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Physoderma, not Olpidium, is the true cause of faba bean gall
disease of Vicia faba in Ethiopia
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1 | INTRODUCTION

Abstract

Faba bean gall (FBG) is a devastating disease of faba bean (Vicia faba) in Ethiopia.
Studies were undertaken first to compare and contrast similarities between FBG
disease symptoms and morphology in Ethiopia with those reported earlier in China
and, secondly, to identify definitively the FBG causal agent, previously considered as
Olpidium viciae, through molecular studies. Morphological studies confirmed an epi-
biotic phase of zoosporangia for dispersing zoospores, characteristic of Physoderma
but not Olpidium, and did not show critical diagnostic characteristics of Olpidium such
as presence of numerous short zoosporangial discharging tubes, or binucleate resting
sporangia. Recognizing this epibiotic phase is a foundation for comprehending FBG
epidemiology and will allow forecasting of zoospore release to highlight best timings
for applications of chemical sprays to reduce reinfection cycles. Sequences of partial
ITS1-5.8S-partial ITS2, the 18S-1TS1-5.8S-ITS2-part of 28S rRNA, and LSU (28S rRNA)
derived from tissue with symptoms confirmed Physoderma, and not Olpidium, as the
causal agent. Sample sequences were either close to Physoderma or the contaminant
ascochyta pathogen Didymella. From symptom, morphological, and molecular data,
the causal agent of FBG disease in Ethiopia is Physoderma. From observations of
symptoms that Physoderma can cause, it was determined that this Physoderma crosses
over between different legume host genera (e.g., Vicia, Pisum, Trifolium), highlighting

the significant biosecurity risk for countries currently free of FBG.
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bean in Ethiopia, the most important of which include leaf blights

In Ethiopia, pulses are cultivated on roughly 1.5 million ha annu-
ally, of which faba bean constitutes approximately 0.49 million
ha (Central Statistical Agency - Federal Democratic Republic of
Ethiopia, 2019), making faba bean the most important pulse crop
in the country. However, the growing environment for faba bean in
Ethiopia is highly conducive to a wide range of plant diseases, par-
ticularly in high rainfall years that are common across the highland
faba bean production areas. Some 26 different diseases attack faba

(chocolate spot [Botrytis fabae], Ascochyta blight [Ascochyta fabae]),
rust (Uromyces viciae-fabae), black root rot (Fusarium solani and F. av-
enaceum), and viruses like faba bean necrotic yellows virus (FBNYV).
Each of these diseases can reach severities that severely impact
yield and, in some cases, can cause complete crop failure (Abraham
et al., 2000; Berhanu et al., 2003; Tadesse et al., 2008).

Until recently, chocolate spot was considered the most destruc-
tive faba bean disease in Ethiopia (Sahile et al., 2008). However,
in 2010, a previously unknown disease, faba bean gall (FBG), was
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reported causing galling and distortion of faba bean foliage in
the North Shoa region (Gorfu et al., 2012). It then spread rapidly

through farmers’ fields in the central highlands and became in-
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creasingly severe (Hailu et al., 2014). Surveys highlighted the rapid
spread and devastating impact of FBG across the different regions
of Ethiopia in subsequent years. Examples include surveys in 2012
and 2013 in the highlands of Wollo that showed FBG incidence of
50%-100% and with severity 10%-59% (Hailemariam et al., 2016).
Surveys by Abebe et al. (2014) showed severity ranging from 30%
in the Emba-Alaje district to as high as 100% in Ofla, Enda-Mekoni,
and Raya-Alamata districts, highlighting the importance of FBG in
Tigray. Hailu et al. (2014) showed FBG severity in the Amhara re-
gion was 22%, but was lower at that time in Tigray and Oromiya
regions at 11% and 8%, respectively. Bitew (2015) highlighted the
importance of FBG in surveys across the nine different districts
of North Shoa. Furthermore, Debela et al. (2017) reported FBG in
the Western Highlands of Oromiya with severity of 4%-80% and
with yield losses up to 100% in some crops. Similarly, Debela et al.
(2017) also highlighted up to 100% losses from FBG, particularly in
higher altitudes of 2,000-4,000 m above sea level where rainfall is
greatest (Abebe et al., 2014; Bitew & Kebede, 2012). Not only did
FBG quickly become established across all main faba bean-growing
regions of Ethiopia, but at severities surpassing all other diseases
(Hailu et al., 2014). Currently, farmers are using fungicide sprays to
manage the disease, but the requirement of frequent applications
prohibits poor farmers from saving their crops from FBG (Teklay
etal., 2018).

Olpidium viciae (Kusano, 1912), belonging to the Olpidiaceae, was
accepted as the causal agent of FBG in Ethiopia (Gorfu et al., 2012;
International Food Policy Research Institute, 2010), the same patho-
gen first reported in Japan in 1912 on Vicia unijugae (Kusano, 1912)
and reported subsequently as the cause of “blister disease” of faba
bean in China by Liang (1986), Lang et al. (1993), Yan (2012), and
Yan and Ye (2012). The Ethiopian identification was based on similar-
ity of symptoms (Earecho, 2019) and observation of resting spores
within the galls of affected leaves, as reported in China for morpho-
logical studies by Xing (1984), Liang (1986), Yan (2012), and Yand
and Ye (2012). While there have been several attempts to confirm
molecularly the identity of the FBG pathogen, these have not been
successful, only showing similarities with unrelated pathogens such
as Phoma, Peyronellaea pinodella (i.e., syn. Mycosphaerella pinodes,
Didymella pinodes), Aureobasidium/Kabatiella lini, Cryptococcus victo-
riae, or Albugo laibachii, none of which are known to produce the typ-
ical FBG symptoms on faba bean. These molecular investigations on
Ethiopian isolates of the FBG pathogen contrast to those in China,
where Yan (2012) used the primer pair ITS1 and ITS4 to amplify the
rRNA internal transcribed spacer (ITS) region of the pathogen and
“confirmed” the identity of “faba bean blister” causal pathogen in
China as O. viciae according to pathogen sequence. However, this
would be the first ever Olpidium species to operate via foliar disease
cycles rather than root infection. Here, we report studies under-
taken first to compare and contrast similarities between the FBG
disease symptoms and morphology in Ethiopia with those reported

earlier in China and Japan and, secondly, to identity definitively the

FBG pathogen causal agent through molecular studies.

2 | MATERIALS AND METHODS

2.1 | Disease symptoms, and pathogen morphology
and histology

Investigations of FBG field symptoms, and pathogen morphology
and histology were undertaken in Ethiopia, in September 2019 in
the Debre Birhan Agricultural Research Centre laboratory and later
in March 2020 in the International Livestock Research Institute
laboratories in Addis Ababa. These included comparisons with de-
scriptions made earlier, in Japan, by Kusano (1912) (and with those
later reproduced and redrawn by Alexopoulos, 1962) and in China
by Liang (1986), and, in particular, the detailed descriptions and pho-
tographs provided in the PhD thesis of Yan (2012) and those in Yan
and Ye (2012). In-field symptoms were similar to those described in
these earlier studies and, as we have shown in Figure 1a-g, taken
during field visits to affected areas in Ethiopia in August 2017, and
in September 2018 and 2019. Most samples used for histological
investigations (Figure 2a-f) were collected from the field in early
March 2020. These observations were made on hand-sectioned wet
mounts of infected and healthy faba bean leaves and stems using an
Olympus CX33 microscope, with images captured using an Olympus

EP50 digital photographic system.

2.2 | Collection of FBG DNA samples

From two separate collections of plants in Ethiopia showing FBG symp-
toms, one in September 2019 (127 samples), followed by a second
in March 2020 (60 samples), crude extracts of DNA from pathogen-
infected materials were applied onto Whatman FTA cards. Field
sampling at each location was undertaken where at least two plants
showing obvious gall symptoms were selected. When returned to the
laboratory, an area of galled fresh tissue, mostly on leaves, was excised
from each plant sample. For the 2020 collection, diseased tissue sur-
faces were first wiped with 70% ethanol for initial sterilization before
excision. For both sampling collections, fresh galled pieces were placed
into a 1.5 ml Eppendorf tube until the tube was approximately half-
filled, with a separate Eppendorf tube for each sample. Gall tissues were
thoroughly macerated in these tubes using a plastic pestle. Additionally,
for the 2020 collection, what remained of the upper and lower epider-
mal layers of infected leaf tissues were separately and carefully peeled
off by hand and treated similarly. Then macerated gall extract samples
were placed onto separate FTA cards and air-dried. Additionally, the
2020 gall samples were first processed in Ethiopia to extract DNA
as described in 2.3 below, and extracted DNA was applied to FTA
cards. Impregnated FTA cards were exported out of Ethiopia under
an Ethiopian Biodiversity Institute Material Export Permit (reference
no. EBI71/2553/2011) and imported into Australia under an Australian
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FIGURE 1 Field and plant host symptoms for faba bean gall (FBG) disease in Ethiopia (a-g) showing poor plant growth and major

foliage death in a severely infested farm field (a); impact of disease demonstrated by fungicide control on left and no fungicides on right of
photograph (b); "sunken-well" indentations on upper leaf surface (arrows), within which zoosporangia quickly develop and release zoospores
enhancing their dispersal (c); areas of bulging (i.e., galling) of lower leaf surface (arrows) in early symptom development (d), and darkening of
such tissues as symptoms develop into more pronounced galls over time (arrows) (e, f); typical galling on stem (g). Symptoms (arrowed) were
also found, to a much lesser degree, on field pea sown together with faba bean (h), and on two different unidentified clover species growing

in close proximity to infested faba bean crops (i, j)

Government, Department of Agriculture and Water Resources Import
Permit specifically for this purpose (permit no. 0002826465).

2.3 | DNA extraction and PCR conditions

In Australia, DNA was extracted from FTA cards carrying pathogen
DNA by cutting two or three pieces each 2 mm square into a 2 ml
Eppendorf tube and washing to remove inhibitors using a modified
method of Ahmed et al. (2011). Briefly FTA card pieces in 2 ml tubes
were washed twice in 200 pl of TENT (10 mM Tris-Cl, pH 8.0, 1 mM
EDTA, 12 mM NaCl, 2.5% Triton X-100) and incubated for 5 min each
time with gentle agitation at 1,000 rpm on an agitator (TTS 3digi-
tal Yellow line). The FTA cards were then washed twice in 200 pl
of TE 0.1 (10 mM Tris-Cl, pH 8, 0.1 mM EDTA) buffer and agitated

for 5 min each time at 1,000 rpm and supernatant removed each
time. Subsequently, the FTA card pieces were left to dry at room
temperature (laminar flow for at least 2 hr). Dried FTA card pieces
were then ready for subsequent DNA extraction undertaken as
follows. Two ceramic beads (2 mm) and 300 ul extraction buffer
(200 mM Tris-HCI [pH 8.5], 250 mM NaCl, 25 mM EDTA, 0.5% wt/
vol sodium dodecyl sulphate [SDS]) were added into the tube and
homogenized using a Precellys Evolution homogenizer at 12,208 x g
for 3 x 60 s cycles, each cycle with a 30 s pause between cycles.
Then, 150 pl of 3 M sodium acetate (pH 5.2) was added, mixed well
by pipetting, and left at room temperature for 10 min before cen-
trifuging at 15,871 x g for 10 min. Subsequently, supernatant was
transferred to a fresh tube containing an equal volume of ice cold
isopropanol (450 pl), mixed well by pipetting, and then left to stand
at least 15 min at room temperature (22°C) or in a fridge overnight
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FIGURE 2 Typical cross section of a bean leaf with symptoms of faba bean gall disease showing dark brown regions (arrows) on underside
of leaf gall (a), in which large masses of resting spores are produced (arrow) (b), and typical masses of resting spores in end-of-season dried
residues (c). Turbinate cells with two segments were also observed (d). Zoosporangium with opening (e, arrow i) and base of zoosporangium

(e, arrow ii). Zoosporangia develop internal zoospores masses (arrow) (f)

for best results. Precipitated DNA was collected by centrifugation at
15,871 x g for 10 min and removal of the supernatant. The pellet was
washed with 70% (vol/vol) ethanol, dried (air dry or vacuum dry), and
then resuspended in 50 pl of TE buffer. The quantity and quality of
extracted DNA was determined with a NanoDrop 1000 spectropho-
tometer (Thermo Scientific). DNA was stored at 4°C. The DNA was
subjected to PCR in a total volume of (25 ul) that contained 0.5 uM
of each primer, 1 ul test DNA, 12.5 pl Dream Taq Green PCR Master
Mix (2x) (ThermoFisher Scientific), and 10.5 ul nuclease-free water
(details of primers used and PCR conditions are listed in Table 1).
PCR products were subjected to agarose gel electrophoresis at
60 mV for 21 hr (dependent on size of the PCR products) on a 1%
(wt/vol) agarose gel containing 0.1% GelRed (Biotium Inc.) and then
visualized under UV light. PCR products were then sequenced by
outsourcing via Macrogen Inc. (Korea).

2.4 | Primer pairs

Primer pairs (as listed in Table 1) were used to amplify small subunit
rRNA (SSU) (James et al., 2006), the ITS region (ITS1 to ITS4) (White

et al., 1990), and the nuclear large ribosomal subunit LSU (Rehner &
Samuels, 1994; Stielow et al., 2015; Vilgalys & Hester, 1990). Primers
EF and RPB2 were also tried, but without success. Initially, assuming
the pathogen was O. viciae, general Olpidium-specific reverse prim-
ers (Herrera-Vasquez et al., 2009) for amplifying the ITS region were
also used in combination with ITS1 (and with the specific primer pair
OLPv4F and OLPv4R developed in the current study; Table 1) for O.
viciae, designed according to the sequence of O. viciae available in
GenBank (HQ677595) that had been submitted in December 2010
by Yan, J., Dai, H., & Shi, X., College of Veterinary Medicine, Animal
Biotechnology Center, Sichuan Agricultural University, Sichuan
Province, China, 2012 .

2.5 | Phylogenetic tree building

All successfully sequenced sample DNAs were aligned using
Geneious Prime v. 2020.03 and the resulting consensus sequences
were submitted to a BLAST search in GenBank (NCBI). If sequences
had low percentage identity (<97%) or had low coverage (<85%),
the most frequent and closest matching pathogens from GenBank



‘(4/4¥€1V) 3uisn pajeadal uayl |nJssaddns Jou Hq

13/-¢ddy YHIM pasn oq ued JG-2ddde

0T 403084 UOI1e3UO|3 UOIje|suel} ‘“DT{T ]

{saua8 Jungns || asedawAjod WYNY PR122JIp-YNQ ‘Z9dY PUe Tgdy 2uas 1ungns |ewosoqld 98.4e| Jea|dnu ‘NS7 2uas YNY4 HUNgNs ||ews ‘YNYJ NSS ‘uoi8au Jadeds paqliosues) [eutalul ‘S| :suollelinaiqqy

OVOOL1D119OVODIVVIVILVILVLD (d7EIV) ¥8891-T43

) Wiy

YOU ET AL.

L @l (0)4 0S cL 0S 8Y (015 6 S 6 1VOLIVIOVVOVVILVIOLL (4¥€1Vv) 4200T-143
J1911VIOVVIILVVOLLIOIVO (4EEIV) ¥0Z9T-T43

L @l (0)4 0S cL 0S 8Y (015 6 S 6 1VOLIVIOVVOVVILVYOLLIOVO (deelv) 48T0T-143 q°T431
999IVIIOVVIOVVLOOOLV 49/-2add
1VIDOVLL1ID11D9VIVIID 13/-¢add

L cL g€ 09 cL 09 SS o€ G6 S 6 991 11JVILIVOVOVIVOLVD 46-2add eC8dy
V19I1VIODLVIIVIL1LIVVIO1DD 1219dY

(0) cL 8¢ 06 (44 0¢ 4] 0¢ 6 T 6 99D111IVIVOOVIILOLIVVD Jerddyd r8dd
OD11DVVVOOOVOLIDL Gyl

ot cL 8¢ 09 cL 09 SS 09 6 4 6 D9OVVLIOVVYO1D9220V JOA1 nsi
J1D02911VLII91DD0VOVIVILVIO 9SN
(0) cL 8¢ (0] 74 (44 09 SS 09 6 @ G6 1VOLO91VIIVLIIIDODOVO 41-5D-S8T
OVIL1D9D299VIOVLLIIOVO 421
(0) cL g€ 00€ cL 0¢ SS 0¢ 6 T 6 J91011VOL199120VL d-TdS
11DVII11DVOOVLLIOL 9dS
(0] cL 8¢ (0] %4 cL 09 SS 09 6 @ S6 J91011VOL199120VL d-TdS
OVVLLIDDLIVVOLODDL1D 7SN

(0] cL 8¢ (0] 74 cL 09 SS 09 6 © S6 J91D011VOL199120VL d-TdS VN1 NSS
120VLDDD1VIDODIOVILL dINdT10
ot cL g€ 06 <L 09 SS 09 1z 4 6 J91D00VVOLOOVIODIDLLLD T8ML
12DVLDDD1VIDODIOVILL dINdTO
(0)% cL 1> 14 cL (014 SS 14 S6 S S6 VOIOOVIOIVVOVVOLVOILY 4¥91Ad10
VLLD91VIVOL1IVI1D92D1201L dd10
0T cL g€ 09 (44 09 SS 14 6 S 6 9929120 VVOLOOVLIOIDL TS1l
J9O1VIVOL1IVI1D9DD1201L S1l

ot cL g€ 09 cL o€ 09 o€ 6 T 6 9929120VVOLOOVLIOIDL TS1l S1i

(urw) (Do) L 3PRAD () (90) L (s) Qo) L (s) (90) L (ww) - (Do) L (,€-,G) @uanbag Jawtd payijdwe

uoljesng UOISU3IX3 uoppeang Suoj3 uoneing Suljesuuy uoneun@ aJnjeusq uoleing [elu] snJoj/auan

Apn3s SIU3 Ul pasn SUOIIPUOD YDd Pue sidwlid T 319VL



YOU ET AL.

*LwiLey-[I8

were selected as references for building phylogenetic trees, again
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using Geneious Prime v. 2020.03. Sequences of morphologically
similar and taxonomically related pathogens Olpidium, Physoderma,
Synchytrium, and Urophlyctis were also selected from GenBank and
included in building phylogenetic trees for comparison.

A phylogenetic tree was built for each amplification region: ITS1-
5.85-ITS2, partial 18S-1TS1-5.8S-ITS2-partial 28S, and sequences
from LSU (28S rRNA).

Pairwise sequence alignment (alignment type: global alignment
with free end gaps; cost matrix: 65% similarity [5.0/-4.0]) was used
with the Tamura-Nei genetic distance model and neighbour-joining
for tree building.

3 | RESULTS

3.1 | Disease symptoms and pathogen morphology
and histology

Field and plant host symptoms for FBG disease in Ethiopia (see
Figure 1a-g) included poor plant growth and major foliage death in
severely affected farm fields (Figure 1a); a severe impact of disease
as demonstrated by comparing fungicide-treated plots with un-
treated plots (Figure 1b); “sunken-well cupping” indentation areas
on upper leaf surface within which zoosporangia quickly developed
and released zoospores into these “contained” water pools that max-
imized leaf wetness and enhanced dispersal of zoospores (Figure 1c);
areas of bulging (i.e., galling) of lower leaf surface in early symptom
development (Figure 1d); darkening of such tissues as symptoms
developed into more pronounced galls over time (Figure 1e,f); and
typical galling on stems (Figure 1g). Symptoms were also found, but
to a much lesser degree, on field pea sown together with faba bean
(Figure 1h), and on two different but unidentified clover species
growing in close proximity to affected faba bean crops (Figure 1i,j).

When histological studies were conducted, we observed a range
of morphological symptoms that included dark brown regions on the
underside of the leaf gall seen in typical leaf cross sections (Figure 2a);
here, large masses of resting spores were produced (Figure 2b) and
typically, masses of resting spores in the end-of-season dried residues
(Figure 2c). We also observed turbinate cells (Sparrow et al., 1961)
with two segments (Figure 2d) and zoosporangia with openings, inside
which zoospore masses developed (Figure 2e-f). Importantly, in our
leaf sections, we consistently observed the epibiotic phase of zoo-
sporangia for dispersing zoospores (Figure 2e,f). However, a thorough
search of sections of affected leaves did not reveal either the presence
of numerous short zoosporangia discharging tubes nor the binucleate
resting sporangia characteristic of Olpidium spp.

3.2 | Sequence BLAST results

A total of 173 sequences were obtained, 95 from ITS, 55 from LSU, 20
from SSU, 1 from TEF1a and 2 from RPB2. Nearly 40% of all sequences

were close to Didymella, with percentage identity from 83% to 99%
and coverage from 27% to 99% (Table 2). Sequences of 11 isolates
from the 2020 collection gave a result of “uncultured fungus” and
there was a high similarity between them for the LSU sequences.
Within sequences from the ITS region, approximately 39%
were close to the genus Didymella, 20% close to Phoma, 14%
close to Mycosphaerella, and 19% close to the host Vicia. Within
sequences from the LSU gene, approximately 53% were close to
the genus Didymella, 20% were close to “uncultured fungus”, 5%
close to Olpidium, and 4% that were close to each of Cladosporium,
Cymadothea, “no significant result obtained”, and Vicia. For the SSU
gene, 30% were close to Leucosporidium, 10% (two samples) were
close to Phoma, 5% (one sample) each were close to Boeremia,
Cryptococcus, Filobasidium, and Phaseoleae (plant), and 35% close to
the host plant Vicia (Table 2). A large portion of sequences identi-
fied as genera Didymella, Olpidium, and “uncultured fungus” included
those showing a low percentage query coverage and identity from
either or both the ITS and LSU locus/gene (Figure S1; Figure 2).
Genera sequenced from SSU showed only small variations both
in percentage query coverage and in identity (Figure S3). None of
the genera identified from BLAST results with above 97% identity
have previously been recorded as causing a “faba bean blister” type
symptom. Despite being recorded as either producing a possible
symptom with some similarity to “faba bean blister” and/or showing
at least some morphological similarity, we did not find Physoderma,

Synchytrium, or Urophlyctis in these BLAST results.

3.3 | Phylogenetic analysis

The phylogenetic tree constructed from the ITS1-5.85-ITS2 se-
quences (38 test sample sequences) obtained in this study and from
related isolates from the NCBI database showed that all test isolates
formed a group (group 3) with Physoderma maydis (HB683909). O.
viciae (HQ677595) from China was close to two Didymella isolates
from NCBI, forming group 1. Another four Physoderma isolates and
one Synchytrium from NCBI formed group 2 (Figure 3).

When sequences from partial 185-1TS1-5.85-ITS2-partial 28S (27
test sample sequences) were used to construct a phylogenetic tree,
one test sequence was close to Physoderma in group 1, three test
sequences in group 3 were close to Physoderma, 22 test sequences
were close to Didymella in group 6, group 5 included Physoderma and
Synchytrium, and group 4 included Olpidium from NCBI (Figure 4).

In the phylogenetic tree constructed from the LSU (285 rRNA)
sequences, the 47 test sequences formed four groups, with 13 se-
quences grouped with Physoderma (group 2); 11 sequences grouped
with Physoderma in group 3, two sequences were close to Cymadothea
in group 4, 21 sequences grouped with Didymella in group 5, and
group 1 was formed by Olpidium sequences from NCBI (Figure 5).
Sample sequences that grouped with Physoderma have been depos-
ited in GenBank (accession numbers from MW414613 to MW414631,
from MW448404 to 448414, from MW497579 to MW497587, and
from MW587325 to MW587329).
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TABLE 2 Genera obtained from BLAST search results using successfully sequenced genes/loci from isolates obtained from plants with

faba bean gall disease in this study

Gene/locus Percentage of successfully sequenced isolates per genus
Genus ITS LSU SsuU TEFla RPB2 Total® (%) Within ITS (%)  Within LSU (%)  Within SSU (%)
Abrothrix 0 1 0 0 0 0.6 0 1.8 0]
Ascochyta 1 0 0 0 0 0.6 1.0 0 0
Aspergillus 1 0 0 0 0 0.6 1.0 0 0
Boeremia 0 0 1 0 0 0.6 0 0 5
Cladosporium 0 2 0 0 0 1.2 0 3.6 0
Coniothyrium 1 0 0 0 0 0.6 1.0 0 0
Cryptococcus 1 1 1 0 0 1.7 1.0 1.8 5
Cymadothea 0 2 0 0 0 1.2 0 3.6 0
Didymella 37 29 0 0 0 38.2 39.0 52.7 0
Didymosphaeria 1 0 0 0 0 0.6 1.0 0 0
Epicoccum 0 0 0 0 0.6 1.0 0 0
Filobasidium 0 1 0 0 0.6 0 0 5
Leucosporidium 0 6 0 0 3.5 0 0 30
Mycosphaerella 13 0 0 0 0 7.5 13.7 0 0
No significant 2 0 0 1 2.3 1.0 3.6 0
Olpidium & 0 0 0 1.7 0 54 0
Penicillium 1 0 1 1 1.7 0 1.8 0
Phaseoleae 0 1 0 0 0.6 0 0 5
Phoma 19 1 2 0 0 12.7 20.0 1.8 10
Uncultured 1 11 1 0 0 7.5 1.0 20.0 5
Vicia 18 2 7 0 0 15.6 19.0 3.6 35
Total 95 55 20 1 2 100 100 100 100

aSequences from all gene regions considered together.

4 | DISCUSSION

It was evident that, in general, disease symptom development in fields
of both Ethiopia (e.g., Hailemariam et al., 2016) and China (e.g., Yan,
2012; Yan & Ye, 2012) are similar, and included typical galling of leaves
and stems, and browning of the affected tissues over time. However,
there were some contrasts; for example, in the current study, we high-
light how the upper leaf surfaces show distinct sunken-well cupping
indentations before any leaf browning occurs. At the margins of these
indentations, we observed prolific zoosporangia formation and zoo-
spore release. These indentations naturally retain moisture, fostering
multiple cycles of zoosporangia production and zoospore dispersal
by rain-splash to progress the disease epidemic rapidly under condu-
cive conditions. This was quickly followed by production of masses of
resting sporangia, particularly on the undersides of leaves, ensuring
pathogen survival both across seasons and when seasonal conditions
become less favourable for epidemic spread.

Importantly, in the current studies, there were a number of mor-
phological characteristics observed that either supported an identi-
fication of the causal pathogen as Physoderma or were contrary to
an identification of it as Olpidium. First, in our leaf sections, although
we observed the epibiotic phase of zoosporangia for dispersing

zoospores, a diagnostic characteristic of Physoderma, we did not ob-
serve the endobiotic zoosporangia characteristic of Olpidium (Gould
& Schaechter, 2009; Johns, 1966); Physoderma, but not Olpidium,
has two phases (epibiotic monocentric phase and an endobiotic
polycentric phase) (Johns, 1966). Secondly, we did not observe the
presence of numerous short zoosporangia discharge tubes or the
binucleate resting sporangia so characteristic of Olpidium (Hiruki &
Alderson, 2011), or the much wider variation in size and frequency
of discharge tubes that has been reported for Olpidium (Garrett &
Tomlinson, 1967) compared to Physoderma. Thirdly, while we ob-
served masses of large resting spores, it appears that the true iden-
tity as Physoderma was missed from mistakenly assuming that the
resting spores observed in FBG disease belonged to the holocarpic
genus Olpidium, particularly when observed at the advanced stages
of infections where the rhizomycelial elements would not have been
apparent (Johns, 1966).

While our morphological studies did not support any consensus
that the causal pathogen could be an Olpidium species, the symp-
toms and presence of resting spores in leaves clearly indicates it to
be a chytridiomycete pathogen. Chytridiomycetes are pathogens as-
sociated with aquatic habitats, have a flagellated stage (zoospores),
with plants generally reacting to infection by forming gall structures
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FIGURE 3 Phylogram based on sequences of the ITS1-5.8S-ITS2 region, showing the relationship between isolates obtained from plants
with faba bean gall disease in this study and other related isolates from the NCBI database. Reference isolates from NCBI are shown in bold
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around the zoosporangia, and with zoospore dissemination de-
pending on flooding or (heavy) rainfall. Chrytridiomycete genera,
while often misidentified and reclassified, contain some obligate
plant pathogens of worldwide importance (e.g., Synchytrium endo-
bioticum, potato wart disease), with resting spores persisting and
remaining infective in soil for very long periods (e.g., potato wart
disease >40 years), as assumed for the FBG pathogen surviving on
infested residues in soil in China (Lang et al., 1993). Plant pathogens
Olpidium, Physoderma, and Synchytrium were all previously classified
as chytridiomycetes (Agrios, 2005; Alexopoulos, 1962), and all three
genera produce thick-walled resting spores and/or zoosporangia,
with typical infection caused by zoospores produced from zoospo-
rangia (within a growing season) and from carryover of resting spores
between seasons. However, only Physoderma and Synchytrium cause
plant diseases above ground, generally as a gall symptom that occurs
from cells in affected tissues being stimulated to divide repeatedly
and enlarge excessively (Agrios, 2005), as also observed in the cur-
rent study. In contrast, Olpidium spp. are obligate plant root patho-
gens found commonly throughout the world infecting the roots, but
not foliage, of wild and domesticated plants (Maccarone et al., 2010).
Furthermore, the FBG pathogen in Ethiopia and elsewhere attacks
host stems and leaves but is not known to cause disease on roots
(Alexopoulos, 1962; Kusano, 1912; Lay et al., 2018). There are only
three Olpidium species recognized as plant pathogens because of
their ability to vector viruses, the first two being O. brassicae and
O. bornovanus (=0. radicale) (Campbell, 1985, 1996; Herrera-Vasquez
et al., 2010; Rochon et al., 2004). However, Sahtiyanci (1962) had
earlier separated O. brassicae (formerly Pleotrachelus brassicae) into
two species (O. brassicae being crucifer-infecting and O. virulentus
non-crucifer-infecting). All three of these Olpidium species show
morphological features clearly distinct from those of Physoderma.

In our molecular identity studies, phylograms were used for fur-
ther investigation. Because multiple sequence alignment resulted
in high likelihood topology for our isolates, we used pairwise se-
quence alignment as it best generates optimal alignment (Xia, 2016).
An interesting group from the LSU sequences that matched NCBI
isolates, “uncultured fungi”, showed very high similarity between
themselves and grouped with the Physoderma isolate from NCBI in
group 3. Genera resulting from analysis of SSU sequences were of
high percentage identity with isolates in NCBI and were therefore
considered true genera; however, these genera were clearly not
related to the disease symptom or pathogen morphology. Genera
Mycosphaerella and Phoma obtained from ITS sequences, and Phoma
also from SSU sequences, matched with NCBI isolates with a high
level of percentage identity and query coverage (>97% percentage
identity and >93% query coverage) and, therefore, were assumed
to be true matches (Hibbett et al., 2016). All above-mentioned non-
Olpidium and non-Physoderma genera were also isolated and identi-
fied by sequencing in our preliminary investigations (including our
initial samplings, data not shown).

Olpidium belongs to the Zygomycota while Physoderma belongs
to the Blastocladiomycota (James et al., 2006; Money et al., 2016).
In our phylograms, analysis of the ITS1-5.85-ITS2 region placed
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Physoderma with Synchytrium in group 2 while Olpidium was further
away; a similar result was found in groups 2, 4, and 5 of the tree
constructed from the partial 18S-ITS1-5.8S5-ITS2-partial 28S se-
quences. The findings of the current study are in contrast to those
on spring-sown faba beans in high altitude regions of south-west
China, where Yan (2012) used primer pair ITS1 and ITS4 to amplify
the ITS region of the pathogen and concluded that the causal patho-
gen of faba bean blister in China was O. viciae. Importantly, in our
study, O. viciae (HQ677595) from China did not group with any other
Olpidium from NCBI, but instead grouped with Didymella in group 1,
while sequences of our test isolates were grouped in group 3 with
Physoderma. It is clear that this isolate of O. viciae (HQ677595) from
China is neither close to Olpidium nor Physoderma, but is close to
Didymella.

The partial 18S-ITS1-5.85-ITS2-partial 28S sequences amplified
from our test isolates placed most of the isolates with Didymella in
group 5. However, critically, the isolate sequence in group 1 and
three isolates in group 3 grouped with Physoderma; in contrast, all
Olpidium isolates from NCBI were grouped in groups 2 and 4. The
phylogram constructed from LSU sequences showed the test iso-
lates distributed through three main groups (2, 3, and 5), where
groups 2 and 3 included Physoderma from NCBI; isolates were quite
diverse within group 2, but group 3 included isolates with very small
differences that constituted the “uncultured fungi” group; and iso-
lates in group 5 grouped with Didymella from NCBI. Group 1 were
Olpidium isolates from NCBI and one of the isolates (2Trl) in group 4
was from Trifolium.

From our three phylograms, FBG isolates mostly belonged to
two groups, Physoderma or Didymella. Physoderma is clearly the
main causal pathogen of faba bean gall, while Didymella is present
as an accompanying pathogen and/or from secondary infection.
Didymella, Mycosphaerella, and Phoma can survive saprophytically,
and Didymella was present in the faba bean fields causing blight
(recorded as Ascochyta fabae). There is no available comparative
sequence data for Physoderma as a legume pathogen. Some other
obligate pathogens, such as those causing downy mildew and
white rust diseases, produce an abundance of spores on the plant
surface, making it easier to identify them morphologically and to
extract DNA from spores for molecular identification. However,
Physoderma, while it produces an abundance of resting spores inside
the host, only produces epibiotic zoosporangia to release zoospores
for a short period. This characteristic not only makes identification
more difficult but allows secondary fungal pathogens to contami-
nate morphological and molecular identification procedures; this
has led previous attempts to determine the causal agent of FBG to
identify either secondary pathogens or other contaminating organ-
isms. This is illustrated by two previous unsuccessful attempts to
identify molecularly the causal agent of FBG in Ethiopia. The first
was an investigation by CABI in 2012, where ITS rDNA analysis with
FASTA showed >99% similarity to sequences assigned to Phoma
and Peyronellaea, with 100% match to Peyronellaea pinodella (i.e.,
syn. Mycosphaerella pinodes, Didymella pinodes), with a strong match
with Aureobasidium/Kabatiella lini; they also used ITS rDNA analysis
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with BLAST to highlight similarity with Cryptococcus victoriae (CABI,
2012). The second was in 2016, with FBG samples sent from Ambo

University to Wageningen Plant Research International, where next-
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generation sequencing analysis showed a low homology but best fit
to Albugo laibachii (Wageningen Plant Research International, 2016).
However, neither of these organisms could possibly be the cause of
FBG disease as both have significantly different morphology from
that observed for FBG. For example, Albugo species are generally
not known to infect Fabaceae and produce different symptoms to
FBG, and Olpidium and Albugo are unrelated genera despite both
being favoured by cool and wet environmental conditions. Thus,
PCR has limitations as a means of obtaining sequences for identifica-
tion, but itis an important method for confirmation of morphological
observations.

Physoderma has been reported on faba bean and other le-
gume hosts. Importantly, in Japan, Physoderma fabae Syd. (1928)
was reported on V. faba in 1927; however, it did not produce a gall
symptom, but instead caused rusty to reddish-brown orbicular or ir-
regular spots on leaves (Watson, 1971). Subsequently, again in Japan,
Physoderma leproides (Trab.) Lagerh (1950) (basionym: Entyloma lep-
roideum Trab. [1894]) was reported as parasitic in leaves and stems
of V. faba, again without a gall symptom, causing rusty to reddish-
brown orbicular or irregular spots (Watson, 1971).

Outside of Ethiopia, Physoderma is reported across a wide range
of different legume hosts. For example, P. trifolii (syn. S. trifolii, O. tri-
folii, Urophlyctis trifolii) has been reported in China on Astragalus
sinicus; in Australia on Swainsona occidentalis, Trifolium glomeratum,
T. subterraneum, T. tomentosum, T. repens; and in India on T. alex-
andrium, T. resupinatum, T. carolinianum, T. medium, T. montanum,
T. pratense, T. repens, T. resupinatum (Allison et al., 1952; Anonymous,
1960; Butler & Hall, 1966; Cook & Dubé, 1989; Cunnington, 2003;
Fajardo et al., 2017; Farr & Rossman, 2019; French, 1989; Pande &
Rao, 1998; Sampson & Walker, 1982; Shivas, 1989; Tai, 1979; Watson,
1971). Such infections by P. trifolii are relevant for Ethiopia, as it is
clear that in this country the FBG pathogen not only additionally in-
fects field pea, but also, as we found in the current study, at least
two different Trifolium spp. A significant number of Trifolium species
occur in Ethiopia, including T. subterraneum, T. repens, T. fragiferum,
T. pratense, T. baccarinii, T. polystachyum, T. semipilosum, T. simense,
T. tembense, T. usambarense, along with unknown Trifolium spp. (ILRI
Genetic Resources, unpublished data). That the FBG pathogen can
cross over between different host genera and species increases the
biosecurity risk of accidental introduction of FBG disease for coun-
tries growing faba bean and field pea crops that are currently free of
FBG. In addition, as Trifolium spp. can be a host, this also has signifi-
cant biosecurity implications. T. subterraneum is an important annual
forage legume in Mediterranean-type climatic regions of southern
Australia and parts of Africa, Asia, Europe, and North and South
America (Nichols et al., 2007, 2014), with an estimated 29 million ha
sown in Australia alone (Hill & Donald, 1998; Nichols et al., 2013).

Distinguishing Physoderma from Olpidium has a number of chal-
lenges. It is noteworthy that on analysis of sequences from the ITS
region, our Physoderma isolates were grouped with Synchytrium in

group 2 while Olpidium were further away; the same applied to the
partial 185-1TS1-5.85-ITS2-partial sequences in groups 2, 4, and 5.
In Japan, on T. repens, swellings like blisters on leaves, and galls oc-
curring in the stems and petioles, have been mistakenly reported as
caused by O. trifolii, but in fact are caused by P. trifolii (Anonymous).
This is not surprising, as Olpidium spp. have frequently been mis-
reported to cause various gall-type symptoms on leaves. Other
Physodermataceae, S. trifolii and Urophlyctis trifolii, have also been
misidentified as O. trifolii instead of the correct name P. trifolii. Thus,
it is not unexpected that the original description of the FBG patho-
gen in Japan was given as O. viciae.

As already noted above, our Physoderma isolates were closely
grouped with Synchytrium. S. aureum has long been known to attack
and cause galls on various Trifolium spp. (e.g., Chilton et al., 1943;
Oudemans, 1921; Saccardo, 1898). It has been widely reported on
T. subterraneum and other clovers in eastern Australia (White et al.,
1956), and in Western Australia in the 1980s (authors’ unpublished
observations). In eastern Australia, Walker (1957) actually reported
both S. aureum and P. trifolii occurring together on the same T. subter-
raneum plants. Other Synchytrium spp. occurring in Australia include
S. decipiens as false rust on Amphicarpaea, S. desmodii as wart disease
on tropical legumes, and S. psophocarpi as false rust on winged bean
(Psophocarpus tetragonolobus) (Price, 1987; Price & Lenne, 1987,
1988).

Although FBG had previously been identified as O. viciae,
Olpidium has only an endobiotic phase inside the plant with no
epibiotic phase, is a genus generally restricted to roots that does
not show symptoms on above-ground parts of plants, and is not
primarily spread by rain splash. In contrast, for Physoderma we ob-
served both epibiotic and endobiotic phases, with zoosporangia
epibiotic in preparation for release of zoospores, and resting spores
endobiotic residing inside the plant cells. Physoderma is a genus that
generally attacks and shows symptoms on above-ground parts of
plants and is a pathogen that is primarily spread by rain splash (as
occurs in Ethiopia). Recognizing the epibiotic phase is an import-
ant foundation, not only for comprehending the disease epidemi-
ology, but also for achieving future disease forecasting; it would
enable prediction of zoospore release and consequent best timings
for application of chemical sprays to reduce reinfection following
the initial infection cycle of faba bean. Our phylogram analyses of
sequences from the ITS1-5.8S5-I1TS2, partial 185-1TS1-5.85-1TS2-
partial 28S, and LSU (28S rRNA) regions all confirmed Physoderma,
not Olpidium, as the causal agent. Sample sequences were either
close to Physoderma or the ascochyta pathogen Didymella. It is
clearly evident from symptoms, morphological observations, and
molecular data that the true causal agent of FBG disease in Ethiopia
is Physoderma and not O. viciage. That this Physoderma causal agent
of FBG can cross over between different legume host genera (e.g.,
Vicia, Pisum, Trifolium) highlights both challenges for its manage-
ment in Ethiopia and an increased biosecurity risk of its accidental
introduction for countries, currently free of FBG, that grow faba
bean and field pea crops; this particularly applies where extensive
areas of Trifolium spp. forages occur.
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