magnetic stirrer contains small stirring bar.
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Purification of the Fluorescent Antibodies

Prepare chromatography column as follows:

Put 10 g Sephadex (Sigma, G-25-50) in a 1-L flask, then add 100 ml of PBS.
Allow Scphadex to settle, then remove fine particles by decanting the
supernatant (Figure C.5.22); repeat until the supernatant liquid is clear (bed
volume of Sephadex is 5 ml/g dry gel when swollen in PBS). Add PBS with
merthiolate 1/10% to cover gel and leave at room temperature for three hours
to allow the Sephadex particles to swell. Alternatively, the slurry may be heat-
treated at 90°C for one hour for faster Sephadex preparation. Plug a glass
chromatography column approximately 22 x 300 mm at bottom with a small
picce of glass wool and close the outflow (Figure C.5.23). The volume of the
packed Scphadex column should be three to five times the volume of the
unpurificd conjugate (generally 3.5 ml, so approximately 15 ml of Sephadex is
needed; each 10 ml column volume is ¢nough to purify 3 ml of conjugate).

Fig. C.5.22. Once the Sephadex has settled, the fine particles
are removed by decanting the supernatant.
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Fig. C.5.23. The bottom of the chromatography column is packed with
a small piece of glass wool to prevent loss of Sephadex.

Equilibrate the column by passing at least three column volumes of PBS
w/merthiolate through it (Figure C.5.24) or constantly for one hour using a
constant flow peristaltic pump (Figure C.5.25). Allow the PBS liquid level to
settle almost to the top of the bed, then add the conjugate using a pipette
(Figure C.5.26). Permit the conjugate to penctrate the Sephadex only until the
entire amount of conjugate has just penctrated above column bed (Figure
C.5.27). Elute the conjugate through the column with 200-250 ml PBS.
Collect the first cluted yellow band (this is the conjugated FITC fraction) in a
small vial until no color is seen in the cluted buffer (Figure C.5.28). The
unconjugated FITC fraction is scen as a slower-moving diffused yellow band;
this sccond yellow band is not usable (unconjugated FITC), and must be
discarded.

Continue adding PBS to the column until no more color is seen in order to
clear the column; then close the bottom of the column and add PBS to cover
the surface of Sephadex; cover the column with a rubber stopper (Figure
C.5.29) and keep it at 4-6°C. The column can be reused many times if stored

properly.
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Fig. C.5.25. A peristaltic pump of constant flow can be adjusted for slow
addition of PBS, making column equilibration less labor intensive,
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Fig. C.5.26. The conjugate is added to the column with a pipette as the last
of the final PBS wash reaches the Sephadex surface.

“ig. C.5.27. As the last of the conjugate penetrates the
Sephadex surface, PBS is added.
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Fig. C.5.28. Collect the first eluted yellow band in a small vial;
this is the conjugated FITC fraction that you've worked so hard to get!

Fig. C.5.29. Cover the column with a rubber stopper after use
and store in the refrigerator.
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The collected material (first eluted band) is diluted with PBS if less than the
original volume. If greater than the original volume (usually the case), it must
be reconcentrated by dialyzing it against PBS containing 5% polyethylene
glycol 600 (PEG 600, Sigma P-3390), for 4-12 hours at 4°C (Figure C.5.30), or
until FA solution in the bag reaches the original volume (of approximately 3
ml). Filter this solution by passing it through 0.45-m Millipore membrance
(Figure C.5.31) then add to the filtrate an equal volume of pure glycerol
(Sigma, G-5516). Distribute the purificd FA conjugate in scalable tubes (0.1 ml
FA conjugate in cach 1-ml tube - Figure C.5.32) and store the tubes in the
decp frecze at -20°C.

Test the quality of FA conjugate by using direct staining with fluorescent
antibodies.

Fig. C.5.30. Reconcentration of the conjugated FITC by dialyzing
it against PEG at 4°C (in icebath or refrigerator).
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Fig. C.532. Distribution of purified FA conjugate in tubes for
further storage in freezer at -20°C,
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C.5.d. Titer Estimation in Conjugate by Direct FA

Requirements:

- fluorescent antibodies against somatic antigen of homologous rhizobia strain
- fresh culture of homologous strain on YEM slant

- pipettor capable of delivering 50 pl liquid

- 12 multi-test slide (Flow Laboratorics, Catalogue No. 60-412-05)

- long coverslips with same dimensions as multi-test slide

- fluorescent microscope with oil-immersion 60x or 100x objective

- mounting fluid

- PBS

Composition of Mounting Fluid

- Distilled water 100 ml

- Glycerin 50 ml

. Na,HPO,, 12H,0 32¢g

- NaH,PO,, 2H,0 015¢

- pH 7.6

Procedure:

1. Prepare the antigen by transferring one large (1/100) loopful of fresh

homologous culture strain from a YMA slant (107 cells/ml) to a vial
containing 1 ml distilled water (this represents 10 cells/ml).

To cach place on the slide, add 50 4l of homologous antigen [prepare six
smears per antigen (strain) per slide] (Figure C.5.33).

]

Fig. C.5.33. Six smears of each homologous antigen are added to each slide.
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Allow the antigen to dry at room temperature or use hair dryer.

Heat-fix the cells by passing them rapidly over a burner flame (Figure C.5.34).
Prepare different dilutions of fluorescent antibodies as follows in Figure
C.5.35

54 .
. ‘r.-lf'tf'l'lr.-:.

—— -
L

4.
Lﬂ

Fig. C.534. The antigen smears are heat-fixed by rapidly passing
them over a bunsen burner flame.

Transfer (m>

FA 01 ml—

P.BS. (mb 053 0.5 0.5 0.5 0.5 0.5
Dilutien 1110 1:20 1140 1:80 11160 11320

Fig. C.5.35. Dilution series for direct FA.
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10.
11.

Add to cach smcar 50 4l of cach dilution of fluorcscent antibodies
preparation,

Allow to recact in a moisture-saturated chamber at 25°C for 30 minutes.
Wash the slide and rinse it in PBS five minutes for each of thrce times taking
care to avoid dislodging the smears by hitting them dircctly with the washing
solution.

Add to each slide sufficient mounting fluid.

Cover the slide with coverslip, trying to avoid including air bubbles.

Examine the preparation under UV microscope and record the results as
follows:

3+ Bright yellow-green
2+ Ycllow-green

1+ Dull-grcen

0 No fluorescence.

Sce instructions in Scction C.5.a for microscope use.

The antiserum is of good quality if the intensity of fluorescence at dilution 1:80 is 3+
or at least 2+. A higher titer is better, as it will allow you to further dilute the
antiscrum and therefore decrcase the quantity used in each determination.

C.5.e. Nodule Serotyping by Using FA Technique

Requirements:

nodulcs for scrotyping

prepared FITC-conjugated antibodies preparcd against strain(s)
20% calcium hypochlorite (bleach or chlorox)

microscope slides and wax glass marker

coverglass

cthanol

PBS

mounting fluid

UV microscope with oil-immersion 60x or 100x objective

Procedure:

1.

2.

Sclect the maximum feasible number of nodules for scrotyping (5-10 per plant
or trcatment minimum, more if possible).

Put cach nodule in a tube containing enough distilled watcr to just immerse
nodulc.
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Crush the nodules in the tubes as follows (Figurc C.5.36):

a. Immerse glass rod in calcium hypochloritc (CaOCl,) for at lcast 10
scconds, rinse in distilled water.

b. Dip rod in 95% cthanol; dry it by passing it over the flame.

c. Squash the nodule with the sterile rod inside a small tube containing 1 ml
distilled water (quantity of distilled water depends on nodule size; should
be only enough to immerse nodulc).

d. After crushing nodule, again immcrse the glass rod in CaOCL, for 10
scconds to destroy the antigen componcnts which are on the glass rod.

e. Repeat steps a-d for other nodules.

Applying nodule

squash to slide

é Nodule in
liquid

Flame

Fig. C.5.36. Crushing nodule in tube containing 1 ml of distilled water.

Deposit a small drop of the squashed nodule as a smear on microscope slide
(Figure C.5.37).

Using a glass crayon or marker, divide and code each microscope slide and
individual smcars (Figurc C.5.38).

Make two smcars of 50 ul cach of diluted homologous antigen (as in Section
C.5.d above) to be uscd as control.

Air dry, then heat-fix the smears (pass slide quickly through flamc).

Add to each smear 50 p of the highest usable dilution (determincd above,
Section C.5.d) of fluorescent antibodies, allow to react in a moisture-saturated
chamber at room temperature for 30 minutes.

Rinse the slide in PBS thrce times, five minutes cach, taking carc not to rinse
off smears,
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Fig. C.5.37. Using a glass rod to place a small drop of the squashed
nodule *soup’ is placed on a microscope slide,

Fig. C.5.38. The microscope slide should be clearly labelled with a marker
pen to indicate nodule identification numbers,
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10. Add mounting fluid to the slide and place a long coverslip over the smears,
avoiding bubbles.

11.  Observe the preparation under UV microscope, rate from 0 to + + +,
depending on the brightness of fluorescence (Figure C.5.39).

12.  Compare the results obtained from nodules’ smears, with homologous as
+++.

‘HHU'.!PNIII‘IT"I'.IWH!"W
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Fig. C.5.39. Observing prepared slide under a UV-capable microscope.

C.6. Other Identification Methodologies

C.6.a. Nodule/Colony Type

In general, nodules of legume specics grown in the region do not display sufficient
differences to be able to determine which rhizobia formed the nodules; the same is
true for growth of rhizobia on plated media.

The shape of nodules produced by annual legumes varies from the coralloid to the
clongated type (Figure C.6.1). Prolific tap nodulation (Figure C.6.2) is an indication of
success of carly colonization by the inoculant strain under ideal conditions and no
moisture stress. Where inelfective but infective rhizobia are present in the soil, pink to
reddish pigmentation inside the nodule indicates that it is functional in fixing nitrogen
and was thercfore formed by the introduced strain; abundance of small and whitish
nodules will indicate infection by ineffective native rhizobia, and failure of inoculation
(Figure C.6.3).
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Fig. C.6.2. Chickpea roots showing tap nodulation indicates successful
early infection of seedling.
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Fig. C.6.3. Lentil root system nodulated with ineffective rhizobia.
Internal nodule tissue is white; externally nodules appear normal.

The shape of colonies formed by R. meliloti on standard yeast mannitol agar medium
occastonally varies according to strain. This type of obvious colony variation leads the
rescarcher to check more regularly to ensure that the different colony is in fact
rhizobia and not some other bacteria (authentication). In such a case: (1) colonies
may have an irregular border and unusual general appearance although size is similar
to normal colonics; (2) some strains present an internal ring which is more visible if
grown in YMA supplemented with Congo red. These are often found from nodule
isolations ol Medicago polymorpha and M. orbicularis; and (3) colony types of smaller
size are occasionally present.

Normal colonies of R. meliloti have a size of 3-5 mm after three days and do not
generally produce gum as does R. trifolii (clover rhizobia). They arc able to slightly
absorb Congo red, giving the colonies a rather pinkish coloration not evident in other
type of rhizobia.
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In general, R. meliloti takes three days to grow in liquid culture. However, somc
strains arc known to grow faster or slower than the average. For instance, the highly
clfective strain ICARDA M3 takes 24 hours to grow, and ICARDA strains M15 and
M353 take six days to grow in broth culture.

C.6.b. DNA Fingerprinting

The characterization and comparison of rhizobia isolates by comparing restriction
enzyme digests of their chromosomal or plasmid DNA (fingerprints) is highly
discriminating for diffcrent strains and also allows similaritics between them to be
readily determined. These techniques are not difficult, but require a sophisticated
laboratory sct-up with electrophoresis equipment, refrigerated centrifuge, and
relatively cxpensive chemicals and enzymes. Success is highly dependent on the
sclection of appropriate restriction enzymes and on the method of detcrmining the
similaritics between the fingerprints of different strains. Ideally, a single
electrophoretic gel will yicld casily analyzable data which can be comparcd with data
from other gels. This approach is best discussed in the paper by Forbes et al,, (1991),
listed in the ‘suggested reading’ section.
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D. Rhizobia Strain Selection Using Controlled
Environments

D.1. Selection Criteria and Experimental Design

The selection of superior rhizobial strains is the basis for the practice of inoculation of
legumes. The most important factor in sclecting a strain is its ability to form effective
nitrogen-fixing nodules on the legume host plant, preferably with a wide range of
cultivars under various conditions. Effectivencss, mcasured by total nitrogen
production and/or plant dry mattcr production, is still the singlc most important
criterion for strain sclection, although competitivencss and survival in soil also should
be considered. Early nodulation over a range of soil tcmperature and pH, ability to
grow well in broth culture and peat (or other inoculant carricr), and the ability to
nodulate and fix nitrogen in the presence of high levels of soil nitrate are other
important critcria. In addition, specificity of the rhizobial strain and the host genotype
also should be considered. With all of these factors to consider, selection of rhizobial
strains for an inoculation program is clcarly not a simple matter.

When looking to improve N, fixation, threc variables must be considered: the host
lcgume, the cnvironment, and the rhizobia. Usually, thc host and cnvironment are
fixed, and the burden for improvement lics with strain sclection to fit the host and
cnvironment. Depending on the sophistication of the laboratory and the time available
for strain evaluation, therc arc three levels of testing for strain sclection (in order of
dccreasing importance):

- effectiveness in nitrogen fixation

- competitive ability, including thc ability to nodulatc and form an efficicnt
symbiosis in the presence of a less cffective native rhizobial population and
ability to survive and multiply in soils in the abscnce of the host legume

- growth characteristics, such as tolerance to heat and drying, pesticide
resistance, growth and survival ability in peat (or other carricr) for inoculant
production.

Experiments conducted at ICARDA with hundreds of strains have shown that strains
of cach inoculation group perform diffcrently on differcnt cultivars of chickpca, faba
bean, and on the various species of medics and clovers. The strain-host specificity
found in these studies indicatcs that host genotype must be considered when screening
rhizobia.

To best cvaluate strains, a two-step approach is suggested. First, effectiveness is

cvaluated in greenhouse trials, using aseptic growth systcms adapted to plant type and
sophistication of facilities. Growth systcms are described in Section D.2. Sccond, the
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competitive ability and cffectiveness arc evaluated in ficld studics or in intact soil
cores in the greenhouse. The final and most important test for any strain is ability to
incrcasc yiclds or crop N in ficld trials.

D.1.a. Choice of Strains for Testing

In choosing prospective inoculant strains, it is suggested that strains be obtained from
ficld cnvironments similar to those being considered for inoculation studics, as it is
likely that environmental adaptation will be linked to strain competitiveness and
persistcnce. If possible, strains should be taken from nodules of the host under
consideration (spccific species in the case of medics, cultivars for the food and forage
legumes), because of the possibility of host-strain interactions.

Collection of nodules from the ficld for isolation of superior rhizobia is described in
Scction A; nodules from plants of supcrior vigor and nodulation are sclected with the
prospect that the rhizobia arc of high cffectiveness. We have found it useful to usc
our necd-for-inoculation screening cxperiments (Scction G) in selection of strains for
further screening. Careful obscrvation at flowering during this preliminary testing, or
perhaps at the authentication stage, may indicate superior strains for further testing.

Becausc of the difficultics cncountered in screening (and maintaining) a large number
of isolatcs, it is suggested that strains for screcning be carcfully chosen. Much effort
can be saved by building on the previous efforts of other investigators; within the
rcgion, many national institutions have active biological nitrogen fixation (BNF)
programs, and sharing of supcrior Rhizobium germplasm is encouraged. Several
international institutions have active BNF programs, and maintain a collection of
strains already sclected for effective N, fixation and competitiveness. ICARDA will
supply, on request, supcrior strains (often already identifiable using scrology or
antibiotic mcthods) for legumcs discusscd in this manual suited to an experimenter’s
nceds. In addition, the following institutions can provide superior rhizobia strains for
somc other legume species:

Dr. P. Somascgaran tropical and temperate specics
NifTAL Project

1000 Holomua Rd.

Paia, Hawaii 96779

USA

Mr. J. Brockwell clovers, medics, temperate specics
Microbiology Scction

CSIRO Division of Plant Industry

Canberra, ACT 2600

Australia
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Mr. R. Griffin tcmperate specics, soybean
USDA - CCNFL

Building 001, HH-19, BARC-W

Beltsville, MD. 20705

USA

Dr. Judy Kipe-Nolt Phaseolus, tropical forages
CIAT

AA 67-13

Cali

Colombia

D.1.b. Tolerance to Stress Conditions

In screening for strain tolcrance to stress conditions, it must be kept firmly in mind
that the rhizobia is only one component of the N,-fixing system; the other components
which will be affected by the adverse conditions arc the host and the partnership, or
symbiosis. With all types of stresscs, the rhizobia arc gencrally the most tolerant,
followed by the host plant; it is the combination of the two, the symbiosis, that is most
susceptible to harsh conditions. This makes scnsc, as the processes necessary for N,
fixation, including infcction, nodule formation and nodule [unction, arc the results of
genctic interaction between the two symbiotic partners.

Becausc of the complexity (and scnsitivity) of the symbiosis, testing the rhizobia for
the particular stress is only the first stage of screening, A large number of strains can
be casily tested in broth culturc or on plated media containing high levels of salts (>
0.5-1.09% NaCl) or extremes in pH (pH < 4.5 or > 8.2), or at extremes of
temperature (35-40°C); in this way a collection can be narrowed down to a few strains
for further testing (Figure D.1.1).

The following and most important phase of the stress sereening, however, must be the
combination of rhizobia and host plant, to test for ability to nodulate and fix nitrogen
undcr the stress conditions. Providing an artificial environment requires imagination
and adaptable resources. High temperatures can be simulated in a lighted growth
chamber, or in a greenhouse during summer months. A hydroponic system, with the
growth solution containing high levels of salts or pH extremes, can be set up for
salinity or pH screening. Drought can be provided wilh a strict watcering regime in
sand or a soil/sand mixture, or in hydroponic culturc using polyethylene glycol (PEG
6000) to simulatc watcr stress. Some methods arc given in detail in the reference
scction, Final testing of promising strains should be conducted in ficld studies under
actual stress conditions.



Fig. D.L.1. Growth of strains on plates of YM agar with increasing levels of NaCl concentration.

D.1.c. Infectiveness and Effectiveness

The ability of rhizobia to produce infections on the legume root and form nodules is
called infectiveness. This property is restricted to specific groups of rhizobia and the
hosts where the infections are induced. Section A.7 describes the species and biovars
of rhizobia and the legume groups they infect and nodulate. Infectiveness does not
imply cffectiveness in N, fixation.

As previously stated in this chapter, symbiotic effectiveness is an important parameter
in the selection of rhizobial strains for inoculants. It is the primary concern of anyone
who is attempting to increase legume yields through nitrogen fixation. The term
‘symbiotic effectiveness’ provides an indication of a nodulated plant’s ability to fix
nitrogen. To measure cffectiveness in quantitative terms, growth and/or nitrogen
fixation of the nodulated plants is compared with the growth of plants receiving
sufficient combined nitrogen or with the growth and nitrogen fixation of plants
nodulated by a known superior inoculant strain,

Effectiveness of nodules can be broadly gauged by the degree of pink or red
coloration of the tissue inside cach nodule. As a general rule, nodules having white or
green lissue pigmentation are considered inactive in nitrogen fixation. Ineffective
nodulation caused by an incompatible or nonspecific rhizobial strain poses a problem
to the plant as it demands photosynthate and renders little or no nitrogen fixation.

202



Usually the symbiotic capacity of isolatcs is compared with that for plants inoculated
with ‘standard’ highly effcctive strains and thosc trcatcd with mineral nitrogen as
controls. The symbiotic cffectiveness (S.E.) can be expressed as:

Dry mass or N content of plant inoculatcd with test strain
SE.= x 100
Dry mass or N content of plant inoculated with standard strain

or, if a nitrogen-fed control plant is used:

Dry mass or total N of the plant inoculatcd with isolate
SE. = x 100
Dry mass or total N of the N-supplied control plant

Nitrogen controls provide a clcar measure of the potential growth of the legume
species under given cxperimental conditions. Calculating the growth of the inoculatcd
plants as a percentage of that made by the controls provides an indication of
‘absolutc’ symbiotic cficctivencss (SE), and allows comparison of strains from
experiments where different cnvironmental conditions may have been cncountered.
These determinations of symbiotic cffectivencss arc usually made 6-10 wecks after
planting, after a period of active nitrogen fixation in the trcatments has occurred.
From comparisons with N controls, four classes of cffectiveness arc defined: high SE,
moderatc SE, low SE, or incffcctive.

Both infectiveness and symbiotic cffectiveness are the result of the legume host
intcracting with the invading rhizobial strain. The two sources of variation are
therefore the rhizobial strain and the legume host. In most instances, the
microbiologist must confront the situation of locating supcrior strains of Rhizobium
for plant genotypes or ecotypes which have been already been sclected, leaving only
variability of strains for cxploitation.

Occasionally the term ‘efficicncy’ is used instcad of ‘cffectivencss’. Efficicncy is more
properly expressed as a measure, ¢.g., mg N, fixed per g nodule mass, or per mg
carbon molecules utilized by the nodules fixing N,. Although ‘highly effective’
associations arc usually ‘cfficient’, the (wo terms have a different basis of expression.
We prefer to use the term cffectiveness in describing the symbiolic potential of a
strain or rhizobial population.

D.2. Evaluation of N,-Fixing Effectiveness in Aseptic Culture

The concept of testing rhizobial strains under bacteriologically controlicd (ascptic)
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conditions for effectiveness is based on several important premises. First, all plant
growth factors are controlled, with provision of adequate light, moisture, temperature
and nutrients (except N) for cfficient photosynthesis and plant growth. Second, no
nitrogen is available in the system except that contained in the sced cotyledons.
Finally, and probably most important, the system must be free from contamination by
rhizobia other than those applied as inocula; this means that the system must be
sterile before planting, and sterility must be maintained throughout the duration of the
experiment.

D.2.a. Plant Growth and Maintenance of Aseptic Systems

It is important that all plants experience similar growth conditions from the beginning
and then throughout the experiment. Seeds should be selected for uniformity (if
possible from a batch of similarly grown plants), as quantity of nitrogen contained in
cotyledons will affect carly plant growth and onset of fixation. Light (radiation) should
be evenly distributed and artificial lighting should provide at minimum 10* lux (100
HE m# scc”). A serious problem in many growth chambers is insufficient light, which
produces clongated (etiolated) plants (Figure D.2.1) with low levels of photosynthesis
and hence decreased N, fixation. During later growth stages, larger plants will require
more water, 5o it is important that watering should be periodically adjusted to provide
near ficld capacity at all times without periods of drought or flooding. For most
lcgumes, temperatures in the growth environment should be maintained between 15°
and 30°C; above 30°C nodulation and nodule function are impaired. Accuracy of
results will increase with number of replications; we recommend that four replications
be used where possible, with a minimum of three in all experiments.

Fig. D.2.1. Etiolated plants grown in a chamber with insufficient light.
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D.2.b. Leonard Jar Technique

Becausc of the widesprcad presence of contaminating rhizobia, open pots gencrally
cannot be uscd to cvaluate rhizobia strains. Small-sceded legumes can be grown in the
ascptic tube system described previously for usc in MPN cvaluation or authentication
(Section B.3.b.), as the plants can producc adcquate growth to differentiate strain
propertics. The large-sceded legumes, however, cannot be grown to sufficicnt size in
tubes or growth pouches to evaluate the relative effectivencess of strains.

A widcly used vesscl for good microbiological control and differcntiation, especially
with large-sceded legumes, is the modificd Leonard jar. This system provides
protection from surfacc contamination with the use of a dry incrt surface mulch and
watcring from below. Dctails of the Leonard jar vary according to the kind and sizc of
chcap containcrs available. The principal fcatures (Figurc D.2.2) and procedure for
planting and mainicnance are as follows:

1

Growth medium
{vermiculite or sand)

Cotton rope wick Rubber band

Bottle

ANRULIWAR WA

—— Insulauon sheath
{paper or aluminum foil)

Jar —————

Rubber band _—+

AR

1

~F Cotton wool

Nitrogen-dree nutrient
solution

Fig. D.2.2. The components of a Leonard jar, including nutrient solution reservoir,
growth vessel, wick, and growth medium.
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The top half of the unit consists of a bottle (round becr or spirits bottle of
700-1000 ml capacity) that has been cut near the bottom to provide a level
flai-ground finish. Amber (brown) bottles are best as they protect roots from
light.

The lower half, which provides the reservoir for N-[ree nutrient solution,
consists of a jar of such dimensions that the inverted bottle sits snugly on its
rim and the neck of the bottle comes to within 2-4 ¢m of the bottom of the
jar. When using a 1-L bottle for the top half, it may be possible that the cut-off

bottom half of the bottle is large cnough to be used as the reservoir (Figure
D.2.3).

Fig. D.2.3. A 1 liter glass bottle cut in half; the bottom is used
for reservoir and top as growth vessel for the plant.

A wick is provided to help the capillary rise of moisture from the reservoir to
the top of the growth vessel. Strands of hemp, absorbent cotton wool or lamp
wick may be used, but all materials should be well washed with detergent to
remove oils that may resist wetting. The wick is secured in the bottle neck with
a wad of cotton wool.

Add modecrately coarse, well-washed river sand to the bottle units to within 5
cm of the top. In doing this keep the wick ncar the center of the vessel and
have it reaching almost to the surface.

Prepare the N-free nutrient solution (Section A.9) and moisten the jar from the
top until liquid begins to drain into the reservoir. Fill the reservoir with the
nutricnt solution to within 2 cm of the junction of the two parts.

Cover the top of the growth vessel with a sheet of fitted aluminum foil (or a
glass petri dish cover), and the whole unit with moisture-proof paper secured
with rubber bands or heat-resistant tape (Figure D.2.4).
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10.

Fig. D.2.4. A prepared Leonard jar unit ready for autoclaving.

Autoclave whole units at 121°C for two hours. Do not vent autoclave after
sterilization, but lct it come down to zero pressure before opening the door.
Remove jars to a clean place and keep covering intact until planting, Bottles
must be completely cool before planting.

Sterilize sufficient gravel (3-4 mm diameter size) to cover the sand in the
vessels (o a depth of 2 ¢m, by dry heating in oven to 200°C for one hour.
Sterilize and pregerminate the seeds as described in Section D.2.d.

Place the assembly in a laminar flow or clean bench, and remove foil cover.
Using sterile forceps, make a hole in the sand to accept the radicle and seed
(Figure D.2.5). Dip forceps in alcohol, flame and cool, then transfer one
germinated secdling to each bottle. If the treatment is to be inoculated,
inoculate the sced in sand before covering with 1 ml of diluted broth culture
containing approximately 10° rhizobia/ml. Cover sced with sand using forceps
and tamp the sand in place over the sced to provide a firm seed bed.
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13.
14.

Fig. D.2.5. Planting seedling in jar with forceps.

Cover the vessel opening with hall a petri dish or clear plastic film to protect
against contamination, and set the units in greenhouse or growth chamber
(Figure D.2.6).

As soon as plants arc established, and before their development is restricted by
the petri dish, cover the sand with the dry-sterilized gravel to a depth of 2 cm
over the entire surface. Inoculation can be carried out just prior to this step,
directly onto the surface of the sand at the base of the plant, if it has not
previously been done. The units are now left open.

Uninoculated and nitrate controls are provided as described in Section D.2.c.
The N-free nutrient solution in the reservoir may be depleted during growth of
the legume, depending on plant size and growth conditions. If necessary, new
(sterile) solution can be poured into the reservoir (with precautions to make
the transfer as sterile as possible) by separating the two containers sulficiently
for the reservoir to be filled.
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Fig. D.2.6. Complete planted Leonard jar unit.

D.2.c. Alternate Growth Systems

As mentioned previously, small-seceded legumes like medic can be evaluated cffectively
in the tube growth systems described previously in Section B.3.b. Also, growth
pouches (described in Section B.3.b) are suitable for evaluation of rhizobial
cffectiveness in small-sceded legumes, such as the medies and clovers (Figure D.2.7).

Several options, however, exist for the larger-seeded legumes, where adequate volume
must be available to enable unrestricted root growth for a large plant (up to flowering
stage). In devising a system, the main considerations are:

1l Ease of preparation. Leonard jars function well and require little maintenance
alter planting, but a large initial effort in preparation of the jars makes it
impractical to conduct large experiments.

Maintenance of sterility. The system must be sterile initially and also must be
complctely closed to invasion by contaminating rhizobia during plant growth.
Rhizobia can be found in nonsterile water, and cven in the air of most growth
environments (‘riding’ airborne dust particles). Addition of water or N-free

ra
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nutricnt solution is a common source of contamination, so all solutions added
should be sterile and the method of water delivery must be aseptic. All
handlfng of plants should be conducted aseptically up to harvest of the
cxperiments.

3. Good plant growth. Plant roots should not be exposed to flooding or drying,
and should have adequate space to grow (approximately 0.5 L minimum).

Fig. D.2.7. Medic plants in plastic growth pouch.

At ICARDA, we have developed a slightly sophisticated system using locally available
materials, which allows screening of a large number of treatments with savings of
labor both during preparation and maintenance of experiments. We first describe the
system, then discuss how it can be modified to fit local nceds and conditions.

The vessels used are disposable 1-L plastic yoghurt (labneh) containers (cups) with a
tight-fitting lid (Figure D.2.8), purchased in quantity locally at approximately U.S.
$0.05 each. Holes are made in the bottom of the cups for drainage with a punch or
hot metal rod; four to six holes of 5 mm diameter cqually spaced arc sufficient to
allow good drainage (Figure D.2.9). Similarly, a hole of approximately 15 mm
diameter is made in the center of the lid, through which the plant will grow (Figure
D.2.10).
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Fig. D.2.9. Using hot metal rod to make drain holes in bottom of cups.
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Fig. D.2.10. Using a punch to make plant growth hole in cup lid.

The rooting media to fill the cups must be thoroughly washed, as discussed previously.
Vermiculite and gravel (3-4 mm diameter, inert material—not CaCO, bascd) are
washed thoroughly at least three times by changing the water and stirring frequently;
final rinse should be with distilled or dcionized water. New batches of these materials
(especially vermiculite) need more changes of water to bring down the pH to near
neutrality. For cost savings, we recommend that the coarse gravel (3-4 mm diameter)
be mixed with the vermiculite to make up four-fifths of the total content; plants grow
well in this gravel-vermiculitc mixture. This substrate may be reused indefinitely, with
occasional replacement of vermiculite as it breaks down into small picces and is lost.
After cleaning, the substrate is placed (still moist) in cloth bags for autoclaving
(Figure D.2.11). Each bag is autoclaved for two or three hours at 121°C, three times
on three successive days. The bags containing the mixture are then dried for 36 hours
at 60°C in a forced-air oven, and left in the oven for 24 hours to cool just prior to
filling the cups.
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Fig. D.2.11. Filling cloth bags with moist washed substrate
(vermiculite and gravel) prior to autoclaving,

Just prior to filling, the insides of cups and lids arc wiped with an alcohol-soaked
cotton mat to sterilize them (Figure D.2.12). In a clean arca, the sterile gravel mixture
is rapidly transferred to each cup, so that the cup is full to within 25 mm of the top
(Figure D.2.13). The lid, with a picce of tape covering the plant hole, is put in place
and the system is ready for planting. Planting and system maintenance arc described
in the next section.

Fig. D.2.12. Sterilizing the inside of the cups

and lids with an alcohol soaked cotton mat.
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Fig. D.2.13. Transfer of sterilized gravel-vermiculite medium to sterile cup.

The principle for supplying water and nutrients to the system is quite different from
that in the Leonard jar, where sterile nutrient solution is wicked up by capillary action
from a rescrvoir into the sand substrate. Here, liquid is pumped from a rescrvoir of
N-free nutrient solution and delivered to cach cup by means of a water pump and
spaghctti-tube distribution system (Figures D.2.14, D.2.15 and D.2.16); spaghetti
tubing, volume regulators and distribution tubes are those used in drip irrigation
systems. With irrigation, the gravel substrate is charged with water and nutrients while
drain holes in the bottom of the cup allow excess water to drain freely away. It is very
important that water draining from cups cannot flow on the bench surface from one
cup to another, as in this way different treatments will contaminate one another; the
best method is to use a drilled steel or wire mesh bench surface, suspended so that all
drain water moves directly away from cups (Figure D.2.17). Alternatively, suspending
cach line of cups on blocks above the bench-top is adequate. When watering,
sufficient solution is applied so that all cups begin to drip solution; this indicates that
all cups have been supplied with enough solution to fully wet the gravel mixture.
Excess solution drains away, preventing flooding and providing solution equally to all
trecatments. Cups are watered when gravel in the treatments dries; this is every two to
three days during carly plant growth, and perhaps daily with large plants during the
final week before harvest.
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Fig. D.2.15. Pump and valve system for delivering N-free solution to tables
containing cups. An automatic timer in the system can activate
the pump to run at a fixed time each day.
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Fig. D.2.16. Spaghetti-tube tipped with 18 gauge needle for
nutrient solution distribution to cups.

Fig. D.2.17. Drilled steel table surface allowing water to drain
away from cups and prevent contamination.
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N-free nutrient solution in the reservoir must be free from contaminating rhizobia. At
ICARDA, an ultraviolet light sterilization unit is used to sterilize the water as it is
transferred to the reservoir (Figure D.2.18), but if tap water is free from rhizobia, this
step may be omitted. Likewise, tap water may be used instead of distilled or deionized
water for making the N-free nutrient solution in the reservoir, if the tap water is
relatively free from nitrates (< 5 ppm nitrate-N); N in the nutrient solution will allow
non-nodulated plants to grow and will confound results. At ICARDA, tap water from
local wells contains between 9 and 15 ppm N, so water is deionized with a reverse-
osmosis and deionization unit (Figure D.2.19) before preparing the nutrient solution.
The nitrogen-free nutrient solution given in Section A.9.c is recommended, diluted to
one-quarter strength if to be used on a daily basis. Usc of a full strength nutrient
solution during carly plant growth may interfere with growth.

This system is complex to set up, but operation requires little labor and a large
quantity of cvaluations may be done on an indefinite basis. Modification of the cup
system is possible, however, to enable operators with varying resources to adapt to
local needs and conditions. The automatic watering system can be replaced by hand
watering using a large (50-60 ml) syringe (or auto-fill syringe, Figure D.2.20) and
climinating the drain holes. Nutrient solution concentration should be doubled in this
case, and pots watered about once per week with care taken not to flood the system
or allow the gravel mixture to dry out. Flooding will restrict root (and plant) growth

Fig. D.2.18. Ultraviolet light unit to sterilize deionized water flowing into reservoir.
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‘ig. D.2.19. Reverse osmosis and deionization unit for purifying well water.
Purified water is passed through the UV sterilizer as a final step.

Fig. D.2.20. Auto-fill syringe can also be used to manually water
closed cup system or to apply +N treatments to individual cups.
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and inhibit nodulation and nodule function; insufficient water (drought) will decreasc
photosynthesis and plant growth, reducing diffcrences between treatments. Smaller
plants arc morc susceptible to flooding; larger plants more susceptible to drought.
Increasing the proportion of vermiculite in this closed system will increase the water-
holding and nutrient-supplying capacitics of the substratc.

D.2.d. Planting and Inoculation of Seeds, Trial Maintenance

These strain-evaluation trials are based on the condition that seed of the test host, the
substrate, and the containers be completcly free of rhizobia, and that the system be
maintaincd in this ‘ascptic’ condition throughout plant growth, We rcitcratc that it is
thercfore necessary to use ascptic techniques in all manipulations, and that solutions
as well as all instruments used are sterilized.

Sced scarification, surfacc sterilization, and planting procedures for the small-sceded
lcgumes are described thoroughly in Section B.3.b. Small-sccded legumes can be
grown successfully for strain cvaluation in the tube systcm previously described.

For strain cvaluation, the large-seedcd legumecs should be grown in Leonard jars or
the modificd cup system described; regardless of the system, sceds must be surface
sterilized before germination to climinate seedborne rhizobia and other
microorganisms (espccially fungi) which will interfcre with germination. Clcan,
undamaged seeds, sclected for uniformity, arc dippcd momentarily in 95% alcohol and
then immersed in 0.1% HgCl, solution for two minutes. They are then washed
thoroughly in not less than 10 changes of sterile, distilled water to remove all traces of
HgCl, (sec figures in Section B.3.b). (Caution: HgCl, is highly poisonous, and all
contact with skin, rhizobia, or the growing plant must be avoided.) If any of the HgCl,
is left on the seed, the scedling will develop abnormally. The seeds can be left in the
final change of sterilc watcr until they arc fully imbibed. The sceds are then
transferred aseptically with forceps to the surface of a 2% watcr agar petri dish,
where they are spread to give room for root growth. The dishes arce then placed into
an incubator having a tempcraturc of 25-26°C for 24 hours, after which they are
placed inside a large plastic bag containing a few ml water to maintain high humidity.
The dishcs may be kept inverted so as to obtain secdlings with straight radiclcs, but
this is not nccessary.

A pair of sterile, finc forceps works well to first produce a depression in which to
placc the scedling with radicle undamaged and then to transfer the seedling and cover
it. The sccdling is buried vertically, if possible with the radicle in the center of the
vessel or just below the hole in the cover (for cup system), with the sced
approximatcly 5 mm bencath the surface of the gravel or vermiculite (Figure D.2.21).
Tamp the surface of the media lightly after planting to provide a firm sced bed and
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uniform emergence of the seedlings. After planting, a 1-ml aliquot of inoculant
(usually a 1:100 dilution of a 10° broth culture to 107 rhizobia/ml) is applicd over cach
planted seed (Figure D.2.22). This can be done in the greenhouse after arrangement
of the pots in a randomized design.

Fig. D.2.22. Inoculating planted seedling with a suspension of rhizobia in the greenhouse.
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Considerable care must be taken during the carly days of plant growth (with the cup
system), in that the emerging plant must be guided at the critical time through the
hole in the cover (Figure D.2.23). If the growing plant tip is damaged during this
operation, or if the growing plant misses the hole and begins to clongate in the cup,
plant growth will be retarded and the damaged plant will not be comparable with
those having normal growth.

{
i

Fig. D.2.23 Guiding emerging seedling through the hole in the cup lid
with forceps, taking care to use sterile technique and to avoid damaging growing plant tip.

Vessels are kept in a lightroom or greenhouse for 8-10 wecks after inoculation. As
the tips of the growing plants reach the cotton stopper, or hole, a picce of fresh,
sterilized cotton wool is carcfully (aseptically) wrapped around the plant stem below
the top sct of leaves (Figure D.2.24) to allow the plant to grow while maintaining
sterility in the system. Sterile N-free nutrient solution is added to vessels when the
vermiculite appears to dry out slightly (once every four or five days during carly
growth and more often—daily—as plants increase in size). Care must be taken that
plants arc not subjected to drought stress and that roots are not flooded. If watering
is done through the central hole, care must be taken not to wet the cotton barricr. If
the reservoir and central watering system described previously are used, nutrient
solution should be added until liquid begins to drain from all pots. This will remove
accumulated salts from the system as well as ensure that all pots are maintained at
‘field capacity'.
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Fig. D.2.24 Wrapping plant stem with cotton wool to allow plant growth
and prevent entrance of contaminating rhizobia.

Generally, plants cannot be grown to maturity in the cup system, but even large-
seeded faba bean can be grown for 8-10 wecks with daily watering during the last
weeks. Closed assemblies like those described above generally restrict contamination
with rhizobia, as long as all manipulations (including watering of plants) are
conducted in an aseptic manner.

D.2.e. Evaluation of Experiments

In the nitrogen-free system, total plant nitrogen (as determined by Kjeldahl analysis of
plant tissuc) is the best measure of rhizobial strain effectiveness, as all N in the plant
has been derived from fixation. However, both plant color and plant dry weight are
usually significantly correlated with total nitrogen, and because analysis of a large
number of plant samples for N is often difficult, these parameters are often used.
Developing an arbitrary scale of plant color (e.g., 1-5, with 1 indicating yellow plant,

5 decp green color) allows rapid evaluation of relative effectiveness in greenhouse
trials with plants grown under N-free conditions (Figure D.2.25).
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Fig. D.2.25. Symbiotic effectiveness may be ranked on a visual (1-5) scale hy plant color.

Adding a treatment with sufficient nitrogen for maximum plant growth allows morc
accurate relative cvaluation of strain effectiveness; the strain can be given a relative
effectiveness indicated as a percentage of the nitrogen control. Total N production or
dry matter can be used, with strain effectiveness indicated as:

yicld strain treatment - yield uninoculated control
strain effectiveness = x 100
yield of N control - yld uninoculated control

Using this method which uses the + /- controls to evaluate strain performance, strains
can be compared from one experiment to another. If a nitrogen control is not
included, comparison between different experiments is not possible, as environmental
factors (e.g., temperaturc and moisture availability) will vary from experiment to
experiment and will not be taken into account. From our work, the quantitics of N
necessary for maximum plant growth (at 25°C for 6-10 wecks of growth) are:

lentil, 80 ppm N added as 20 ppm at weeks 3,5,6,7 (8-weck growth)
chickpea, 100 ppm added as 25 ppm at weeks 3,5,7,9 (10-week growth)
faba bean, 125 ppm added as 25 ppm at wecks 4,6,7,.89 (10-weck growth)
medics/clovers, 70 ppm added per tube at planting.
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Inclusion of uninoculated controls will indicate the sterility of the systcem and provide
a mcasurement of sced N contribution to plant growth. Where nodules form on
uninoculated plants the system has been contaminated with rhizobia. In this situation,
it is not known whether nodules on plants inoculated with various strains have been
formed by the inoculant strain or by the contaminating strain(s), and the results from
the trial cannot be accepted. Where uninoculated controls are free from nodules,
sterile conditions have been maintained and the trial is valid.

From comparisons with controls, classes of cffectiveness can be defined. Symbiotic
effectiveness is high if the isolate produces plant yicld equal to or greater than N-
fertilized plants, moderate SE if slightly less than N controls, and low SE if yield is
near but greater than the uninoculated control. Isolates are ineffective if they produce
yields similar to uninoculated controls. Each isolate treatment plant dry weight value
is compared with thosc.of N controls and the LSD at P = 0.05 level is used to
delincate isolatcs significantly different from the N controls.

With the medics, cffectiveness ratings correspond to four categorics: category 0 = no
nodulation (NN); category 1 = less than 50% of the mass of the nitrogen control (this
catcgory indicates incffective nodulation, I); category 2 (partially effective, PE) =
strains cquivalent to 50-75% of the mass of the nitrogen control; and category 3
(cffective, E) = strains giving 75-100% of maximum plant growth. Uninoculated
plants arc uscd as bascline for the zero response level with symbiotic effectiveness
indicated as a proportion of growth in nitrogen controls (70 ppm N per tube) or that
duc to a previously known superior strain of R. meliloti.

D.3. Verification of N,-Fixing Potential in Nonsterile Soils

Within the region, most soils will contain rhizobia capable of nodulating the legumes
that are grown. The cxceptions are for those legumes which are highly specific in their
rhizobial requiremcnts and have not previously been grown at the sitc. Common
examples arc Medicago spp. which arc not cndemic, soybean, and chickpea.
Knowledge of the characteristics of rhizobial populations in soils is helpful for the
cxperimenter to assess what influence they may have on procedures and results.

The propertics of rhizobia most likely to affect ficld experiments are the size of the
population in the soil and its symbiotic characteristics (¢.g., competitiveness,
cffectiveness, infectivencss). These factors will influcnce success of inoculation, and
will therefore determine the inoculant producer’s strategy toward strain selection (and
whether there exists a need for inoculation).
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D.3.a. Soil Selection and Collection

Since the size of field populations of rhizobia may vary within short distances in a
field, much care should be taken in sampling so that a truly representative sample of
the field soil is obtained. The arca should be mentally divided into equal squares,
approximately 10 for each onec-fourth hectare, and a subsample taken from each
square. A subsample should be roughly cylindrical in shape, 3-5 cm in diameter and
be taken from the 5-20 em depth. A presterilized coring implement (Figure D.3.1) or
a long-nosed trowel can be used to extract the subsamples, which are lumped together
in a plastic bag. To prevent cross-contamination if another area is to be sampled, a
second presterilized sampling tool should be used—or the first one cleaned to remove
all soil, washed with 95% alcohol, and sterilized by flaming. Because of rapid changes
in the bacterial populations of extracted soils, the soil samples should be tested
immediately after collection. If this is not possible, the samples should be stored
without drying at 4°C but for no longer than is necessary.

Fig. D3.1. Boring tool for the extraction of soil samples,

In the laboratory, the lumped subsamples are thoroughly mixed on a clean, sterilized,
solid surface; quartered, mixed again, and so on until a small (100-200 g) composite
sample, as homogencous as possible, is obtained. Stones should be removed, but
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sicving is not nccessary and may remove bits of organic matter in which colonies of
rhizobia reside.

D.3.b. Intact Soil Core Methodology

The soil corc for use in "pot” experiments is a physically and microbiologically intact
sample of a field soil. If it is not exposcd to cxcessive hcat or drying following
collection, it is a truly rcpresentative piece of the ficld. All conditions cqual those
found in the ficld: nutrient content, soil structure, and microbial populations.

The cylinder which forms the container of the soil core can be of any available
material; we have found heavy-duty PVC plastic pipe, such as is used for drainage
(pressure-type), to work the best. The pipe is sharpened on one end (outer cdge) to
allow casier penctration into the soil. For large-secded legumes, the 6 inch (15 cm)
insidc diamcter is best; smaller pipe of 4 inch (10 cm) diameter can be used with
small-sceded legumes if desired. The smaller the core diameter, the easier it is to
inscrt into the soil.

These soil corcs may be used for many purposcs, for they allow on-station testing of
soils from ficld sitcs chosen for evaluation (i.c., farmers’ ficlds), climinating problems
often encountered in on-site testing (c.g., drought, inscct damage, and harvest
difficultics). For microbiology (BNF) studics, they are particularly appropriate, and
are used to investigate both need-to-inoculate and inoculum response, with trcatments
as suggested in Sections F and G. They may also be used cffectively for rhizobia
compctition studies, if a methodology for identifying inoculum strains from native
population strains is known (Scction C). Cores also may be effectively used in plant
nutrition studies to determine nutricnt response (cspecially N, as in disturbed soil
samplcs, commonly uscd in pot studics, a “flush” of mincralized N is madc plant-
available).

The following instructions show step-by-step the process of collecting cores from the
ficld, and preparing thecm for experimental usc in the greenhouse.

Field Soil Core Collection

1. Sites for collection should be chosen carcfully, so that they represent a region
similar in farming practice, soil type, etc. Choose representative locations in the
ficld sitc chosen, with at least four widely separated sampling locations per sitc
if possible. For example, collect 10 cores from cach of four sites in a ficld for a
trial requiring 40 cores. Collect onc or two cores morc than arc required.

2. Clcar the surface 1 cm only of rock, weeds, and dcbris; usc the sharp cdge of a
shovel, hoe, or spadc (Figurc D.3.2). Care should be taken not to disrupt the
soil structure.
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Fig. D.3.2. Clear the soil surface of rock, plants and debris before inserting cores,

Place the pipe sections in a line, with the sharpened edge down (Figure D.3.3).
Pipe scctions should be separated by only 3-5 cm.

The necessary tools (pictured in Figure D.3.4) include: (a) shovel; (b) sledge
hammer; (c) impact cap with handle; (d) pipe disk (metal or plastic disk of
diameter to fit snugly inside pipe section, with handle); ¢) box for core
transport; and f) removal shovel (hand shovel to slip underncath core to
facilitate removal).

Using impact cap and heavy sledge hammer, pound the cylinder to within 2-3
cm of soil surface (Figure D.3.5). Hammer blows must be evenly placed to
push pipe section into soil vertically; if section enters soil at an angle, it will
usually break.

After a line of pipe sections have been pounded into the soil, dig a trench using
a mattock or pick along onc side of the line of cores for casy removal (Figure
D.3.6).

Place the pipe disk in cach core before removing it from the ground (Figure
D.3.7). This will prevent loss of surface soil when the core is inverted.

If the soil is dry and loose (such as in sandy soil) use the removal shovel,
worked into place at the bottom of the core, to prevent soil from falling out as
the core is removed (Figure D.3.8).
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Fig. D34, Tools for soil core collection including: A) shovel;
B) sledge hammer; C) impact cap with handle; D) pipe disk:
E) removal shovel, and F) box for core transport.
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Fig. D.3.5. Pounding core cylinder into soil using an impact
cap and a heavy sledge hammer. Two persons are required as cap must
be held tightly on core so that the cylinder enters the soil vertically.

Fig. D3.6. Digging trench along the line of inserted soil cores for easy removal of cylinders.
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Fig. D.3.7. Placing the pipe disk over the surface soil
in each core before removing from the ground.

“ig. D3.8. Removing soil core from moist soil by breaking core off into trench.
In sandy or dry soil, the removal shovel (shown) is slipped carefully
under the bottom of the core (to prevent soil loss from core)
and the whole assembly is removed from the ground.
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Carcfully break the core from the ground into the trench and, holding the pipe
disk firmly in place, invert the core so that the bottom is facing upwards
(Figure D.3.9). Trim away excess soil at the base of the core to form a flat
surface (the removal shovel works well for this).

Caetmet

Fig. D.3.9. Trimming loose soil from bottom of soil core so that
completed assembly will sit flat on table top.

Holding the core inverted, apply a tight-fitting plastic bag over the bottom of
the core, and work the bag down to cover core (Figure D.3.10). It is necessary
that this bag fit as tightly as possiblc to prevent soil loss from core when it is
placed upright.

Tape is applied tightly around the bottom rim of corc over the bag to minimize
soil loss from bottom of core (Figure D.3.11). Holes in bottom of bag (made
before going to the ficld with a paper punch) will allow drainage when watering
cores later. Turn cores upright.

Carcfully label each core on tape for date of collection, site, and any other
necessary details (Figure D.3.12). Close top of plastic bag and transport cores
Lo greenhouse or screenhouse, using a box strong enough to be carried with
cores inside. Prevent cores from sitting in the sun for any Iength of time, as
heat will kill soil bacteria (including rhizobia).
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Fig. D3.11. Duct tape is applied tightly around bottom ot
core to prevent loss of soil when core is set upright.
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Fig. D.3.12. Labelling core with location and date of collection.

D.3.c. Core Preparation, Planting, Inoculation, and Maintenance

Soil-core experiments may be conducted in a greenhouse or screenhouse with
temperatures controlled between 15 and 30°C if possible. Once the following
preparations are complete, the core is a closed system with limited possibility of
contamination by rhizobia, so experiments may be conducted in nonsterile
environments where light is sufficient and temperature moderated from extremes.

1.

After transfer of cores to greenhouse or screenhouse, fold down plastic bag top
to leave core open. Completely randomize cores from a particular field on a
flat surface (bench top or floor). It is very important that water draining from
cores cannot flow on the bench surface from one core to another, as in this way
different trecatments will contaminate one another, It is best is to use a drilled
steel or wire mesh surface, suspended so that all drain water moves directly
away from cores (Figure D.3.13). Alternatively, suspending cach core on blocks
above the bench top or floor is adequate.

Flood the core with clean, sterile, distilled water sufficient to cause drainage
from holes in bottom.

Let water contents of the cores equilibrate for two or three days to achieve the
ficld capacity water content.

1o
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Fig. D3.13. Drilled steel table surface to prevent
cross-contamination between pots or cores,

Weigh the core to determine the initial ficld capacity weight (Figure D.3.14).
This weight, plus later additions to the core assembly, will be the weight near
which the individual assembly will be maintained during plant growth. In this
way, differences due to plant growth and variable water uptake in different
treatments will be minimized.

Add any nutrient treatments (e.g., nitrogen treatment) in solution before
planting, including basal applications of phosphate or potash if nceded (see
calculations later in this Scction for amounts).

Surface sterilize and pregerminate seeds as given in Section D.2.d, Using a
glass rod or stick, make holes in soil surface and plant evenly spaced seedlings
ncar center of pot (eight medic, five lentil, three chickpea/vetch/lathyrus, two
faba bean). Inoculated treatments arce given 1 ml of a 107 fresh rhizobial
suspension (fresh 10° broth culture diluted 1:100 in sterile tap water), pipetted
directly onto root at planting (Figure D.3.15). Cover seeds carefully with soil.
Add sterile water to soil surface as nceded for early scedling growth.

When plants reach 2-4 cm height, thin to: six medic, four lentil, two
chickpea/lathyrus/vetch, one faba bean plant per core, carefully leaving plants
of equal vigor for further growth (Figure D.3.16).
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Fig. D3.14. Weighing soil core after water equilibration to
determine field capacity weight.
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Fig. D.3.15. Inoculating directly onto the seedling root with

a liquid suspension of rhizobia.

235



Fig. D3.16 Thinning legume plants for uniformity,

Install the irrigation tube (2 mm PVC, 5 cm diameter x 25 em length, with
small holes drilled on one side on bottom 5 cm length) against one side of the
core, with holes toward center of the core (Figure D.3.17).
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Fig. D.3.17. Irrigation tube for even distribution of water in soil core.
Note that drainage holes are placed only on side of tube pointing toward
core center, to prevent direct water loss down the side of the core.
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Gently pound the tube into the soil to a depth of about 8 cm (Figure D.3.18).
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Fig. D.3.18 Insertion of the irrigation tube into core soil
using wooden mallet. Tube is inserted to a depth of approximately 8 cm.

Add gravel (which has been heat-sterilized at 200°C - see Section D.2.b.) to the
soil surface to prevent contamination by rhizobia from the air. Entire surface
should be covered by at least 1 ecm of gravel (Figure D.3.19).

Cover irrigation tube with aluminum foil cap, or other suitable cover (Figure
D.3.20).

Label core with treatment, location where collected, field capacity weight
(which now includes weights of gravel and irrigation tube with previous ficld
capacity weight), planting date, and replication number (Figure D.3.21).
During active plant growth, add 50 ml distilled, sterilized water to each core
daily, or as needed. Once per week {(or more if necessary), the core should be
weighed and water added up to the field capacity weight (Figure D.3.22).
Always add water through the irrigation tube, not on the gravel surface. Any
water applied to the surface of the gravel (including splash from other pots)
will wash contaminants into the soil core.
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Fig. D.3.19. Covering surface of core with heat-sterilized
gravel to prevent surface contamination.

Fig. D.3.20. Completed core assembly with watering tube and cover, label, and sterile gravel.
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Fig. D.3.22. Cores are watered periodically to the field capacity weight indicated
on the label to provide equal water availability to all treatments,
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Fertilization Calculations

Phosphorus
Dissolve 10 g triple superphosphate (TSP) in 1 L distilled water, add preplanting 50
ml per core.
10 g TSP 0.5 g TSP 0.23 g P,O, (TSP = 46.5% P,0,)
1000 ml pot pot (approximately 6 kg soil/core)
0.23gP,0, 39 mg P,0O,
= = 39 ppm P,0,=approximately 100 kg P,O, per ha’
6 kg soil kg soil
* Given
1 kg fertilizer ? kg ?kg
1 ppm = ; then =
10° kg soil hectare 18 em x 10* cm? x 1.4 g/cm®
(depth) (arca) (soil density)
kg 2.5
l1ppm = =
2500000 kg/ha hectare
To convert ppm to kg per hectare, multiply ppm by 2.5.

Nitrogen

Dissolve 3 g urea in 500 ml distilled water, add preplanting 50 ml per core and 50 ml
at four to five weeks after planting.

3.0 g urca 100 ml 0.6 g urea 03gN
x = = (urea = 48% N)
500 ml pot pot pot
03gN 50 mg N
= = 50 ppm = 125 kg N/ha (ppm x 2.5).
6 kg soil kg soil
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D.3.d. Observations and Evaluation of Experiments

In all strain-cvaluation studies, thc objective is to determinc the symbiotic
cffectivencss of the strain(s) concerned, compared with a control which is standard
between similar cxperiments. Nodulation is often correlated with symbiotic
cffectiveness; the most common observations are nodule number, nodule color, and
nodule dry weight. Nodule number and color indicate the infectiveness and, to some
extent, the cffectivencss (red color = effective, green to white = incffective). Nodule
dry mass is probably the best consistent mcasurement to scorc nodulation, with
observation of the color recorded to indicate whether the nodules appear to be
cffective.

Plant dry weights should always be recorded, as this is the simplest measurement to
evaluate cffectiveness and will generally indicate the strain’s performance compared
with uninoculated and N-fertilized controls. The best measurement of N, fixation
cffectivencss will be plant N content; dried plant material is ground and analyzed for
%N using the Kjcldahl digestion method, with plant dry weight x %N giving a
quantity of total N in the plant. This paramcter will consistently give the best
indication of N,-fixing effcctiveness.

Statistics must be uscd to detcrmine where significant differences between strains
exist; a detailed description of the applicable statistics is given in Section F.8.

D.4. Controlled Environment Systems
Greenhouses

The most important considcrations in opcration of any greenhouse are the
maintenance of cleanliness (hygienc) and provision of suitable light and temperatures.
Cleanliness is achieved through regular maintenance and good operational procedures,
while temperature and light control arc generally a function of greenhouse design and
local conditions.

Hygienc must be practiced at two levels. The amount of airborne contaminating
rhizobia must be kept to a minimum. This can be achieved by minimizing drainage
from pots, and by having a floor that can be washed on a daily basis (e.g., ccment).
Drainage saucers under pots should be avoided as they provide a constant source of
contamination. Runoff from draining pots should be minimized by using nondraining
systems or by watering carcfully; if possible, watcr draining from pots should be
caught in trays with drainage outside the greenhouse (Figurc D.4.1). All parts of the
grecenhousc should be kept as clean as possible. No work with soil (other than that
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already in pots), filling of pots, or harvesting should take place inside the house, and
the number of personnel entering the facility should be limited only to those
neeessary.

Fig. D4.1. Trays under drilled steel table tops in greenhouse to catch
drainage from cup system. Drainage is channeled out of greenhouse to reduce overall
contamination levels in the experimental area.

The largest benefit of greenhouses over growth chambers is the quantity and spectrum
of light. If coverings and shading are of the proper type, no limitations for plant
growth with respect to light will be encountered (the exception being photoperiod
requirements of legumes for some experiments). In the Mediterrancan region,
temperatures and light intensity during the summer months will be high, and some
type of shading is generally used. The most inexpensive is whitewash — a mixture of
lime (CaCO,) and vegetable oil — which is brushed on the outer surface of the
greenhouse as light intensity and temperatures increase (usually May) and washed off
in September when temperatures begin to drop. Of the commercial shading materials
available, we have found the ‘polyester foil strip’ shading (Ludvig Svensson Int’l BV,
Marconiweg 2, 3225 LV Hellevoetsluis, Netherlands) with a light interception of 30%
to be suitable for local conditions. This material has a three- to five-year life and
reflects solar radiation, reducing temperatures in the greenhouse more effectively than

242



other ‘intcrception’-type matcrials such as dark-colored nctting,

Both nodule formation and the level of nitrogen fixation arc influenced strongly by
tempcrature, especially tcmperature in the root zonc. Some temperate legume species
arc more tolerant of temperature cxtrcmes, but in general good experimental results
can be obtained with temperatures between 15° and 28°C. Above 30°C, both nodule
formation and function rapidly decrease. For greenhouse studies, black or dark pots
should be avoided, as the temperatures in these pots may be up to 5°C higher than
ambicnt. Evaporative cooling is effcctive in many parts of the rcgion, except in coastal
rcgions or where rclative humidity is high during summer months. If rclative humidity
is low (< 40%) but the cvaporative cooling system is unable to bring temperatures to
the desired level, increasing the pad size and/or fan capacity may improve cfficicncy.

Growth Chambers

Controlled environment cabincts, or growth chambers, have both advantages and
disadvantages. Light and tempcrature are easily controlled, and it is possible to repcat
the same conditions for different experiments. The most important consideration is
that the light source should be adequate in terms of quality and quantity.
Unfortunatcly, light intensity provided by most units is rclatively low in relation to
ficld conditions (< 40%); 8~10 x 10° lux (80-100 4E m™ scc™) is the minimum which
should be uniformly available in the cxperimental area. Spacing between plants may
have to be incrcased where light intensity is on the low side of this figurc. Some
lcgumecs are particularly sensitive to spectral composition, and both nodule formation
and plant growth are affected by far-red wavelengths. The inclusion of incandescent
light bulbs or grow-lux fluorescents in the light bank will overcome the unbalanced
spectrum of normal fluorcscent tubes.

A widc range of commercial growth cabinets is available, and dctails should be
obtaincd from supplicrs. Because of the high cost of commercial cabincts (U.S.
$15,000-$20,000), many experimenters fabricate their own growth chambers, using an
air conditioner and fluorescent tubes in a small, closed room. Ballasts for fluorcscent
tubes (which producc 65% of the light system’s hcat) should be located outside of the
growth room itsclf to decrease the heat load. Close spacing of fluorcscent tubes, and
mixing of rcgular high-intensity fluorescent tubes, ‘grow-lux’ tubes, and incandescent
lights will provide adcquate light intensity and quality. Wise use of rcflectors
(aluminum foil) will maximize light available to plants.
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E. Inoculum Production and Use

In a strict microbiological sensc, an inoculant is anything that contains bacteria and
that can be used to infcct (or inoculate) an cnvironment previously frec of that
bactcrium. Thus, for cxample, a loopful of culture uscd to inoculate a flask of broth
can be termed an inoculant. In this scction, we definc a legume inoculant as a
preparation of live rhizobia designed for application to lcguminous sceds or the soil to
ensurc abundant and cffective nodulation of the legume scedlings.

The application of inoculum has become an increasingly common practice since the
discovery in 1887 that nodules, formed by Rhizobium bactcria, were required for
nitrogen fixation. The scicnce has cvolved from a time in which soil where legumes
were grown was uscd as an inoculant, to the current practice of inoculant production
involving sclection of supcrior rhizobia strains, production of densc populations of the
strains in broth culture, and incorporation of high numbers of the bacteria into a
carricr matcrial designed to maintain the living organisms until they arc added to soil.

Usc of inoculants is usually at the heart of any program of improvement in biological
nitrogen fixation. Commercial production of inoculants is limited in the West
Asia-North Africa region, and importation of inoculants from dcveloped countrics is
restricted because of expensc and deterioration (often due to exposure to high
tempcratures) during shipping and customs clecarance. In this scction, we prescat
simple but dctailed methodologics for production of quality inoculants with scalc
ranging from production for experimental usc in ficld trials to small-scale commercial
production.

Rcgardless of scale, techniques of preparation are basically the same; the fundamental
methodologics have not been modified in the last 20 years. Scale of production will
rclate directly to the perceived demand for inoculants (i.c., the potential market,
rclated to the necessity for inoculation), and availability of facilitics, human rcsourccs,
funds, and suitablc raw materials. The production of high-quality inoculants involves
the sclection and maintenance of appropriate strains (discusscd in Sections D and A,
respectively), suitable carrier sclection and preparation, broth culture production,
inoculant mixing, curing, and packaging. Quality control practiccs are nccessary to
ensurc consistent production of high-quality inoculants.

E.1. Required Facilities

Trained, qualificd personnel arc the primary requircment. In the best casc, the
laboratory will be superviscd by a profcssional microbiologist with at Icast onc
technically trained assistant.
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Requirements regarding main equipment and laboratory facilitics are fairly constant;
larger-scale production will, of course, require larger facilitics. For the physical plant
itsclf, two scparate sections are generally needed. The first contains a laboratory,
transfer room, and fermentor room, all kept clcan and as sterile as possible. In the
second, carricr preparation, mixing, curing and packaging arc performed, making this
the ‘dirty’ section.

The laboratory should be dcsigned for microbiological work; it is here that the
rescarch and quality control functions arc performed. Laboratory bench space, gas
outlcts, sinks, refrigerator, microscope, shaker, incubator, large autoclave and storage
facilitics arc essential cquipment. Especially important is to provide an area in which
the transfer of cultures between tubes and flasks, plating, and general manipulation of
purc cultures can be performed with a minimum chance of contamination. This is
essential not only for production, but in maintenance of a culture collection of
Rhizobium. A laminar-flow bench, which provides a constant flow of sterile air over
the working area, is the best location to perform all transfers. A clean bench
(described in Scction A.8) is adequate, but a laminar-flow bench is neccssary for
larger-scalc work. A scparate transfer room to housc the laminar-flow bench is even
bettcr, so that the entire arca can be kept aseptic. The transfer room should have no
windows (unless completely scaled), and there should be only one door from
laboratory to the transfer room (Figure E.1.1).

1 1
Plant LABORATORY
Growth r
room 2 °
& &
TRANSFER
ROOM
Hf| s o
5 Incubators  Refingerators
8 \
Hood | I | I |
\ COOL STORAGE
AREA Autoclaves
. O
g CARRIER Grender
& PRE!;%REI;TION Compressor

> =0l 0B0

Fig. E.1.1. General layout of incculant production facility.
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The fermentor room can be a part of the laboratory in small-scale production, where
the growth vessels (fermentors) are usually glass flasks. With larger stainless steel
vesscls, particularly if they arc sclf-contained and need to be heated for sterilization, a
scparate room with good ventilation may be required (Figure E.1.1). The large
autoclave and possibly the air compressor (wherce required) may also be kept in this
room.

Carrier preparation, which involves grinding and sicving of the matcrial as well as
mixing with the culture, packaging and curing, should be performed in a scparate
‘dirty’ room (Figure E.1.1). This is especially important where nonsterile carricrs arc
utilized; if presterilized carriers are used, this room is used to fill and scal the bags,
and broth culture is ascptically transferred to the sterilized bags in a clean area. This
carricr preparation room should be well lit and ventilated, with sufficient area for the
various operations. This room may also include storage facilitics, if modcrately low
temperatures (< 28°C) can be maintained.

Storage of the finished inoculants (following curing) will idcally be under
refrigeration, at 6-8°C; this will allow production of inoculants up to six months
before usc. If refrigeration is not available, a bascment or air-conditioned room with
cool temperatures (18-25°C) is adcquate. As most inoculants arc necded during the
period October-December in the region, production will take place during the hot
months of August-September, so especially designed cool storage should be
considcred.

E.2. Broth Culture Production

Growth of rhizobia in liquid medium is a standard laboratory practice, and will only
require a change of scalc to be used for commercial production. Rhizobia are
relatively casy to grow, but are not competitive with other microorganisms so will
grow poorly if not in pure culture. Thercfore, complete sterilization of the growth
vessel and the medium must be accomplished before adding the ‘starter’ rhizobia
culture. The process of inoculation of the fermentor with the starter culture is a
common source of contamination (introduction of foreign bactcria), and special
precautions must be taken to cnsure sterile conditions during this procedure. The only
requircments for growth arc proper temperature, adequate nutricnts and an oxygen
source. These are discussed below.

E.2.a. Broth Media

The culture medium, rhizobial strain, temperature and aeration are thc main factors
that affect population density of fermentor-grown rhizobia. Rhizobia are acrobic
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bacteria, with a gencration time of 2-8 hours. They will grow on the surface of solid
mcdia and also in still-liquid media if the surface arca is large. Growth in submerged
culture in fermentors with aeration is necessary for maximum viable cell production.
The acration requircments of rhizobia are only 5-10 L of air per liter of medium per
hour. Optimum growth occurs at 28-30°C. It is not difficult in the laboratory to
provide conditions suitable for the production of a rcasonably dense population of
rhizobia (> 1 x 10° viable bactcria per ml) for most common legumes.

The ingredients used in the formulation of the liquid culture medium must be cheap
and available in order to produce inoculants with cost cfficicncy, but it should be kept
in mind that the nutritional requircments of the sclected strains may vary. In gencral
the liquid media consist of a suitable carbohydrate, a nitrogen source, micronutrients,
and a source of vitamins and minerals. Sucrose is the most commonly used carbon
sourcc because it is universally available, satisfactory, and incxpensive. At ICARDA,
we prefer to use mannitol, as it has given best results with the strains we use. The
slow-growing rhizobia are reported to prefer pentose sugars, such as arabinosc. In
some laboratorics a mixture of mannitol and sucrosc is uscd to provide a greater
concentration of cells than that obtained with a single carbohydrate source. Some
industrial by-products, such as corn steep liquor, protcolyzed pea husks, malt sprout
extract, and unsupplemented whey (by-product of the cheesc industry) have been used
successfully to grow rhizobia (sce suggested reading scction).

It is important to utilize the media that will give the maximum number of rhizobia per
volume of media. Since rhizobia strains within a spccies may vary in their abilities to
utilize different carbohydrates it is desirable that selected strains for inoculants be
evaluated for maximum utilization of the sugar or carbohydrate in the fermentor
medium,

Yeast cxtract is the most commonly uscd growth factor supplement for rhizobia, but
may be unavailable or expensive if imported. Alternatively, yeast watcr can be made
cheaply from locally obtainable materials. Fresh starch-frce cakes of baker’s yeast are
preferred in making ycast water. Suspend 100 g of yeast in 1 L of water and boil
slowly or stcam for three to four hours, replacing the lost watcr regularly. Allow the
cooked suspension to stand until ycast cells have settled to the bottom, usually 10-12
hours. Pour off the clcar, straw-colored liquid; adjust the liquid to pH 6.6-6.8 with 1
N sodium hydroxide; bottle and autoclave for 30—40 minutes at 121°C. Following
sterilization, the yeast water can be stored at room temperature until nceded. Dricd
yeast can be substituted in the above preparation for ycast cake; 0.5 kg of dricd ycast
is equal to about 1 kg yeast cake, so 50 g of dricd yeast is sufficicnt to prepare 1 L of
yeast water. Broth medium containing the ycast preparations may foam cxcessively
when it is acrated in fermentor vessels. Foaming can be controlled by adding a small
amount (5 ml/L) of sterile clear mineral oil with the ycast.
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In commercial production thc most incxpensive but effective ingredients are used
since the economics of production must be considered. Most often, the chosen
formula will depcnd on locally available matcrials, but this medium should be tested
to be surc that it will support growth of high numbers of the particular rhizobia
strains to bc uscd. Some commonly uscd formulations which have becen successfully
used in culturing rhizobia are given in Table E.2.1. Two of the media contain
mannitol only, onc contains sucrose only and another contains both sucrose and
mannitol as carbon source. The micronutrient stock solution indicated in the Burton
rccipe is given in Table E.2.2. Micronutricnts are cssential for N, fixation by the
legume, but may not be required for growth of rhizobia.

A concentrate of the medium is prepared by dissolving the ingredients first in warm
water and straining before adding to the fermentation vesscl. The water used should
be potable. Reagent grade chemicals arc not necessary; chemicals of the USP grade
arc satisfactory and much cheaper.
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Table E2.1. Composition of media for growth of rhizobia.

Fred and
Ingredient Waksman  VanSchreven Datc Burton
1928 1963 1976 1967

grams per liter

Mannitol 10.0 - 100 20

Sucrose - 15.0 - 100
Dipotassium phosphate 0.5 0.5 0.5 --
(K.HPO,)

Tripotassium phosphate - - - 0.2
(K,PO,)

Monopotassium phosphate - - - 04
(KH,PO4)

Magnesium sulfate 0.2 0.2 0.2 0.2
(MgS0O,7TH,0)

Sodium chloride 0.1 - 0.2 0.06
(NaCl)

Calcium carbonate 30 20 -- 0.2
(CaCo0,)

Calcium sulphate - - - 0.04
(CaS0O,2H,0)

Iron chloride - - 0.1 --
(FeCl,6H,0)

Yeast watcr 100.0 100.0 100.0 --
Yeast extract - -- - 0.5
Paraffin oil - 0.5 - -

Ammonium phosphate -- -- - 0.1
(NH,),HPO

Water 900 900 900 1000
Micronutrient solution* -- -- -- 03

* Sce special nutrient solution - Burton, Table E.2.2.
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Table E.2.2. Micronutrient stock solution (after Burton).

Ingredient Quantity for 1 liter
Boric Acid, H,BO, 2780 ¢
Manganesc sulfate, MnSO,7H,O 1540 g
Zinc sulfatc, ZnSO,7H,0O 0210 g
Sodium molybdate, Na,MoQ, 4360 g
Ferric chloride, FeCl,6H,0 5000 g
Cobalt sulfate 0.004 g
Lactic acid (88%) 580.0 ml
Distilled water 4200 ml

Addition of 1.0 ml per liter of final medium gives: boron 0.5 mg; mangancsc 0.5 mg:
zine 0.05 mg: molybdenum 1.0 mg; iron 100 mg and cobalt 0.0005 mg per litcr or parts
per million (ppm).

E.2.b. Equipment Needed for Broth Culture Production

In practice, the growth of a pure broth culturc of Rhizobium rcquirces strict ascptic
control in a vigorously acrated culture vessel, termed here a fermentor. Fermentors of
any capacity used in the mass culture of rhizobia must be capable of being steritized,
have a supply of sterile air (with the cxception of small units on a shaker), ascplic air
cxhaust unit, scparate inoculation and sampling ports, facilitics for acration/agitation,
and a culturc discharge device.

Two types of fcrmentors arc discussed in this scction. The most simple is an
autoclavablc vessel of glass or stainless steel, usually of 2-15 L capacity, which is

filled one-third to two-thirds full of media and sterilized in an autoclave at 121°C. The
other type is a stainless steel vessel, capable of withstanding 30 psi intcrnal pressure,
which is filled (one-half to three-fourths full) with media then heated from an external
source until temperature of the media rcaches 121°C. The latter type is gencrally used
in commercial inoculant production, and the former in laboratory production of
inoculants, although in Australia the autoclavable vesscl is used for commercial
production.



Onc of the first steps in preparing for legume inoculant production is to ¢stimate as
accurately as possible the kinds and amounts of various inoculants which will be
nceded during each planting season. Consideration must be given to the number of
rhizobia strains which will be used in cach inoculant and the number of legume crops
Lo be inoculated. The equipment and schedule chosen should allow flexibility and
production of 130-150% of the anticipated nceds because actual production will be
less owing to unavoidable contamination of some batches. With well-designed
equipment and good techniques, it is not unusual to obtain 90% of theoretical
production. In planning an inoculant production [acility, it should be remembered that
small culture vessels arc always needed regardless of the production capacity required.
The small fermentors are needed to grow starter cultures for the larger fermentors as
well as for inocula required in small amounts. Also, with sufficient small fermentors, a
larger fermentor may not be required, or production capacity of the large fermentor
can be greatly increased by using larger starter (5-10%) volumes to shorten the final
multiplication phase.

Usec of compressed air is most common in providing oxygen for growth, Small
aquarium pumps, usually available on the local market, work well to acrate 10-15 L
of media (Figure E.2.1); an air compressor may be used where requirements are
larger (Figure E.2.2). Growth is not increased by violent acration or agitation. The
low oxygen requirement of rhizobia is undoubtedly associated with the organism’s
ability to grow in the interior of an active nodule where a low oxygen tension exists.

Fig. E.2.1. About 15 L of liquid media can be aerated by a small aquarium pump.
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Fig. E.2.2. Air compressor of 530 L. capacity for aeration of large fermentors.

E.2.b.1. Autoclaved Simple Fermentation Vessels. are most commonly used in
laboratory-scale production of inoculants. The simplest form is a glass bottle or flask
which is either acrated by air bubbles (compressed or pumped air, Figure .2.3) or by
shaking (Figure E.2.4). After introducing media ingredicents into the flask, it is plugged
with a cotton wool stopper (Figure E.2.5), the plug covered with aluminum foil, and
the flask autoclaved for a given period to kill all bacteria and fungi. If shaken, no air
introduction into the vessel is necessary, but some degree of air exchange is necessary;
for this rcason the cotton wool plugs are used. During the shaking process, these
cotton plugs must not be wet by the media, as this will introduce a pathway for
contamination of the rhizobia culture with foreign bacteria.

£.2.b.2. Self-Sterilizing Large Scale Fermentors. arc mostly used in commercial- scale
production of inoculants. Steam is the source of sterilization, and is generated cither
by an external source (steam generator - Figure E.2.6) or within the vessel by applying
external heat using a gas burner (Figure E.2.7). In most developing countrics,
acquisition of suitably sized, affordable fermentors and the level of skilled expertise
for the operation can present severe problems for establishing inoculant production
capability. The NifTAL Project has been involved in the development of low-cost,
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simple to opcrate, appropriate fermentor designs for developing country conditions, A
simple but effective 100-L pressurized fermentor is shown in Figures E2.8 and E.2.9.

Fig. E.2.3. Scheme of simple fermentor unit: a) aluminum foil outer wrap;
b) non-absorbent cotton wool; ¢) autoclavable stoppers;
d) glass or plastic syringe filter housing; e) glass tubing;
f) wire ring: g) growth medium; h) Erlenmeyer flasks i) sampling tubing;
Jj) glass plug: k) latex tubing; 1) hose clamp; m) aquarium pump;
and n) wire hook (after NifTAL Project 1lustrated Concepts series).

| Jjogger
- -

Fig. E.2.4. Flasks containing liquid cultures of rhizobia
aerated by shaker action.
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Fig. E.2.5. Flask covered by reusahle cotton wool stopper to permit
gas exchange but exclude contaminants.,

This pressure-type fermentor should have a simple design with the following

specifications:

1 Ability to withstand internal pressurc of 30 psi stcam or greater.

2. Handy access port to facilitate adding medium and washing, and closure which
provides a dependable seal during and following sterilization.

3. Composition should be stainless steel which will not corrode, is nontoxic to
bacteria and is casy to clean. Types 304 and 316 stainless steel can be used.

4. Ability to withstand direct heating with a gas or oil flame for casy sterilization.

5. Equipped to supply sterile air through a sparger to acrate the broth media and
provide oxygen and mixing for the rhizobia.

6. Inoculum port for adding the starter culture aseptically.

7. Sample port which is casy to sterilize to facilitate monitoring of the growth and
purity of the culture.

8. Air exhaust tube with valve to regulate aeration.
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Fig. E.2.7. Gas burner fired by bottled gas, to provide heat
for sterilization of pressure-type fermentor.
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Fig. E.2.9. Two sizes of the NifTAL type fermentor with designer Dr. Joe Burton.

9.  Fermentor should be equipped with an accurate, rugged thermometer of the
bimetallic type, a pressure gauge, and a pop safety valve.

10.  Strength and durability to withstand handling and use over a long period of
time,

11.  Permit aseptic removal of the broth culture and casy cleaning.

Generally, the fermentor is filled approximately two-thirds full with water; nutrients
and sugars arc added; and the vessel is scaled and then heated until internal pressure
reaches 121°C. The gas flame is adjusted to maintain this temperature for a period of
time long enough to kill all bacteria. Sterilization times increase as media volumes
increase; care must be taken to autoclave media long enough for full sterilization. If
sterilization time is too long, sugars may become caramelized (darker color may
indicate caramclization) and therefore unusable by the rhizobia as a food source. If
sterilizing time is too short, not all bacteria in the media will be killed, and the result
will be a contaminated culture. Preliminary tests should be made to measure precisely
the total capacity of the fermentor and just how much time is needed at 121°C to
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completely sterilize that medium. The maximum opcrating capacity of a fermentor is
approximately 75% of its total capacity.

Tests also should be made to determine the time nceded to cool the medium to 28°C
before inoculating with the starter culturc. It is a good idca to make a preliminary run
with tap water to determine the cooling time required.

Other equipment required will be related 1o the scale and type of production, but a
certain critical mass of equipment itcms is requircd before inoculant production above
laboratory scale can begin. These basic requircments, and approximate costs, arc
listed in Table E.2.3. Likewisc, supplies and matcrials must be available in a well-
equipped lab. A list of thc most commonly uscd laboratory supplies and materials,
and the quantities rcquired for an active microbiology and inoculant production
program, is given in Table E.2.4.

Table E2.3. Equipment necessary for inoculant production.

Approximale
Equipment Quantity  Cost

a. Fermentor 1 $ 3000
Capacity 50-100 L, stainless stcel pressurc
vessel capable of direct heat (gas burncr)
sterilization, with copper cooling coils.
Includes pressure gauge and thermomcter, with
ports for sampling, inoculation and air sparging.
OR

Fermentor 3-4 $ 1000
Containcrs with 20-50 L capacity, modificd to

scrve as fermentors. Must be stainless steel

and airtight. Not nccessary to withstand pressure.

Large capacity vertical autoclave 1 $ 5000
Electric, capable of holding above containers

b. Autoclave, clectric 1 $ 3000
Horizontal or vertical chamber, small-medium sizc.

c. Laminar flow hood 1 $ 4000
Horizontal laminar flow, 120 cm width minimum,
UV and fluorescent light, table support and spare
filters
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Incubator
25-30°C for growing rhizobia, 350 L capacity

Refrigerator
350 L capacity

Water distilling apparatus
Minimum capacity 4 L/hour

Reciprocal shaker
Shaking tray with clamping rods to accommodatc
conical flasks, 100-3000 ml

Automatic syringe
For injcction of peat packages and dispensing
mcdia, with cxtra syringes

Plastic bag sealer
Can be houschold type of approximatcly 35 cm width

Balance
Weighing range < 1-200 g, rcadability 0.001 g

Bulance
Weighing range 1-5000 g, readability 0.1 g

pH meter
Digital rcadout, with cxtra electrode and buffers

Binocular microescope
For routinc microbiological work, cquipped with
standard optics and sparc bulb

Hammer mill

For grinding peat or soil carricr to pass
through a sicve of 0.07-0.25 mm fincncss,
wilh sparc sct of hammers and 30 L containcr

Hot plate
For agar mcdia preparation, magnctic stirring type

Air conditioner
For inoculant storage room

$ 1000

$ 2000

$ 1300

$ 3000

$ 2000
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Table E2.4. Supplies and materials necessary for inoculum production.

L Glassware Quantity
Erlenmcyer flask, 250 ml 10
Erlenmcyer flask, 500 ml 15
Erlenmcycr flask, 1000 ml 5
Erlenmeyer flask, 2000 ml 10
Volumnetric flask, 500 ml 4
Volumectric flask, 1000 ml 4
Test tube, 150 x 16 x 1 mm, threaded top with screw caps 200
Test tube, 140 x 14 mm 100
Test tube, 160 x 16 mm 100
Test tube, 200 x 20 mm (plant growth tubcs) 500
Meclallic or autoclavable plastic caps for above tubes 400
Graduated glass pipette, TOED, 1 ml capacity 100
Graduated glass pipette, TOED, 5 ml capacity 50
Graduatcd glass pipetie, TOED, 10 ml capacity 50
Petri dish, glass with cover, 80 mm sizc 200
Graduated measuring cylinder, TAUT plastic, 50 ml 5
Graduatcd measuring cylinder, TAUT plastic, 100 ml 5
Graduatcd measuring cylinder, TAUT plastic, 250 ml 2
Beaker, borosilicatc glass, 100 ml 6
Beaker, borosilicate glass, 250 ml 6
Bcaker, borosilicate glass, 1000 ml 6
Funnel, polypropylene, short stem, fluted, 65 mm 6
Funnel, polypropylene, short stem, fluted, 100 mm 6
Funnel, polypropylcne, short stem, fluted, 160 mm 6
Carboy, autoclavable with outlet valve 20 L 3
Washing bottle, autoclavable plastic, 250 ml 6
Microscope slide, preclcaned, 76 x 26 mm 1000
Microscope slide coverglass, 19 x 18 mm 3000
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I1. General laboratory utensils

Sterilizing box for pipcttes, 450 x 65 mm
Sterilizing box for petri dishes, 100 mm with lifting rack

Brush for test tubes, 18 mm

Test tube rack, 24 tube capacity, 22 mm tubcs
Test tube rack, 48 tube capacity, 16 mm tubes
Test tubce basket, stainless steel, about 140 mm

Automatic syringe, with lucr-lock tip, complete, 50 ml
- spare body, 50 ml
- distributor
- tygon tubing to fit, 5-m long with plunging ball
- cxhaust pipc
- sct of gaskets and springs
- ncedles, luer-lock, 20 gauge

Necdles, sterile luer-lock, 18 g

Draining rack, wall mounting

Bunscn burncr with air regulator, 10 mm

Tubing for burncr, about 10 m

Tripod, stainlcss steel, diameter 100 mm, height 180 mm
Wire gauzc square, asbestos center 150 x 150 mm

Inoculating loop handlc, mandrel
Inoculating loop wirc chromo-nickel, 5-6 mm loop
Inoculating loop wire in chromo-nickel, in meters

Microscopic forceps, stainless steel, 145 mm
Spatula, stainlcss steel, spatula and spoon ends, 220 mm

Magnctic stirring bar, PTFE coated, 35 x 10 mm
Magnctic stirring bar, PTFE coated, 65 x 10 mm

Scaling film, Parafilm, 75 m long, 5-10 ¢cm widc
Aluminum foil, 300 mm x 10 m roll

Cotton wool, nonabsorbent in roll-pack

Polycthylcne foil, autoclavable, 150 mm, thermowelding

Polypropylenc foil, autoclavable, 150 mm, thermowelding
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Pcencils, glass marking, wax 20

Self-adhesive tape, for autoclave, rolls of 10 m x 5 ¢cm 20
Filter papcr, Whatman no. 4, 20 cm, box of 100 10
Gloves, hcat protective, pairs 3

Autoclavable plastic bags (WINPAK) 12 x 16 cm HDHMW polycthylene

I11. Chemicals

Agar, standard laboratory (Difco) Skg
Ethanol, purc 5L
Hydrochloric acid, purc 5L
Magncsium sulfate 1kg
d-Mannitol, powder 20 kg
Mercuric chloridc 1kg
Potassium phosphate, K,;HPO, 1kg
Sodium chloride 1kg
Sodium hydroxidc Skg
Yecast extract, powder, Difco 1kg
Calcium chloride 1kg
Clorox (sodium hypochlorite) 5L

E2.c. Culture Production and Fermentor Operation

Production of lcgume inoculants begins with cultures grown in test tubes containing
YM agar. The rhizobia grown in tubes arc transfcrred ascptically to larger vesscls
containing broth medium (YMB), such as Erlenmeycr flasks for shake culturc. The
rhizobia grown in flasks arc then transferred to small or large fermentors bascd on
nceds, The rhizobial growth should approach the peak of the logarithmic growth
phasc in cach step before transferring to the next larger fermentor or to the carricr.

Starter cultures for inoculation of the 100-L fermentor arc usually preparcd in 500 mi
sidcarm Erlcnmeyer flasks (Figurc E.2.10). This flask, containing 200 ml YM broth, is
sterilized with a portion of rubber tubing attached to the sidcarm prior to growth of
bacteria. After growth of rhizobia to maximum log phasc, the contents arc ascptically
pourcd through the sidearm tubing into the inoculation port of the fermentor. This
procedurc is a common source of fermentor contamination, and should be performed
carefully with adcquate flaming of the inoculation port (with Bunsen burncr or
propanc torch) and dipping the cut end of the sidcarm tubing in alcohol prior to
attachment to the inoculation port (Figure E.2.11). In a favorablc medium at 28-30°C
and a 1% (vol/vol) startcr, the population of viable rhizobia should attain a count of 5
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x 10°~1 x 10° per ml in 60~72 hours. With a 3-5% starter, the same concentration
of viable cells should be reached in less than 48 hours. With an urgent need for
inoculants, larger starter inocula can be used to speed up production.

Fig. E.2.10. Starter culture in side-arm Erlenmeyer fask for inoculation of 100 L. fermentor.



Fig, E.2.11 Inoculating the fermentor. The inoculation port is flamed
thoroghly before attaching the sterile cut end of tubing from the starter culture flask

Growth of rhizobia in the fermentor should be monitored about halfway through the
cycle by drawing off a sample from the sampling port, and testing for acidity, purity,
and growth (Figure E.2.12). Sampling more often will increase the possibility of
conlaminating the culture. Again, it is important that the sampling port be thoroughly
flamed both before and after sampling to kill contaminating bacteria that may find
their way into the fermentor. The pH of the sample can be tested colorimetrically by
adding five or six drops of a 0.5% w/v alcohol solution of bromthymol bluc indicator
to 8 ml of culture in a tube. A yellow color indicates acid conditions and probable
contamination. Contaminated cultures also will have an odor distinct from the smell of
pure rhizobia cultures; with expericnce you will be able to tell immediately upon
smelling the growing culture if it is contaminated. A Gram stain may be usclul if
there is a question of purity (Section A.6). Heat-resistant, spore-forming bacilli are
the most common contaminants (Gram positive). Contaminated cultures should be
discarded, and after cleaning, the fermentor restarted. An estimate of the population
(Scction B), using either a counting chamber or nephelometry, will help you to decide
when to harvest the fermentor. It is useful to have previously produced growth curves
for the inoculant strains at varying temperatures so that harvest time for cach batch
can be forecast (Section B.l.c).
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Fig. E.2.12 Collecting sample from fermentor for purity check
Sampling port should be flamed thoroughly before and after sample collection
to prevent contamination of fermentor contents.

E.2.d. Single- and Multiple-Strain Inoculants

Legume inoculants may consist of one strain sclected for a particular legume host or
they may comprise two or more strains effective on that host. The latter is often
advantagcous, particularly in arcas where several varictics or cultivars of the legume
arc grown or where the soils vary widely in characteristics. In Australia, only single-
strain inoculants are produced, to prevent possible dominance and antagonistic effects
of a particular strain in the mixture, to be able to diagnose loss of effectiveness, and
(o facilitate inoculant quality control. It is important to test the strains singly and
together in the concerned soils with the concerned cultivars, however, before
producing a multiple-strain inoculant for distribution and use by farmers (sce Section
G). It is nceessary also to have compatible strains, and strains must be grown
scparately in culture before combining them in the carrier to make the inoculant. In
recent studies on bean, chickpea and lentil, the amounts of N, fixed by multistrain
inoculants were significantly lower than that of the most effective strain applied alone.
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In general, single-strain inoculants are supcrior for scveral rcasons. Even where the
broth or final inoculant receives equal numbers of cells of morc than onc strain,
subscquent multiplication in the carricr can result in the dominance of onc strain. Any
loss of infectiveness or cffectivencss in a strain is obvious in single-strain inoculants,
but may be masked in multi-strain inoculants. Any change in host requircments can
be provided for by developing a scparate inoculant which can be clearly labelled.

Multiplc-host inocula arc sometimes desirable (c.g., for several specics of medics) and
are feasible. For multiple-host inoculants, wide-spectrum strains arc preferable. No
strain should be included in a multiple-strain inoculant which could produce
ineffective nodules on any of the legume hosts for which it is intended. Inoculants with
only two or three strains arc preferred over inoculants with many strains. Use of
multiplc-strain inocula also provides some protection against complete loss of
effectiveness if onc strain for some reason loscs its ability to infcet the host or fix
nitrogen.

When a multi-strain inoculum is desired, it is preferred that cach rhizobia strain be
grown scparaltcly and then mixed in equal volumes at the time of adding broth to the
carricr (Figure E.2.13). This mcthod does not cnsure that there will be an equal
number of cach strain in the final product, but it does reduce the risk that one strain
(c.g., a faster-growing strain) will dominate over the others at an carly stage.

This multi-strain type of production requires a greater number of culture vesscls and
more precise planning and scheduling, especially if growth rates of the strains differ.
This should not be a problem, however, if the number of strains in the mixture is
limited to two or three.

E.3. Production of Solid Inoculants

Solid-bascd inoculants using powdered organic carricr matcerials arc the most common
products for inoculation of legumcs now on the market. Inoculants bascd in solid
carriers have shown many advantages over other types in terms of preparation,
packaging, storage, and distribution. Survival of applicd rhizobia is supcrior and
nodulation in the ficld is gencrally more effective when solid-based inoculants are
applicd onto the sced than with other forms of inoculants.

E.3.a. Types of Carriers

The inoculant carricr is the material supporting the living rhizobia from the point of
manufacturc to the uscr. The availability of an incxpensive and suitable carrier for

267



rhizobia is cssential for the cconomic production of legume inoculants. Normally, at
lcast 5 x 10° or 500 million living rhizobia should bc contained in cach gram of
carricr; this mcans that using normal application methods, cach secd will have
10°~10° rhizobia if there is good attachment. The lower level (10 rhizobia/ sced) is a
minimum if good nodulation is expected in soils where the necessary rhizobia are not

present.
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Fig. E.2.13. Schematic of multi-strain production of sterile inoculant.
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The suitability of any material uscd as carricr is determincd by its capacity to maintain
the viability of high numbers of thc addcd rhizobia over long pcriods without loss of
infectivencss and cffectiveness. There are scveral qualitics to look for in acceptable
carriers. Most important, the matcrial must be able to maintain high numbcrs of
viable rhizobia, implying that it should provide propcr nutrition and moisture for
rhizobial growth. Idcally, thc carrier will be highly absorptive (high water-holding
capacity), casy to proccss, available in adequate amounts, stick casily to sceds, and
provide good pH-buffcring capacity (high anion/cation exchange capacity).

The carricr material also must be incxpensive, because farmers are gencrally not
willing to spend morc than U.S. $10 per hectare on inoculation. It must be lightweight
for shipping, and must be stable if exposed to adverse conditions during transport and
storage. It should be relatively casy to sterilize (autoclaving or gamma-irradiation) so
that compcting bacteria and fungi can be climinated. Finally, the carricr must be low
in content of soluble salts and phenolic products of organic matter breakdown, and
therefore nontoxic both to rhizobia and seed.

The carricr most commonly uscd in the inoculant industry is peat. Since the
composition of peat varics with location of deposits it is nccessary that the suitability
of specific peat as a carrier be tested for ability to support growth and survival of the
rhizobia beforc it is used in production. In gencral, high organic matter content soils
and peat-based maltcrials have a longer shelf life and give improved survival of
rhizobia than other carricrs (c.g., lignite or filter mud).

Lack of sources of pcat has prompted use of alternate matcrials. Some other carricrs
consist of coal dust (coir), bentonite, composted plant matcrials, bagasse (filter mud)
with sugar removed before grinding, pulverized vermiculite, polyacrylamide, lignite,
cellulose powdcr, ground common talc, and others. Chemical and physical analyses of
carricr materials arc helpful but do not confirm the quality of a carricr. The quality
can be determined only by placing viable rhizobia in thc matcrial and monitoring the
growth and survival over a period of six months. Regardless of the type of carrier
choscn for inoculum production, it is important to kecp in mind that carricr-rhizobia
interactions cannot be avoided. These interactions should be known for all strains of
rhizobia used for production, and can only be determined by thorough testing
involving growth/survival mcasurements over time.

Investigations into survival of rhizobia in coal-bascd inoculants indicatc considcrable
variability, duc to the differing propertics of various coals. Some fincly ground coals
also tend to aggregate into lumps and resist wetting at the time of inoculation.
Charcoal has proved an adequatc carricr for some strains of rhizobia, but is gencrally
inferior to pcat, probably because of its low moisturc holding capacity. Moisturc
content greatly affects the ability of a carricr to maintain rhizobial numbers; rhizobial
populations decline morc rapidly in storage with decrcasing moisture content.
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Work at ICARDA has shown that Syrian soils high in organic matter (10-15%
organic carbon) amcnded with ground wood charcoal (3:1 wi:wt) proved equally
cflective as high-quality Australian peat in maintaining high (> 109/g) populations of
chickpea rhizobia for periods of 105-126 days. After storage for 280 days, two
rhizobial strains diffcring in growth ratc maintaincd viable numbers in the soil-
charcoal mixturc abovc 10°/g, indicating the suitability of this matcrial as an inoculant
carrier. These results imply that quality rhizobial inoculants may be produccd with
some mincral soils of high organic matter content in arcas where peat is not available.

The carricr materials must first be ground in a Wilcy mill to pass a 0.25-0.15 mm
sicve (the finer, the better). At ICARDA, the mixture of soil and charcoal is made on
a dry weight basis, at a ratio of 3:1. Approximate water-holding capacity is detcrmined
prior to autoclaving, and matcrials arc moistencd with distilled water to approximately
10% moisturc (by weight) to increase the cffcctivencss of sterilization. Moisture
percentage is usually cxpressed in terms of wet weight of peat (carrier), so that when
the weight of watcr cquals the weight of dry peat, the moisture content is 50%. All
matcrials should be of approximately ncutral pH; where pH of a saturated cxtract of
the matcrial is low, calcium carbonate may be added in sufficient amounts to bring
pH to 6.8-7.5.

For production of small quantitics of inoculant for ficld trials and other rescarch
purposcs, it may be best to purchasc prepackaged gamma-irradiated peat, ready for
injection. The cost of these packages is relatively low, U.S. $0.25-80.50 per 100-g
package depending on quantity (from Root Nodule Pty. Ltd., Australia; telex
RTNDLE 25879 A). With this type of sterile, high-quality ncutral peat (tested at
ICARDA), the probability of having a good rescarch inoculant is greatly incrcased.

An allernative (o solid inoculants is oil-based inoculants, which have the apparent
advantage of protecting rhizobia from high tempcraturcs, a common problem during
distribution in the region and in some cascs at planting. These, however, are difficult
Lo producc as they require mixing of lyophilized (frecze-dried) bacteria with vegetable
oil; sophisticated (expensive) freeze-drying equipment is necessary, and the technology
of producing large amounts of high-quality frccze-dried rhizobia must be mastcred
(sce Scction ALS).

Alginatc- and polyacrylamidc-cntrapped rhizobia as inoculants are complicated to
produce, and for mass production, still in the cxperimental stage. Some litcrature is
available on mcthods of production, but most information is held under patent
protection.
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E.3.b. Sterilization, Preparation, and Packaging of Carriers

Inferior-quality inoculants are probably partially responsible for the slow progress in
the adoption of BNF technology. Inoculants which contain low numbers of viable
rhizobia arc inadcquale to cause prompt and effective nodulation. Carricr
sterilization is a major factor influencing rhizobial growth and survival in the carricr.

Sterilization of the carrier matcrial is important to climinatc competition from fungi
and other bacteria, and hence to obtain high numbers of rhizobia. This may be
achieved through autoclaving, gamma-irradiation, chemical sterilization or flash drying.
The most cifective method for sterilization, through exposurc of the dry carricr to
approximatcly 5 Mrad gamma irradiation, is limitcd becausc of cost and unavailability
of a radiation source in many countrics. Autoclaving is pcrhaps thc most cffective
common mcthod of stcrilization, but requircs a packaging material capablc of
withstanding the high temperature conditions of rcpeated sterilization at 121°C. Some
high-molccular-weight, high-density polycthylenc or polypropylenc matcrials suitable
as autoclavable bags arc now commercially available. It is essential that these
matcrials conscrve moisturc but allow passage of gascs following sterilization.
Stcrilization of the carricr through chemical means leaves residucs harmful to
rhizobia, and cxcessive heat trcatment of carrier matcrials gencrally decrcascs their
ability to support rhizobial survival, although successful hcat treatment has been
reported.

AUICARDA, we successfully sterilize mineral soil in high-density autoclavable
polypropylene bags of 0.2 mm thickness (stock No. 402, Kapak Corp., Minncapolis,
MN, USA) with a capacity of 470 ml. Each inoculant bag is packed with 50 g of fincly
ground soil carrier prior to stcam sterilization. The open cnds of cach bag arc
partially hcat-scaled, lcaving a 1-cm opening plugged with colton wool for gas cscape
during sterilization (Figurc E.3.1). The bags arc usually arranged in trays in the
autoclave with paper towels in between for separation and adequate stcam circulation,
then sterilized at 121°C for 90 minutcs on two consccutive days. Bags arc then
removed for scaling using a household plastic bag scaler in a laminar flow hood after
overnight cooling in the autoclave (Figure E.3.2),

E.3.c. Preparation of Inoculants

Although the types of carricrs commonly uscd vary, there arc only two main
approaches to production of the inoculant (mixing broth and carricr). The first
mcthod maintains stcrility in the carrier until it is injccted in scaled packages with the
pure rhizobia culturc; in this way, the rhizobia have no compcetitors for watcr or
nutricnts and can incrcasc further in number if the carricr can support growth. The
sccond mcthod utilizes carricrs which have not been sterilized, where the rhizobia
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culture is mixed in bulk with the dry carricr prior to curing and packaging of the
inoculant. The first method is more labor-intensive and costly, but gencrally yields a

better quality inoculant. The nonsterile method is more adaptable to large-scale
inoculant production,

Fig. E3.1. Sterilizable high density polypropylene bags with ground carrier ready for
autoclaving. Note opening in corner, plugged with cotton for pas escape.

Fig. E.3.2. Sealing bag of carrier using a small commercial plastic bag sealer.
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EJ3.c.l. Sterilized Carriers, The production of solid-based inoculants which contain
only rhizobia requires a completely sterile carrier in a sterile package. Packaging
films and methods of sterilization have been discussed previously. Generally, each
presterilized peat bag containing 50-100 g of peat (Figure E.3.3) is injected ascptically
(under a laminar- flow hood if available) by means of a syringe fitted with a sterile
needle (18 gauge, 3-4 cm length). An automatic dispensing machine (auto-syringe)
may be used to increase efficiency if larger numbers of packages arce to be prepared
(Figure E.3.4). Prior to injection, the arca of the puncture should be disinfected by
swabbing the arca with a cotton mat soaked with 709 cthanol. A quantity of broth
sufficient to adequately wet the carrier (40% by weight for peat) is slowly injected,
making surc to insert the needle as horizontal as possible to avoid picrcing the
opposite site of the bag (Figure E.3.5). The puncture hole is then immediately scaled
with a pre-printed (strain identification code and date) sell-sticking label (27 x 18
mm) (Figure E.3.6). The bags are then kneaded by hand until the liquid inoculum has
been uniformly absorbed into the peat. The final moisture content of a peat inoculant
should be between 40 and 50% (weight basis) for best survival of the bacteria.

Fig. E33. Gamma-irradiated peat in polyethylene bags is the best
rhizohia carrier. These packages each contain 50 g of dry peat.
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Fig. E3.4. Automatic syringe used to inject a specific amount of liquid
repeatedly. With this device, large numbers of peat packages can
be injected with relative ease and good contamination control.

Fig. E.3.5. Insertion of needle nearly parallel to bag surface for
injection of broth into carrier.
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Fig. E.3.6. The puncture hole is wiped immediately after injection
with 90% alcohol, then the hole is covered with a self-sticking label to
prevent contamination and label the bag contents.

In a high-quality carrier, such as sterile neutral peat, rhizobia are able to multiply and
increase in numbers. This makes it possible to dilute the broth culture injected into
the peat as much as 100-1000 times, while continuing to produce inoculants
containing > 10° rhizobia/g. Smaller quantities of broth, grown in flasks in a
laboratory, can therefore be used to inject large numbers of bags of carrier. One liter
of 10° broth could be diluted 100 times (1/100) to inject as many as 2000 50-g
packages of peat. When using this dilution method, it is necessary to let the rhizobia
grow in the carrier at optimum temperatures (27-30°C) for two or three weeks before
placing in cold storage or shipping. Greater care must be taken in all steps to ensure
that no contaminants are present; rhizobia are poor competitors and contaminated
bags inoculated with the diluted culture method will contain few rhizobia. Quality
control is especially important when using this dilution method.

The sterile injection system of production is limited to small packages and is labor
intensive even when an automatic syringe is employed in dispensing the broth culture.
Even so, this system is being used successlully for commercial production in Australia
and other places where pure cultures of rhizobia are considered necessary and
sufficiently advantagcous to justify the additional cost.
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E3.c.2. Bulk Nonsterile Carriers. In this method, the broth culture of undiluted
rhizobia is mixed with or sprayed onto the carricr in a ribbon or paddle-type mixer
undcr nonsterile conditions (Figurc E.3.7). A concretc mixer or bread dough mixer
(Figurc E.3.8) is adcquatc for the task. Unsterilized carricrs arc normally held in the
dricd form aftcr grinding so that the natural populations of organisms have no
opportunity to multiply before the rhizobia broth is added. If the carricr is acid,
calcium carbonate is added to neutralize acidity and raise the pH to 6.6-6.8. The final
moisturc content will vary with different carricrs, but with peat the moisturc should be
approximately 40% in the fresh inoculant. The proportions of broth and peat are
controlled by the type and moisture-holding capacity of the carricr, but gencrally
liquid is added until the carrier just begins to stick together in lumps or balls. The
ratio of broth to carricr is usually 1:1.5-1:2.

Tronsfer fully Transfer fully
grown culiure grown cullure
fo termentor A to fermentor B

of fermentor

Inoculstion
of fermentor

Transfer of fully
grown fermentor
culture

Holding and mixing
Strains tank (100-125 liters)
A-8
Mixture

Transfer of mixture

Inoculants Packaged Inoculants

7

Blending/mixing of
fermentor oulture with SeEE T

carrisr Multi-strain Incculant In epsn

curing racks for curing and
maturailon

Fig. E3.7. Non-sterile system of multi-strain inoculant production.
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Fig. E3.8. Bread dough mixer used to blend peat and rhizobia
broth in non-sterile production system in Indonesia.

If the carrier material is very dry (as will be the case if the carrier is oven or “flash”
dried), wetting it will bring about a release of energy and a rise in temperature
referred to as the ‘heat of wetting’. With a large bulk (e.g., a pile 1 m in depth) of
material, this heat of wetting may reach as high as 50-60°C in the center, killing the
rhizobia; the freshly prepared inoculant should therefore be placed in relatively thin
layers, not over 25-30 ¢cm deep in metal or fiberglass trays. Following mixing, the
temperature should be monitored for two to six hours and should not exceed 38°C.
After six hours, the heat of wetting will be dissipated.

The broth-carrier mixture (inoculant) is then cured (covered to prevent drying out)
for a period of one to six days; during this period moisture levels equilibrate and the
rhizobia are established. Following this ‘curing’ period, during which some
multiplication of the rhizobia will take place, the inoculant is again sicved to remove
lumps and make a consistent product. This finished inoculant can then be packaged in
moisture-retaining containers, usually polycthylene bags (Figure E.3.9). If not bagged
immediately after curing, it should be stored in such a way as to retain the moisture,
as it will dry out quickly under normal conditions and ability to maintain rhizobial
numbers will be lost.
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Fig. E3.9. Commercial bag sealer used for large scale non-sterile
inoculant production in Thailand.

E.3.d. Inoculant Quality Control

Inoculation of legumes is not a panacea and is still highly underutilized, particularly in
the developing world, for several reasons: scope for improvement of legume yields
through inoculation is fairly limited for many species, because of large native rhizobial
populations; where soil N is not limiting, inoculation may improve the proportion of
plant N derived from the atmosphere but not improve yiclds, leaving little
demonstrable bencefit from inoculation; and cffectiveness is heavily dependent on
inoculant quality and how the product is applicd.

2
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The decision to make or market inoculants is often made without any evidence that
inoculants are beneficial to the crop in the arca. Expcrimentation to successfully
define the nced for inoculation (see Scction G) is usually considcred unnecessary by
policy makers who do not understand the biological requircments, or too "applicd” by
developing country rescarchers, who often feel that they should pursuc “basic”
rescarch, Ironically it is in thesc developing countrics that applicd rescarch is most
nceded to define problems. This lack of undcrstanding may result in the situation
wherc an unenthusiastic pcrson is loaded with the unwanted dutics and responsibility
of controlling the quality of inoculants which may not be uscful in improving crop
yiclds. It is morc often this scenario, rather than poor production and control
methodologics, that leads to distribution of "uscless” inoculants and subsequent farmer
indifference toward inoculant usc.

Scparation of production and quality control into separate organizations, where the
producer(s) accept the authority of the control laboratory, is the ideal situation.

There is unfortunately not much incentive for the producer to spend money on quality
control. It is a simplc fact of lifc that with sclf-control, some producers will sell poor
inoculants,

During the 1985 workshop on Rhizobium /legume inoculants in Pucrto Allegre, Brazil,
participants concluded that the primary constraints for implementation of quality
control programs werc: 1) lack of demand for inoculants by farmers; 2) lack of
resources to implcment testing programs; and 3) the high cost in matcrials and time
of present quality control technology.

E3.d.1. Quality Criteria. The ovcrall aim of legume inoculation is to provide the
maximum numbers of suitable rhizobia in the rhizospherce at the timc of nodule
initiation. Traditionally, quality control means a scries of quality checks during and
after inoculant production, to ensure that the inoculant package actually contains
rhizobia in large cnough numbers to provide for a reasonablec number per sced at
planting. Quality control, however, must really deal with all aspects of quality up to
and including the moment of actual inoculation by the farmer. This mcans that
quality control must cncompass inoculant storage (before and during shipment and in
the rctail outlet) and usc by the farmer. Clearly, this is logistically beyond the
traditional abilities of any quality control unit, and would require close coordination
between inoculant producer, tester, distributor, and extension scrvice. The point is
that laboratory quality control of inoculants is only as useful as far as the distribution
and farmer cducation system can cnsure delivery of the quality product to the soil at
planting. The best way for the producer to overcome degradation of inoculant quality
during shipment and usc is to utilize a carricr ablc to support the growth of rhizobia
(gamma-irradiated sterilized peat is optimum) and to add to the carricr as high a
population of viable, clfective rhizobia as possible.
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Standards for the final product will gencrally represent a compromise between levels
achicvable by compctent producers and levels theoretically obtainable under the local
conditions. Quantitative standards can be simply expressed in terms of a minimum
number of infective bacteria available during a given shelf lifc of the inoculant, and a
maximum number of contaminating organisms. Qualitative standards are casily set,
and should includc use of an agrced-upon strain, demonstrated ability of the strain(s)
to form nodules and fix N, and approved packaging with adcquatc labclling.
International standards for minimum numbers of cclls at manufacture range from 10°
rhizobia/g (Canada) to 10°/g in Australia and Holland; minimum levels are 108 in
Uruguay, India, Czechoslovakia and Brazil. Most countries, including the U.S.A. and
UK., have no government standards for quality, but rely on compctition and the
pressurc to market a high-quality product to maintain product quality.

Where regulations exist, minimum standards at the time of inoculant expiry are 10° to
10%. Thc most widely accepted standard for numbers of rhizobia per sced are 1000;
Burton (1978) has recommended 1000 for fast-growing rhizobia and 100,000 for the
slow-growing rhizobia. France requires a minimum quality of 10° rhizobia per sced.
The numbers of contaminants should ncver be above 0.001% of the total number of
rhizobia, and a maximum of 1000/g is a good standard to adopt for non-sterile
carricrs. The safest quality standards could be applicd to inoculated sced, where 10°
rhizobia per large sced (c.g., soybean, lupin), 10 rhizobia per medium seed (e.g.,
mungbcan, pigeon pca), and 10° per small sced (c.g., clover, siratro) are required.

E.c.d.2. Quality Control Procedures. The following quality control procedures arc
dcrived from thosc used by the Australian Inoculants Research and Control Service
(AIRCS). A lot-numbcring system and adcquate recordkecping (in a log book) arc
absolutcly csscntial to any quality control program. It must be possible to follow a
production batch through the production process and to identify a finished product
with the specific timing and conditions of manufacturc that apply to that batch. An
examplc form for recordkecping is given in Figure E.3.9.

Mother cultures must be known to be purc and true to the stock culture in all
respects. Because most inoculant production is seasonal, once-per-year preparation is
best, with ycar-long storage under lyophilized conditions. Ideally, all mother cultures
for any one strain should be derived cach ycar from onc frecze-dried ampulc,
streaked and tested for purity (gram stain, glucose peptonc medium), identity
(scrology), and effcctiveness and infectivencss (plant test under aseptic N-free
conditions). If any variation exists, at lcast 10 single colony isolatcs should be
subjected individually to all the above tests. Release of the mother culture for
production of inoculants should await the results of all tests.

Broth culture testing is conducted to climinate contaminated broths, and may occur at
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scveral stages, including testing of the starter cultures, a short time after inoculation
of the fermentor, and fermentor culture at the stage of maximum number of live cells.
The most important stage for testing is at maximum fermcentor population, at which
time a test for purity (gram stain and culturc on glucose pcptone medium) and a total
count (Petroff Hauser counting chamber or turbidity measurcments) are necessary.
For production of soybcan inoculants, contamination checks on glucose pcptone agar
are particularly uscful, as Bradyrhizobium will not grow on this medium and
contaminants will show up clearly within 3 days. An optional tcst on pH can be uscd
as an additional check for contaminants. A plate count or Miles and Misra drop
count (which will take only 2-5 days for a result) is rccommended, but may not be
nccessary with ’tried and truc’ strains. New strains should be checked with plate
counts.

Use of a plant-infection test (MPN) at this stage may be justified instcad of a plant
check on the final product, under the assumption that the loss of symbiotic propertics
during maturation proccss in the carrier is low. This short-cut will speed the release
of an inoculant if MPN is required prior to distribution. With pure broth cultures of
rhizobia, the plate count and plant-infection test usually give similar estimates of
numbers, but the prescnce of contamination may interferc with nodulation (Vincent,
1970). It is common in using the MPN count to require positive nodulation at 107 or
10°® dilutions of an inoculant which rcaches 10° in a plate count.

Solid inoculant should be checked for quality at manufacture. Each batch of
inoculant (from a single fermentor or a number of fermentors which have been mixed
before or during the process of mixing broth and carrier) should be tested, and
inoculants held unrcleascd in storage until test results confirm acceptability. A
sampling protocol, which tests a number of packets from each batch, must be set up.
Reserve samples should be available if further testing is needed. All samples should
be kept and transported under cool conditions to maintain numbers at the time of
collection,

Whether the carrier is sterile or nonsterile, tests should include a plate count on
YMA-Congo red (for cnumeration and observation of contaminants), plant infection
test (may not be nccessary with sterile carrier if already conducted on the broth), and
a serological test to ensurc strain identity (may be conducted on nodules of MPN
plants).

Scrological techniques, such as ELISA or immunoblot, have been used in quality
control and cnumecration of rhizobia in inoculants, but have some drawbacks. In most
cases in devcloping countrics, newer techniques are not affordable but may be
considcred for development at the research level.

Inoculants from retail outlets are checked as a monitoring rather than a quality
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control activity, in order to develop a sound basis for standards for cxpiry periods.
Randomly sclected inoculants should be tested with a viable plate count and plant-
infcction test, and results comparcd with those obtained at manufacture. Scrological
testing may be lcss important than plant nodulation and N, fixation but is a uscful
check. It also may be uscful to check moisture content for research and monitoring
purposcs.

E3.d3. Packaging. The inoculant package label must be understandable by users, and
should contain the following information:

- manufacturing lot number

- cexpiry datc (date aftcr which the product is no longer usablc)
- crop species for which the product is to be used

- instructions for use of inoculant, in simple form

- manufacturer’s namc and address

- amount of sced that the package will inoculate.

Optional information may include the genus and species of the rhizobia, instructions
for proper storage, number of live rhizobia per gram or per sced when used properly,
and the weight of the bag. Expericnce in some developing countrics, such as Rwanda,
has shown that a more simple packagc label is most effective.

Directions for use of inoculants may be a uscful inclusion on the package. A sample
from LIPHA indicates “pour the contents of the sachet into a clean container; add
about 3/4 liter water on the powder; mix carefully; pour this mixturc on the sceds
(about 80 kg) into a clcan container or on a cemented surface; mix carcfully. This
operation must be done sheltered from the sun and drying winds. Lct the mixture dry
and quickly sow the seed; put it decp into the soil. Important notes: Do not storc at
more than 25°C, and do not sow secds which have been inoculated for more than 4
hours. If they have not been sown in the same day, inoculate the sceds again.” It
may also be uscful to warn that "any bag opencd must be uscd within 24 hours”.

It is impossible for a user (farmer) to know the quality of inoculant at the timc of
planting. The cxpiry datce is the only assurance a uscr can have from the
manufacturer. The period between manufacture and expiry is based on results from
cxperiments and is dependent on the method of inoculant production, carrier material
used, and storage conditions. For non-sterile pcat carricr stored at 20-30°C, the
recommended shelf life is 4 months; when stored at 10°C, 6 months. In sterilized
carricr, shelf lifc is considcrably longer, with maintcnance of 10° rhizobia/ g for up to
one ycar.
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E.e.d.4. Quality Control Laboratory. A technically qualificd officer should be in
charge with authority to implement the standards. The lab must have adequate
operating funds, and if possible, additional funds for associated rclcvant rescarch.
Equipment should include autoclave, drying ovens, incubators, refrigerators, and a safe
subculturing area (laminar flow bench). Frecze-drying cquipment is optional. Gas
and elcctricity supply should be reliable, and includc a backup gencrator where
nccessary. Onc of the most important equipment items is a tempcrature-controlled
cabinet or growth room to allow growing of plants in tubcs, plastic pouches, or
Leonard jars for plant-infection tests (MPNs) of nodulation and N, fixation.

E.4. Application of Inoculants

Inoculants should be uscd when a legume is introduced into a new arca or when a
legume is known to have nodulation problems. The prime objcctive of inoculation is
the nodulation of the host legume with the sclected inoculant strain. The applicd
rhizobia should remain alive until the seedling cmerges and compcte with the
indigenous rhizobia for the infection of root-nodulation sitcs. The rhizobia also should
persist in the soil in sufficient numbcers to nodulate perennial and annual specics of
lcgumes.

Proper inoculants should bc used according to specifications on the package, with
special care that the plant and the rhizobia are compatible. It is important that
outdated, poorly storcd, or damaged packages not be uscd.

Mecthods of inoculation may be classed as dircct, where the inoculant is placed in
direct contact with the sced, or indircct, where the inoculant is placed alongside or
bencath the sced but scparate from it. Either liquid- or solid-bascd inoculants can be
uscd.

E.4.a. Application of Powdered Inoculant to Seed

As stated previously, legume inoculants based on solid carricrs—mainly soil and peat
but also other materials—have advantages over other forms of inoculants in tcrms of
preparation, packaging, storage and distribution. Also, the survival of rhizobia applied
to sced is superior and nodulation in the ficld is generally better with the solid
inoculants. There are several methods of application.

The finely ground peat inoculant is applicd to the sced in the following ways:

1)  Dusting. The most popular method of inoculation is to mix the inoculant with
the dry seed dircctly in the sced hopper. This is generally the Icast effective
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mecthod because of poor adherence of rhizobia to sced.

Sprinkle or slurry method. Legume sced is sprinkled with water and then
mixed with the inoculant powder, or the peat culture is applied as a water
suspension. The sced must be dry before sowing (if damp, it will block the
sceder), and in the drying process much of the applied inoculant will fall off. In
this casc the adherence of the inoculant to the sced may be less than desirable.
Better attachment of the powder to the seed can be obtained by using an
adhesive in the slurry, e.g.,, a 25% solution of molasses or 1% milk powder in
water (Figure E4.1). Other commercial stickers such as gum arabic or cellulose
gum arc stronger adhesives. Proportions vary according to the kind of sticker.
For example, solutions of 4% gum arabic, 10% sucrose, or 5% methyl cthyl
cellulose are frequently used to make a slurry that will easily stick to the seed
surface. Some substances have been reported to promote rhizobial survival and
have the additional advantages of offering protection against the effect of toxic
seed coals and promoting carly nodulation. Caution should be exercised in
checking that these sticking agents do not contain any preservatives toxic to
rhizobia. Amounts of sticker liquid should be minimal to allow rapid drying of
sceds (not dried under dircet sunlight),

Fig. EA4.1. Good adherence to seed is obtained with various sticking apents.
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3)  Seed pelleting. This mcthod is the most cffective when rhizobia must be placed
in hostile environments. Fincly ground (> 300 mesh) lime, gypsum, clay, rock
phosphatc, supcrphosphate, peat, charcoal, dolomite, bauxite, calcium silicate,
and talc may be used if thcy have low solubility. To stick thc materials plus the
rhizobia to seced, solutions or suspensions of gum arabic, mcthyl cellulose, or
other matcrials may be uscd. Pcat-basc inoculant serves well for incorporation
into pellets. Major advantages of pellcting are: protection of rhizobia against
dclcterious cffects of sunlight, low soil pH, desiccation, acidic fertilizers, and
fungicides and insecticides often used to pretreat sceds. Major disadvantages of
pelicting arc dic-off of rhizobia if sced are not planted soon after inoculation,
and the incrcased sced size and weight.

E.4.b. Granular Implant Inoculants (Indirect Inoculation)

In the indircct inoculation method, granules of peat, clay (kaolin or sodium bentonitc)
or vermiculite containing rhizobia arc applicd to the seedbed beside or bencath the
seed (Figurc E.4.2). Peat granules arc naturally formed during the drying of pcat, and
can be collected during the screening (sicving) process (Figure E.4.3). Granulcs also
can bc produced by coating solid granulated material (e.g., sand) with peat inoculant
using an adhesive in a cement mixer. The granules should flow frecly through field-
implantation cquipment, Granular inoculants arc used when: (1) conditions for sced
inoculation arc difficult becausc of sced morphology and germinating behavior, For
example, soybcans and subterranean clover lift the sced coat out of the soil during
cmergence of the cotyledons, removing sced-applicd inoculant from the rooting arca;
(2) the seed must be trcated with fungicides or insecticides that arc toxic to the
applied rhizobia; (3) small-sceded legumes are used, in which only a small amount of
inoculant can adhere to the seed, providing a limited number of rhizobia to cffectively
nodulate the plant; and (4) inoculant strains require high levels of inoculum to
outcompete the indigenous populations.

E.d.c. Liquid or Slurry Application

The simplest form of inoculant is the liquid inoculant. It is easily produccd in the
laboratory by inoculating liquid growth medium with a rhizobial culture. This is the
most common form used in growth room and grcenhouse experiments. Excellent
nodulation can bc obtained by spraying or pouring inoculum into the row on or beside
the sccd during planting. A peat culture of rhizobia mixed into a pastc is suspended in
water just prior to application. Alternately, concentrated broth culture may be diluted
in water, but this method is less effective because of poorer survival of rhizobia. Any
spray cquipment is satisfactory, but must be frce from any residucs of toxic chemicals.
For small ficld cxpcriments, the suspended peat inoculant can be pourcd dircctly over
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the sced after placement by hand using watering cans (Figure E.4.4). Liquid
inoculants have the advantage of increasing the inoculation rate since there is plenty
of room to add more cells of rhizobia into the planting furrow. The major
disadvantages for commercial production are encountered in the storage, distribution,
and loss in viability of the rhizobia.

Fig. EA3. The two major types of peat inoculants include finely-grained
seed inoculant (left) and coarser granular implant inoculant (right).
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Fig. EA4. Field inoculation of small experiments by direct application
of peat suspended in water over seed in the row.

E.4.d. Enumeration of Viable Rhizobia on Seed

It may be useful during experimentation to know the numbers of viable rhizobia
applied to the sced. Inoculated sced samples should be handled carcfully to prevent
inoculant from falling off, causing significant reduction of rhizobial numbers prior to
the enumeration test. Labelled sced samples should be transported to the laboratory
in a cooled container and the enumeration conducted as soon as possible after
collection. The determination of the number of rhizobia on sced is difficult by the
plate count method since the number of rhizobia may be lower than the number of
contaminants. Although the use of a differential medium may aid rhizobial
identification and counting, a plant-infection test (MPN) is the preferred method. The
MPN technique is described in Section B.3. A sample of 100 sceds can be mixed in
100 ml saline solution (0.85%), shaken vigorously for several minutes, then diluted in
a 10-fold scrics to allow counting. Plate counts and MPN results arc expressed as
rhizobia per ml or per seed.
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II. Field and Greenhouse
Assessment of N, Fixation



The methodologies provided in the preceding scctions have dealt with manipulations
of rhizobia, and arc intended to provide the nccessary microbiological background to
cnable the experimenter to conduct complete, well-designed ficld and greenhouse
experiments for improvement of N, fixation. With the knowledge and facilitics to
isolate, count, identify, sclcct, and mass-producc superior strains, it is possible to
cffcctively perform the cssential final steps of a program designed to evaluate or
improve N, fixation. Some knowledge of legumc agronomy is assumcd in the following
scctions; where microbiologists lack expericnce in conducting ficld cxperiments, it is
hoped that they will combinc cfforts with agronomists, who are gencrally familiar with
local farming practiccs and constraints to production. In our experience, the best BNF
work will, in fact, come from such tcams.

Objectives of ficld or greenhouse cxperiments may be to assess N,-fixing capacity of
host plant or Rhizobium strain, dctermine the necessity for inoculation, determine
strain compctitivencss or persistence, or Lo select for supcrior host plants, rhizobia
strains, or host-strain combinations. These questions may be partially answered in
greenhousc and laboratory cxperiments, but ultimately must be resolved under natural
conditions in the ficld.

F. Planning and Setup of Field Experiments

Ficld experiments of any kind arc nearly always difficult to conduct and usually absorb
a large investment in time, cffort and moncy. Ficld trials arc exposed to problems
with weather, insects, discascs, and many othcr difficultics; in many cascs, no uscful
information will be collected because of one or more of these problems. In ficld work
with rhizobia, there is the increasced difficulty that living bactcria are part of the
cxperimental system (a fairly important part!), and additional care must be taken to
be aware of factors affecting rhizobial behavior and survival and to ensurc that
rhizobia trcatments remain intact. It is therefore critical that ficld experiments be well
planncd. It is important to dcfinc the characieristics of native rhizobial populations at
the chosen site, to inoculate cffectively with known numbers of viable rhizobia that
can preferably be identified later when they arc reisolatcd from the cxperiment, to usc
adcequate controls, and to choosc an cxperimental design and a ficld location that will
mcet the objectives of the experiment.

Perhaps most important in planning a ficld experiment is a clear reason for
conducting the ficld study. The purpose of the study will affect selection of the ficld
sitc, treatments chosen, experimental design, sampling parameters, and data
intcrpretation. Some most common objectives may be to answer the following
qucstions:

1. Is it possible to incrcase traditional legume crop yiclds by using inoculation?
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2, What is the effect of inoculation, and what savings can be made in terms of N
fertilizer application on the following crop in the rotational system?
3. Is onc inoculum morc efficient than another for a given arca or rcgion?

F.1. Site Selection and Preparation

The actual field sites for trials or soil-core collection should be selected on the basis
that they are typical of the arca in which the legumcs are or will be grown. It is
strongly rccommcnded that farmers’ fields be used, because soils at cxperiment station
sites oftcn tend to be of high fertility (especially N) which may ovcrcome potential
treatment diffcrences. In attempting to develop an inoculation policy for a rcgion
(such as introducing winter-sown chickpea or a ncw medic spccics into an arca of low
rainfall), the trial should be conducted at (or from, in the case of soil cores or
sampling) as many sites in the area as possible.

Somectimes the site is determined from circumstance, being the place that requirces
cvaluation or the place that is available (c.g., experiment station farm). It is suggested,
however, that sites be chosen to fit the requircments of the cxperiment. For cxample,
the ideal site for strain testing is onc wherc soil nitrogen is low and native rhizobia
are few in number; if strain selection has been performed effectively, this site will give
a yicld responsc to inoculation, I experiments are being conducted to cvaluate
rhizobial compctition, the sitc soil must have an cstablished native rhizobial
population of detcrmined cffectiveness and identity. In all cases, the site should be
ncarly level and present the appearance of being homogencous in soil type and
composition.

In locations wherc weed growth has been abundant, it is good practicc to usc a

herbicide to control weeds before planting the experiment; typc of herbicide will
depend on the primary weed specics present (sce local agronomists for advicc).

Herbicides do not gencrally affect soil rhizobial populations.

It is desirable to know any deficicncies or problems with soil fertility in advance of
planting the experiment (see Section F.3) so that any amelioration nccessary is taken
carc of. A basal fertilizer application, where ncccessary (c.g., phosphatc, where P Olscn
< 8 ppm in Meditcrrancan soils), can solve problems later in data interpretation.
Fertilizer can be spread over the wholc of the experimental area and incorporated
during cultivation. Banding of the fertilizer will reduce general weed growth and
improve fertilizer use efficiency, but it must be remembered that contact of rhizobia
with concentrated bands of fertilizer will be lethal to the rhizobia and may reduce
nodulation. Since most inoculation experiments measure N, fixation, basal application
of N fertilizer is not practiced. When it is applicd in specific trcatments, urca as a
source should be avoided, as losses due to soil ureasc activity may be high. Applicd N
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is casily lost (see N cycle in Section 1.1), so maintenance of soil N for a nitrogen
control treatment is best accomplished by side-dressings throughout crop growth. For
example, 120 kg N/ha could be applied as 40 kg preplant, 40 kg at carly flowering and
40 kg at the beginning of pod fill, or 60-60 preplant and mid-flowering. Nitrogen is
fairly mobile in the soil, and side-dressings applicd in a shallow furrow next to the row
(and covered with soil) will be used casily and effectively by the crop.

As mentioned, the soil fertility and size/effectiveness of native rhizobia population
(Section B.3.b) in the soil should be determined by soil testing, to back up trial result
interpretation. Since fertility and the size of ficld populations of rhizobia may vary
within short distances in a ficld, much care should be taken in sampling so that a truly
representative sample of the field soil is obtained.

In soil sampling the area should be mentally divided into equal squares,
approximately 10 for each 0.25 ha, and a subsample taken from each square. A
subsample should be roughly cylindrical in shape, 3-5 ¢cm in diameter, and taken from
the 5-20 e¢m depth. A presterilized coring implement or a long-nosed trowel (Figure
F.1.1) can be used to extract the subsamples, which are lumped together in a plastic
bag. To prevent cross-contamination if another arca is to be sampled, a second
presterilized sampling tool should be used, or the first one cleaned to remove all soil,
washed with 95% alcohol and sterilized by flaming. Becausc of rapid changes in the
bacterial populations of extracted soils, the soil samples should be tested immediately
using MPN technique after collection. If this is not possible, the samples should be
stored (after air-drying if high in moisture content) at 4°C but for no longer than is
necessary.

Fig. F.1.1. Long-nose trowel for the extraction of soil samples,
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In the laboratory, the lumped subsamples arc thoroughly mixcd on a clcan, sterilized,
solid surface, quartercd, mixed again, and so on until a small (100-200 g) composite
sample, as homogeneous as possible, is obtaincd. Stones should be removed, but
sieving is not nccessary and may remove bits of organic matter in which colonics of
rhizobia reside. If desired, soil moisture content can be determined to cxpress
population figurcs on a soil dry-weight basis.

Air-dricd samplcs are scnt for analysis to a soils laboratory (to ICARDA if onc is not
available locally). It is wisc to keep a duplicate sample after submission for analysis
sincc samples are sometimes lost in transit to the testing laboratory.

F.2. Naturalized Rhizobial Populations in Soils

Becausc of the long-term cultivation of currently popular legumc specics in the region,
most soils contain large, stable populations of rhizobia capable of nodulating thesc
species. The exceptions arc where land is being newly cultivated (c.g., newly irrigated
desert) or exposcd to the crop for the first time (c.g., introduction of new medic
specics, or winter-planted chickpea in areas of low rainfall not previously planted to
chickpca).

The characteristics of this native rhizobial population that arc most likely to affect
ficld experiments arc the size of the population and its symbiotic effectiveness with
the legume host. Both of these factors will affcct competition with introduced strains
and therefore will influence the success of the inoculum in forming nodulcs on the
legume. A prcliminary cstimate of the competition from soil rhizobia likely to be
cncountered by field inocula and an idea of its effectiveness can be obtainced by
enumeration of the native population using a plant infcction (MPN) test with the
concerncd legume host. The procedure for the most probable number (MPN) test is
fully explained in Scction B.3.b.

The numbers of native rhizobia likely to overwhelm any introduccd strains have been
estimated by various investigators to be in the range of 50-1000/g soil, but in our
work we have found that the infectiveness, competitiveness, and cffectivencss of native
strains with the particular cultivar or species also have a great influence on whether a
response to inoculation can be achicved. Certainly, in soils where high native
populations exist (i.e., > 10 rhizobia/g soil), the likclihood of an inoculation response
is greatly decrcascd, but if these native strains arc not effective with introduced
cultivars, a successful selection program for effective and compctitive strains may lcad
to an inoculation responsc.
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F.3. Assessment of Available Soil Nitrogen

Soil pH, phosphorus, and nitrogen often have large cffects on rhizobial growth,
invasiveness, and survival; but soil pH in thec Mcditerrancan region (except in limited
arcas of low pH) is not cxtreme enough to adversely affcct plant or rhizobial growth.
The lcvels of available phosphatc and nitrogen, however, may affect plant growth and
the symbiosis o a large extent. Lack of phosphorus may limit legumc growth, and
may further affect the symbiosis itself (see Scction G.1 for trial to determine P effect
on symbiosis). The cffect of nitrogen, cither mincralized from the soil organic matter
or applicd as fertilizcr, depends on the amount available. Higher levels of available
soil N will inhibit nodulation and thereforc depress fixation. On the other hand, it may
be bencficial to apply small ‘starter’ doses of N fertilizer (e.g., 20 kg N/ha) where soil
N levels are extremely low. The interference with N, fixation where soil N levels are
high will incrcase the proportion of plant N derived from the soil while decreasing the
amount from fixation, and will tcnd to mask cffects in inoculation response studies.
Howecvcr, unless soil N is measured before planting or "N is used to diffcrentiate N-
source in the plant, you cannot know that high soil N has interfered with fixation,

Collection of soil samples for analysis is explaincd thoroughly in Scction F.1.
Dcpending on locally available facilitics, however, it may be difficult to have these
samples accuratcly analyzcd. As mentioned, it is possible to have samples sent to the
ICARDA hcadquarters for analysis, but problems may be incurred in getting samples
to the Center intact, and in waiting for the results to arrive. We therefore suggest that
in all field expcriments, duplicate plots of a nonfixing crop that generally matches
legume growth (see Section H.3.d for reference crops) should be planted with and
without 120 kg N/ha addcd. Growth of this ‘reference’ crop without applied nitrogen
will clearly indicatc the approximate availability of soil N; if plant growth of -N
reference is similar to +N reference, the soil N level is high enough to strongly
intcrfere with N, fixation. If the -N reference plant produces little growth (with older
lcaves turning yellow before podfill stage), and +N reference responds strongly to N,
soil N lcvel is low and soil N level is suitable for BNF studics (Figure F.3.1).

Where it is possiblc to mcasure soil N in a suitable laboratory, the best test is
gencrally one that which measurcs NQ; in the soil KCl extract. Where nitrate levels in
the soil surface 60 cm arc above 10 ppm, N, fixation will be adverscly affected, at
least during carly crop growth. If levels are very high (> 20 ppm), it may be best to
utilize a different ficld or to modify the soil.

If soil N levels are high (as is often the casc in experiment station soils), the level of
availablc N can be dccreascd by: (1) growing a ccreal crop (with no N addition) on
the land before its usc for nodulation cxperiments to decreasc available N; and/or (2)
incorporation of hcavy dressings (0.3-0.5%) of low C:N ratio organic matter (c.g.,
cercal straw or chaff) several weeks before planting. In the first case, soil N will be
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depleted. In the second case, the available N will be immobilized until the added
carbon is broken down; this period is usually long enough for growth of the legume
crop, given that enough carbon has been applicd.

Fig. F3.1. Soil cores planted with barley to indicate N status of the soil.
The core on the right has received no N fertilizer; the left equivalent of
80 kg N ha'l, This Tel Hadya soil is clearly N-deficient.

F.4. Selection of Treatments and Experimental Design

Ficld experiments should be designed and performed carefully so that conclusions may
be reached from collected data. To make the conclusions as accurate as possible,
replication and randomization of the experiment arc necessary. The heterogencity of
the soil is generally the greatest source of experimental error, so treatments must be
replicated. Replication reduces the uncertainty of the data and provides an estimate of
experimental error. Multiple observations from a plot are not enough to resolve
experimental crror; these only allow estimation of sampling error. Replication is in
itsclf also not sufficient; treatments must be assigned to plots at random to account
accurately for field heterogeneity.
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Each ficld expcriment contains variables that must be considcred in the choice of an
appropriate cxperimental design. The simplest design, which can be used in most N,
fixation experiments, is the randomized complete block (RCB); this is usually effective
for cxperiments having up to 12 trcatments. The RCB design has the advantages of
being casy to sct out and maximizing thc number of degrecs of frecdom for error.,
Where more than onc sct of treatments (or factors) is to be examined, a factorial
cxperiment may be sct up. The factorial is not an cxperimental design, but contains all
combinations of several levels of several factors. The simplest example is a2 x 2
factorial, with two cultivars inoculatcd and uninoculated; this can be arranged in a
RCB dcsign. A split-plot dcsign may be used when it is possible to arrange the plots
of a multiple-factor cxperiment (c.g., strain x cultivar) so that all factors are not
distributed over the replication and factors arc not of cqual importance. The split-plot
design provides a morc precise comparison of trcatments assigned to subplots and a
less precisc comparison of the whole-plot trcatments.

Work at ICARDA on nodulation specificity and strain effcctivencss in all ICARDA-
mandatcd legumes has revealed considerable host-strain intcraction as well as
favorable responses 1o inoculation. Inoculation response trials can be factorial and
contain diffcrent cultivars as wcll as different strains to find strains most cffective
across cultivars or a potential strain mixture for all cultivars. In dealing with numbers
of cultivars and strains, we have found it uscful to usc the split-plot design, with
rhizobia treatments as main plots to minimizc cross-contamination between these
trcatments.

Some suggestced trial layouts for specific experiments are given in detail in Scction G.

F.4.a. Control Treatments

Any trial which aims o asscss response to inoculation must contain an uninoculated
control treatment against which inoculation treatments can be compared. Minus-
nitrogen, uninoculated controls arc nccessary to judge the nodulating and nitrogen
fixing abilitics of the native rhizobial population with the test cultivar(s) at the trial
site. Thercfore, a rcplicated uninoculated control trcatment should always be included
in a ficld cxperiment.

A nitrogen-fertilized treatment, recciving enough N to provide optimum growth of the
test plant and thereby removing the ‘symbiosis’ variablc, idcally can be used to
mcasurc the growth or yield potential of the crop under the given cnvironmental
conditions. In practice, however, the difficultics in maintaining a constant and
sufficicnt supply of nitrogen mcan that the legumc will not rely solcly on fertilizer N,
but will form some nodules and fix N. We still consider it worthwhile to include a N-
fertilized control in our experiments, and modify N fertilization so that N is provided
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over the growing season. For grain and forage legumes, 120-150 kg N/ha will be
sufficient to provide maximum growth, and if applied as split application, with 50 kg
preplant, 50 kg side-dress at early flowering, and 20-50 kg at beginning of podfill, it
will be available as required by the plant.

For pasture legumes, 90-100 kg N/ha is applicd to uninoculated N control

trcatments. The nitrogen fertilizer (ammonium nitrate or ammonium sulfate
recommended in high pH soils) is evenly distributed in the plot by broadcast
application and the total dose split into three. The first application is donc when most
of the medics or clover plants have germinated. The second is applied three wecks
after the first application and corresponds to the second leaf stage. The last portion is
applied approximately three wecks after the second application when plants have three
to four leaves.

F.4.b. Plot Size and Layout

The size and spacing of the plots will be based on the growth habits of the legumes.
For forage and food legumes, recommended densities are: faba bean, 15-22
plants/m? (lower density for large-secded type); chickpea, lathyrus, and vetch, 33-45
plants/m? and lentil, 180-200 plants/m? These legumes are commonly planted with
30-cm spacing between rows, and plant spacing is adjusted accordingly; this allows for
uniformity in sctup of cultivation and planting tools (Figure F.4.1). With isolated

Fig. F4.1. A small plot planter like the one pictured enables the experimenter to plant
quickly and uniformly. lLeaving furrows uncovered will allow inoculation
using the liquid slurry application method after planting.
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individual plots, edge effects (increascd availability of N and/or water to outside rows)
can be considerable, so we advise a minimum of three rows per plot (or adequate use
of guard rows), using only the middle portion of the middle row for measurement of

treatment cffects. Examples are given in NTI and IR experiments in Scctions G.1 and

G.2

For pasture legumes, we generally use experimental plots of approximately 2 m2 Sced
can be broadcast or planted by hand in rows, When seed is broadcast we use plots of
4 m® (2 x 2 m). Sced can be planted in rows scparated by a distance of 17-24 cm
depending on the growth habit of the pasture legume. At ICARDA we use 17.5 cm
for all medic species. Each plot consist of four 2-m- long rows. Alleyways for both
types of planting systems are 1 m wide to allow mechanical cultivation with the
available rotovator (Figure F.4.2).

Fig. F.4.2. Plots should be clearly labelled at planting time.
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F.S. Precautions in Field Experiments

Throughout the carlicr parts of this manual, we have repeated the importance of
sterile technique, or hygiene, so that the particular strain under study is not confused
with another strain or type of bactcria. Nowhcre is this morce important than in ficld
experiments. Contamination of uninoculated controls or treatment plots has ruincd
rcsults in many well-planncd, otherwise well-conducted field experiments.

Rhizobia arc mobilc organisms, and are casily transferred from plot to plot by soil on
hands, shocs, or animals, or by surfacc movement of wind or water. The casicst of
precautions is to always handle uninoculated trcatments beforc inoculated treatments,
in all applications, from planting to weeding to sampling. It is therefore nccessary to
wash hands, clean shocs, and sterilize equipment and implements between operations
with onc trcatment and the ncxt. Use diffcrent or sicrilized implements for inoculating
batches of sced with diffcrent trcatments. If hand-planting inoculated sced, the
opcrators should wash their hands with 70% alcohol between treatments. Sced drills
for sowing preinoculated seed in large experiments arc cxtremely difficult to sterilize
between treatments; if possible, clcan the sced box and sced lines with compressed
air, then sterilize with spray of 95% alcohol for rapid drying. Any shovels or
cultivation tools uscd in sampling or plot maintenance should be sterilized by washing
with watcr and dipping in 20% alcohol between usc in different treatments. Take carc
not to walk across plots, but between them. Finally, drainage ditches between plots of
diffcrent treatments will cnsurce that overirrigation or heavy rainfall will not cause
movement of waterborne surface soil, and with it rhizobia, to contaminatc other
trcatments; this is especially important if the ficld is not level.

Applying biologically active matcrials such as fungicidcs, insccticides, herbicides, ctc.,
to the soil or sced should be avoided unless their use is essential and the
experimenter has positive evidence that they have no cffect on rhizobia, the host
legume, or nodulation.

Although it is not often considered, conducting and cvaluating a trial has a great dcal
to do with the person performing the activity. It is gencrally considered that any basic
opcration is performed the same by all persons, but this is not the casc; personal
vicwpoints causc diffcrent persons to perform tasks differently. For example, in hand
sowing, onc person may plant morc decply than another, with the result that seeds
will emerge later. If morc than one person is planting, therefore, they should not cach
plant diffcrent treatments but should plant different replications of the same
trcatment before moving on to a diffcrent treatment. The samc is true with making
obscrvations, where onc person may judge plant discase, vigor or nodulation in a
diffcrent way than another. For example, in scoring an expcriment for nodulation, onc
technician may score on a slightly different basis than another technician. It is better,
therefore, to have onc person score the whole experiment than to sharc the task with
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another. Where the experiment is too large for one person, then the work load should
be sharcd on the basis of replications, with the two technicians finishing replications of
onc treatment before moving to another treatment.

Data analysis and interpretation will be madc considerably casier if a few simple rules
arc followed in planning the cxperiment.

1. Obtain statistical advice carly, for it will always be casier to change the design
than to repeat the experiment (with a changed design).

2. Decide which controls and comparisons may be nceded to determine your
objectives, and include them.

3 Make sure you have the resources to cope with the sampling and analysis which
will be nccessary for the planncd experiment (try to imaginc how much time
cverything will take). If you fecl that resources will be stresscd, cut back
trcatments or cxperiments.

F.6. Methods of Inoculation

Onc of the primary considcrations to bec made before applying inoculants in the ficld
is inoculant quality. If inoculants arc prcpared freshly in the laboratory prior to
planting, thc operator is rclatively certain that the inoculant contains high numbcrs of
the desircd strain(s). If, however, inoculants are purchascd locally or from supplicrs
abroad, how can the experimenter be certain that the inoculant is of high quality, or if
it actually contains any living rhizobia? Shipments, whether by air, ship or truck, are
oftcn exposcd to high temperaturcs (> 40°C), particularly in latc summer; even bricl
exposurc to these high temperaturcs will kill rhizobia. It is a fact that processed peat
containing no rhizobia looks exactly like a high-quality pcat inoculant, so visual
obscrvation is no assurance (Figure F.6.1). The only way to assurc quality of an
unknown inoculant is to perform a plant-infection test (MPN) prior to inoculant usc;
this requircs a lcad time of six to cight weeks before planting (Section B.3), and more
time if the inoculant is of poor quality and must be replaced. This quality check,
however, is of utmost importancc when conducting inoculation trials; failure to achicve
inoculant response in the ficld because of poor inoculant may otherwisc be attributed
to other causes, misleading the investigator in future experiments.

The mcthods that can be used for inoculating legume sced are numerous, and
somctimes are determined by the objectives of the experiment itsell. Some gencral
principles, however, apply to all mcthods of application.

1. Uninoculated controls always should be handled before inoculated treatments

to reducc thc risk of contamination of controls.
2. The numbers of rhizobia in the inoculant should be as high as possible
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(depending somewhat on objective) since the presence of large numbers of
inoculant rhizobia will improve the probability that inoculant strains will infect
the legume host.

Fig. F.6.1. Visual appearance of the inoculant is never
an indication of quality.

3. Field experiments should be designed and conducted with the awareness that
rhizobia are casily transferred from plot to plot by water movement, human
opcrations, or animal movement; or by moving soil or water from plot to plot.

4. Rhizobia may be killed by many pesticides or fungicides used as seed
treatments, so treated seed should not be used where rhizobia come into
contact with the sced.

Methods of inoculation have here been classed as direct, where inoculant is applied
dircetly to the seed, or indirect, where the inoculant is applicd as a liquid or solid into
the sown row with the sced. More detailed information on methods of inoculant
application is given in Scction E.

F.6.a. Direct Application of Rhizobia to Seed

Legume inoculants based on solid carriers (sce Scction E.3.a) are the most common
because of their advantages in preparation, packaging, storage, and distribution. Also,
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high-quality solid inoculants have becen shown to be superior to other types in terms of
rhizobial survival and nodulc formation in the field. There are several methods of
application, which arc presented here in order of lcast cffective to most cffective.

Dusting is the simplest method of application, but also the least effective, because
most of the applied inoculant docs not adherc to the sced and therefore is not in the
place to producc maximum clfect at the time of sced germination. With this method
(thc mcthod uscd most commonly by farmers in developing countrics), the powder
inoculant is mixcd with the dry sced immediately before sowing. Very little of the
inoculant sticks to the sced; most is lost.

Slurry inoculation involves utilizing somcthing to incrcasc the amount of powder
inoculant that sticks to the sced through the process of sowing. In the simplest case,
the pcat is mixcd with some water and poured over the sceds; a slightly better method
is to first wet the seed with water then mix the powder with the moistened sced. The
sced must be dried before sowing (but never in dircct sunlight), and as it drys and
during the sowing opcration, most of the inoculant will fall off. Better attachment of
the powder to the sced can be obtained by adding a ‘sticker’ to the liquid or slurry.
This sticker can be houschold sugar (10% w/v in water), molasses (10% v/v in
walcr), powdered milk (3 g/L water), or commercial adhcsives like gum arabic or
cellulosc compounds, The most cffective method of application is to first wet the seed
with the sticker, then thoroughly mix in the powder inoculant. We have found large
plastic bags (of up to 50 L capacity) to be ideal for mixing without damaging sced
(Figure F.6.2). Alternatcely, the powder may be mixed into sced in a sced box or on a
ground-cloth, using whatcver method comes to mind for distributing the powder
cvenly over the sced. Sced must be dried before sowing, but sced inoculation should
not be performed more than a few hours before sowing. An example of an inoculation
procedure is given in Section G.2, using cellulose gum as a sticker.

Seed pelleting is a proccdurc commonly uscd with small-sceded pasture legumes, and
has been utilized widcly to establish pasture specics in acid soils. Its advantages
include protection of the inoculant rhizobia against unfavorable physical and chemical
conditions in soil and against competition from other soil bacteria. Pcllcting also
cnsurcs better survival of rhizobia when delays between inoculation and sowing are
unavoidable.

The process of pelleting involves first sticking the fincly powdered inoculant to the
seed, then covering the inoculated sced with a pellet coating of calcium carbonate,
gypsum, bentonite, rock phosphate, charcoal, or any other of a wide choice of
matcrials. Adhesives used to attach the coating material inciude synthetic glucs,
vegetable or animal glues, gelatin, and sugars. Adhcesives must be free from
preservatives.
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Fig. F.6.2. Mixing sticker, seed, and inoculant in a large plastic
bag is easy and effective. Up to 50 kg of seed can be inoculated
in large plastic bags with this method.

Further details on all methods are given in Section E, on production and use of
inoculants.

F.6.b. Indirect Application of Rhizobia in the Field

In some cases, it may be preferable not to apply the inoculant to seed, but to add the
inoculant to the seed row before or after placing the sced in the furrow (but always
before covering seed with soil). The most common reasons for indirect application
arc: (1) where use of fungicides or pesticides as seed dressings are necessary because
pre-emergence discases or insect attack are problems; and (2) it may be advantagcous
to apply inoculant at a higher rate than is possible with sced inoculation with very
small-sceded legumes or where native rhizobia offer strong competition.

Solid inoculant, or soil-implant inoculant, is composcd of large granules of peat (sce
Figures E.4.2 and E.4.3), or an inert material covered with peat to make granules that
can be placed in the row with the sced. Solid inoculant can be applied through the
fertilizer box or insecticide attachment of a sced drill, and for smaller experiments can
be placed by hand in the row beneath or alongside sced. The major drawback to
commercial use of this method is the higher quantity of inoculant required (10-20
kg/ha vs 0.5 kg/ha for powder), and hence the higher cost involved.
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Liquid inoculation involves mixing a peat culture of rhizobia with water, and spraying
or pouring the liquid onto the sced at planting. Freshly grown liquid or agar cultures
are not generally suitable for dilution because of poor survival when applied directly
to the ficld soil. Any spray cquipment is usable, given that it has not been used
previously for toxic chemicals. Nozzles should be checked frequently for plugging. A
small-scale hand application method (Figure F.6.3) is described in the inoculum
response trials (Section G.2).

Fig. F.6.3. A small watering can is used to effectively inoculate small
plots with a liquid slurry of peat inoculant.

F.7. Trial Evaluation and Interpretation of Data

Response 1o inoculation is generally measured by plant dry-matter production, total
plant-N accumulation, and sced yield (grain legumes). In addition, nodulation can be
cvaluated at different stages to indicate the activity of inoculant strains.

It is fairly common for legumes to show an carly, visable response (o inoculation that
does not translate to a sced yield increase. For this reason, it is desirable to measure
carly response of treatments to distinguish between no response and a potential for
responsc.



F.7.a. Nodulation

Nodulation may be assessed several times during early growth of the crop, when
nodule number, size, and distribution can be indications of a response to inoculation.
For food/forage legumes, we have found that a single obscrvation made at mid-
flowering usually indicates whether inoculation has been successful (Figure F.7.1). For
medics, sampling for nodulation assessment is also usually performed once. We
usually take five plants per plot, 10-14 weeks after germination. The time depends on
the scason; dry, cold weather will delay the sampling date. Usually plants have four to
five leaves at nodule sampling.

Fig. F.7.1. The period from mid-flowering to early podfill is the best
time to evaluate nodulation in food and forage legumes.

Nodule number and nodule dry mass are the parameters most often measured, but
data collection can be extremely tedious and time consuming, especially where
nodules are small and numerous (as in lentil or medics). In many laboratorics, a
nodule scoring system (Table 1) is used which takes into account nodule number,
distribution, and cffectiveness; this system has been used at ICARDA on grain
legumes with success, as indicated by a high correlation between nodule scores and
dry matter production/N accumulation at mid-flowering. The scoring system may be
modified to fit nodulation characteristics of the legume. Nodule cffectiveness is
determined by nodule color (internal pigmentation) and nodule size; incffective
nodules are not considered. Effective nodules generally have pink-red internal tissue,

300



while tissue of ineffective nodules is green or white. It is suggested that 6-10 plants
from each treatment and replication be carcfully dug out of the soil with a minimum
of disturbance (Section A.1). Root systems are placed in a plastic bag, and
transported to the laboratory where the soil is carcfully washed away from the roots
under running water in a screen to catch detached nodules (Figure F.7.2). Roots are
scored (one person scoring all samples), and root systems with intact nodules kept in
a refrigerator for nodule typing (if desired).

Fig. F.7.2. Roots being washed in running water using a screen
to trap detached nodules.

The scale used at ICARDA for scoring medic nodulation is based on a qualitative
criterion and ranges from 1 to 4: 1 corresponds to no nodulation; 2 to incffective
nodulation (nodules abundantly distributed, with white internal tissue; 3 to nodules
laterally distributed, with red-pink coloration inside; and 4 to highly effective nitrogen
fixing nodules usually located at the upper region of the primary root or along the
primary root. Nodule number per plant is also recorded. Nodule weight, although a
desirable characteristic, is not currently measured for medics in ICARDA trials.
Morphology of the nodules varies from coralloid to single ovaloid types. Coralloid
nodules are generally effective and characteristic of certain medic species (e.g.,
Medicago polymorpha). Some species produce a greater number of effective nodules
than others; this may depend on the availability of water during the growing season.
In general, nodule shape in medics is ovaloid.
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The identification of rhizobia forming the nodules can be useful in inoculation
experiments. If inoculant strain(s) can be distinguishcd from the native bacteria,
invasiveness of an inoculant can be detcrmined casily by testing whether the inoculant
strain has been successful in occupying the majority of nodules. Procedures and a full
cxplanation of the uscs of nodule identification are given in Section C.

Table 1. Nodule scoring system (after Corbin et al., 1977).

Distribution/number of cffective nodules

Nodule scorc Crown' Elsewhere
0 0 0
1 0 few
2 few 0
3 many 0
4 many few
5 many many

* crown regarded as top 5 cm of root

F.7.b. Yield Parameters

Yield may be measured at any stage during plant growth, but objectives of the
cxperiment should be kept in mind. After scasons of multi-point sampling during carly
plant growth, we have found that a single carly plant sampling in food legumes for
plant dry-matter production and total N accumulation at mid-flowcring is sufficient.
Samples for dry matter mcasurcment should be placed in looscly woven cloth bags or
paper sacks and dricd in a forced-air oven at 100°C where dry matter detcrmination is
the only objective, or at 60°C if N content is to be analyzed. If a drying oven is not
available, samples can be dricd in bags hung in the shade until they achieve a constant
weight,

With pasture legume, yicld is based upon the amount of dry herbage the legume has
produccd at harvest. Sced is somctimes an important critcrion. Harvest is normally
donc at the stage of latc sced pod filling. When harvesting experimental units planted
by the broadcast mcthod usually an inncr 2.25 m? is collccted by using a rod template
square having a sidc of 1.5 m. All plants insidc this squarc arc harvested.
Alternatively, when cxperimental units contain four rows, the two inner rows arc
harvested by hand cxcept the top and lower portions. Rows arc usually 2 m long, of
which the inncr 1.5 m is harvested. Samplcs are collected in cloth bags (onc bag per
plot) and dried in an oven at 80°C for two days. After weighing, subsamples are taken
for fine grinding and analyzcd by the Kjeldahl method for N dctermination. Results
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are expressed as mass of herbage yield per unit plot. These can be extrapolated to
tons of dry herbage per hectare.

With food legumes, seed yiceld is the parameter most researchers consider of greatest
importance. Response to inoculation, however also may be indicated by straw yicld or
total N increases. When harvesting, as much arca as possible should be collected from
cach plot and placed into carcfully labelled cloth bags (one per plot) for further
drying (if necessary) before threshing. Care should be taken to avoid harvesting plants
at plot borders, which often display greater growth duc to increased water and/or N
availability. With small experiments, we suggest that the material be hand threshed,
the time involved is worth the accuracy. Il many or very large experiments arce
harvested, a mechanical thresher may be used if all plant material is removed from
drum and rollers (using a stream of compressed air where possible) between plot
samples (Figure F.7.3). We normally express crop yield as total sced yield, total
aboveground plant dry matter, and total straw yicld, usually on a kg/ha basis.

Fig. F.7.3. A small mechanical thresher can be used if a large
quantity of plant material is harvested.

Total crop nitrogen, whether measured during carly plant growth and/or at harvest, is
popularly used to evaluate N, fixation. It is important to realize, however, that
increased N, fixation (as mcasured by '°N) is not always accompanied by increased
total N (sce Scction H). The dried sample (or subsample) is ground to a fine powder
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with a standard laboratory mill (Figure F.7.4). Care must be taken to thoroughly clean
working parts of the grinder between samples. Ground material is kept in moisture-
proof containers or bags and stored in the dark until analyzed. Sample analysis
involves measurement of NH; following Kjeldahl digestion; the procedure is given in
reference section documents. Crop nitrogen is often expressed on the basis of total N
(kg/ha), and may be broken into sced N and straw N (if separate samples are
analyzed) to view effects on N distribution.

Fig. F.74. Wiley mill for grinding plant and soil samples.

Methods of measuring N, fixation are fully discussed in Section H.

F.8. Statistics and Analysis of Experiments

Experimental design is the planning of field experiments so that with proper
manipulation of the data general conclusions can be drawn about the effect of the
treatments applied upon the yicld or other characteristics of the crop. It is essential
that onc have an understanding of the concepts of experimental design before
attempting to conduct ficld experiments.

There is great uncertainty in any ficld experiment. Results often can be due to chance
occurrence rather than any natural truth. Field-plot size can vary greatly, but we do
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not generally usc very large plots. To get meaningful information we must use small
plots that can bc managed by the resources at hand. To draw general conclusions we
use inductive rcasoning; that is, we obscrve small plots and then attempt to draw
general conclusions concerning the ceffect of the treatment applied.

Conclusions about the cffect of a given trcatment applicd to plots in a field
cxperiment are made with the help of statistical analysis. This consists of using various
mathematical proccdures to manipulate the data so that we can better cvaluate the
cffects of our trcatments. Statistics will not tell the research worker what the data
indicate, but they arc uscful in helping draw the right conclusions. The necd for
statistical analysis in ficld rcsearch is obvious to the rescarch scientist. In fact, it is so
obvious that the rescarcher tends to forget that it is not so evident to cveryone,
Biological matcrial is variable, and soil is seldom uniform over an experimental area.
Diffcrences in crop yicld due to these variables are referred to as ‘experimental crror’;
rescarch workers must design cxperiments that scparate the cffects of these factors
from the cffects due to applied treatments. The steps to be taken in conducting a field
trial arc listcd in scquence below. Most important is experimental design, which will
determine what information can be obtained from the trial.

There are scveral ways by which it is possiblc to overcome the cffect of these
extrancous factors, which arc containced in our experimental material and so cannot be
climinated. Randomization and replication arc the two most important procedures
uscd. Soil differences generally will not be apparent so we assign the trcatment to
cach plot by chance. That is, we ‘randomize’ the trcatments. There arc scveral ways of
doing this. A simple and effective method is to put numbcers on slips of paper and pull
them out of a bag. If the cxperiment has many treatments and replications we can usc
tables of random numbers found in books of statistics. Error can be reduced further
by splitting the land into smaller plots with more replications, although obviously there
is an cffective lower limit 1o plot size. Often in practice, plot size and the number of
replications nceded arc decided first, and then the amount of land necded is
dctermined.

The replications arc gencrally referred to statistically as blocks, and the most common
simplc form of trial as a ‘randomized block design’. With proper statistical procedurcs
all variation duc to differential behavior of the experimental matcrials (in this case the
lcgume plants) because of the soil differences can be identificd and scparated from
the effect duc to treatments.

To determine whether the yield differences obscrved were indeed true yicld
differences we procecd to our statistical analysis. These mathematical manipulations
allow us to cvaluate the effcct of the land (‘blocks’) scparatcly from other variation
duc to the crop itsclf, or the rescarch worker’s technique. Thercfore, we arc able to
correctly determine the cffect due to the treatments added, and also to judge how well
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the cxperiment was done. The statistical proccdurc most commonly applicd to field-
plot data to determine whether the differences observed represent real differcnces is
called ‘analysis of variance’ (ANOVA). It is always the first step in data analysis from
ficld expcriments. Other procedures arc sometimes used but these generally build
upon the valucs obtained in the analysis of variance.

Somc esscntial statistical terms arc necessary:

1.

The ‘coefficient of variation’, generally noted by ‘C.V.’ or ‘CV’, and expresscd
as a percentage, is a mecasure of the variability among the individual plots.
Therefore, it is a measure of the care with which the experiment was
performed. It measures the variation not accounted for by treatments or by the
basic variability of the expcrimental material. Extremely low CVs will not
normally be encounterced in ficld plots. Although it is desirablc to keep the CV
below 20, ranges of 20-30 are common in ficld experiments and can give usclul
information if the dilfcrences between treatments are great enough. With CVs
above 30 the size of the diffcrences between trecatments needed before they can
be detected becomes larger than the differences generally encountered. Lack of
trcatment responsc along with a high CV may indicate a diffcrence masked by
poor management of the experiment rather than a lack of trcatment response.
Therefore, experiments with high CVs should be repeated using more care. If
good management doces not reduce the CV it will be necessary to increasc the
number of replications.

The ‘level of significance’ tells us how likcly certain cvents are to occur. It is
the probability of an cvent being due to chance rather than to added
trcatments. In this casc the event is the yicld incrcase due to the trecatments, A
significance level of 5% indicates that there are fewer than 5 chances out of 100
that the results obtained were due to chance alone, which indicates that there is
a greater than 95% chance that the results were duc to the applicd trcatments.
Likewise with a significance level of 1%. Often results that are significant at the
5% level arc referred to as ‘significant’ and those at the 1% lcvel as ‘highly
significant’. The former is oftcn indicated by the mark * after the data means
and the latter by “**.

‘F tests’ and ‘t tests’ arc used to comparc treatment mecans. With all of these
various statistical valucs you should not be concerncd about what they
rcpresent mathematically, but rather what a given valuc tells you about your
data. Both ‘F tests’ and ‘t tests’ measure the same thing so we will not go into
dctail of when to use which one. This can be dictated both by the cxpcrimental
design and by the whim of the researcher. Both ‘F* and ‘U tests indicate the
likelihood of the yield differences obtained being due to chance rather than to
the effects of the applied treatments. They may be given as a probability of
occurrence or as a pereentage.

The ‘arithmetic mean’ or just the ‘mcan’ is the valuc we usc to compare onc
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treatment with another. The various mathematical manipulations we use in
statistics merely tell us the likclihood of the mcans we obtain being the correct
ones. The mcan is often indicated in statistics as ‘x bar’. Most pcople refer to it
as the ‘average’. Mathcmatically it is the sum of all of the numbcrs in a group
divided by thc number of individual itcms.

S.  The ‘standard error of the mean’ (SEM), or just ‘standard crror’, is a measurc
of how much the trcatment means we calculate will vary from the actual mean.
Thercfore, il an experiment is repeated you expect to get a mean for a given
treatment that is within the range of thc mean of the first experiment plus or
minus the SEM.

6. ‘Interaction’. This rcfers to whether onc applicd experimental treatment
behaves in the same way when in combination with all of the other treatments.
Two factors are said to intcract if the cffect of one factor changes as the level
of the other factor changes. An intcraction between two factors can be
measured only if the two factors are tested together in the same cxperiment
(i.e., in a factorial experiment).

Detcrmining if comparisons arc important is the most important stcp and the onc
which requires that the rescarch worker stop and think about what his data mcan.
Thesc procedurcs are designed to measure the differences between means in a series,
such as crop varictal trials, or to array such means in ordcr from highcst to lowest or
to form them into groups of like performance. There are many such tests, but the
oncs most likely to be encountered are the ‘least significant diffcrence’ (LSD) and
Duncan’s multiple range procedures. Results of the latter are usually cxpressed by
placing the same lctter after all means not significantly diffcrent or by connccling
them with spanning lines. These would be uscful in conducting an cvaluation of a
series of strains of Rhizobium, but not in an cxperiment to compare the cffects of
inoculation with other trcatments.

For example, suppose that an experiment had a significance level of 0.2. That is, the
yield increasc obtained could be expected to be duc to inoculation only 80 times out
of 100. On this basis would you recommend to farmers that they inoculate? If the
yield increasc was worth cnough over the cost of the inoculation then you might want
to make such a rccommendation. But would you tell the farmer that the
recommendation was basced on data that had only an 80% chance of producing a rcal
increase in yield? No, rather you would say that there was a good probability of the
farmer getling a yicld incrcase of whatcver amount was indicated by the cxperiment.

All trcatments should dircctly address the question you wish to answer with the
cxperiment. You also must be carcful not 1o lcave out any treatment that is crucial to
answering your main question. As has alrcady been stressed, a ficld experiment
rcpresents a big investment in time and resources. Experimental design and treatment
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sclection should be discusscd with knowledgeable collcagucs. It is always possible for
cven an experienced investigator to miss a point that a disintcrested but
knowlcdgcable person would note.

Espccially important is checking with a statistician. All rescarch workers have a
statistician availablc to them somewhere in the sysiem who should always be consulted
carly in the planning. This will climinatc the problem of collecting data that cannot be
manipulated to give answers to your questions. This does not mean that you should let
the statistician dictate your rescarch. You know what you want to find out and you
know what is practical to do. The statistician may make suggcstions that are not
practical and it is your responsibility to point this out so that an altcrnative might be
found. The basic rolc of a statistician, in this case, is to advise whether there would be
a problem with the statistical interpretation of your data if you conduct the
cxperiment according to your plan,

Data interpretation involves determination of whether the yicld differences obtained,
or diffcrences in any other obscrvation made, arc important. This is not the same as
determining whether they are statistically ‘significant’. Data may be highly significant
statistically but not be important to the rescarcher. However, the converse is not true,
If data arc not significantly different at a level acceptable to the researcher then they
cannot be considcred. The rescarcher must determine how much uncertainty can be
tolerated in the results. Although 5% and 1% levels arc most often used, the
researcher must consider what value is important in a given study. It must be kept in
mind, howcver, that not obtaining a yicld difference in a carcfully controlled
cxperiment tells the rescarcher just as much as finding onc docs. People like to get
posilive results, but negative oncs can be just as important; it is as uscful to know that
inoculation docs not increase yicld of one crop or in onc location as it is to know that
it docs increase yicld of another or in a different location.

Steps in the cstablishment of an experimental field trial:

Dcfinc the problem,

Dctermine the treatments.

Dctermine the cxperimental design,
Consult with the biometrician/statistician.
Sclect suitable land.

Acquirc trcatment matcrials.

Prcpare the land properly.

Prepare treatment materials,

Plant the experiment.

Manage the cxperiment well:

a. Makc dctailed notes on any unusual occurrence.
b. Control weeds.

PPN -

—
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Control pcsts.
Avoid plant discase.
Make all expcrimental obscrvations in a timely manncr.
Organize field notes promptly.
g. Irrigate when, and if, requircd.
11.  Harvest properly, and at the proper time.
12.  Organizc and file data carefully.
13.  Analyze the data.
14,  Draw conclusions.
15.  Plan for continuing or follow-up trials if needed.
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G. Assessing the Need for Inoculation and
Inoculation Effects

Two major factors affect symbiotic nitrogen fixation of legumes in ficld soils: (1) the
presence and cffectiveness of indigenous rhizobia populations, and (2) soil fertility.
Improvement of the nitrogen-fixing capacity of a legume crop may be possible where
cither of these factors is a constraint to maximum fixation; inoculation is pcrformed
where native rhizobia arc present in low numbers or are incffective, and fertilization
(e.g., with phosphate) where nutrition is the limitation on fixation.

G.1. Necessity for Inoculation Trials

A nced for inoculation may be indicated in several ways: low yield in a crop that is
not well nodulated, the yicld response of a crop to proper inoculation, or a response
of the lcgume crop to fertilizer N. The prescnce of compatible rhizobia in the ficld
can be detected rather casily; the appearance of nodules on the roots of legumes
growing at the site mcans that infective rhizobia are present. However, it is important
to look closely at the interior of the nodules. The tissuc should be sound, and the
color pink or rcddish; nodules arc gencrally incffective if they do not show this color.
White or green nodules usually indicate infection but not cffective N, fixation.
Nodules with a grcen basc and red tissuc at the tips (distal nodulation) often indicate
that the nodule has entered a senescent stage, following active fixation.

The position and sizc of the nodules also can be an indicator of the presence, number,
and effectiveness of the bacteria. The appearance of many large nodules on the main
primary root—in the region of the root crown (the juncture of the root and the
stem)—indicatcs abundant, competitive bactcria. Conversely, sparsc nodulation, usually
indicated by small nodules scattered widely on the sccondary or fincr roots, often
indicates delayed nodulation duc to low bacterial populations.

The physical appcarance of the host plant also is a good indicator of the prescnce of
clfective bacteria. Most field soils are not high in plant-availablc N; thercfore, a
healthy, green lcgume is considered to be fixing adequate nitrogen if normally
nodulated. Chlorotic (yellow), stunted plants can result from many causes, including
moisture stress, diseascs, insect damage, nematodecs, nutritional factors, ctc. Oficn,
farmers seck complicated or subtle cxplanations for poor legume crop yields, without
considering the possibility that inadcquate nodulation caused by the lack of the proper
rhizobial strain or low numbers of rhizobia may be the main limiting factor. If the
legumes are pale or light green and lack vigor, but the roots are well nodulated, the
possibilities arc that (1) the rhizobia that infected the root arc incffective or (2) some
other environmental or nutritional factor is limiting growth. If the lcgumes lack vigor
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and the roots arc not nodulated, the conclusion is that no infective native rhizobia arc
prescnt in numbers adequate to causc nodulation. Inoculation in this casc should
incrcasc yiclds, unless factors such as P availability or pH are limiting the crop, the
bactcria, or both.

Thc nced-to-inoculate trials described here have two purposes: (1) to determine if
there cxists a nced for inoculation, accomplished through cvaluation of the nitrogen
fixing cffectiveness of the indigenous rhizobial population, and (2) to cvaluatc how the
basic fertility of the soil affects the capability of the legume to produce good yiclds.

Prior to ficld tests at a chosen site, the cropping history of the ficld should always be
considcred. An N-fertilized cercal grown during the previous scason may not have
deplcted the soil of nitrogen. Depending on previous fertilization practices and
cnvironmental conditions, some residual N may be available for the lcgume and may
cven be high cnough to interfere with successful nodulation and N, fixation (sce
Section F.3). If; on the other hand, unfertilized cercal or legume crops have been
grown at the site for scveral scasons, the level of mincral N available in the soil will
be low. In this case, a poor legume crop might be duc to inadcquate or ineffcctive
rhizobial populations, but also could be caused by low P fertility or accumulated
pathogens, nematodes, or other pests. A vigorous legume crop would indicate
adequate N, fixation.

If a natural stand of medics is being cvaluated, the appearance of associated spccics,
particularly grasscs, often will provide an indication of the gencral cnvironmental
impact on that scason’s growth. The grasses scrve as indicators of the N-supplying
power of the soil. If patches of grass not closc to the legumes arc a healthy green, the
soil N level is probable adcquate. In this casc, the condition of the legumes, nodulated
or not, must be attributed in part to this soil N supply.

Another aspcct to be considercd when cvaluating nodulation of a legume crop is the
wcather pattern preceding obscrvation. Drought may causc premature scnescence of
the nodules; legumes which have been cxcavated alter a dry period may have few or
no active nodulcs on the roots. However, if infective rhizobia arc present in the soil in
adcquatc numbcrs, a sccondary infcction of the host legume may occur upon
restoration of favorable conditions, often resulting in many small nodules on
secondary roots. Depending on the stage of crop growth, this kind of rcinfection may
be cflective in supplying the nitrogen nceds of the host later in the season.

G.l.a. Nonmicrobiological Trial to Determine Need to Inoculate

The described trial requires no microbiological input (e.g., enumcration of native
rhizobia or inoculation), but utilizes various fertility trcatments to detcrmine potential
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yicld under prevailing conditions, effects of fertility on plant growth, and the symbiotic
effectivencss of the native rhizobia with the selected host.

The trial described has been used successfully for ficld cxperiments with the food
legumes as an intcrnational cooperative trial. In the casc where the trial shows a
positive responsc to nitrogen fertilization, the cxperimenter is cncouraged to follow up
by conducting an inoculation response trial. Where comparison of trcatments indicates
a requirement for P and/or K additions, it may bc necessary for further definitive
fertility experiments to indicate optimum economic levels of cach amendment. This
can be accomplishcd through soil pot trials followed by ficld trials for yicld data.

The actual ficld sitcs should be sclected on the basis that they arc typical of the arca
undcr considcration, It is strongly reccommended that farmers’ ficlds be used because
of the artificially high fertility levels present in most agricultural cxperiment station
soils. In attempting to dcvelop an inoculation policy for a rcgion (such as introduction
of a ncw crop into an arca), the trial should bc conducted at as many sites in the arca
as possible.

Conducting trials in soil cores allows greater control of environmental variables, while
greatly dccrcasing the costs and labor involved in multi-site trials; it docs, however,
not give yield results, but utilizes total dry matter and nitrogen yicld data at mid-
flowering to cxtrapolate treatment effect (sce Scction D.3.b for intact soil core
methodology).

Treatments

F-levels arc fertility levels actually used by local farmers, in most cascs involving no
fertilizer applications of P or K.

F-N - No nitrogen application
- No applications of P, K, etc.
F+N - 120 kg N/ha, split dose as: 60 kg N/ha at planting; 60 kg N/ha as

side-dress at beginning of flowering.
No application of P, K, etc.
O-levels are optimum fertility levels designed to maximize yicld, given local
environmental conditions.
0-N - No nitrogen application
- Phosphate at 80 kg P,0O./ha (or as requircd) preplant.
- Potash at 60 kg/ha (or as required) preplant.
O+N - 120 kg N/ha split dosc as: 60 kg N/ha at planting, 60 kg/ha at
beginning of flowering.
Phosphatc application as in O-N.
Potash application as in O-N.
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Plot layout. Experience with this trial indicates that four replications arc required.
The 16 plots arc arranged in a complete randomized design. All of the sampling arecas
are fully bordered (sce Figurc G.1.1).

, 2.7m |
1 2 3 4 5 6
- S R T B R
SR
- i //V y i Q\YE // Harvest area
. l /l Lo
i | o
‘ I | |
! L Sampling area 1
! ///1 ] (early observation)
om 4m | : i1
: : " : Sampling area 2
: / rr | (at 50% flowering)
1 s
| // =
| : a0 BE= <y Sampling area 3
_f ' S RRE=1 N\ (yield attributes
Lo 1 at harvest)
- | | l i | |
DHHDSD
D = Discard row
H = Harvest row
S = Sampling row

Fig. G.1.1. lllustration for a fuba bean plot showing the
sampling and harvesting areas in a need-to-inoculate experiment.
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Fertilizing the plots. All the fertilizers are to be applied at the time of planting except
the sccond portion of 60 kg N/ha in the nitrogen-fertilized plots, which is to be
applied as a side-dressing at mid-flowering. In plots rccciving morc than onc nutricnt,
the different fertilizers should be mixed together in onc bag or bucket uniformly. The
whole fertilizer amount per plot may be subdivided into as many lots as therc are
rows in cach plot. Each lot should be uniformly placed in a furrow (8-11 cm depth),
opcned approximatcly at the place where the sced row will lic. After placing the
fertilizer, the bottom of the furrow should be covered with soil before sceding is done
by opening a more shallow furrow immediatcly to the sidc of the fertilizer furrow.
Care has to be taken that seeds and emerging roots do not come into direct contact
with the fertilizer.

If placement of the fertilizer in furrows is not possible, the fertilizer for the whole plot
should be subdividcd into two lots and cach lot should be uniformly broadcast over
the whole plot (2.7 m x 5.0 m). After broadcasting, the fertilizer should be
incorporatcd well in the top 15 cm of the soil utilizing a hand hoc or spadc.

Side-dressing of the 60 kg N/ha in the nitrogen trcatments should be done at the mid-
flowering stage of the crop. A shallow furrow may be opcned on one side of cach row
and the requircd quantity of fertilizer nitrogen uniformly sprcad there. The furrow
should then be covered with soil. If the crop is being grown with irrigation, a light
irrigation may be given after the side-dressing,

Weed and pest control. Weed compctition and pest damage should be minimized to
avoid obscuring the trcatment effects. Control treatments should be applied when
nceded and a record should be made of when and how they arc used. Damage causcd
by nodulc-grazing insccts, such as Sitona (Figurc G.1.2) and ncmatodecs, should be
periodically checked as these underground pests are more likely to escape carly
dctection than aboveground pests. Nodules damaged by Sitona arc often left intact but
hollow, with a small hole where the larvac entered and cxited (Figure G.1.3).

For lentil and faba bean trials in locations where Sitona is commonly a problem, it is
rccommended that the granular insccticide carbofuran (Furadan) be applied in the
optimal fertility plots. This insecticide is to be applicd at the time of planting, when it
is broadcast over the plot, then incorporated with a hand hoe or spade before sceding.
During the course of the experiment, and cspecially when nodules are obscrved at
50% flowering, nodule damage from Sitona in the farm and optimal fertility plots
should be carcfully rccorded. It may be desirable, under conditions of high probability
of Sitona attack, to cmploy an additional {ifth plot per block at farm fertility levels,
where pest control is utilized.

Planting. Cultivar, row spacing, and sccding rate should be according to local
rccommendations. Numbers of sced nceded per plot are given for some common
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plant populations in Table G.1.1. Sced should be sclected for uniformity and should
be free from off-types.

Fig. G.13. Hollowed-out nodules damaged by feeding Sitona larva.
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Table G.1.1. Standard plant populations and seeds per plot for need-to-inoculate
trial.

Row spacing (cm) Seeds/m Plants/ Sceds Grams

Between Within of row hectare necded/  secd/
plot plot*
Crop
Chickpea 30 10 10 333,333 450 95
Lentil 22.5 1.5 67 2,977,778 4020 170
Faba bean 45 10 10 222,222 300 40

* The seed size of some cultivars may vary by a factor of 2 or 3. The values given here are for the larger-
sceded varicties. If secd supply is a critical factor, then the weight of seed nceded should be calculated
for the specific batch of sced to be used.

Nodule collection. Wherc a need-to-inoculate experiment shows a positive responsc to
nitrogen fertilizer at the mid-flowering stage, a deficiency in the symbiotic cfficicncy of
the native rhizobia is indicated. Here the experimenter is encouraged to sclect the
most promising strains for usc in the following scason’s inoculation trial. Strains for
screcning should be obtained from nodules in other experiments where the native soil
rhizobia show high capacity for nitrogen fixation with the same local cultivar. Superior
strains also may be requestcd from ICARDA, where scts of scrologically distinct,
highly cffcctive strains have been sclected for use in cooperative inoculation response
trials. Instructions for nodulc collection arc given in Scction A.1. Mcthodologics and
details of Rhizobium strain-screcning experiments are given in Scction D.

Data collection and records. Grain yicld and total dry matter (plant tops) arc the
main paramcters by which the soil fertility and cffcctivencss of the native rhizobia are
measurcd. However, nitrogen-fixing activity that is clcarly apparcent carly in the growth
cycle may not be translated into a yicld responsc at final harvest because of limiting
factors such as disease or drought. Therefore, an carly sampling is madc at mid-
flowering. At this time, nodulation (nodule dry mass) in the various trcatments is
measurcd along with total plant dry matter to quantify the potential nitrogen fixing
aclivity of the native rhizobia (if any) at that stage. The sampling plan is given in
Table G.1.2 and Figurc G.1.1. Sample formats for collccting and recording data, and
suggestions for obscrvations are given below.
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Table G.1.2. Details of areas for sampling and harvest.

Crop
Chickpca Faba bean Lentil

Numbcr of rows/plot 9 6 12
Row nos. of sampling 8 5 11
Row nos. for discard 1,7,9 1,4,6 1,10,12
Row nos. for net plot  2,3,4,5,6 2,3 2,34,5,6,7,89
harvcst

Row length harvested

per plot row Central 4 mcters
Total row length

harvested per plot 20 8 32
Arca harvested per

plot (m®) 6 36 7.2

Suggested Data Collection

During Establishment (sampling arca 1)

Days to germination: days taken from planting to complete emergence of about
90% of the scedlings

Stand obscrvations: obscrvations on germination and stand, with refcrence to
inscct, discase, or other problems

Early nodulation: age of plants when first nodules appear, usually 10-20 days
aftcr cmergence (obscrvations of plants from border rows)

Early Sampling (sampling arca 2)

Days to 50% flowering: when 50% of plants have flowers

Total plant dry matter per sampling arca

Number of plants per sampling arca on which total plant dry matter is based
Foliage color: scored 1-5; 1 = very yellow, 5 = deep green

Nodulation per plant: average dry weight (mg) of nodules per plant, from
representative five plants per plot

Nodulc color: overall internal color of fresh cut nodules, c.g., white, green, red
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Datc of sampling: .....ccocueuc.

Plot Treat-

no.

ment
no.

No. of plants

in sampling
arca

Days to Total dry
50% malter
flowering g/plant

Nodule  Foliage
dry wt. color
mg/pl (1to5)

101
102
103
104

201
202
203
204

301
302
303
304

401
402
403
404

dad=d

234

T4

T4
T3
T2
T1

T1
T4
T3
T2

------------

............

............

............

------------

............

............

............

............

------------

............

............

------------

------------

Replication 1

---------
------------------
.........

.........

..................

..................

..................
---------

.........

..................

..................

..................
.........

.........

.........
.........

.........

Harvest (sampling area 3 and harvest area)

.............

-------------

-------------

.............

.............

.............

.............

.............

.............

.............

.............

Days to maturity: number of days after planting when 90% of the wholce plot is
rcady for harvesting
Arca of nct plot: arca of the plot (m?) actually harvested for yicld cstimates
Air-dry weight of aboveground dry matter: total producc from the nct plot
harvested so that all of the aboveground parts are obtained, without roots (air-
dry weight recorded in g per net plot)
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- Air-dry weight of seeds per net plot: after harvest the total produce from the
nct plot to be threshed, and cleancd secds to be weighed after air-drying
(weight recorded in g per net plot)

- Total nitrogen content of plant tops (optional): N content of plant tops
including grain, taken on subsample from five rcpresentative plants in sampling
arca 3

Date of harvest ..................
Plot Treat Arca Dry matter harvested Sced yield
no. ment harvested
no. (m?) (e/plot)  (kg/ha) (e/plot)  (kg/ha)
Replication 1

101 T1 e e e e e

102 T4 s e e e e

103 T2 e e e e

104 T3 s e e e e

Replication 2

201 T3 e e e e e

202 T2 e e e e

203 Tl e e e e e

204 T4 s e e e e

Replication 3

301 T4 s e e e e

302 T3 e e e e s

303 T2 e e e

3 T1 e e

Replication 4

401 Tl e e e s aenn

402 T4 s e e e s

403 T3 s e e e e

404 T2 e e e e e
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Weather rccords, and weed and post management rccords should also be kept. A
sample data shect is given below.

1. Location address:

2. Latitude: .cvvrnicane Longitude: ....cccoececnnininnee
Altitude: ..o m abovc mcan sca level
3. Soil type (namc): .eeecnirnnnne,
Soil texturc: Sandy Loam/Loam/Clay Loam........cccccocnemreuenee.
Soil color: Red/Brown/Grey/Black .
Soil depth: Shallow/Intermediate/Decp.......ccconrivecnceririnnans
General status of soil fertility: Poor/Intermediate/Rich...........
4. Past cropping history of the experimental plot:
PTCVIOUS SCASOM: wvvsrermsessessssensisnssessmsasssrssssssssssns
S.  Fertilizer if any applicd to the previous seasons crop:
Nitrogen ... . kg/ha
P,0Oq . . kg/ha
Ko .. kg/ha
6. Datc of planting: =
7. Spacing details at planting: .
(a) Number of rows per plot .....................................
(b) Row length D s
(c) Row-to-row distance D e

(d) Sceds per row

Datcs of Irrigation, if any

9. Major weeds and herbicides applicd, if any, for controllmg the weeds:
Weeds D et easaa s e bsrerons

o

Herbicides @i
Rate D ineeiesesennnenens
Datc of apphcanon .............................................

10. Pesticides applicd, if any (specify type, rates and datces of application):

11. Name of the cultivar uSed: vvevvvvvvnrrereeecaennns

12. Wecather details for the growing period:

..................................................................

........................

13. General comments on the weather conditions during the scason:
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G.2. Inoculation Response Trials

The final decision on whether inoculation is required at any given sitc must be bascd
on an cconomic criterion, usually cvaluated as yicld response to inoculation, Yicld
responsc to inoculation can only be detecrmined definitively in ficld trials brought to
harvest; greenhouse trials are only indicative of potential yicld response. In the
semiarid arcas of WANA many native legumes respond to inoculation. Pasturc
lcgumes such as annual medics and clovers require specific rhizobial strains in order
to fix nitrogen and be produced cconomically. The food and forage legumes arc
generally more promiscuous in terms of nodulation, but introduccd cultivars also may
require appropriate strains of rhizobia to obtain maximum N, fixation. In particular,
chickpea cxhibits a large degree of strain-cultivar intcraction, and introduction of
chickpca into new arcas of cultivation often requires inoculation for efficient fixation
and good yiclds.

Where inoculum is incxpensive relative to the expected gain, inoculation is often
practiced as a form of ‘insurance’. Farmers may prefer to make the nccessary
investment as a means of avoiding losscs if the legume crop yicld, given prevailing
conditions, is less than potential yicld. It must be kept in mind that inoculation of
legumes per se is not a panacca. It represents only one aspect of a total management
program, and must be vicwed in context with other management factors. Weed
control, fertility, moisture stress, and inscct and discasc control, and crop, cultivar, or
ccotype adaptation are other facets that should be considered in any specific
environment,

Under any circumstanccs, three questions must be asked if onc is to cvaluate a crop’s
response to inoculation:

1. Docs the added inoculum mcasurably improve the agronomic (herbage or
grain) yicld of the crop?

2. Islack of N the factor limiting herbage or grain yicld or is it somcthing clsc?

3.  Have the majority of nodules becen formed by the inoculant strain of
Rhizobium?

These questions may be answered by the use of three basic treatments in a field
experiment:

1. Plant the lcgumc without inoculation, under traditional management practices.
If it is a newly introduccd specics, plant it according to the best available
information but without inoculation. These plants will be nodulated by the
native rhizobia inhabiting the soil.

2. Plant the legume as above but inoculate with the rhizobial strain(s) to be tested
(viability of the inoculum and adequate number of rhizobia per seed must be
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assurcd). Levels between 107 to 10° rhizobia/g carricr in the inoculant and 10°
to 10° rhizobia/sced for small-secded lcgumcs and 10°/sced for larger sceds arc
assumed adequate. The inoculant rhizobia will compete for nodulation sitcs with
native rhizobia.

3. Plant as in (1) but fertilizc with an appropriatc quantity of mincral nitrogen.
The amount used for uninoculated nitrogen controls for pasturc legumes is 90
kg N/ha, and for the food and forage lcgumces 120-150 kg N/ha, prefcrably in
split application to assurc a continuous supply of N. These cxperiments assume
that the level of P in the soil is adequate; if cxperience indicates that P is
deficicnt, a preplant broadcast application of 60-80 kg P,Og/ha is normally
sufficient.

Possiblc responses to these three trecatments arc shown in Table G.2.1.

Table G.2.1. Possible plant growth and nodulation results from a three-treatment
inoculation trial to determine inoculation response.

Noninoculated Inoculated Nitrogen
Case Nodulation Growth Nodulation  Growth  Nodulation Growth
1 - Poor - Poor - Poor
2 - Poor - Poor - Good
3 - Poor + E Good + or - Good
4 - Poor + 1 Poor + or - Good
5 +1 Poor + E Good + or - Good
6 +1 Poor +1 Poor + or - Good
7 +E Good + E Good + or - Good

- = plants not nodulated E = effective nitrogen fixation
+ = plants nodulated 1 = incffective nitrogen fixation

The interpretation for the above cascs is:

1. No nodulation and plants looking small, palc-green, and stunted. This indicates
that nativc rhizobia compatiblec with the test legume arc not present in the soil.
Similarly, no nodules formed and no growth response [rom cither the inoculated
or nitrogen trcatments indicates that some factor other than N (e.g., phosphorus
supply) is limiting plant growth.

2. No nodulation and poor growth of uninoculated and inoculated plants as above,
but vigorous grecn plants with added N. This indicates that the inoculum strain
or the quality of the inoculant supplicd was unsatisfactory, or soil conditions
were adverse for growth of the rhizobia and infection of the root. In this casc
soil mineral nitrogen is limiting for plant growth. Native rhizobia arc abscnt.
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3. No nodulation and poor growth of the uninoculated plants as above, but
effective nodulation and vigorous growth of inoculatcd plants, indicating success
of the inoculum strain in forming nodules and fixing nitrogen. Native rhizobia
absent.

4, No nodulation and poor growth of uninoculatcd plants, and inoculated
trcatment plants ineffectively nodulated with poor growth comparcd with a
vigorous green plus-N treatment. This indicatcs that the inoculum strain was
inappropriate for the test legume.

5. Uninoculated plant growth poor and with incffective nodules indicating
nodulation by incompatiblc native strain(s); inoculated plants cffectively
nodulated and vigorous demonstrating that the inoculum strain was both
competitive with the native rhizobia for nodule sites and cffective in N, fixation
with the test host.

6.  Both uninoculated and inoculated treatment plants nodulated effectively but
with poor growth comparcd with the plus-N treatment. This situation suggests
that native rhizobia are incffective and competitive for nodulc sites, thus
kceping out the inoculum strain, and/or that the inoculum strain was ineffective
in N, fixation. It is nccessary to use a strain identification technique such as
antibiotic-resistant markers or serology to dctermine the proportion of nodules
in the inoculatcd treatment occupicd by the applicd inoculum strain.

7. Uninoculated plants are vigorous and cffectively nodulated, indicating
compatibility of native rhizobia with host legume. If there has been no response
to inoculation, nodules on the plants in the inoculated trcatment may be from
native or inoculant strains. Again, this could be checked by strain idcatification
techniques.

G.2.a, Field Trials for Small- and Large-Seeded Legumes

Where a ‘necd to inoculate’ exists, the researcher is encouraged to conduct a strain-
screcning cxperiment to sclect the most promising strains for use in the inoculation
responsc trial (sce Scction D). Strains for screcning should be obtained both from
nodulcs in other cxperiments where the native soil rhizobia show high capacity for
nitrogen fixation with the same cultivar, and from the ICARDA Rhizobium collection,
following rccommendations of ICARDA microbiologists. Nodules from superior
nodulated local plants can be sent to ICARDA for isolation of rhizobia and
incorporation into inoculants for usc by the experimenter. By previously testing strains
for their capacity to fix N under local conditions with the rclevant cultivars, the
inoculation-response field experiment will be conducted using the optimal strains of
Rhizobium. The opportunity for a positive yicld responsc to inoculation is thercby
maximized.
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Medics and other pasture legumes

Onc of the attractions of the ley farming system is the indcpendence of the system
from applications of nitrogen fertilizer. When associated with the concept of medic
sclf-rcgenceration, the ability of pasture legumes (c.g., annual mcdics) to fix nitrogen
and transfcr it to ccreals makes the ley farming systcm a truly low-input system.
However, owing to the marked specificity of annual medics to strains of Rhizobium
meliloti it is important to test the necd to inoculatc and responsc to inoculation if the
system is to be successful.

A ficld trial consisting of a split-plot design in which a given number of spccics of
annual medics are inoculated with supcrior and local rhizobial strains is currcatly
recommended to cooperators. The size of the cxperiment depends on scveral factors:
(1) number of specics or ccotypes that arc to be cxploited; (2) natural occurrence of
the species; (3) cnvironmental conditions; and (4) land and labor force availability.

Assumec that two annual Medicago species nced to be tested for adaptation as pasturc
legumcs in a region with an annual average precipitation below 300 mm; one specics
being an ccolype native to the region of intcrest and the other a commcrcial cultivar.
In gencral, we usc two strains which arc known to cffectively nodulatc the two species
and arc tolcrant to the soil moisture conditions implicd by the given level of
precipitation. If available, we also use two strains native to the gencral location of
study. The ‘strain’ trcatments arc sct up as thc main plots and the specics as subplots
in a split-plot dcsign. A minimum of three replications arc uscd. Trcatments include
uninoculated controls with and without mincral nitrogen (90 kg N/ha). Plots arc
usually 2 to 4 m® This trial will rcquirc (2 species x 6 trcatments x 3 replications) 36
plots. Fertilization with superphosphate at a rate of 60 kg P,O5/ha and application of
carbofuran (25 kg commercial product/ha) to control any infcstation of ncmatodes or
Sitona wecevil arc recommended. Herbage harvests arc conducted at flowering and
podding stages. Obscrvations on nodulation characteristics arc rccorded.

An analysis of variance with separation of means is performed on the data, the
sources of variation being blocks, strains, block by strain intcraction (error A), specics,
species by strain interaction, and block by species intcraction pooled over strain (crror
B: the crror for specics and specics by strain interaction). The various combinations of
intcractions arc then comparcd by either the lcast significant difference (LSD) or the
Duncan’s method at 5% probability level.

Diflcrences between the inoculated and uninoculated treatments are casily obscerved
when the local populations of R. meliloti are abscnt or produce an incffcctive
symbiosis with the medic host. Sclected strains can then be used as seed inoculants,
providing the inoculant strains are competitive with the native rhizobia. In cascs where
native rhizobia arc moderatcely effective, we recommend no inoculation.

331



Food and Forage Legumes

There arc five trcatments recommended for this inoculation response trial: three
inoculated with different single strains of Rhizobium; nitrogen fertilized; and control
without N or inoculation. The N-fertilized treatment reccives a split application of 120
kg N/ha to provide an indication of yield potential of the crop under given
environmental conditions. Yicld of the uninoculated control will indicate effectiveness
of the native soil rhizobia, if present. Three treatments, each having a sclected single
strain of rhizobia, are nccessary because of possible strain-cultivar specificity
(particularly with chickpca). All treatments should reccive basal dressings of
phosphatc (and potash where required) at 60-80 kg P,0,/ha and 60 kg/ha potash (if
requircd) broadcast presowing, so that fertility constraints (except N) on yicld will be
alleviated.

Treatments

T1 - 120 kg N/ha as urea, with application split as 60 kg N/ha presowing, 60 kg N/
ha as side-dress at 50% flowering, no inoculation

T2 - Uninoculated control

T3 - Inoculation of secd with selected Rhizobium strain No. 1

T4 - Inoculation of seed with sclected Rhizobium strain No. 2

TS - Inoculation of sccd with sclected Rhizobium strain No. 3

Details of site sclection, fertilization, plot sizes, planting, nodule collection, pest
control, and design and sampling arc given in Scction G.1. Mcthods of inoculation arc
given in Scctions E and F. Details for application of inoculants to sced are given in
Table G.2.2. A system of nodule scoring is given in Table G.2.3.

Table G2.2. Inoculation of large legumes seeds using two inoculation methods.

Lentil Chickpea Faba bean
Seed coating method
Volume sticker* /100 g secd 2.0 ml 6.0 ml 1.5 ml
Grams pcat/100 g secd 15g 20g 20g
Liquid application method
Number of rows/plot 12 9 6
Volume of water/row 500 ml 500 ml 500 ml
Volume of water/plot 6L 45L 3L
Grams peat/L water 45¢g 10g 15g
Packages of inoculant/plot 3/4 1 1

+ prepared cellulose gum adhesive solution
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Table G.2.3. Method of nodule scoring for food legumes
(after Corbin ef al, 1977).

Nodule Distribution a.id number of
score cffective nodules*
Crown** Elscwhere
0 0 0
1/2 0 1-4
1 0 5-9
1-1/2 0 > 10
2 Few 0
2-1/2 Few Few
3 Many 0
4 Many Many
5 Many Many

Effectiveness judged on basis of nodule size and internal coloring;
incffective (green or white) nodules not considered.
*¢ Crown regarded as top 7 cm of root systcm.

Suggested Data Collection (sce Scction G.1)
During Establishment (sampling arca 1)

- Days to gcrmination: days taken from planting to complete cmergence of about
9%0% of the scedlings

- Stand obscrvations: obscrvations on germination and stand, with reference to
inscct, discasc, or other problems

- Early nodulation: age of plants when first nodules appear, usually 10-20 days
after emergence. Weekly obscrvations for nodule score (Table G.2.3)

Early Sampling: (sampling arca 2, at mid-flowcring stage)

- Days to 50% flowering: when 50% of plants have flowers

- Total plant dry matter: 10 plants per plot sample

- Foliage color: score 1-5: 1 = very yellow, 5 = dark green

- Plant nodulation: avcrage dry weight (mg) of nodules per plant or nodule score
(Table G.2.3), from a representative group of five plants per plot

- Nodule color: overall internal color of fresh cut nodules, e.g., white, green, pink,
red
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Harvest (sampling arca 3 and harvest area)

- Days to maturity: number of days after planting when 90% of the whole plot is
rcady for harvcsting

- Arca of net plot: arca of the plot (m®) actually harvested for yicld cstimates

- Air-dry weight of total plant tops: total produce from the net plot harvested so
that all of the aboveground parts arc obtaincd, without roots (air-dry weight
recorded in grams per net plot)

- Air-dry weight of seeds per net plot: after harvest the total produce from the
net plot to be threshed, and clcaned sceds to be weighed after air-drying
(weight to be rccorded in grams per net plot)

- Total nitrogen content of plant tops (optional but recommended): N content of
plant tops including grain, to be taken on subsample from five representative
plants in sampling arca 3.

Weather records, and weed and post management records also should be kept as per
data shects (Section G.1).

G.2.b. Soil Core and Pot Studies

The potential responsc to inoculation also may be determined under controlled
conditions in the grecenhouse, but field trials are necessary to determine the effect on
yield. There arc two greenhouse methods used at ICARDA to determine inoculation
response. One utilizes disturbed soils collected from the field; the other involves
collection of intact soil corcs. Undisturbed soil cores arc more suitable for assessing
the cffect of inoculation than taking bulk soil samples for pot expcrimentation.
Disturbing the soil destroys the spatial relationship of the rhizobial population in the
original soil, and favors mincralization of soil nitrogen, thus reducing the differences
between effectively nodulated and non-nodulated or incffectively nodulated plants.
Proccdures for soil core experiments are detailed in Scction D.3. Treatments may
duplicate those prescnted in the preceding ficld cxperiment scctions.

For the disturbed soil (pot) method for use with medics, soil samples are collected in
the region where the crop is to be grown. The samples are taken from the first 20 cm
of the soil profile and kept in scaled containers. The soil samples are brought to
uniform consistency by passing them through a 2 mm-mcsh sicve. Ten grams of this
soil are diluted into 90 ml of water. The dilution is agitated vigorously for 10 minutcs
in a reciprocating shaker and aliquots of 1 ml used to inoculate scedlings growing in
test tubes as described in Scction B.3.b. Six scedlings per specics or ccotype arc
rccommended for each soil dilution. This system will allow dctermination of the
symbiotic cffectivencss of potential inoculants as well as the indigenous population
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present in the area of study. The biomass produced is compared with those of the
uninoculated treatments with and without mineral nitrogen (scc Scction B.3.b).

An analysis of variance is performed on the data collected corresponding to shoot dry
masses of all treatments of the completcly randomized design (RBD) experiment,
sourccs of variation being the two factors (soil inoculation and medic species) and
their interaction.

In cases where need to inoculate or inoculation response is cstablished we recommend
two zlternatives: (1) inoculate the seed of the tested medic species with the best strain
and fertilize the field with superphosphatc; (2) if the native population of rhizobia
produces herbage yiclds not significantly different from the mincral nitrogen control
and/or a standard strain, then we recommend no inoculation. In some cascs,
indigenous ineffective populations of medic rhizobia are more competitive than the
cffective inoculant strains. Other medic hosts arc tested against these bacteria and, if
compatiblc, their introduction is then recommended. This altcrnative is possible as
therc are many spccics of medics native to the Mcditerrancan area and becausc of the
marked specificity to native populations of R. meliloti.

At harvest, plants are graded according to their response to inoculation and on their
vigor and color. The shoot dry mass is uscd to mcasure symbiotic response through
comparison with the shoot mass of the uninoculated controls, with evaluation
according to that outlined previously in Scction D.1.

G.3. Host x Rhizobium Associations (Cultivar x Strain
Studies)

The legumes are an immense group of plants cstimated at approximatcly 750 gencra
containing some 19,700 species. Most nodulate naturally with native rhizobia present
in the soil, but some species are more specific in their rhizobial requircments than
others. Success in the N,-fixing symbiosis is largely a matter of genctic compatibility
between the plant and rhizobia. If onc takes into account the N,-fixing cffectivencss of
the Rhizobium-host association, a complex pattern of specificity grading from a whole
incffective condition to levcls of maximum cfficiency is found. Philogenctically diverse
gencra such as Trifolium and Medicago show marked specificity for their rhizobial
partners. Many other legume gencera also show diversity in responsc o strains of
Rhizobium cxtending from specics to the level of cultivars.

The importance of matching host-genotypes and rhizobial strains has long been
rccognized. Studies on the specificity of medics at ICARDA arc conducted using the
tube system described in Section D. Diffcrent specics, ecotypes and cultivars arc
tested against a number of strains of rhizobia. Each plant entry is tested against a
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rhizobial inoculum. Usually an aliquot of 1 ml of a 10° rhizobia/ml suspension is
added to the tube containing a scedling of a legume plant. Four replicate tubes are
rccommended per treatment combination. Plant response parameters such as herbage
yicld, nodule number, nodule mass and plant vigor are evaluated after four weeks of
growth. Strains that are compatible in one species may not be compatible in another.
This is evident by observing the type of nodulation and plant growth response.

Strain-cultivar interactions have been observed in faba bean and chickpea, but appear
minimal in lentil, lathyrus and vetch. Interactions arc most critical in chickpea, where
newly introduced cultivars may display rhizobia requirements quite different from
landrace cultivars grown for centurics, and two cultivars may behave differently with a
single rhizobia strain. Optimum strains for each cultivar are sclected at ICARDA
using the hydroponic system described in Section D (Figure G.3.1), with the objective
of developing a sct of rhizobia strains having broadly based effectiveness with a range
of diverse plant germplasm. After strain sclection under aseptic conditions, screening
is continucd in soils to sclect strains effective on many cultivars under varying
conditions.

Fig. G.3.1. Aseptic hydroponic system vsed at ICARDA to evaluate symbiotic effectiveness.
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G.4. Ecological Studies

G.4.a. Rhizobial Competition

Competition between infective strains of rhizobia during the nodulation of a host plant
is a complex phenomenon which occurs between the strains composing the natural soil
population, between indigenous strains and inoculum strains, and also between
individual inoculum strains if these arc applicd in a mixed inoculum. The relative
success of diffcrent strains of rhizobia is probably the result of many factors
intcracting to affect rhizobial survival and root colonization as well as compctition for
nodule sites (Figurc G.4.1). Some of these factors are controlled by the environment,
some by the host plant genome, and some by the genome of the strain of Rhizobium.
These factors interact and influcnce the outcome of field inoculations. The successful
nodulation of a legume largely depends on the ecological components, which affect
compctition both dircctly through their effect on rhizobia and indirectly through their
cffect on plant growth.

invoded plant cells
and those neorby are
stimulated to divide

Bacteria in Infection
thread grow toword
root cell

Infection
thread

Rhizobia penetrate
root hair and multiply
within an infeclion thread

Fig. GA.1. Nodulation process in a legume. Strains present will
compete for nodulation sites on root hairs.
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It is difficult to establish an inoculant strain in a soil containing the same rhizobial
species, espcecially if the existing indigenous population is alrcady large at the time of
planting. Unless it is possible to select for incrcased compctitiveness of applied strains
at the expense of those alrcady in the soil, morc effective strain-genotype
combinations arc academic and the adoption of legume cultivars with a greater ability
to fix N, could be hampered because their performance may be adversely affected by
less cffective soil rhizobia. In most cases the effcctivencss of resident naturalized
rhizobia populations at plant breeding sites is not known. There are cases in which
plants raised under certain conditions and selected for their symbiotic propertics at a
particular location have failed in othcr arcas where the rhizobial populations arc
different.

Compctition studies make it possible to cvaluate the ‘success’ of inoculants in cascs
where inoculum strains must enter into competition with infective but less cffective
strains of rhizobia occupying the soil. Some strains have a much greater likelihood of
success—defincd as the ability to fully colonize the host and form the majority of
nodules—as inoculants. Rhizobium added as inoculum at planting must competc with
the microflora of the soil and other rhizobia for available substrate nccessary for
multiplication and survival in the soil. Most important, thc morc desirable inoculant
strain is the more competitive for nodule sites on the plant root.

Various mcans of identifying strains occupying nodules are described in Scction C;
thesc methods should be attempted with their strengths and weaknesses in mind. The
proportion of nodulcs occupicd by the inoculant strain(s) is expressed as a percentage
of the total number of nodules on the plant. Higher proportions indicate that the
inoculant strain was morc competitive than the indigecnous population of rhizobia.

Competition for successful nodulation of the host is difficult to regulate because it
involves the plant, the bacteria, and the environment as described above. However,
present science suggests that: (1) there appears to be a genetic basis for sclection of
certain rhizobia by the host legume; (2) it seems to be possible (o sclect rhizobia that
are resistant to various unusual environmental factors, and thus to tailor Rhizobium to
most agricultural conditions; (3) some genes involved in compctition among strains for
nodulation have been cloned using recombinant DNA techniqucs; and (4) presumably
in the future it will be possible to manipulate both the host and the rhizobial genes in
such a way that nodulation will only be possible with specific Rhizobium combinations.
This will reduce the likelihood of allowing incffcctive rhizobia to take valuable root
nodule sites. A multidisciplinary approach involving breeding programs bascd on an
understanding of molccular biology, nitrogen fixation, and microbial ccology is
neccessary to tackle these challenges.
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G.4.b. Rhizobial Persistence

The concept of persistence involves all those traits that pcrmit rhizobia to live as a
continuing member of the soil microflora, even in the absence of its host legume.
Persistence of strains from season (o scason is gencrally a desirable trait in annual
lcgumes as it makes ycarly inoculation unnccessary. The regularly resceded legume
will provide an opportunity for fresh cstablishment of its rhizobia by inoculation at
planting time. In annual self-rcgencrating legumes, such as medics, their rhizobia must
persist in the soil over the year corresponding to the cereal rotation phase. During the
summer period, soils arc exposed to high temperaturcs and dry conditions which may
drastically affect the survival of rhizobia. Somc strains arc known to be better able to
survive and colonize the soil under these conditions. This characteristic, which we
term here persistence, also has been called ‘saprophytic competence’.

The persistence of rhizobia in the soil after inoculation, nodulation, and plant seasonal
growth is a subjcct that requires attention in ccological studics of rhizobia. Factors
most commonly affecting persistence include: (1) continued or periodic presence of a
host; (2) suitability of soil for rhizobial survival (pH and soil type in particular); (3)
soil tempcraturc; (4) availability of soil moisture; and (5) presence or absence of
compelitors or antagonists, including other rhizobia.

To determinc rhizobial persistence, it is necessary to cnumcrate and identify strains
simultancously; the most common methods arc the plant infection (MPN) test and
scrological techniques (ELISA or FA) (Sections B and C). In attcmpting persistence
studies, the introduccd strain must be stably identifiable; MPNs alonc will not indicate
the numbers of introduced bacteria that have survived, but will measurc the whole
population of infective rhizobia for the particular host. Antibiotic resistance is
gencrally less stable than are antigenic propertics (scc Scction C). Persistence is
generally measured over a period of three to five ycars without cultivation of the host
legume. In the most straightforward cvaluation, an MPN is conductcd and nodulcs
formed arc tested for occupancy by the strain in concern. This method docs not
directly indicate survival; the result also is affected by the competitivencss of the
strain. Optimally, the whole rhizobial population would be isolated from the soil and
tested for population size and identity without mediation of the legume host. In
practice, however, this is extremely difficult as sclective media for rhizobia arc not
available (scc Scction B.3).

G.5. Statistical Analysis and Data Interpretation

Statistical analysis is csscntial for all cxperiments because variation due to soil, watcr,
nutricnts, or other factors must be scparated from variation duc to experimental
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trcatments. Only when the variation duc to trcatments has been determined can you
make conclusions about trial results,

Statistics nced not be complicated, but we urge you to consult a statistician both at
planning stage and during analysis. A simple analysis of variance uscs the means of
blocks and treatments to estimate the amount of variation and source. The remaining
variation is due to diffcrences between treatments within blocks, i.c., error from
differences in soil or other factors. The F value (variance ratio) will indicate whethcr
thc mcan squarc from onc of the sources of variation is significantly greater than that
for error. The significance of the F value is determined by the usc of tables, given for
example in Snedecor and Cochran’s Statistical methods, Sixth ed., Iowa State
University Press (1967). Significance at the 5% level is the acccpted minimum for
biological cxperiments. The cocfficient of variation (CV) will indicatc the overall
efficicncy in conducting the expcriment, i.c., whether the level of variation is
acceptable. A CV below 20% usually indicates that the experiment was properly
conducted. If significant treatment differences cxist (i.c., F-test is significant), the lcast
significant diffcrence (LSD) will indicate where treatments vary. Again, the tables of a
statistical reference arc necessary.

Calculations and application of various statistical mcthods arc beyond the goals of this
manual, although we have treated the subject briefly as applicable to ficld experiments
bricfly in Scction F.8. If statistical hclp is not available locally, results can be referred
to ICARDA for assistance.
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H. Measurement of Dinitrogen Fixed

Accurate measurement of N, fixation is necessary to understand the N cconomy of
the legume, and in a broader context, to improve the contribution of legume N,
lxation in the cropping system N cycle (Figure H.1.1). Using the information gained
in trials measuring N, fixed, strategics can be developed to overcome deficiencies in
agricultural and natural systems, c.g., improved legume genotypes, more cfficient
rhizobia, and crnppmgull‘su, strategics to increase soil N available 1o a crop
following the legume. With use of methods to quantify N, fixation comes an
understanding of the factors affecting fixation, and mcrc‘md opportunitics to
maximize legume N input into systems. It is impnr[anl not only institutionally but also
regionally to collect accurate and relevant data on N, fixation by legumes in a varicety
of systems in the region and to publish these Fndmﬁs Given a sulficient number of
cooperators working with similar methods in several locations, it may be possible to
model N, fixation and predict rates given relevant information.
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Most of the variation in legume N, fixation can be accounted for by: (1) thc amount
of available soil N (nitratc); (2) plant growth, as affectcd by available watcr and
nutrition; and (3) thc number and cffectiveness of rhizobia present in the soil. Given
the generally good agreement between the N-difference and "N methods and the
poor accuracy of the acetylene reduction method, it is suggested that greater cffort be
dedicated to developing cxpertise and using the former techniques in rescarch
programs. In all studies of lcgume N, fixation, measurcment of plant N (Kjcldahl),
nodulation, and levels of soil-available N provide a good basis for interpretation of
results.

In the following scctions the assumptions, advantages, and limitations of somc of the
morc popular and applicablc methods are discussed.

H.1. Acetylene (C,H,) Reduction Assay (ARA)

H.l.a. Theory, Advantages, Disadvantages

The acetylene reduction assay was dcveloped following the observation that the
nitrogen-fixing enzyme, nitrogenase, rcduced acctylene to cthylene. The reliability of
acctylenc reduction as an indicator of nitrogenase (N, fixing) activity in lcgume
nodules has been well established and the technique has played an important role in
N, fixation studics. Bricfly, thc nodulatcd lcgume roots arc cncloscd in gas-tight
containcrs and cxposed to an atmosphere containing acetylene. The atmosphere is
sampled after a suitable incubation period (0.5-24 hours, dcpending on the system)
and analyzcd for ethylenc using gas-liquid chromatography with a flame ionization
dctector. The ARA was appcaling initially and gained rapid acceptance after its initial
development because it was simple, inexpensive, and sensitive comparcd with the N
mcthods. The methodology also was rapidly adapted for ficld studics of N, fixation.
Techniques for ficld assays include cxcavating the nodulated root minus soil and
incubating in a gas-tight vesscl of the appropriate sizc; excavation of the nodulated
root in a soil core; and incubaling, or assaying in siti. A good review of these three
mcthods is given in Mastcrson and Murphy (1980).

There arc two major problems with usc of this method as a ficld assay of N, fixation
in legumes: (1) it is difficult to obtain accurate time-intcgrated mcasures of total plant
aclivity because of incomplete recovery or incubation of nodulcs, short-term
fluctuations, and diurnal cffects. The problem of incomplete recovery of nodules is the
same whether the nodulated roots are excavated or contained in soil cores. This
problem is greater with legumes where nodules are poorly attached (as in medics) or
with decp root systems (such as faba bean and chickpea). Late nodulation (and hence
fixation) on the lateral roots cannot be accounted for using this method as nodules
cannot be rctricved; and (2) interpretation of rates of C,H, reduced in terms of N,
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fixation varics widely. The acetylenc reduction technique is an indirect measurcment
of N, fixation gained through evaluation of the activity of nitrogenasce, and rates of
C,H, rcduced must be converted to amounts of N, fixed using a conversion factor.
The theorcetical relationship between C,H, reduction and N, fixation states that 3
moles of C,H, are reduced for each molc of N, fixed, and originally this was the ratio
proposed for usc. With later investigations, however, the ratio was calculated (by
corrclating with '*N mcthods) to be between 0.5:1 and 10:1. It is now considered
almost impossible to determine an accurate ratio because of environmental, diurnal,
and plant effects (such as age or water status) acting independently on C,H, and N,
assimilation and reduction. Other factors likely to affect the C,H,:N, ratio arc
nonlincarity of C,H, rcduction over the period of assay, impurities in the C,H,
resulting in reduced rates of C,H,, reduction, and effects of nodule removal from roots
or soil, such as changcs in nodule membranc function.

Early estimatcs of scasonal fixation werce not calibrated against estimates using other
mcthods. When comparisons were made, the C,H, reduction assay usually
underestimated fixation significantly, although there were many exceptions,

It is clear that the major problems with this technique relate to sampling the
belowground nodules and interpretation of rates in terms of N, fixed. In addition,
there appears to be an acetylenc-induced decline of nitrogenase activity during assay.
It has been used effectively in biochemical and physiological studics in artificial growth
systems. Most of the time, however, data on rates of acctylenc reduction as a
mecasurement of N, fixation in the ficld are of little use. We rccommend that, unless it
is planned to do biochemical studices of the fixation process or the necessary
cquipment alrcady exists in your lab, you do not plan to include this technique in your
work. If it is uscd, the articlc by Witty and Minchin (1988) is rccommended reading.

Following, we bricfly outlinc the mcthodology for ficld assay, using medics as the host
legume.

H.L.b. Field Assay Methodology

The main objcctives of conducting the acetylene reduction assay of pasturc legumes at
ICARDA involve the cvaluation of the symbiotic properties of different species and
genotypes of annual medics. The method has been similarly used in the cvaluation of
introduccd strains of R. meliloti and in asscssing treatments on inoculation techniques.

It must be kept in mind that the acctylene reduction assay is a sensitive method for
estimating the activity of nitrogenasc at a given time. Results cannot be extrapolated
into nitrogen fixed because of variations in the cnergy usc of the two reduction

pathways by nitrogenasc as previously described in this scction. We have found that
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the method is somewhat difficult to apply to annual medics in our region because of
the highly variable error encountered in removing root systems from the soil. The
major problems are the medics® extensive root system and the fact that nodules of

annual medics may be casily lost owing to their very light attachment to the root
system,

The methodology adopted at ICARDA for taking root samples for the acetylene
reduction assay from annual medic plants growing in the ficld is as follows:

L Open a trench in the ficld by the plots where the medic stands are to be

sampled. The trench should have a depth of approximately 30 cm.

Dig out four nodulated plants and exercise extra care not to detach the

nodules. Carefully remove extra soil debris and cut the root at the crown arca.

3. Place the four roots inside a plastic container having a lid that scals tightly
(Figure H.1.2). The volume of the container used at ICARDA is 500 cc.

]

Fig. H.L2. Airtight plastic container with subaseal port in the removable
lid for injection and removal of gas.



6.
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Ten ml of acctylene taken from a basketball previously filled with this gas are
injccted through the ‘subascal’ port on the lid of the container (Figurc H.1.3).
The nitrogenasc cnzyme in the nodule will reduce the acetylene to cthylenc
instcad of reducing nitrogen molecules to NH,,.

The nodules are exposed to or ‘incubated’ with the gas for 30 minutes. The
containcrs arc buricd in the trench to allow the incubation process 1o have the
same tcmperature as that of the soil (Figure H.1.4).

After the incubation time remove 10 cc from the container and transfer them
to a vacutaincr tube (Figure H.1.5). These tubes arc then stored and their
contents analyzed in a gas chromatograph (GC).

Calibratc the gas chromatograph (Figurc H.1.6) using purc cthylenc as the
standard gas (sce Section H.1.c on gas chromatography).

Take a 0.1-ml sample and inject it through the port of a gas chromatograph,
From the peaks obtained, calculate the amount of ethylene found in the
samplc.

Nitrogenase activity then can be expressed in terms of moles of cthylence
produced per plant per hour.

Cocfficicnts of correlations can be obtained by plotting the mass of dry or frcsh
nodules against nitrogenasc activity, the dependent variable,

H.l.c. Gas Chromatography

The procedure for operation of gas chromatograph (GC) and mcasurement of
cthylene produced is as follows:

1.

9

Use 3 mm diamcter x 150 ecm length prepacked stainless steel column with
Porapak N, 80-100 mcsh,
Adjust the flow of gases to the lollowing rates:

a) hydrogen 20 ml/min
b) air (clecan) 200 ml/min
¢) carricr gas 15 ml/min
Set the temperatures as follows;

a) injection porl 80°C
b) oven 100°C
¢) detector 100°C

Switch on powecr, then ignite flame.

Check the flame by putting a glass slide on the top of the flamc ionization
detector (FID); if moisture is formed on the glass the flame is on, If not,
repeat ignition sequence.

Continuc running GC unit for at lcast 15 minutes or until bascline of the
recorder becomes stable.

Calibrate the GC unit by injecling 0.1 ml of standard pure ethylene gas of a
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known concentration.

8. Estimatc the arca undcr the cthylenc pcak (known quantity).

9. Inject 1.0 ml of the unknown sample and cstimate the area under the peak
(unknown sample).

10.  Calculatc the concentration of C,H, in pmole for unknown sample as follows:

C,H, peak arca (unknown)
pmol C,H,(unknown) = x pmol C,H, (unknown)
C,H, pcak arca (known)

H.2. N-Difference Method

The simplest ficld estimates of N, fixation arc obtained by measuring total amount of
N in the legume crop. Kjeldahl analyses for N content of plant dry matter can be used
1o estimate total N yicld of a ficld of legumes. This determination is, however, basced
on the assumption that all crop N comes from fixation; N derived from N, fixation
and from soil as mineral or fertilizer N arc not distinguished. To cstimate fixation, it
is thercfore nccessary to determine the quantity of plant N which is obtained from
soil. This is achicved by mcasuring the N content of a nonfixing reference plant (non-
nodulated legume or a nonlegume). This quantity is subtracted from total legume N
to determine N, fixed.

This technique is based on the assumption that the test legume and reference plant
remove identical amounts of N from the soil. This, however, is largcly dependent upon
the success of the rescarcher in matching growth rates of fixing and nonfixing crops.
Other factors known to affect plant growth, such as water availability, insccts and
discascs, should be similar in both crops. Reference plants commonly used include
cercals (usually wheat, barley, or rycgrass), non-nodulating isolincs of legumes
(available for chickpea, pcanut, and soybean only), and uninoculated or incffectively
nodulated lcgumes (Figure H.2.1). Of these, the non-nodulating isolincs probably give
the best results, although differences in root morphology may cause considerable
crror. The potential for N assimilation by most nonlegumes is not as high as for
lcgumecs, gencrally resulting in an overestimation of N, fixation. If levels of soil N are
low and refercnce plants accumulate much less N than the fixing lcgume, crror duc to
plant type will be minimal.

Advantages of this assay arc simplicily and the fact that it is a dircct measure of plant
growth and N fixation/uptake. It is also a time-intcgrated measurcment, giving a total
fixation estimate for the whole season. Matching growth ratcs and N uptake in
refercnce and fixing crops remains the major disadvantagc of this technique. There
arc three possibilitics: (1) approximately equal amounts of soil N will be assimilated
by test and reference plants, resulting in an accurate estimate of N, fixation; (2) in a
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low N soil, the more vigorous nodulated plant will produce greater root mass and
therefore cxplore a greater volume of soil. N, fixation will be overestimated because
the N, fixing legume will take up more soil available N than the reference plant; and
(3) the fixing lcgumc with an active cfficient symbiosis will require and take up less
soil N than the reference plant, and fixation will be underestimated.

Scveral variations of the N-diffcrence method exist. Generally the quantity of legume
N derived from N, fixation (Q) is calculated as:

Q = Nyicld (legume) - N yicld (rcference)

In the casc where legume and reference are not well matched, measurement of
postharvest soil mincral N can be determined in the fixing and nonfixing plots and
addced to the diffcrences in total N yiclds of the two crops:

Q = [N yicld(leg) - N yicld(rcf)] + [N soil(leg) - N soil(rcf)]

The usc of this sccond cquation assumcs that mincralization, lcaching, and
denitrification arc idcentical under cach crop, which may not be generally true. More
importantly, data may be confusing owing to the lack of precision in soil-N
mecasurement techniques.

H.3. "N Methodologies

H.3.a. Isotope Dilution

The methods based upon the measurement of "N in test and reference plants are
basically an extension of the N-difference method. Fertilizer enriched with N is
addcd to the soil in small amounts, cither as labelled organic or inorganic N, and the
concentrations of '*N in the fixing plant relative to the reference plant are used to
calculate the proportion of soil-derived N in the fixing plant and, by difference, the
proportion of N, fixed.
%"*N cxcess (legumc)

In a simple form: %N fixed = x 100

%"°N cxcess (reference)

The major assumption made is that the fixing and reference plants take up N from a
similar volume of soil having the same isolopic composition, although the total
amounts takcn up may be dilferent. This is potentially a more accurate technique than
the N-dilfcrence method which assumed equal total uptake of soil N by the test and
reference plants.

349



The choice of an appropriate non-N,-fixing reference plant is a major factor affecting
whether the test and reference plants take up N from the soil at the same isotopic
("*N:“N) composition. The ratio of *N:"N is unlikcly to be uniform with depth and
tlimc unless a long period of cquilibration (or thorough mixing) has taken place. This
problem will be increased if the test and reference plants have different rates of
growth and therefore N uptake (scc Witty, 1983, for a complete cxplanation). As with
the N-diffcrence method, three possible situations may occur when asscssing nitrogen
fixation: (1) nitrogen fixation will be overestimated if the fixing plant explores both
enriched and noncnriched volumes of soil, whilc the roots of the reference plant arc
contained within the cnriched arca; (2) underestimation results if the reference crop
root system is more vigorous and cxplores labclled and unlabelled soil N; and (3) N,
fixation is estimatcd accurately if the test and reference plants explore the cnriched
volume of soil or the labelled and unlabelled volumes cqually.

The three different possibilitics are illustrated in Figure H.3.1. With normal surface
application of "*N-labelled material to soil, a highly '*N-enriched layer is created at
the surface, with the **N corichment of plant-available soil N decreasing rapidly with
depth. In Figure H.3.1(a) the roots of the legume have explored decply into the region
which has not been artificially enriched (labelled) with **N, while the roots of the non-
N_-fixing reference plant have been restricted to the uppermost enriched zone. In this
case fixation will be overestimated. In the reverse situation [Figure H.3.1(b)], where
the roots of the reference plant have extended below the labelled zone, the dilution of
the "N content of the reference plant with N taken up from uncnriched soil will result
in an underestimation of N, fixation by the legumc. Only in the idcal situation, where
roots of the legume and reference plant explore a similar volume of soil over a similar
time span and utilize soil N of similar "N cnrichment |Figure H.3.1(c)}, can accuratc
determinations of N, fixation be expected.

Cosl i1s a major limitation to the adoption of **N techniques for routine and gencral
use. The major problem rclates o analyses of samples rather than to the cost of the
isotope itsclf. Much of the literature relating to the use of "N in ficld studics of N,
fixation originates from a few laboratorics, and in developing countrics work is often
supported by the Intcrnational Atomic Encrgy Agency of the FAQ (Vicnna). Cost of
"N per microplot will range from U.S. $5 to $20, whilc cach sample analyzed will cost
from U.S. $10 to $80, depending on the laboratory and the number of samples. This
translates to a cost of about U.S. $50-$300 per treatment (three replications)—with
just a few trcatments or sites, this figure rapidly goes beyond the annual budget of
many national N, fixation programs,

The overall advantage of the isotope dilution method is that it is potentially the most
accurate method for mcasuring N, fixation in the ficld.
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Fig. H3.1. Differential growth in fixing and reference plants
and their effect on the estimation of nitrogen fixation using the 15% dilution method

H.3.b. "A"-value Method

It is cssential that addition of "*N-labclled matcrial docs not affect fixation. The effect
of mineral N on N, fixation is well cstablished and therefore the use of low rates of N
application (e.g., 5-20 kg N/ha) arc preferable. Use of the "A”- valuc mcthod, as a
variation of the isotopc dilution tcchnique, allows application of low amounts of N to
the fixing crop, and high amounts of N (adequate to produce a root system cquivalent
to the fixing plant) to the reference crop.

The soil nutricnt supply measured in terms of available units of applicd fertilizer N
has been referred to as the ‘A-value’. The A-value is based on the concept that when
a plant is confronted with two or morc different sources of a given nutricnt, it will
absorb from cach in dircct proportion to the respective quantitics available to that
crop.

351



In a simple case of a nonfixing plant growing on a soil with an applicd labelled
fertilizcr, the roots can absorb the nutricnt in question from only two sourccs, i.c., the
native soil nutrient pool and thc known quantity of fertilizer supplicd. In this case, it is
only necessary to determine the respective quantitics absorbed from cach source to
dctermine the A-valuc of soil. The A-value is therefore a yicld-independent measure,
and can be used to cstimatc the amount of native soil nutricnt available to the plant.
This is expressed in fertilizer cquivalents.

fertilizer nutricnt in plant soil nutrient in plant

fertilizer nutricnt applicd soil nutrient supply (A-valuc of soil)
and:
soil nutricnt in plant

A-value of soil = x fertilizer nutricnt applied
fertilizer nutrient in plant

Using nitrogen (N) as an cxample,

fNdfs
Ay = x rate of fertilizer application
fNdIf
but fNdfs = 1- [NdIf
thus,
1 - fNdIf
Ay = ——— x rate of fertilizer application
fNdfs
where [Ndfs = nitrogen in plant derived from soil

and  {Ndff = nitrogen in plant derived from fertilizer
In using the A-value concept, it is important to realizc the following:

1. Any changes in the placement methodology of the labelled fertilizer, or
in the conditions of plant growth, may affcct the magnitude of the A-
value for soil.

2, The A-valuc for a particular soil remains constant cven at dilferent
rates of application of the same labelled fertilizer. In soil fertility
studies, it is therefore sufficicnt to use only onc rate of application to
assess the nutricnt-supplying potential of a soil.
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3. The A-valuc of a given soil often changes with time.

Calculations and cxamples using this mcthod arc given in Section H.3.f.

H.3.c. Natural Abundance Method

In this isotope dilution technique, variation in natural abundance of "N, caused by
discrimination during N, fixation in favor of the lighter (**N) isotope, is measured. In
a wide varicty of (but not all!) soils, abundancc of "*N is on avcrage 9.22% higher
than in the atmosphere. Thercfore, plants dependent upon soil N (nonfixing plants)
rather than atmospheric N (fixing plants) should contain higher abundance of *N.
Successful application of this technique is only possible if natural enrichment of the
soil is high, soil variability is low, isotopic discrimination within the plant is identical in
test and reference plants and is known, and precise isotope-ratio measurcments arc
possible.

This technique has become increasingly popular with availability of the more sensitive
mass spcctrometer needed for analysis. Advantages and disadvantages are similar to
those detailed above for the isotope dilution method. Although it is not necessary to
purchase '*N-enriched fertilizer for application, testing of soils for carichment and
homogencity prior to expcrimentation and the higher cost of sample analyses using a
more expensive mass spectrometer make the technique gencrally more expensive than
isotope dilution.

H.3.d. Use of Reference Crops

As mentioned earlicr, the accurate application of isotope dilution methodologies
depends on proper choice of reference crop. The following criteria should be followed
when deciding on a reference crop to usc in '*N cxperiments:

1. Reference must not fix N,. Within the ICARDA region, associative N, fixation
(nonsymbiotic) is negligible, so most nonlcgumes with a similar growth and
rooling pattern may be used. Non-nodulating legumes (isolincs) are generally
rcliable, but the non-nodulating characteristic may be strain-specific, and
reversion of genotypes to a nodulating type is not uncommon. Therefore, root-
systems of ‘non-nodulating’ legume lincs should be excavated and examined for
nodules during latc-flowering or carly pod-fill stages.

2. Rooting patterns and depth of reference and legume crops must be similar.
This can be evaluated by cxcavation of roots from plants at varying stages of
growth, i.c., mid-flowering, pod-fill, and harvest. If using different species for
reference, cnrichment in the different potential reference crops can be
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compared. Diffcrences in rooting patterns arc often indicated by diffcrent '*N
recoverics.

3. Relative N-uptake pattcrns of legumc and reference should be similar. In
simplcst terms, the legume and reference should start to accumulate N and
reach their maximum N contents at the same time (sce Witty, 1983, for full
discussion),

4. Because the '*N-carichment of the available soil N pool will change with time
(change is faster during carly crop growth), growth ratc and duration of growth
should be similar in reference and legume. It is thercfore best if the reference
plant docs not maturc or stop accumulating N before final legume harvest.

5. The choice and management of reference crop is quite different in legume
pastures, or in forage legumes which are grazed or cut more than once.
Esscntially, the reference crop must be treated exactly as the legume, with
clippings madc to correspond with grazing or cutting. Obviously, accuracy in
detcrmination of N, fixed in a grazing situation is greatly diminished.

At ICARDA, rescarch into choice of reference crop under varying agro-cnvironments
has dctermined the following reference crops to be appropriate for legumes grown in
the region:

lentil/vetch/lathyrus locally adapted barley, non-nod chickpea
chickpea non-nod chickpea (‘PM 233)

faba bean locally adapted barley or wheat

medics locally adapted rycgrass

It should be realized that errors derived from poor matching of reference and N,-
fixing plants become most important when only small proportions of legume N are
derived from the atmosphere (as with spring-sown chickpea). Errors become smaller
and mismatching less important as the amount of N, fixed by the legume increases.

H.3.e. Use of *N-Enriched Fertilizers and Analysis

The most commonly uscd form of cnriched fertilizer is ammonium sulfatc, usually
purchased with an cnrichment of about 10% "*N. Other forms of cnriched material
may be purchascd, such as ammonium nitrate or urea. The nitratc ion is highly
mobile in soils, and may be more pronc to loss than ammonium (although, depending
on soil conditions, ammonium may be quickly nitrified to nitrate); urca-N may be
quickly volatizcd, and therefore lost under some conditions. 1t must be kept in mind
that it is important to kcep the N added as N available to the growing plant for as
long as possible. Slow rclease N fertilizer formulations to measure N, fixation by
isotope dilution are highly reccommended. Even with a "well-matched” reference crop
(c.g., a non-nodulated isolinc) cstimates of fixation vary with fertilizer formulation.
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Even application of the cnriched fertilizer over the arca of the microplot is essential.
Uniform labelling of the soil in this arca forms the basis of the mcthodology; if
applied unevenly, mislcading results and poor replication will be obtained. This is true
for both fixing and reference crop microplots. In sampling the microplot, plants from
the center of the microplot only arc taken; plants near the borders of the microplot
will take soil N from outside the microplot, and will therefore be cxposed to a
different **N:'N ratio.

Enriched fertilizer is usually applicd just after planting but before emergence of the
seedlings. Low doses of fertilizer, applied as a liquid, may be applicd altcr emergence
without affccting the plants or N uptake. However, application of high ratcs of
ammonium fertilizer after emergence may result in damage to scedlings. A small
amount of the "N fertilizer solution used should be kept for analysis of actual *N
enrichment; if diffcrent from theorclical calculations, this figurc will be uscd in final
calculations of N, fixation.

With the modcrn cquipment now available in most labs that analyzc '*N enrichment
using mass spectrometry, ground plant material can be measurcd dircctly without
digestion. The sample is combusted to gas and the N in the gas is analyzed. It is
important that the plant matcrial be ground as fincly as possible (< 0.2 mm particle
size) to obtain best results. Plant samples from microplots should be ground, mixed,
and a subsample from the total material ground again to obtain very fine material.
During the grinding proccess, care should be taken not to heat the plant material.

Alternately, the plant matcrial may be digested using the Kjeldahl method, and the
dricd crystals from the digestion scnt to the analyzing laboratory for determination of
N-enrichment levels. Check with the laboratory when enquiring as 1o costs whether
they will accept ground plant samples.

H.3.f. Sample Calculations for Isotope Dilution

Legumes, in symbiosis with the appropriate strains of Rhizobium bactcria, arc capable
of supplementing N derived from soil by converting atmosphceric N, into forms
available to the plant. Such a legumc crop growing in the presence of nitrogen
fertilizer will thus derive its N from soil, fertilizer, and the atmosphere. It is, however,
impossible to label all the N in an atmosphere over a field crop with *N. Using the
indircct labelling technique, it is possible to assess how much of the plant’s total N
supply was derived from atmospheric N,. The mcthod, as previously discussed,
involves the use of a reference crop (which docs not fix N,) to assess the A-value of
the soil, or to determine the relative amounts of available soil and applied "N labelled
fertilizer N available to a crop. The basic assumption is that if the reference is an
appropriate standard, it will absorb the soil N and fertilizer N in the same ratio as the
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legume, thus reflecting the same amount of available N (in fertilizer units) present in
the soil to both crops. The A-value obtained for the legume crop would therefore
comprise the available amounts from both soil and N, fixed. Thus, by applying the A-
value concept, we can detcrmine:

from the refercnce (nonfixing) crop A, 1)
from the legume (fixing) crop A + fixation (2
and Aﬁxaﬂon Wi" cqual Asolloﬂxallon - Awil (3)

The fractional utilization cquation for the legume crop is as follows:

% Ndff % Ndfa % Ndfs % Ndfa + % Ndfs @

Aen Agix Asoi A + A

where Ndff = nitrogen derived from fertilizer
Ndfa = nitrogen derived from fixation
Ndfs = nitrogen derived from soil

Thus, if they have the same amounts of soil plus fertilizer N available to them, they
will reflect the same amounts of available soil and fertilizer N by absorbing them in
the same ratio. By mcans of this relationship it is possible to calculatc % Ndfa, since
%0 NdIf can be determined experimentally by the use of **N-labelled fertilizer. A,
also is known, since it is cquivalent to the amount of fertilizer N applied, and Ag, s
the difference in the A-values obtained for the fixing and nonfixing treatments.

From an cxpcrimental point of view there can be two situations:

1. The simplest casc is where the N, fixing and nonfixing crops have available to
them the same amounts of soil and fertilizer nitrogen; the same amounts of a
'*N-labelled material arc applicd to both crops.

2. In the casc where the N, fixing and nonfixing crops have available to them the
same amount of soil N but receive different amounts of fertilizer N, a “starter”
amount or a low ratc of N fertilizer is applicd to the fixing crop to avoid
interference with N fixation, but a higher ratc may have to be applied to the
reference crop to cnsure normal growth,

(1) Method of calculating N fixed when fixing and nonfixing crops receive
the same rate of "N fertilizer

To illustratc the methodology, consider the following cxamples:
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5N at. cxcess

Fixing crop Nonfixing crop Remarks
0.5 0.5 No fixation
0.0 0.5 100% fixation
0.25 0.5 50% fixation
0.1 0.5 80% fixation

This relationship is described in the following equations:

%N at. cxcess legume crop
% Ndfa = (1 - ) x 100 ©)
% "N at. excess reference crop

% NdIf lcgume
or = (1- ) x 100 (6)
Ndff reference crop

% Ndfa
N Fixcd (kg/ha) = ———— x Total N yicld )
100

Exercise

Estimate the pereentage of symbiotic nitrogen fixation by faba bean and chickpea,
given the following data (the crops were grown in soil labelled by incorporating “N-

labelled plant matcrial into the soil):

Trcatment % "N al. cxcess N yicld in kg/ha
1. Barley (reference crop) 0.335 90
2. Nodulated chickpea 0.198 160
3. Faba bean 0.112 200

The above experiment is a case where both the legume and nonlegume received the
samec rate of "N fertilizer, and can tap the same amount of available soil N, since
they are grown on the same soil. In such a situation, it is not ncceessary to calculate

the A-values for soil and the following cquation can be uscd dircctly:

% "N at. cxcess in legume
% Ndfa = (1- ) x 100
% “*N at. excess in reference
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For chickpea therefore,

% Ndfa = (1 - 0.198/0.335) x 100 = 41

N Fixed = (41/100) x 160 kg N/ha = 66 kg N/ha
For faba bean,

% Ndfa = (1 - 0.112/0.335) x100 = 67

N Fixed = (67/100) x 200 = 134 kg N/ha

(2)  Method of calculating N fixed when fixing and nonfixing crops receive
different rates of "N fertilizer

In this casc, it is nccessary to calculate A-value for the non-nodulating crop and that
for the nodulating crop. The non-nodulating crop cstimates the A-value for soil, while
the A-valuc obtained for the nodulating crop is the sum of the A-valucs of the soil
plus the N fixed. The diffcrence between the two A-values then represents the A-value
of fixation in fertilizer cquivalent units, which can be converted into the actual amount
of N fixed by multiplying this figure by the N utilization efficiency of the applied
fertilizer by the legume.

Example;
I. Nodulating crop "N al. cxcess = 0.2% in plant
- 20 kg N/ha (NH,),SO, with 5% "N atom excess was
applicd at planting
- Total N yield = 200 kg N/ha
I Non-nodulating crop "*N at excess = 0.4% in plant
- 100 kg N/ha (NH,),SO, containing 152 "*N atom
cxcess was applicd at planting
Calculations:

% "N at. cxcess in legume plant
% NIF = x 100 @®)
% "N at. cxcess in fertilizer

0.2

therefore, % NAfF (nodulating crop) = x 100 = 4

5
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% Nd(F (non-nodulating crop) = x 100 = 40

1

100 - % NdIF
A-valoe = ———— x rate of fertilizer N application ©)]
% NdIF

thercfore,
100 - 4

A-value (nod. crop) = x 20 = 480

4

100 - 40

and  A-valuc (non-nod. crop) = x 100 = 150

40

thus, Ay = 480 kg N/ha as (NH,),SO, equivalents
and A, 150 kg N/ha as (NH,),SO, equivalents
therefore A 330 kg N/ha as (NH,),SO, equivalents

fix

To determine the actual amount of N, fixed, we must multiply A, by the % fertilizer
utilization cfficicncy of the nodulated crop.

% NdfF x Total N yield
Fertilizer N yiceld = (10)
100

4 x 200
= ———— =8kgN/ha
100

% Fentilizer utilization cfficiency (% F.U.E.)

N fert. yicld in plant

= x 100 (1
fertilizer applied
8
therefore, % FUE. = — x 100 = 40%
20
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A, x % F.U.E. (nod.crop)

Total amount of N fixed (kg/ha) = (12)
100
330x 40
= = 132 kg N/ha

100

132
and % Ndfa = — x 100 = 66%

200

Since for a nodulating crop, total N yicld = N yield from fertilizer + N yield from soil
+ N yield from fixation, the amount of N derived by the nodulated crop from soil
(Ndfs) can be calculated as follows:

Ndfs = Total N yicld -(NdfF + Ndfa) (13)
= 200 - (8 + 132) kg N/ha
= 60 kg N/ha,

Thus, thc amounts of N dcrived by the nodulating crop from fertilizer, soil and
fixation arc 8, 60, and 132 kg N/ha respectively.

There are other ways of calculating N fixed, and below is another method for
calculating the above data:

For the Nodulating Crop
% "N al. excess in sample (plant)

% NfF = x 100 (14)
% SN at. cxcess in fertilizer

0.2
= — x100 =4
5

The fractional utilization rclationship for the nodulating crop is the lollowing:
% NdfF % Ndfs + % Ndfa.

= (15)
Fert. applicd A + Ay




But % NdfF + % Ndfs + % Ndfa. = 100
% Ndfs + % Ndfa = 100 - % NdIF (16)
Therefore, 4 96
20 Asoil + fix
96
Agiix = —— x20 = 480 kg N/ha as (NH,),SO, ecquivalcnts

4
For the Non-Nodulating Crop
04
% NdfF = — x 100 = 40
1

In this case, since there is no fixation, only soil and fertilizer N arc available for this
crop, and thercfore:

% NdfF % Ndfs 100 - % NdIF
Fert. applicd A, A
Therclore, 40 100 - 40
100 ASOII

60

and A,y = — x100 = 150 kg N/ha as (NH,),SO, cquivalent
40

Thus’ Aﬁx = Asoil . fix © Asoil = 480 - 150

= 330 kg N/ha as (NH,),SO, cquivalents
Furthermore, it was shown that for the nodulating crop

4 % NdfFix % Ndfs

20 330 150
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Therclore % Ndfa = 330x — =66
20
4
% Ndfs = 150x — =30
20
and % NdAIF = 4
Total = 100%

Since the total N yicld/ha = 200 kg N/ha

% Ndfa
Thercfore the amount of N fixed = x N yicld
100
66
= ——  x200 = 132 kg N/ha
100
30
The amount of N derived from soil = —— x200 = 60kg N/ha
100
4
The amount of N derived from fert. = —— x200 = 8kgN/ha
100

H.3.g. Trial Setup

Although the "N isotope dilution technique is not without limitations, if the basic
assumptions of the procedurc arc considered in experimental sctup, it provides the
most reproducible and precise estimates of N, fixation in ficld-grown annual legumes.
Following is a sample trial detailing the various steps in sctting up and conducting a
trial.

H3.g.1. FIXT: Field Trial Using "A" Value Method. In this trial, the amount of plant
nitrogen derived from biological nitrogen fixation will be determined using "N and
isotope dilution methodology. This cxperiment has been designed primarily to
determine the cffect of rhizobial inoculation on nitrogen nutrition of the legume crop
in gencral, and to quantify N, fixed and N taken from soil for crop growth in
particular. For this rcason, this FIX trial has been imposed on the ICARDA food
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legume ‘inoculum response’ trial, or IRT, with minor differences. The IRT
mcthodologics should be followed for treatments, inoculation, layout, ctc., with
differences occurring only in the addition of microplots in three replications and
addition of three plots for the reference crop.

The details of IRT arc given in Scetions G.1 and G.2. Modifications will occur in trial
layout, fertilization, details for sampling and harvest arcas, and data collection. These
modifications will be dealt with in the pages that follow.

Experimental Treatments
Fertilization

High levels of inorganic N can depress N, fixation. This therefore necessitates the
application of low amounts of labelled N fertilizer to the fixing crop to cstimate N,
fixed. However, such amounts may be too low to support the proper growth of the
nonfixing reference plants, especially in soils of low nitrogen content. For these
rcasons, it is practical to give a rcasonable dosc of "N-labelled fertilizer to the
reference crop, while the fixing crop reccives only a low quantity. Using the A-value
concept of Fried and Brocshart (Scetion H.3.b), it is still possible to determine N,
fixed under these conditions. In studics of nitrogen fixation by various grain legumes
in the ficld, 20 kg N/ha of 55 '°N atom cxcess fertilizer and 100 kg N/ha of 1% "N
atom excess fertilizer have gencrally been applicd to fixing and nonlixing crops,
respectively, with good results.

In order to imposc minimum N fertilization on the legume, 10 kg N/ha, applicd at
planting, will be provided for all Rhizobium trcatments, including the uninoculated
trecatment. The high dosc nitrogen treatment will reccive 120 kg N/ha, as a split
application, as indicated in the IR trial methodology. Reference crop plots will reccive
100 kg N/ha. Microplots will reccive the same amount of total N as whole plots, but
it will be in the form of diluted "N fertilizer.

Calculations for application of nitrogen fertilizers in plots with and without microplots
will be given.

Microplots

Replications 1, 11, and IV have "N microplots in all the treatment plots (4), not
including the high dosc nitrogen fertilized (120 kg N/ha) treatment. Location of

sampling onc time only, at physiological maturity of the crop.
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Microplots of 1.2 x 1.2 m arc also located in the three reference crop plots.
Fertilization of microplots is as follows; using 15N enriched and unenriched
ammonium sulfate (21% N) (scc calculations):

Fixing Crops
Microplot Fertilization

For cach microplot of 0.000144 ha (1.44 m?), application of 10 kg N/ha will nced 7.6 ¢
ammonium sulfatc with 10% '"°N atom excess. Thercforc, for three microplots a total
of 22.8 g ammonium sulfate with 10% '°N atom excess will be needed. The *N
fertilizers should be mixed with enough water to evenly cover the 1.2 x 1.2 m
microplot by cither spraying or by cvenly distributing with a plastic wash bottlc
(Figure H.3.3), usually at 200 ml/m? Fertilizer for cach microplot should be dissolved
in water and applicd scparatcly.

When applying N to microplots be sure to distribute '*N-water mixturc evenly over
the entire microplot (Figure H3.4). No "N should be placed out of microplot. The
"*N should be applicd after planting, but before emergence of scedlings.

Whole Plot Fertilization

All trcatment plots must then receive 10 kg N/ha or 120 kg N/ha depending on the
trcatment, so that growth in microplots is equivalent to that in the rest of the plot.
For the remaindcr of the plots containing microplots (non-microplot areas to reccive
normal uncnriched fertilizer), usc ammonium sulfate, at the same rate of 10 or 120 kg
N/ha, depending on the trcatment. If ammonium sulfate is not available, another N
fertilizer such as urca may be usced (urca is usually 46% N).

When applying normal uncnrichcd ammonium sulfate to the remainder of plots in
replications I, 11, and IV prior to planting, cover the microplots with plastic or cloth to
assurc that no fertilizer is placed in the microplot. Normal fertilization should be donc
preplant, with fertilizer incorporated into the top layer of the soil.

N Fertilization: Fixing Crop for Remainder of Plot (Qutside the Microplot)
The arca outside the microplot is 0.001206 ha per plot. At the rate of 10 kg N/ha, this

arca will nced 12.1 g N which can be provided through 57 g ammonium sulfate to be
sprcad cvenly over plot arca except for microplot.



>N herc only

N Fertilization: Fixing Crop for Plots Without Microplots

The area of wholc plot is 0.00135 ha. At the rate of 10 kg N/ha this whole plot will
need 13.5 g N which can be provided through application of 64.3 g ammonium sulfate
spread cvenly over plot, preplant.

Reference Crop

The accuracy of the isotope dilution method depends on sclecting a suitable reference
crop which docs not fix N but is similar in volume of soil explored by the root systcm
and in the length of the growing period. Sce Section H.3.d. for full description and
suggested reference crops for the various legume specics.

Microplot Fertilization

For each microplot of 0.000144 ha, application of 100 kg N/ha will requirc 66.6 g
ammonium sulfatc with 1% **N atom cxccss. As with fixing crop microplot
fertilization, this amount is to be spread evenly over cntire microplot arca in solution
after planting but beforc emergence of scedlings.

N Fertilization for Remainder of Plot

The arca outside the microplot in the 1.5 x 5 m reference crop plot is 0.000606 ha. At
a rate of 100 kg N/ha, 60.6 g of N will bc needed which is provided as 289 g
ammonium sulfate. This amount should be spread evenly over the arca in the
reference crop plot outside the microplot, before planting,

Layout
Treatments, given in the inoculum response trial, Scction G.2, include three
trecatments with single-strain inoculants, and one trcatment cach of uninoculated and

nitrogen-fertilized controls. All layouts shown include the five suggested trcatments,
but treatments can be adapted to the needs of the cxperimenter. Randomization and
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plot numbers can be allocated according to this layout. The modificd layout for the
FIX cxpcriment, including reference plots, is shown in Figure H.3.2.
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Fig. H3.2. FIX trial layout
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Data Collection

Suggested data collection for IR experiment is given in Scction G.2. The same data
set should be collected, if possible, for the FIX experiment. In addition, it is nccessary
that the microplots be harvested at physiolegical maturity. Ten plants from the center
of the microplot should be harvested, before loss of lcaves but after sceds have
matured, and oven-dricd at 60°C. The dricd plant matcrial should then be ground
fincly in a Wiley mill. From these samples from cach microplot, a 10-g subsample can
be uscd for analysis of total N. Five grams from cach microplot will be nccded for **N
analysis.

On reccipt of "N analysis data, calculations for amounts of N, fixcd can be calculated
from cquations shown on the following pages.

H3.p2. Preparation of '*N Solutions. Thc isotopc dilution cquation can be used to
obtain the desired "®N cnrichment when N fertilizers labelled with different
enrichments are mixed:

x(a,) + y(a;) = (x +y) a M
where:

x = quantity of matcrial with "*N abundance a, (of highcr "*N cnrichment)

y = quantity of matcrial with **N abundancc a, (of lower carichment)

a = average or desired % "°N abundance in the final mixturc of (x + y)

If the added diluting material is an unlabelled (ordinary) fertilizer, then
a, = a, = 0.37% "N abundancc = 0% "N at. exccss

x (@)
Equation (1) then becomes =a )
Xty

where @'l = % "N at. cxcess of matcrial of higher '*N enrichment
a’ = % "N at. cxcess desircd in the final mixture.

The amounts of x and y can be expressed as m, and m, in mass units (g).
Thus cquation (2) can be rewritten as follows:

(m, + my) a’
mo=— ©)

a?
d1
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EXAMPLES: Making solutions of rcquircd N content.
Example 1 From a stock of 10.0% '°N abundance (NH,),SO, and ordinary
(NH,),$0,, make up a 10-L solution containing 140 g (NH,),SO, at 1.0% '*N
abundance.
Calculations:
m, + m, = 140 g (NH,),SO,
10% "N abundance = 10.0 - 0.37 = 9.63% "N atom excess = a’,
1.0% "N abundance desired = 1.0 - 0.37 = 0.63% N at. cxcess = a'.
0.63

140 x —— =92 g (NH,),SO,, 10% "N abundancc.
9.63

Then, m,

and m, = 140 - 9.2 = 130.8 g ordinary (NH,),SO,

Example 2 There arc cight plots, cach covering an area of 1 m? 10 be fertilized at a
ratc of 100 kg N/ha in the form of urca with 1% "N at. excess. The fertilizers
available arc urca with 10% "N abundance and ordinary urca. The fertilizer is to be
applicd as a solution, cach plot receiving 200 ml/m?, To make up the appropriate
solution:

Calculations:
Total N requircment:

Total arca to reccive N fertilizer = 8 x 1 m? = 8 m?

100 x 10° g N
100kgN/ha= — = 10g N/m?
10° m?
N content of urca = 46.7%
100 x 10
Amount of urca nceded perm®> = — = 21d1g
46.7
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Amount of urea nceded for total area = 214 x 8 = 1712 g
Total volume of solution nceded:

200 ml/m® x 8 m? = 1,600 ml or 1.6 L. (Howcvcr, to allow for spillage, taking
solutions for standards, etc., prepare a total of 1.8 L. In this case, the amount of
urca required is higher by the following ratio 1.8/1.6)

the required amount for 1.4 L 1.8/1.6 x 171.2
1926 g

Dilution calculations:
m, +m,=193¢g

a, = 10-037 = 9.63% "N at. excess of urca to be diluted

= 1% "N at. excess desired in final solution

o
I

1.00
193x — =20¢g
9.63

m,

m, =200-20 =180¢g

The required solution is thus obtaincd by mixing 20 g of 10% "N abundance labclled
urca and 180 g of normal urca in 1.8 L of water.

Example 3 In a ficld experiment on nitrogen fixation, there is a total of 24 plots. A
legumec crop is to be grown on 18 of these plots, while the remaining six plots are to
be planted to the reference or nonfixing crop. The legume will receive 20 kg N/ha
applicd as 5% "N at. excess (NH,),SO,, whilc the reference crop reccives 100 kg
N/ha of 1% "N at. cxccss ammonium sulfate. The available fertilizer stock consists of
(NH,),SO, with 10% '*N abundancc and unlabelled (NH,),SO,.

The plot sizes are 2.0 m? for the legume, and 1.8 m? for the reference crop. To
prepare these solutions:

Calculations:

(i) Legume crop:
Fertilizer requircment:

Area to be fertilized =18 x 2.0 m? =36 m?
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Rate of N application 20 kg N/ha 2 g N/m?

Total N requircd =3m?x2g/m* =72gN
N fertilizer to be used is (NH,),SO,, 21.2% N.
100
Amount of (NH,),SO, required = —— x72 =340g
212

Preparation of solution:
Volume required per plot = 200 ml/m? x 2 m? = 400 ml
Total solution needed for 18 plots = 400 x 18 = 7,200 ml

To allow for spillage, ctc., prepare 7.5 L of solution.

7.5
Amount of (NH,),SO, rcquired for 75 L =— x 340 ¢
7.2
=354¢g
m'+m, =354g
a’ = 5% "N atom cxcess
a’, = 10 - 0.37 = 9.63% '*N atom cxccss.
Then:
5
m, = 354 x = 1838
9.63
Thercfore,
m, = 183.8 or approximatcly 184 g 10% "N abundance (NH,),SO, and,
m, = 354 - 184 = 170 g ordinary (NH,),SO,

For this experiment, therefore, 184 g of 10% N abundance (NH,),SO, and 170 g of
ordinary (NH,),SO, fertilizer should be dissolved in 7.5 L of watcr, and applicd to the
legumc plots at a rate of 200 ml/m? or 400 ml per plot of 2.0 m?,
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(i) Standard nonfixing crop:
Fertilizer requirements:

Arca to be fertilized: 6 x 1.8 m* = 10.8 m?

Rate of N application = 100 kg N/ha = 10 g N/m?

Total N required = 108 m? x 10 g/m?* = 108 g N

N fertilizer to be used is (NH,),SO,, 21.2% N

Amount of fertilizer necded = (100/21.2) x 108 = 5094 g (NH,),SO,
Preparation of Solution:

Volume per plot = 200 ml/m® x 1.8 m*> = 360 ml

Therefore, 6 plots x 360 ml/plot = 2160 ml

Prepare 2.5 L, to allow for spillage, etc.,, and also for aliquots of standard to be
taken.

This makes the required quantity of fertilizer = (2.5/2.16) x 509.4 = 590 g

m, + m, = 590 g,

a’ = 1% "N atom cxcess, and,

a’, = 10-037 = 9.63% "N atom cxcess.
Then:

m, = 590 x (1/9.63)

m, = (590/9.63) = 61.3 g 10% '°N abundance (NH,),SO,
m, = 590 - 61.3 = 528.7 g of ordinary (NH,),SO,
Therefore, the 1% N al. cxcess labelled (NH,),SO, solution would be prepared by

dissolving 61.3 g of 10% '°N abundancc (NH,),SO, and 528.7 g of ordinary
(NH,),SO, in 2.5 L of watcr.
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I. Nitrogen Cycling in Farming Systems
I.1. The Nitrogen Cycle

The atmosphere above the soil contains 79% nitrogen, but this nitrogen can only be
used by plants indirectly through chemical fixation and application of fertilizers or
through the less cxpensive process of biological nitrogen fixation. Nitrogen as a
nutricnt is a major limiting factor for agricultural production in many parts of the
world. The majority of soil nitrogen is present in surface soil where most of the
organic matter is located. Organic matter contains an average of 5% nitrogen (w/w);
the plow layer of cultivated soils usually contains from 0.02 to 0.4% nitrogen by
weight.

Nitrogen is subject to a large number of microbiological, chemical, and physical
processes in soil, collectively referred to as the ‘nitrogen cycle’ (Figure L.1.1). This
cycle is dynamic, changing constantly as conditions change to favor onc transformation
or another. Gains of soil nitrogen occur through biological nitrogen fixation,
fertilization, and from the rcturn of ammonium (NH,*) and nitratec (NO;) in
rainwater; losscs occur through crop removal, lcaching, immobilization, and
volatilization. We will briefly discuss thc main components of this cycle and its
importance to agriculture and the ecosystem.

I.1.a. Gains or Inputs to the N Cycle

The major pathway by which soil gains nitrogen is dinitrogen fixation by
micreorganisms, cither free-living in the soil, in symbiotic relationships with lcgumes
and certain nonlcgumes, or in associative rclationships with certain grasscs. The
magnitude of such inputs varies from less than onc kilo to hundreds of kilos of N per
hectare per year, Estimation of N, fixation by changes in soil N content and
development of a N balance sheet is difficult because of the many facets of the
nitrogen cycle.

Biological nitrogen fixation (BNF), the rcduction of atmospheric N, to ammonia, is a
process carricd out not only by rhizobia but by scveral specics of bactcria, algac, and
fungi that cxist as frce-living organisms or in mutually beneficial associations with
several species of herbaceous and woody crops. The reduction of N, catalyzed by the
nitrogenasc cnzyme complex contained in bacteroids within root nodules, proceeds as
follows:

N, + 16ATP + 8¢ + 10H' ---> 2NH," + 16ADP + 16P, + H,.
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The ammonium ions resulting from fixation are incorporated dircctly into the amino
acids and proteins necessary for plant growth, ultimatcly for the bencefit of humans
and animals that consumec the high-protein legumes. When residucs of legume crops
arc incorporated into the soil, legume protein N is mineralized to the plant-available
form, NO,, by the action of soil microorganisms.

Biological nitrogen fixation annually contributes about 140 million mctric tons of N on
a global basis, of which about 112 million metric tons result from symbiotic fixation
and the remainder from associative and frec-living nitrogen fixation. Agriculturally
important legumes arc estimated to fix more than 80 million metric tons of N
annually. In comparison, fertilizer N synthesized industrially (using pctrolcum
feedstocks ) by the Haber-Bosch process totalled about 50 million metric tons in 1980.
The process of N, fixation by agriculturally important legumes provides N equal to
that which would require 21 x 10" m® of natural gas to produce, while about 6 x 10"
m® of natural gas were used for feedstock and process heat to synthesize chemical
fertilizer N in 1980.

Precipitation also contributes to systems with an amount of N oxidized from
atmospheric dinitrogen by the action of thunderstorms. The amount added is much
less than the contributions from nitrogen fixation or fertilizer inputs. Input from
precipitation may be measurcd dircctly.

Mineralization of soil nitrogen is the process by which nitrogen in organic compounds
is converted into the inorganic form, i.e., ammonium and nitratc ions. The
transformation takes place in the stages:

organic N ---> ammonia ---> nitrite ---> nitratc.

These transformations arc mediated by soilbornc microorganisms. The process is
affccted by those factors influencing microbial activity (temperature, moisture, pH,
ctc.), as well as by the C/N ratio of dccomposing plant residucs. Mincralization is
ncarly always accompanied by conversion of mineral forms of N to organic forms, or
immobilization. These two processes are inscparable, one closely depending on the
other, and together they result in the formation of organic matter, microbial cells, and
plant tissuc. The difference between the (wo processes will be a net cffcct, net
mincralization or nct immobilization. The final cffect of these processes results in the
availability of nitrogen forms for plant production.

Mincralization involves the transformation of organic N to ammonia, nitrite and
nitrate by microbial action. Thus when a protein, such as dried blood, is added to a
soil, about 80% of the added N is libcrated as ammonia and the remainder of the
nitrogen is retained in the microbial tissues. As incrcasing amounts of carbohydratc
(c.g., ccllulosc) in plant matcrial arc mixed with the protcin, the amount of microbial
tissue is increased and the proportion of nitrogen released as ammonia dccreases.
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When the ratio of carbohydrate to protein reaches 5:1, all the nitrogen is nceded by
the microorganisms. The C/N ratio is the detcrmining factor for whether nct
mincralization or net immobilization will take place. If the C/N ratio in soil is high,
above 30, immobilization will completely dominate and very small amounts of nitrogen
will be available to the plants. If the C/N ratio is below 15, mineralization will
dominate and a release of plant available forms of nitrogen will proceed.
Incorporating high carbon residucs, such as straw, into soil will result in a temporary
deficiency of nitrogen for plant growth.

The cyclic naturc of these two processes must be kept in mind. When wheat straw,
with a C/N ratio of about 25, is added to soil, nct immobilization takes place and
plant-available nitrogen is ‘ticd-up’. As the carbon is broken down by microbes and
bccomes part of the microbial biomass, there is less C available to sustain the
incrcased population of microbes. Part of this microbial population then begins to dic,
and in turn becomes a source of cnergy for other microorganisms. As this organic
material is brokcn down, nitrogen is released again as ammonia which rapidly changes
to plant-usable NH, and NO,. The small amount of nitrogen in crop residucs (usually
Iess than 0.5%) is then eventually relcased as plant-available N, although the process
can lake place slowly depending on the total amounts of carbon and nitrogen
available. The majority of cvidence indicates that 15-25% of the N in legume residues
may bc available to the first subscquent crop.

Nitrification is a component of the mineralization process brought about by the action
of soil microorganisms (Nitrosomonas and Nitrobacter spp.). In this oxidative proccss,
thc ammonium ion (in this casc from organic decomposition) is transformed first to
nitritc and then rapidly to nitratc, through the action of enzymes contained in specific
bacteria. Nitrate is the most widcly available form of N for plants, both because it
moves casily in soil with watcr, and because its negative charge balances the many
positive ions taken up by plant roots.

As a biological process, nitrification is affected by several factors: (1) the amount of
ammonium ion available; (2) the amount of oxygen available; (3) moisturc availability;
(4) temperature; and (5) soil pH. In general, the best conditions for plant growth also
arc the best conditions for nitrification. Very little NH, will be transformed to NO, in
cold or watcerlogged soils, or where the pH is below S or above 9. Addition of urca,
which is rapidly transformed to NH, in soil, will under good conditions of nitrification
result in complcte transformation to nitrate in six to cight weeks (Figure 1.1.2).
Nitrification docs not take place in very acid soils. Nitrification only proceeds rapidly
in warm soils, and proceeds slowly when the soil temperature is below 4-5°C.

Mincral nitrogen in the soil is present either as ammonium or nitrate ions. The

nitrates arc all dissolved in the soil solution, unless the soil dries out, while much of
thc ammonium is held on the exchange complex. The total quantity of mineral
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nitrogen in the soil is the difference between the rate at which it is being produced
from the soils’ storc of organic matter by the soil microbial population and the rate or
its removal by leaching, by growing crops, and by other members of the soil microbial
population. The proportion of nitratc to ammonium depends on the rate of
nitrification, the uptake of nitratc by the plant and the loss of nitrates by leaching. In
gencral, all field soils contain microorganisms that will oxidize ammonium to nitrate.

The Nitrogen Cycle
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' N-fixing orgs.,
I fertilizer, |
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Fig. 1.1.2. Schematic diagram of the N cycle.
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I.1.b. Losses from Soil-Plant Systems

Loss of N from soil occurs mainly through crop removal, leaching, volatilization, and
denitrification. Accurate measurements of losses due to leaching and volatilization arc
difficult, and to describe the methodologics is beyond the scope of this manual. Oficn,
these losses are not included when estimating rates of N turnover in soils and it is
recognized that the estimate for total N losscs will be underestimated.

Denitrification is important in agriculturc as a proccss in which inorganic N is lost
from soil, thus diminishing thc amount available to crop plants. Denitrification
involves reduction of NO, to N, or N,O gas which rcquires anacrobic or waterlogged
conditions. The process is mediated by the action of anaerobic bacteria
(Nitrosomonas spp.) that arc able to usc nitrate instcad of oxygen as a hydrogen
acceptor. Some of these bacteria may only be able to carry out one stage of the
reduction process, from nitratc to nitrogen gas. Denitrification occurs in soils above
pH 5.0, under conditions of poor aeration in the prescnce of an active microbial
population, and can thereforc be important during wet periods in warm soils well
supplied with decomposablc organic malter.

Leaching is dependcnt primarily on rainfall and soil permcability. In semiarid areas,
nitrate lcaches only into the subsoil where it may accumulate. However, in more
humid arcas where precipitation exceeds cvapotranspiration, significant lcaching may
occur. Lysimeter expcriments with growing crops can give morc dctailed information
about this loss, because the amount of nitrogen lost in the drainage water can be
mcasurcd.

Volatilization may causc nitrogen loss to thc atmosphere as NH, gas, whenever NH,
is present at the soil surface. This process is accelerated at high pH (above 7.0) and
warm tcmperaturc. Ammonia or ammonium-forming fertilizers (such as urca, which is
broken down into ammonium by bacteria utilizing urcase) may be lost to the
atmosphcre by volatilization when applied to the soil surfacc under these conditions.
Common situations for loss through volatilization arc when ammonium sulfate is
added to the surfacc of calcarcous soils, or when large dressings of urea arc added to
the surface of soils that arc not strongly acid, particularly during periods of light
showers of rain interspersed with strong drying conditions. Thesc losses can be
avoided if the fertilizer is incorporated into the surface soil or placed sufficicntly far
below the soil surface for any ammonia that is relcascd by volatilization to be
absorbed by the soil before it can reach the atmosphere.
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I.2. Role of Legumes in Systems

One of the most important tasks for soil scientists at present is to quantify the
movement of nitrogen through the various pathways and so optimize use of legumes
in systems and N fertilizers, while Icssening the impact on groundwater and other
cnvironments. An undcrstanding of the processes involved will lead to management
practiccs which minimize losses and improve the utilization of nitrogen in farming
systems.

The residual value of leguminous crops is often uscd as a justification for inclusion of
legumes in farming systcms. A leguminous crop, particularly forage and pasture
legumes (e.g., velches, medics, and clovers) may increase the level of available
nitrogen in the soil, and the following crop may respond to this nitrogen. The residual
effect depends on cfficiency of N, fixation, the legume specics, water supply and
management practices.

1.2.a. Factors Introduced by Legumes in Farming Systems

In legume-cercal rotations, the amount of fertilizer N that can be replaced by legume
N depends on: (1) the quantity of legume residues returned to the soil; (2) the
content of symbiotically fixed N in the residucs; and (3) the availability of the legume
residuc N to the succceding cereal. The application of >N methodologies (Section H)
allows devclopment of N budgets showing how the N, fixation capability of the crop,
N partitioning among plant organs, and crop management influcnce the return of N to
the soil and its subscquent recovery.

Only part of the symbiotically fixed N in a hay or pasturc lcgume is typically returned
to the soil for use by a succceding crop. This is because a portion of the fixed N is
removed from the land when the legume is harvested or grazed, with the balance
remaining in unharvested roots and crowns. Likewise, the harvest of leguminous grain
crops usually involves removal of all above ground plant matter (seed and straw) from
the field, lcaving only the root N for return to the system,

Legumes in gencral, however, appcear to confer benefits greater than that possible
from N contribution or conservation. Even where fertilizer N is nonlimiting the
maximum yicld obtainablc by a ccreal following a legumc almost always exceeds that
following a ccrcal. No general explanation for this effect can be given, but some
possible (and dcmonstrated) reasons include: (1) the legume’s cffectiveness in
breaking cercal discase and pest cycles; (2) the reduction of phytotoxic and
allelopathic problems; (3) improvement of soil structure; (4) diffcrential water use
pattcrns; and (5) favorable positioning of N and other necessary nutrients in the soil
profile.
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The usual agronomic approach to assessing the N-supplying capability of a legume
preceding a cereal is to compare the yield of the nonlegume following the legume
with that obtained from different rates of fertilizer N applied to the cereal, versus that
in continuous cereal or in a fallow-cereal rotation. This methodology will likely
overestimate the fixed N contribution to the system, however, duc to the following
factors: (a) ccreal response to legume N cannot be separated into responsc to fixed N
in the legume and turnover of soil-derived N; (b) legume N is not the only factor
affecting cereal yicld response in a legume-cercal sequence; (c) the methodology
assumes that applied fertilizer N and the residual legume N arc equally available to
the cereal; and (d) the N-supplying capacity of the soil often is altered by growth of a
legume and incorporation of legume residues. Experiments intended to determine the
quantities of fixed N available to a following cercal must take these factors into
account.

1.2.b. Field Trial for Effect on Following Crop

The role of food and forage legumes in rotation with wheat through contribution of
BNF may be investigated using a two-course rotation trial. Effect on following cereal
of legume treatments in comparison with continuous wheat and fallow-wheat will
allow evaluation of lcgume contribution in a farming systcms approach. Both phascs
of the rotation arc grown cach ycar. Phase I includes legume trcatments, in which
quantities of N, fixed arc mcasured using '*N methodology. Phasc II is planted with
wheat or barley, in which varying levels of N fertilization allow calibration of N
contribution from phasc I trcatments against yicld and N-uptake from added N
fertilizer. Design is a randomized complete block with three replications in phase I,
and a split-plot with phase I trcatments as main plots in phasc II.

From phase I treatments, cstimations of N contribution from soil and fixation in the
legume crop can be obtaincd, from which potential N contribution to soil is
calculated. Total aboveground biomass is harvested at maturity and removed from the
field, with measurcments of seed and straw N contents and yicld. Wholc plants are
harvested from the center of microplots at physiological maturity, oven dried and
finely ground prior to analysis of *N-atom cxcess. N, fixation is calculatcd using the
A-value methodology (Scction H).

With phasc II trcatments, fertilizer use efficiency (FUE), as well as amount of fixed N
from the previous crop trcatment (soil A value), can be measured using *N
enrichment data. In addition, contributions from phase I trcatments can be calibrated
against yield and N uptake from N fertilizer added to following ccreal crop (fertilizer
replacement value).
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Methods

Soil mincral N (extractable NH,* and NO;’) should bc measured in the surfacc 40 cm
in the three replicates of cach treatment plot in both phases before planting the trial
each year (84 samplcs); five or six samples from each plot should be bulked and N
analysis conducted on a subsample of the bulked samples. This analysis will indicate
soil N differences duc to the various treatments. (Note: Year 1 will require sampling
only of cxperimental arca as a whole; year 2 will require sampling in only phasc 11
plots; ycar 3 will require sampling in all trcatment main plots.)

Suggested Phase 1 Treatments

1. winter-planted chickpea, inoculated
2. winter-planted chickpea, uninoculated
3. spring-planted chickpea, inoculated

4.  spring-planted chickpea, uninoculated
5 lentil

6. lentil with Promet sced treatment for Sitona control
7.  dry peas

8. dry peas with promct sced treatment

9. faba bean

10.  Vicia sativa ssp. dasycarpa

11.  Vicia narbonensis

12.  Lathyrus sativus

13.  wheat, 40 kg N/ha basal application

14.  fallow, weed-free

Plot size is 20 x 2.1 m, with 30-cm row spacing in all lcgume treatments. Microplots
of 1.0 m® (containing 10 kg N/ha using 10% 15N-enriched ammonium sulfatc) arc
placed in the legume treatments of phasce I (location changed cach scason within the
arca of the 20 N trcatment of phase 11). Each scason, 5 x 1.05 m strips of reference
crop (non-nodulating chickpca and barley) cach containing a 1 m?® microplot fertilized
with 100 kg N/ha (using 1% '°N-cnrichcd ammonium sulfatc) will be placed between
phases in cach replication both for winter and spring crops (four reference crop plots
in cach replication). Microplot location within the reference crop plots will be
changed each ycar 1o avoid previously cnriched arcas and maintain consistent
enrichment levels. Three replications are used for yicld and "N measurcments.

Microplot Fertilization
Twelve of the 14 treatments will contain microplots for mcasurement of N, fixation,

for a total of 36 1-m? microplots in the legume treatments of phase I (30 winter-sown,
6 spring-sown). Each of these microplots will receive 4.75 g of 10% "N-enriched
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ammonium sulfate dissolved in 300 ml distilled water, applied evenly over the
microplot area after planting but before emergence. The easiest method of application
is to dissolve the total amount of **N-cnriched fertilizer in water, and then dilute a
fixcd amount of this stock solution in the distribution bottle for each microplot (c.g.,
for the 30 winter-planted microplots, dissolve 190 g 10%-enriched ammonium sulfate
in 800 ml distilled water. For each fixing crop microplot, pipette 20 ml of this enriched
stock into the distribution bottle, and add 280 ml distilled water). No fertilizer will be
applicd to the areas outside of microplots in the lcgume treatments of phase I.

Two microplots of cach of the two reference crops (one set sown in winter and onc
in spring) will be planted each ycar in the 1.05-m strip between phases in each
replication, for a total of 12 reference microplots. These reference microplots will
rcceive 100 kg N/ha of 1% '*N-cnrichcd ammonium sulfate after planting but before
emergence, usually at the same time as fixing crop microplots. Prepare a stock of
uncnriched ammonium sulfate by dissolving 257 g ammonium sulfate in 300 ml water
(cnough for six microplots). Add 20 ml of the **N-cnriched stock (from above) and 50
ml of the unenriched stock solution to the distribution bottlc; add 230 ml distilled
water and mix thoroughly before cven distribution over microplot area.

Arcas outside of the reference crop microplots should be fertilized at the rate of 100
kg N/ha at planting time, with carc taken to prevent any unenriched fertilizer from
entering microplot arcas. This fertilization is not critical, as no reference crop will be
harvested outsidc of the microplot arca. It is, however, essential to maintain even
fertility in the reference crop arca with rotation of microplot location.

Suggested Phase 11 Treatments

1. main treatment plots from phase I arc divided into four subplots of 5 x 2.8 m,
on which wheat is grown with four lcvels of N application:
- 20 kg N/ha addcd
- 40kg N
- 60 kg N
- 80kgN

2. subplots contain 1.0 m? microplots fertilized with *N-enriched ammonium
sulfate (enrichment at 5% for 20 kg/ha, 2.5% for 40 kg/ha, 1.67% for 60 kg/ha
and 1.25% for 80 kg/ha). Placcmcent of microplots must be carefully planned
(especially in the 20 kg N subplots, where microplots from both phases arc to
be placed) to avoid the arca which was under "N microplots in previous
scasons.

Wheat is planted using local practices. Carc should be taken in land preparation not

to movc soil from one treatment plot to another. Fertilization of plots outside of
microplot areas is done before or at planting using granular N fertilizer. Microplots
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are fertilized after planting but beforc emcrgence using *N-cnriched N fertilizer
dissolved in water. Placement of microplots in phase IT plots should be arranged so
that microplots used in phasc I are avoided. Ncw microplots must not overlap the
areas of old microplots if consistent soil enrichment is to be maintaincd.

Fertilization Qutside Microplots

After broadcast P fertilization and land preparation, subplots and locations of
microplots should be staked out. Depending on planting methodology, N fertilizer can
be broadcast preplant (hand planted) or after planting (tractor planted). Prefcrably,
some incorporation of broadcast N fertilizer will occur to prevent volatilization. It is
important that, before broadcast of fertilizer, a plastic sheet 1 m? is used to cover the
microplot so that no granular fertilizer is applied to the microplot arca. It is suggested
that the granular fertilizer be broadcast by hand evenly over the subplot arca (minus
microplot). The best method is to broadcast at planting time whilc furrows are open;
in covering furrows the fertilizer is mixed with surface soil.

Commonly, ammonium sulfate (21% N) is uscd to fertilize plots outside microplots,
but other forms of inorganic N (e.g., ammonium nitrate, urca) may be uscd. The
quantitics of ammonium sulfatc nceded for N treatments in the area outside
microplots (subplots 5 x 2.8 m cach containing a 1 m® microplot = 13 m?) are as
follows:

Treatment g (NH,)_SO, per 13-m? plot

20 kg N/ha 124

40 kg N/ha 248

60 kg N/ha 3N

80 kg N/ha 495 TOTAL 52 kg

There arc 42 subplots for cach subplot treatment (total of 168 subplots). The total
quantity of uncnriched ammonium sulfate ncedced, including that used to dilute the
"*N cnriched fertilizer in microplots, is about 56 kg.

Microplot Fertilization

Microplots containing "*N-cnriched fertilizer arc located in cach subplot. As cach plot
is divided into four fertilization level subplots, there will be a total of 168 microplots
of 1 m? each.

A total of 808 g of 10% '*N-cnriched ammonium sulfate [(NH,),$O,] is nceded for

the phasc 11 portion of the trial (798 g plus 10 g for cnrichment measurement and
mcasurcment crror). A total of 3.8 kg of uncnriched (NH,),SO, will be required to
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dilute the cnriched (NH,),SO, to the desired levels for the four fertilizer treatments,
Quantitics required per microplot are given in Table 1.2.1:

Table 1.2.1. Fertilizer composition of treatment microplots.

(NH,);SO,, g
Fertilizer trcatment In microplot 10% enriched Unenriched
20 kg/ha 9.5 475 4.75
40 kg/ha 19.0 475 14.25
60 kg/ha 286 475 23.85
80 kg/ha 38.1 4.75 33.35

The amount of 10% '*N-cnriched fertilizer in cach trecatment microplot is the same,
although the total amount of fertilizer is diffcrent. The reason for this is that we arc
attempting to achieve an economical cnrichment in the crop, i.c., onc which is
mecasurable using a small amount of '*N. The "A-value" mcthodology will be used to
calculate the fertilizer use efficicncy (FUE) and N-supplying capability of the soil with
the "N cnrichment analyscs of plant samples at harvest.

Microplots should be fertilized 5-15 days aftcr planting, during a dry period but
before plant emergence (sce Scction H). Five stock solutions of (NH,),SO, in distilled
or deionized water should be prepared prior at the time of fertilization of microplots
(Table 1.2.2). Note that slightly more stock solution is made than will be used; this is
to ensurc that you have enough for all trcatments and to account for spillage or loss.
Make sure that all added fertilizer in stock solutions is dissolved before use. Precise
quantities of solution from these stock solutions will be added (Table 1.2.3) to ecach
microplot to give replicated levels of enriched "N fertilizer.

Table 122. Composition of stock solutions for fertilization of microplots.

Stock (NH,),SO,, g Quantity of distilled
solution 10% ecnriched Unenriched water to be dissolved in
1 808 0 1700 ml
2 0 238 2000 ml
3 0 T2 2000 ml
4 0 1193 2000 ml
5 0 1668 2500 ml
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Table 123. Quantities of stock solutions necessary for application to one microplot
in the different fertilizer treatments.

Fertilizer Stock solution (ml)

trcatment 1 2 3 4 5
20 kg N/ha 10 40 0 0 0
40 kg N/ha 10 0 40 0 0
60 kg N/ha 10 0 0 40 0
80 kg N/ha 10 0 0 0 50

An applicator bottle with holes in the lid for even solution distribution is suggested for
proper application of "N solutions. The minimum volumc nccessary for a 1 m® area
is about 300 ml. After addition of the exact amounts of stock solutions necessary for
cach microplot trcatment (Table 1.2.3), the bottle should be filled with water to a
constant volume (300 ml). The contents should then be mixed thoroughly by swirling,
and then applicd cvenly over the microplol area using back-and-forth and crossing
motions. Carc must be taken that all surfaces of the microplot reccive equal amounts
of solution.

A 10-ml pipettc can be used for precise addition of stock solution 1, which contains
the "N. A 50-ml graduated cylinder or volumectric flask should be used to accurately
mcasurc proper amounts of the other stocks. Care should be taken to mix stock
solutions thoroughly during use, and to mix the contents of the distribution bottle well
before spreading on the microplot. After completing half the microplots in the
experiment, 5 ml of stock solution 1 should be transferred to a clean glass vial, to be
analyzed later for '*N concentration.

Calculations for A-value and N, fixation from cnrichment of crops grown in
microplots can bc madc as given in Scction H.
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