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Abstract
Weeds cause serious constraint to faba bean (Vicia faba L.) productivity. Broad

weed control is hampered by the availability of postemergence herbicides to control

them, as the current faba bean cultivars are highly susceptible to them. Therefore,

the deployment of postemergence herbicide tolerance is desirable in faba bean. To

address this, 130 accessions were screened for their response in mature plants under

field conditions to the recommended dosage of two herbicides, metribuzin at 250 g

a.i. ha−1 and imazethapyr at 75 g a.i. ha−1 at Marchouch and Terbol stations. The

recorded herbicide damage score (HDS) varied from 1 (no visual damage) to 5 (full

damage with death of more than 50% of plants) at both locations. Low but highly sig-

nificant (p < .01) and positive correlation (+0.26) was obtained between the recorded

HDS at both locations. Both herbicides significantly delayed flowering and matu-

rity time occurrence, reduced plant height and grain yield, and increased number of

branches. Reduction index (RI) correlated positively with HDS score at Terbol station

in different seasons and at Marchouch in 2016–2017 seasons. Eleven tolerant acces-

sions were identified and further evaluated to 1×, 1.5×, and 2× of recommended dose

of both herbicides. The results indicated that the harmful effect of herbicides on grain

yield reduction intensified from 13.4 to 27.2% and from −7.6 to 1.8% as the dose of

metribuzin and imazethapyr increased respectively from 250 to 500 g a.i. ha−1 and

from 75 to 150 g a.i. ha−1. Tolerance to metribuzin and imazethapyr in eight faba

bean accessions was confirmed with no significant reduction in grain yield.

Abbreviations: ALS, acetolactate synthase; BRPLT, number of branches

per plant; DFLR, days to flowering; DMAT, days to maturity; GYPLT, grain

yield per plant; HDS, herbicide damage score; PLHT, plant height; PNPLT,

number of pods per plant; RI, reduction index; RIGY, reduction index of

grain yield per plant; RIHT, reduction index of plant height; SNPLT,

number of seeds per plant; WANA, western Asia and northern Africa.
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1 INTRODUCTION

Faba bean (Vicia faba L.) is one of the most important cool-

season grain legumes widely grown on 2.5 million ha area

in 38 countries (www.faostat.fao.org). It contributes to sus-

tainable agriculture and ecosystem services by enriching the

soil with nitrogen (N), improving yield of subsequent cereal

crop, and diversifying the cropping systems (Jensen et al.,

2010; Ruisi et al., 2017). Being a partially allogamous crop,
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faba bean plays a key role in conserving the insect pollinators

that transfer the cross-pollen and improve the seed set (Marz-

inzig et al., 2018). In addition to its ecosystem services, faba

bean is a highly nutritious legume because of the high pro-

tein content of its seeds (Crépon et al., 2010). However, its

cultivation remains stagnant over the last 20 yr in western Asia

and northern Africa (WANA) where cereal monoculture rep-

resents >90% of the agricultural land (www.faostat.fao.org).

This is because of various biotic and abiotic stresses and

agricultural practices such as the limitation of efficient post

emergence herbicides and the dependence in manual or

mechanical weeding. Inclusion of faba bean in cereal crop-

ping systems requires many factors such as developing new

cultivars that are amenable to modern agricultural practices,

including mechanized harvesting and chemical weed control,

and cultivars resistant to pests and diseases and tolerant to the

different abiotic stresses.

The major limiting factors of faba bean production in the

WANA region are parasitic and nonparasitic weeds (Maalouf

et al., 2016a). Faba bean has low competitive ability with

annual weeds commonly encountered in faba bean fields in

the region because of its slow initial growth, which favors

the emergence and growth of annual weeds before the ground

is covered by the crop canopy (Frenda et al., 2013; GRDC,

2017a). Many weeds compete for nutrients, light, and mois-

ture with the growing faba bean plants. But the effect of weeds

is not limited to competition only, they also act as alterna-

tive hosts for many pathogens, viruses, and insect pests that

may lower grain yield and seed quality (Parihar et al., 2017).

Weeds such as white mustard (Sinapis alba L.), Eruca sativa
Mill., common amaranth (Amaranthus retroflexus L.), lamb’s-

quarters (Chenopodium album L.), butterweed (Erigeron
canadensis L.), and common nightshade (Solanum nigrum L.)

might also show allelopathic effect through releasing chem-

ical compounds that suppress the growth of faba bean and

other grain legume plants (El-Masry et al., 2015; Klingman

et al., 1982; Marinov-Serafimov, 2010; Messiha et al., 2018).

The presence of weeds in faba bean fields also hinders clean

harvesting of the crop, as it usually matures earlier than the

weeds (GRDC, 2017a). Economic losses as a result of weeds

in farmers’ fields can vary from negligible to a complete

crop loss. Manual weeding in the WANA region is expen-

sive and can cost ∼US$600 ha−1. In addition to standard

weeds, parasitic weeds, namely root parasitic broomrapes

(Orobanche spp.) and stem parasitic dodders (Cuscuta spp.)

also affect faba bean in many production regions (Rubiales

& Fernández-Aparicio, 2012). Broomrapes can be particu-

larly harmful, causing complete loss of faba bean crop, being

widely distributed in the Mediterranean basin (Fernández-

Aparicio et al., 2016; Maalouf & Baum, 2015).

The integrated weed management practices combining

both chemical and nonchemical methods, such as biological

weed control, hand weeding, mechanical weeding, crop rota-

Core Ideas
∙ Integration of faba bean in the cropping system

increases its sustainability & soil fertility.

∙ The sources for herbicide tolerance will be com-

bined with other traits to develop new cultivars.

∙ The identified lines reduce the cost of the produc-

tion by limiting the laborious hand weeding.

∙ The identified new sources of herbicide tolerance

in faba bean will be the first reported.

∙ Scope toward the development of postemergence

herbicide tolerant faba bean cultivars.

tions, soil solarization, and herbicide applications, are rec-

ommended for effective weed control in faba bean (Burn-

side et al., 1998; Singh & Singh, 2012). In conventional agri-

culture, herbicide treatment still appears as the most effi-

cient, less time consuming, and less costly than other meth-

ods because of the high cost of labor in both developed and

developing countries and high energy cost for mechanical

weed control (Garcia De Arevalo et al., 1992; Gressel, 2000).

Metribuzin and imazethapyr are commonly available chemi-

cal herbicides that can control the majority of weeds. How-

ever, like other legumes, faba bean cultivars are sensitive

to these herbicides, with severe phytotoxicity and negative

effect on the crop cycle and crop production as many sci-

entists reported a delay in the flowering and maturity time

(Gupta et al., 2017; Jefferies et al., 2016; Sajja et al., 2015;

Taran et al., 2013) and a reduction of the height (Sajja et al.,

2015; Sharma et al., 2016, 2018), yield, and yield compo-

nents of different legume crops treated with metribuzin and

imazethapyr (Sharma et al., 2016, 2018; Taran et al., 2010).

Metribuzin belongs to Triazines chemical group, which dis-

rupts electron transfer through binding to the D1 protein of

the photosystem II complex in chloroplast thylakoid mem-

branes (Senseman, 2007). Metribuzin can control dodder as

well as other annual weeds (GRDC, 2017b) and has been

recommended for managing weeds in legume crops in many

countries (Datta et al., 2009). Imazethapyr is a systemic her-

bicide that belongs to IMI class of herbicides (Imidazole) that

control weeds by reducing the level of branched-chain amino

acids—isoleucine, leucine, and valine—through the inhibi-

tion of acetolactate synthase (ALS), an enzyme common to

the biosynthesis of these amino acids. Imazethapyr can con-

trol broomrape (Dor et al., 2017; García-Torres & López-

Granados, 1991; Rubiales & Fernández-Aparicio, 2012; Tan

et al., 2005) and annual weeds (Cantwell et al., 1989).

In order to make legumes amenable to herbicide applica-

tion and expand their cultivation in many production regions,

tolerance to herbicides through mutagenesis and germplasm

screening has been explored with examples of metribuzin

tolerance in faba bean (Maalouf et al., 2016b), soybean

http://www.faostat.fao.org
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F I G U R E 1 Maximum temperature (˚C), minimum temperature (˚C), and precipitation (mm) at Marchouch and Terbol during different

planting seasons

[Glycine max (L.) Merr.] (Hartwig, 1987), lupin (Lupinus
albus L.) (Si et al., 2009), and lentil (Lens culinaris Medik.)

(McMurray et al., 2019) and imazethapyr tolerance in chick-

pea (Cicer arietinum L.) (Chaturvedi et al., 2014; Gaur et al.,

2013), lentil (Sharma et al., 2016, 2018; Singh et al., 2016;

Slinkard et al., 2007), and field pea (Pisum sativum L.) (Han-

son & Thill, 2001). However, such studies are preliminary in

nature based on a single location screening of limited number

of germplasms in faba bean. Therefore, the present study was

carried out to screen a large number of faba bean germplasms

at two different locations over four seasons for identifica-

tion of stable tolerance to metribuzin and imazethapyr; to

assess herbicide effect on different phenological, agronomic,

and yield traits in faba bean; and to evaluate the efficiency

of the visual scoring of damages when screening faba bean

germplasm to herbicide tolerance.

2 MATERIALS AND METHODS

2.1 Materials

A subset of 130 faba bean accessions belonging to the four

different subspecies (9 paucijuga, 62 equina, 42 major, and
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17 minor) were included in the present study along with

checks. These accessions (Table 1) are pure lines obtained

after at least three self-pollinated generations under insect

proof and derived from landraces collected from 35 coun-

tries and from breeding materials with wide range of genetic

diversity assessed by simple sequence repeat markers

(Maalouf et al., 2019). The seeds used in the current

experiments are sourced from the seed multiplication con-

ducted each year under insect-proof cages in order to avoid

cross pollination and ensure the purity of the evaluated

accessions.

2.2 Site-season experiments

In total, five site–seasons experiments were conducted at two

ICARDA experimental stations, namely Terbol (35.98˚ N,

33.88˚ E, 890 m asl) in Bekaa Valley of Lebanon during three

consecutive seasons from 2015–2016 to 2017–2018, and Mar-

chouch (33.5581˚ N 6.6930˚ W, 255 m asl) in Morocco during

the 2014–2015 and 2016–2017 seasons.

Terbol station, where the soil is deep and rich clay loam

is characterized by cool and high rainfall winter and moder-

ate and wet spring. Climatic data, described in Figure 1, indi-

cated high rainfall between December and March and a wet

and warm spring in all seasons. The highest rainfall and lowest

temperatures were observed in 2016–2017 while the highest

temperatures were observed in 2017–2018.

Marchouch station, in which the soil is Vertisol and mostly

silty clay, is characterized by semiarid environment. Figure 1

indicates high rainfall winter and dry spring in both seasons

and a warm 2016–2017 season.

Supplemental irrigation of 30 mm was provided at all site–

seasons during dry spells periods expect for the experiment

conducted in 2014–2015 at Marchouch.

These site–seasons experiments were sown in rotation with

cereals, either durum wheat [Triticum turgidum L. subsp.

Durum (Desf.) van Slageren] or bread wheat (Triticum aes-
tivum L.) in late November at Terbol and in mid-December

at Marchouch and harvested in late May at both locations.

Good agronomic practices were adopted to raise a success-

ful crop by adding 15-15-15 of granulated NPK at 250 kg

ha−1 and spraying lambda-cyhalothrin at 40 g a.i. ha−1 to con-

trol sitona, imidacloprid at 160 g a.i. ha−1 to control aphids,

and a combination of azoxystrobin and difenoconazole at

72.8 and 45.6 g a.i. ha−1, respectively, to control foliar dis-

eases. Weeds were controlled by pre-emergence application of

pendimethalin at 1,200 g a.i. ha−1 followed by manual weed-

ing to avoid weed competition. The major weeds found in our

fields at both locations were bean broomrape (Orobanche cre-
nata Forssk.), dodder (Cuscuta campestris Yunck.), rapeseed

(Brassica napus L.), bindweed (Convolvulus arvensis L.), and

narrow-leaved weeds.

2.3 Preliminary screenings

Preliminary screening of faba bean germplasm was performed

at Marchouch and Terbol stations by spraying the recom-

mended dosages of metribuzin at 250 g a.i. ha−1 (T1) and

imazethapyr at 75 g a.i. ha−1 (T2) at the inflorescence emer-

gence stage (BBCH code 50) (Lancashire et al., 1991) along

with the untreated plots (control, C). Each accession was

planted in a 2-m-long, one-row plot with 0.5 m spacing

between rows. At Marchouch, the tested accessions were eval-

uated in unbalanced block design with the three herbicide

treatments during 2014–2015. The tested accessions were

planted in an augmented design with randomized blocks.

In addition to tested accessions, each block contains three

replicated checks (two major types, FLIP86-98FB, ILB1814,

and one equina type BPL710) to monitor the experimental

errors. At Terbol, the tested accessions with four additional

accessions having diverse genetic background, (Flip86-98FB

is major type, HBP/SOC/2003 and ILB365 are equina, and

NA112 is paucijuga) were screened in alpha lattice design

with two replications and with same herbicide treatments dur-

ing 2015–2016.

2.4 Validation of the results

Based on the results of preliminary screening, selected acces-

sions were screened for validation of the results. At Mar-

chouch, 40 accessions (35 showing low visual damage to her-

bicides and no significant reduction in plant height and grain

yield under one or both the herbicides, five showing severe

damage) were further evaluated in unbalanced block design

with two replications against the same three herbicide treat-

ments (T1, T2, and C) during 2016–2017 season. Each plot

was planted in a 2-m-long, two-row plots maintaining 0.5 m

distance between the rows. At Terbol, 26 accessions show-

ing low visual damage and no significant reduction in grain

yield and one susceptible accession, NA112, were evaluated

again during 2016–2017 following the same design with three

replications.

2.5 Final validation against dosages

Eight accessions were selected at Terbol and three were

selected at both locations in 2016–2017 season showing low

visual damage and no significant reduction in grain yield were

further evaluated against higher dosages (1×, 1.5×, and 2×
of recommended rate) of metribuzin and imazethapyr at Ter-

bol during 2017–2018. Three treatments each of metribuzin

(T1 = 250 g a.i. ha−1, T3 = 375 g a.i. ha−1, and T4 = 500 g

a.i. ha−1) and imazethapyr (T2 = 75 g a.i. ha−1, T5 = 112.5 g

a.i. ha−1, and T6 = 150 g a.i. ha−1) dosages along with control
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(C) were evaluated in an unbalanced block design with three

replications.

2.6 Observations recorded

Herbicide damage score (HDS) was recorded twice as a pre-

liminary observation using a 1-to-5 scale during flowering

(BBCH code 60, HDS1) and pod development (BBCH code

70, HDS2) stages (Lancashire et al., 1991). The purpose of

HDS2 was to monitor the regeneration ability of each acces-

sion. Observations on days to flowering (DFLR) at 50% of

flowered plants, days to maturity (DMAT) at 50% of matured

plants, plant height (PLHT) as average of three plants, num-

ber of branches per plant (BRPLT) as average of three plants,

number of seeds per plant (SNPLT), grain yield per plant

(GYPLT) as average of three plants, and 100-seed weight

(HSW) as average of three plants were recorded as described

in the published ontology by Maalouf (2018). The traits

DFLR, DMAT, PLHT, and GYPLT were assessed for T1,

T2, and C in all seasons at Terbol and Marchouch. The traits

PNPLT and SNPLT were assessed for T1, T2, and C at Terbol

in all seasons and for T1 and T2 at Marchouch 2014–2015.

Traits BRPLT and HSW were assessed for T1, T2; and C at

Terbol 2017–2018.

The effect of herbicide treatments on different accessions

based on the HDS was assessed by estimating the reduction

in grain yield and plant height at Terbol during 2015–2016

and 2016–2017. The reduction index (RI) of tolerance was

estimated as follows:

RI% =
(
1 − �̄�

�̄�

)
× 100

where RI% is the reduction index of tolerance that repre-

sents the reduction in traits after herbicide treatment, �̄� is

the average of plots treated with herbicide (metribuzin or

imazethapyr), and �̄�is the mean of accessions under untreated

conditions.

Since the yield reduction is the most important trait to rely

on when selecting tolerant accessions, correlation between

HDS and RI of grain yield per plant (RIGY) was calculated to

evaluate the relationship between these two variables and see

if the assessment of the visual symptoms could be a reliable

indicator for herbicide tolerance and replace the yield assess-

ment that is very laborious. The selection of tolerant acces-

sions was based mainly on RIGY of each accession.

2.7 Statistical analysis

The spatial statistical model was applied for all quan-

titative data using the automatic spatial variance analy-

sis using incomplete block design of Genstat 19 edition
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T A B L E 2 Description of the damages observed in the treated

plants for each herbicide damage score (HDS)

HDS Description
1 No damage observed

Normal phytosanitary status

Normal and very good vegetative growth

2 Very light damage observed

Very few leaf burnings

Very good phytosanitary status

3 A clear moderate damage observed

Stunting in growth with high yellowing

Necrosis on leaves

4 A high damage was observed and death of <50% of

plants

Severe yellowing, leaf and stem burning with high

deformations

Very weak vegetative growth and stunted plants

5 Severe damage and death of >50% of plants

High deformations and burnings

High reduction of plant’s biomass

Overall yellowing was detected

(Goedhart & Thissen, 2018) within environments (for each

site–season independently); the fixed factors were genotypes

and treatments, while random factors were plots, blocks, and

replications. Variations among accessions, treatments, and

accessions × treatments interaction were assessed in terms of

p values (probability of observing more extreme data that can

be observed under the hypothesis of no genotypic variation)

using the Wald statistic. The best linear phenotypic estimates

were estimated for each treatment and accessions within the

treatments in each year and site separately. Spearman correla-

tion analysis was performed between HDS scores recorded at

both preliminary screening locations and between HDS scores

and RIs to assess the level of similarity of scoring at both loca-

tions and to evaluate the efficiency of visual scoring method

as compared with the RIs. Ordinal regression was performed

to predict the behavior of HDS scores with the estimated RIs

either in plant height and or in grain yield.

3 RESULTS

3.1 Herbicide damage score

Faba bean accessions treated with metribuzin and

imazethapyr were given a 1-to-5 score (Table 2) at the

first HDS (HDS1) stage, indicating a wide range of genotypic

variation among the tested accessions across locations and

seasons. Most of the accessions treated with metribuzin

showed leaf burnings, necrosis, yellowing, and reduced

growth. The highly susceptible accessions were completely

damaged with total burning and ultimately death of all plants.

Most of the accessions treated with imazethapyr showed leaf

yellowing, leaf size narrowing, growth reduction, and stem

deformation at the apical meristem.

During 2014–2015 season at Marchouch, the second HDS

(HDS2) was recorded only after 4 wk of metribuzin and

imazethapyr treatments. It varied from 1 to 5, showing

wide range of genotypic variation. Among the accessions

treated with imazethapyr, 2% of the accessions showed very

low damage (HDS2 = 1–2), 26% showed moderate damage

(HDS2 = 3), and remaining ones showed high or very high

damage (HDS2 = 4–5). In case of metribuzin, 10% of the

accessions showed very low damage (HDS2 = 1–2), 47%

showed moderate damage (HDS2= 3), and remaining showed

high or very high damage (HDS2 = 4–5) (Figure 2c).

The results indicated that 35 accessions showed low or

moderate damage (HDS2 = 1–3) to one or both the herbi-

cides and were selected for further evaluation during 2016–

2017 season at Marchouch. The HDS1 score was 2 or 3

for 88% of the accessions after imazethapyr and 72% of the

accessions after metribuzin treatment, whereas the HDS2

was 2 or 3 for 53% accessions after imazethapyr and 77%

after metribuzin, showing aggravation of symptoms rather

than recovery after imazethapyr and metribuzin treatment

(Figure 2d).

The preliminary screening performed at Terbol during

2015–2016 also showed a wide range of variation (1–5) at

HDS1. Among the evaluated accessions, 52% showed low

(HDS1 = 1–2), 44% showed moderate (HDS1 = 3) and

remaining ones showed high or very high (HDS1 = 4–5)

HDS score when treated with Imazethapyr. While 14% of the

accessions showed very low (HDS1 = 2), 60% showed mod-

erate (HDS1 = 3) and remaining showed high or very high

(HDS1 = 4–5) damage when treated with metribuzin. The

herbicide damage HDS2 recorded after 4 wk of the treat-

ments revealed that approximately 44 and 20% of the acces-

sions recovered from the metribuzin and imazethapyr treat-

ments respectively. The HDS2 score after imazethapyr treat-

ment was low (2) for 21% of the accessions, moderate (3) for

69% accessions, and high or very high (4–5) for the remaining

accessions. The accessions showing severe damage in the first

score continued with the same levels of damage in the sec-

ond score (HDS2 = 4–5). Concerning metribuzin treatment,

23, 43, and 33% of the accessions showed low (HDS2 = 1–

2), moderate (HDS2 = 3), and high or very high (HDS2 =
4–5) damage, respectively. Combined results showed that 24

accessions had low to moderate damage (HDS = 1–3) to both

herbicides that were tested for further validation. (Figure 2a).

Spearman correlation between the HDS2 recorded during the

preliminary screenings at both locations for metribuzin was

relatively low (0.26) and highly significant (p < .01). Despite
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(a) (b)

(c) (d)

F I G U R E 2 Distribution of faba bean accessions for herbicide damage scores (HDS1 and HDS2) under metribuzin at 250 g a.i. ha−1 and

imazethapyr at 75 g a.i. ha−1 in preliminary (a and c) and validation screenings (b and d)

the significant differences for the recorded herbicide damage

scores, the low correlation indicated low association between

the screenings conducted in Marchouch and in Terbol as a

result of environmental effects.

These 24 selected accessions were screened along with

three other accessions during the 2016–2017 season. The

HDS1 for metribuzin treatment varied from 1 to 4, with 37%

of the accessions showing very low damage (HDS1 = 1–2),

41% showing moderate damage (HDS1 = 3), and the remain-

ing showing high or very high (HDS1 = 4–5) damage. The

HDS1 score for imazethapyr treatment varied from 1 to 3,

with 81% of the accessions showing very low damage (HDS1

= 1–2) and 19% showing moderate damage (HDS1 = 3).

By the second scoring date, some accessions showed recov-

ery from metribuzin and Imazethapyr injuries and resulted in

regrouping the accessions as follows: 70% of the accessions

showed very low damage (HDS2 = 1–2) and 30% showed

moderate damage by metribuzin, while all the screened acces-

sions showed very low damage (HDS2= 1–2) by Imazethapyr

4 wk after the treatment (Figure 2b). Figure 2 shows that

the frequencies of genotypes with high HDS are higher in

the preliminary screening at Marchouch 2014–2015 and Ter-

bol 2015–2016 than in the validation screening at Marchouch

2016–2017 and Terbol 2016–2017.

The accessions showing low to moderate damage

(HDS = 1–3) and no significant reduction in plant height

and grain yield at Terbol and Marchouch during 2016–2017

were selected for further screening at higher dosages of

herbicides at Terbol during 2017–2018. Screening against

metribuzin at 250 g a.i. ha−1 resulted in identification of

one accession (FB2583) showing no damage (HDS1 =
1). Increasing metribuzin dose to 375 and 500 g a.i. ha−1

resulted in the appearance of low damage on the leaves of

this accession (HDS1 = 2). The HDS2 score after 4 wk of

the metribuzin treatment at 250 g a.i. ha−1 showed that four

accessions recovered from the herbicide injuries with no

apparent damage.

Score of faba bean accessions after imazethapyr at 75 g

a.i. ha−1 indicated no damage (HDS1 = 1) in five acces-

sions. These five accessions showed no (HDS1 = 1) to low

(HDS1 = 2) damage even after increasing the dose to 112.5

and 150 g a.i. ha−1. The HDS2 score showed no remarkable

change in imazethapyr treatments at 75 and 112.5 g a.i. ha−1,

but in imazethapyr at 150 g a.i. ha−1, six accessions showed

recovery from herbicide injuries. The 2017–2018 results high-

lighted the regrowth capacity of the selected accessions after

treatment with imazethapyr and metribuzin. These results also

validated the selection of accessions in previous seasons.
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3.2 Crop phenology

The ANOVA (Table 3) showed significant differences among

accessions (p < .05) for DFLR in all seasons at both

locations except in Marchouch 2016–2017, which was excep-

tionally warm (Figure 1), leading to accelerated flowering.

Significant differences (p < .05) were observed among her-

bicide treatments in all seasons at both locations. Signifi-

cant accession × treatment interaction was observed in Terbol

2015–2016 (p < .001) and Marchouch 2016–2017 (p < .001)

for DFLR.

Herbicide treatments (75 g a.i. ha−1 of imazethapyr and 250

g a.i. ha−1 of metribuzin) affected DFLR differently in dif-

ferent years and locations. Both herbicide treatments showed

significant delay (Table 4) in DFLR compared with untreated

plots (control) across seasons and locations. The maximum

delay in flowering was observed at Terbol 2016–2017 where

it varied from 114 to 138 d for metribuzin (T1) and from 116

to 136 d for imazethapyr (T2) vs. 114 to 134 d for the control.

However, the earliest flowering was observed at Marchouch

2016–2017, where DFLR ranged from 46 to 50 for T1, 34

to 45 for T2, and 34 to 43 for control. These results were

expected, as the season was extremely warm. During 2017–

2018 season at Terbol, flowering of the tested accessions did

not show any delay in T1 and T2 vs. control. These results

were expected, as all accessions were selected for their toler-

ance to metribuzin (T1) and imazethapyr (T2) treatments. The

experiment conducted at Terbol during 2017–2018 showed

delay in flowering time when treated with higher dosages

of metribuzin and imazethapyr. For example, DFLR ranged

from 90 to 110 d with metribuzin at 500 g a.i. ha−1 (T4) as

compared with 90–109 d with metribuzin at 250 g a.i. ha−1.

Similar observations were also obtained for imazethapyr treat-

ments.

The ANOVA (Table 3) showed that DMAT varied signif-

icantly among the accessions (p < .05) and herbicide treat-

ments (p < .001) across locations and seasons. The results

showed no significant interaction between accessions and

treatments across locations and seasons. There was a delay in

maturity of accessions when treated with herbicides in com-

parison with the untreated ones. In Terbol 2017–2018, the

delay was extended with higher dosages of herbicide treat-

ments (T3, T4, T5, and T6) (Table 4). Days to maturity varied

from 166 to 173 under T1 and from 168 to 173 under T4. Sim-

ilar observations were observed for imazethapyr treatments.

3.3 Plant architecture

Plant height and BRPLT were observed to study the effect

of herbicides on plant growth and development of faba bean

accessions. Significant differences (p < .001) among acces-

sions and herbicide treatments were observed for PLHT

at both locations across the seasons. Significant interaction

between accessions and treatments was also observed for

PLHT (p < .05) in all seasons (Table 3). The mean plant

height was shortened in treated plots as compared with con-

trol plots under both herbicide treatments at both locations

from 2014–2015 to 2016–2017 (Table 4). Similar observa-

tions were obtained at Terbol 2017–2018 for metribuzin treat-

ment. During 2017–2018 season at Terbol, the mean PLHT of

all accessions was less when treated with higher dosages of

herbicides. For example, the mean PLHT was 58 cm under

T2 (imazethapyr at 75 g a.i. ha−1) and 53.4 cm under T6

(imazethapyr at 150 g a.i. ha−1). Similar observations were

observed for metribuzin treatments (Table 4).

Significant differences (p < .001) among accessions and

herbicide treatments were observed in Terbol 2017–2018 for

the BRPLT (Table 3). The mean BRPLT was higher in herbi-

cide treated plots than in control plots (Table 4).

3.4 Yield and yield components

Grain yield per plant, SNPLT, and number of pods per plant

(PNPLT), and HSW were recorded to study the effect of her-

bicide treatments on yield components. The ANOVA showed

significant differences among accessions (p < .001) and treat-

ments for grain yield in all seasons at both locations. Sig-

nificant interaction between accessions and treatments was

also observed for grain yield at Terbol 2015–2016 (p <

.001) and Marchouch 2016–2017 (p = .032) (Table 3). The

mean GYPLT was significantly lower in plots sprayed with

metribuzin at 250 g a.i. ha−1 (T1) or with imazethapyr at 75 g

a.i. ha−1 (T2) than in control plots at both locations in all sea-

sons except in Terbol 2017–2018 for imazethapyr (T2). Grain

yield varied from 53.4 to 645 g under T1, 152.1 to 504.6 g

under T2, and 101.4 to 572.7 g in control plots in Terbol 2016–

2017. During 2017–2018, the average GYPLT decreased with

higher dosages of metribuzin (375 and 500 g a.i. ha−1) and

imazethapyr (112.5 and 150 g a.i. ha−1) at Terbol (Table 4).

Significant variation (p< .05) was observed for PNPLT and

SNPLT among accessions and treatments in all years and loca-

tions. There was significant accession × treatment interaction

for both the traits at Terbol 2015–2016 (p < .05) (Table 3).

The mean PNPLT and SNPLT were drastically reduced in all

accessions when treated with herbicides in all seasons and

locations except for imazethapyr treatment at Terbol 2017–

2018. During 2017–2018, the mean PNPLT and SNPLT were

lower when the accessions were treated with higher dosages

of metribuzin and imazethapyr at Terbol. For example, mean

PNPLT was 11.3 with metribuzin at 250 g a.i. ha−1 and 9.9

with metribuzin at 500 g a.i. ha−1 (Table 4). Similar results

were observed for metribuzin treatments for SNPLT.
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The effect of herbicide treatments on seed size was studied

only in Terbol 2017–2018 by estimating HSW. The ANOVA

showed that HSW varied significantly among accessions

(p < .001) but not among treatments (Table 3). The

mean HSW varied from 51.4 to 130.7 g among accessions

(Table 4).

3.5 Herbicide reduction indexes

Reduction indexes (%) were estimated for all the acces-

sions across locations and seasons to compare the reduction

in PLHT (RIHT) and GYPLT (RIGY) under different herbi-

cide treatments. Significant variation was observed for RIHT

among accessions and treatments in all seasons at Terbol and

in 2014–2015 season at Marchouch (Table 3). There was sig-

nificant accession × treatment interaction for RIHT at Mar-

chouch 2016–2017, Terbol 2015–2016, and Terbol 2016–

2017. Significant variation was observed for RIGY among

accessions in Marchouch 2014–2015, Terbol 2015–2016, and

Terbol 2017–2018 and among treatments in all seasons at Ter-

bol. There was significant accession × treatment interaction

for RIGY at Terbol 2015–2016 (Table 3).

The results showed, on an average, 34.8 and 46.9% RIGY

under 1× treatments of metribuzin and imazethapyr at Mar-

chouch 2014–2015. Further screenings of the selected acces-

sions during 2016–2017 showed 49.1 and 40.5% RIGY under

1× treatments of metribuzin and imazethapyr (Table 4).

Screening at Terbol 2015–2016 showed 29.6 and 36.9% RIGY

under 1× treatments of metribuzin and imazethapyr. Further

screenings of the selected accessions in 2016–2017 showed

35.2 and 5.2% RIGY under 1× treatments of metribuzin and

imazethapyr (Table 4). Screenings performed in Terbol 2017–

2018 for the selected accessions where additional treatments

were added showed that the reduction in GYPLT increased as

the herbicide dosage increases. For the metribuzin treatment,

the RIGY increased from negligible to 25.5% after applying 2×
dose. On the other hand, an increase in GYPLT was observed

in the case of imazethapyr treatments but this increase was

reduced from 10.7 to 1.8% as the dosage applied doubled

(Table 4).

The RI were estimated for different accessions grouped

based on their herbicide damage score (Table 5). The RIHT and

RIGY varied significantly (p < .05) among the different cat-

egories of HDS under metribuzin in the preliminary screen-

ings and validation trials conducted at Terbol and Marchouch

(Table 5).The ordinal regression between RIHT and RIGY and

the HDS was significant under metribuzin treatment where

RIHT and RIGY increased progressively as the herbicide dam-

age scores increased; in Terbol 2015–2016, RIHT varied from

0.812% in accessions with no significant damage (HDS2 = 1)

to 39.219% in those with high damage (HDS2 = 5), and RIGY

varied from −058% in accessions with no significant damage

(HDS2 = 1) to 44.84% in those with high damage (HDS2 = 5)

under metribuzin treatment. The herbicide RIGY varied signif-

icantly among the accessions (p < .05) for imazethapyr treat-

ment in the validation trials only and the herbicide RIHT var-

ied significantly among the accessions in the validation trial

conducted at Terbol 2017–2018 only (Table 5).

The ordinal regression between the HDS and RIGY was

significant in the validation trials and the ordinal regression

between RIHT and the HDS was significant in the validation

trial conducted at Terbol 2017–2018 only (Table 5).

Spearman correlation between HDS and the RIGY and RIHT

are presented in Table 6. No correlation was recorded during

the first site–season in Marchouch as it was conducted under

rainfed conditions with exposure to terminal drought. How-

ever, positive significant correlation between HDS and both

RIGY and RIHT was under metribuzin treatment at Marchouch

2016–2017 but no correlation was observed for Imazethapyr

treatments. Also, positive correlation between HDS and her-

bicide tolerance was detected in 2015–2016 at Terbol.

Spearman correlation conducted between HDS recorded

in the preliminary screenings at Terbol and Marchouch

stations was positive, low (+0.26), and highly significant

(p < .01).

3.6 Selection for tolerant accessions

Values for HDS1, HDS2, RIHT, mean GYPLT, and RIGY of

the selected accessions under different herbicide treatments

are presented in Table 6. Both HDS1 and HDS2 served as

a visual indication of tolerance to the herbicides that were

complemented with RIGY to select putative tolerant acces-

sions. The ordinal regression analysis and Spearman corre-

lation conducted between HDS and RIHT and RIGY showed

that the herbicide damage scores can be used as visual indica-

tion in normal environmental conditions and under metribuzin

treatment as they were significant under this treatment only.

Accessions with <15% RIGY were selected as tolerant to the

recommended dosage of herbicides (Table 7). Grain yield

of the selected accessions did not get affected with higher

dosages of imazethapyr except for IG12659 (minor type) and

Flip 86-98FB (major type). However, accessions FLIP86-

98FB (major), ILB132194 (equina), FB1482 (equina), and

IG12659 (minor) suffered >15% reduction at higher dosages

of metribuzin (Table 7).

4 DISCUSSION

Field experiments with faba bean germplasm confirmed that

postemergence application of metribuzin and imazethapyr

can cause severe damage by affecting phenology, vegetative

growth, grain yield, and yield components. This confirmed
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previous reports on faba bean (García-Torres et al., 1991;

Maalouf et al., 2016a; Sharma et al., 2018) and other legume

crops that herbicide application caused severe damage to the

crops (Gaur et al., 2013; Jefferies et al., 2016).

4.1 Response to herbicide treatments

The HDS observations were variable across the locations and

seasons. The variation observed in the recovery of some faba

bean accessions and increased damage of other accessions

after 1 mo of spray was expected, as the screened accessions

were very diverse with no previous history of selection for

herbicide tolerance. However, when selected accessions were

re-evaluated in normal environmental conditions, most acces-

sions recovered from the herbicide injuries. Our results are

similar to the one observed by Sharma et al. (2018) in lentil

cultivars treated with metribuzin. The recovery mechanism

of plants from the herbicide treatments could be metabolism

based, as the herbicides, and might be metabolized into inac-

tive compounds, allowing the acetolactate synthase (ALS)

enzyme to regain its activity in the imazethapyr treated plants

(Tecle et al., 1993). This phenomenon of detoxification of imi-

dazoline was also observed in soybean (Tecle et al., 1993). On

the other hand, when selected accessions were re-evaluated

under drought-like conditions, only few accessions could

recover from the herbicide damage as it would be expected

from tolerant genotypes in normal wet years, as reported in

chickpea (Taran et al., 2010), where plants recovered from

the herbicide damage as the season progressed under favor-

able weather conditions. Drought-like conditions led to the

significant bias in HDS as water stress compounded the symp-

toms of herbicide damage. The difference in the behavior

of accessions evaluated under different environmental condi-

tions explains the low correlation observed between the HDS

recorded in two different sites.

Our study revealed also that the injuries caused by herbi-

cide treatments increased with the increase in the concen-

tration of metribuzin and imazethapyr. Similar observations

were recorded by Goud et al. (2013) in chickpea treated with

imazethapyr.

4.2 Effects of herbicide on crop phenology

A delay in flowering and maturity of faba bean accessions

was observed with metribuzin and imazethapyr application

at postemergence stage in all sites and years. This is in

agreement with the earlier reports in chickpea and lentil

(Gupta et al., 2017; Jefferies et al., 2016; Sajja et al., 2015;

Taran et al., 2013). The delay in flowering time might be

due to temporary inhibition of growth of treated plants,

which also caused delay in maturity. Gaston et al. (2002)
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suggested that the inhibited growth in pea after imazethapyr

treatment was due to the impairment of ALS activity that led

to the death of meristematic cells. Metribuzin treatment also

inhibited the growth of narrow-leaf lupin and chickpea plants

by inhibiting the photosynthesis activity (Gaur et al., 2013;

Pan et al., 2012).

4.3 Effect of herbicide on plant architecture

Reduction in PLHT of faba bean accessions was observed

after spraying with metribuzin and imazethapyr across all

locations and years. Field experiments conducted by Taran

et al. (2010) and Sajja et al. (2015) also confirmed that

post-emergence application of imazethapyr reduced PLHT

in chickpea. Similar results were observed by Sharma et al.

(2016, 2018) in lentil when treated with metribuzin and

imazethapyr. The reduction in PLHT of imazethapyr- and

metribuzin-treated plants might be due to growth inhibi-

tion effect of herbicides (Aboali et al., 2015; Gaston et al.,

2002) and the observed variation in the RIHT between tol-

erant and susceptible accessions might be due to differential

metabolic degradation rate in the case of imazethapyr treat-

ment (Sharma et al., 2018) and to differential disruption of

electron transfer in the case of metribuzin treatment. Unlike

PLHT, we observed an increase in the BRPLT of herbicide-

treated plants. This agrees with increased BRPLT reported

in faba bean (El Mahi, 1991), lentil (Wall, 1996), and chick-

pea (Sajja et al., 2015) after postemergence imazethapyr treat-

ment. The increased BRPLT could be caused by the plant

regrowth that occurs at the lateral meristem in the dicots,

which resulted in the plant developing new branches.

4.4 Effect of herbicide on yield components

The postemergence application of imazethapyr and

metribuzin caused significant reduction in GYPLT and

PNPLT. Similar results were observed in lentil (Friesen et al.,

1986; Sharma et al., 2016, 2018) and chickpea (Taran et al.,

2010) cultivars treated with metribuzin and imazethapyr

at postemergence stage. Narrow leaves that were observed

after imazethapyr spray reduced the leaf area index (Maalouf

et al., 2016a) and therefore affected photosynthetic activity,

which led to a poor canopy coverage that ultimately reduced

GYPLT. The same holds true for metribuzin application as

it is known that metribuzin inhibits photosynthesis. In this

study, HSW was not affected by the herbicide treatments.

However, contrary to the results of the present study, signif-

icant reduction in seed size was observed by Sharma et al.

(2018) in lentil where herbicide-treated plots of all acces-

sions showed significant decrease in the size and volume of

seeds.

4.5 Selection for herbicide tolerance

Herbicide damage scores are relatively easy observations,

allowing preliminary ranking of accessions. However, in the

case of imazethapyr treatment, these scores did not always

correlate with RIGY and RIHT, showing that apparently tol-

erant accessions showing low damage might still be suffering

a significant yield and height and therefore not be as toler-

ant as identified by HDS score only and that some accessions

grouped as tolerant did not suffer a significant yield and height

reduction as the crop cycle delay caused by the imazethapyr

treatment allowed their recovery under normal environmental

conditions. Both RIGY and RIHT are considered more reliable

to assess herbicide tolerance and should at least complement

the preliminary HDS observations Therefore, in the present

study, the selection for metribuzin and imazethapyr tolerance

was based mainly on the reduction of the PLHT and GYPLT

as the visual observation was not enough for having a fair

grouping of the evaluated genotypes. Our selection method

is similar to the one conducted by Burgos et al. (2007), which

selected cowpea breeding lines tolerant to herbicide treatment

based on their yield reduction. However, Gaur et al. (2013)

and Sharma et al. (2018) selected several chickpea and lentils

genotypes tolerant to metribuzin and imazethapyr based on

the visual scoring as they found that the reduction of the yield

was directly correlated to the level of tolerance or sensitivity

of the genotypes to herbicide treatment.

5 CONCLUSIONS

The present study shows that postemergence application of

imazethapyr and metribuzin causes delay in flowering and

maturity and a reduction in plant height, yield components,

and grain yield. The results showed enough natural genetic

variability in faba bean germplasm for tolerance to metribuzin

and imazethapyr herbicides. Visual observation of HDS is

handy and rapid criterion for screening large number of

germplasm accessions and selecting putative germplasm for

further testing of their reaction. Environmental conditions

affected recovery of the treated accessions, especially that

they mature later than the untreated ones; we suggest assess-

ing HDS 2 mo after the herbicide spray when pods would

already be formed and recovery would be clearer as the season

progress. The RIGY appeared to be the most relevant criteria

for assessing the herbicide tolerance. By using HDS solely

as selection criteria, we might end up retaining accessions

with significant yield reduction after the herbicide treatment

even when showing little visually noticeable damage. There-

fore, the use of yield RI is more appropriate criterion for con-

firming actual tolerance of selected accessions. Herbicide-

tolerant faba bean accessions identified in this study can be

used in crossing programs to transfer herbicide tolerance into
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cultivars adapted to different agroecological zones and also

to conduct genetic studies to dissect and characterize its com-

ponents. A genome-wide association study could be con-

ducted to identify markers associated with herbicide toler-

ance to establish marker–trait association for marker assisted

selection of herbicide tolerant breeding lines at an early

generation.
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