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Abstract: Bitter vetch (Vicia ervilia (L.) Willd.) is a legume well adapted to cultivation in marginal
areas, being an important source of protein for animal feed in low input cropping systems. Sur-
prisingly, it is an underutilized crop as it could be a good alternative to increase the sustainability
of extensive rainfed cropping systems. In Mediterranean rainfed cropping systems, the productiv-
ity of bitter vetch is severely reduced by the parasitic weed species Orobanche crenata (Forsk). To
date, few resistant bitter vetch genotypes have been identified. O. crenata infection process initiates
with the recognition of germination factors exuded by roots of susceptible hosts. In this work, the
interaction of a collection of bitter vetch accessions and O. crenata has been analyzed in order to
discover accessions with low germination induction activity. Through a combination of field and
rhizotron experiments, two bitter vetch accessions were selected showing low germination-induction
activity, which resulted in less infection. In addition, in vitro germination assays revealed that the low
germination activity was due to low exudation of germination factors and not due to the exudation
of germination inhibitors. The selected low germination-inducers genotypes could be the basis for a
new breeding program generating locally adapted alternatives with resistance to O. crenata.

Keywords: phytogenetic resources; parasitic weeds; broomrape; legumes; breeding; low germination
induction; sustainable crop protection

1. Introduction

Bitter vetch (Vicia ervilia (L.) Willd.) is one of the oldest cultivated grain legume
crops [1], whose origin is located in the Mediterranean and Middle East area [2]. It is
grown as a forage and grain crop [3]. In Spain, the area of bitter vetch cultivation during
2018 reached 54,900 ha with an average of grain yield of 1150 kg/ha [4]. It is an annual,
predominantly self-pollinated species, tolerant to marginal soils, and drought and cold
climate conditions [5]. Despite its many advantages for cultivation in low-input cropping
systems, its cultivation is in decline mainly due to the lack of investment in breeding
programs to register elite cultivars [6].

The main constrain for bitter vetch cultivation in Mediterranean rainfed cropping
systems is the crenata broomrape (Orobanche crenata Forsk.) [7]. O. crenata is a parasitic
broomrape weed species that infects roots of different crops, mainly legume species as
well as other crops including carrot or celery [8,9], causing severe yield damage [10]. Thus,
there is a need to find sources of resistance in germplasm collections of crop species and
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their wild relatives in order to understand the responsible resistance mechanisms to facil-
itate the development of resistant cultivars [11]. O. crenata weeds are obligate parasites
without root systems nor photosynthetic activity, and therefore, they are constrained to
infect the root of their hosts quickly after their seeds germinate. To increase the likelihood
of establishment on the host, they maintain their germination inhibited until the detection
of specific germination stimulants exuded by roots of their hosts [12]. Several classes of
germination stimulants are known to induce broomrape germination, with strigolactones
being the main ones [13]. Additional germination factors have been reported, such as dehy-
drocostuslactone [14], dihydrosorgoleone [15], peagol, peagoldione, peapolyphenols A—C,
soyasapogenol B, trans-22-dehydrocampesterol [16-18], or isothyocyanates [19]. Because
the lack of germination-induction activity in the roots of a host prevents broomrape infec-
tion, the process of host-induced parasitic germination is one of the most obvious targets
for the development of resistant cultivars [20,21]. Low germination-inducers genotypes
have been described previously in faba bean [22-24], tomato [25,26], pea [27], rice [28],
sorghum [29], and sunflower [30,31]. Despite the severe damage inflicted by O. crenata
in bitter vetch plants, few resistant genotypes have been identified so far [7]. The aim
of this study was to identify differences in induction activity of O. crenata germination
in a collection of 39 bitter vetch accessions using a combination of field, rhizotron, and
in vitro experiments. The selected low germination-inducers genotypes could be the basis
for a new breeding program generating locally adapted alternatives with resistance to
O. crenata infection.

2. Results
2.1. Rhizotron Screening

A rhizotron experiment was used to study the interaction of roots of 39 bitter vetch
accessions with O. crenata seeds under the stereomicroscope. O. crenata seeds interact-
ing in close proximity with bitter vetch roots showed low germination rates (average
2.90% =+ standard error of the mean 0.13), ranging from 0.06% =+ 0.04 to 5.66% £ 0.79 as a
maximum with a highly significant genotypic effect (p < 0.0001). Accession Ve.34 showed
the highest stimulating activity on broomrape germination (5.66% = 0.79), followed by
a set of 13 accessions including the susceptible control Ve.38, which ranged between
5.28% + 0.42 and 4.04% =+ 0.36. On the other hand, a set of 18 accessions (including
Ve.5) stimulated low broomrape germination ranging from 2.09% =+ 0.47 to 0.06% =+ 0.04
(Table 1).

Table 1. Broomrape seed germination, number of broomrape tubercles per plant and host root length in bitter vetch
accessions. + (Standard error of the mean). Analysis of variance was applied to replicate data. Accessions with different
letters are significantly different according to the Tukey test (p = 0.05).

Broomrape Seed

N.° of Broomrape

Accession Code ICARDA Origin Germination (%) Tubercles per Plant Host Root Length (cm)
BGLI-Ve.005 IFVE 2842 Unknown 0.32 +0.20 P 0.57 + 0.30 2P 535 + 36.86 fehijk
BGLI-Ve.006 IFVE 2847 Unknown 1.68 + (.41 bedefg 2.29 + (.68 abed 468 + 46.56 bedefghij
BGLI-Ve.009 IFVE 2943 Unknown 1.25 + (.29 abedef 2.50 + .50 abede 267 =+ 47.07 ab¢
BGLI-Ve.010 IFVE 3030 Unknown 2.00 =+ 0.43 bedefghi 2.57 + 1.17 abede 523 + 81.69 defghijk
BGLI-Ve.011 IFVE 2849 Unknown 1.64 + (.76 abcde 3.29 + 1.17 abede 437 + 25.11 abedefghij
BGLI-Ve.012 IFVE 2542 Unknown 4.75 4 1.28 efghi 4.17 + 1.85 abedef 412 + 56.94 abcdefghij
BGLI-Ve.013 IFVE4654 Unknown 3.34 =+ 0.46 defghi 1.88 =+ (.48 abed 585 + 52.26 ik
BGLI-Ve.014 IFVE 4657 Unknown 4.43 + (.78 efghi 1.86 + 0.94 abc 408 + 33.17 abedefghij
BGLI-Ve.015 IFVE 4658 Unknown 1.35 + (.69 abede 1.20 + 0.97 abc 551 + 46.82 hijk
BGLI-Ve.016 Unknown 2.88 = (.71 cdefghi 5.75 =+ 1.41 abedefg 442 + 39.35 abedefghij
BGLI-Ve.017 SEL 2510 Chipre 1.32 + (.44 abede 0.86 =+ 0.55 abe 720 + 63.02 %
BGLI-Ve.018 SEL 2511 Chipre 0.06 +0.02 0.25 +0.162 570 + 47.98 ik
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Table 1. Cont.

Broomrape Seed

N.° of Broomrape

Accession Code ICARDA Origin Germination (%) Tubercles per Plant Host Root Length (cm)
BGLI-Ve.019 SEL 2512 Chipre 0.71 + 0.34 abc 1.00 4 0.85 2be 340 + 28.95 abedefghi
BGLI-Ve.020 SEL 2513 Chipre 1.94 4 0.36 bedefghi 3.50 + 0.80 abede 541 + 28.57 8hilk
BGLI-Ve.021 SEL 2515 Chipre 1.19 4 0.53 2bed 1.75 4 0.75 2be 346 + 69.34 bcdefghij
BGLI-Ve.022 SEL 2516 Chipre 2.56 + 0.62 cdefghi 2.63 4 .71 2bcde 393 4 40.40 2bedefghij
BGLI-Ve.023 SEL 2517 Chipre 0.78 4 0.15 abed 1.63 + 0.46 2b¢ 436 -+ 29.27 abcdefghij
BGLI-Ve.024 SEL 2518 Siria 1.56 + 0.59 abede 1.25 40.45 abe 527 + 40.35 efghijk
BGLI-Ve.025 SEL 2519 Siria 1.25 4 .72 bed 1.88 4 0.90 2bed 216 +16.952
BGLI-Ve.026 SEL 2520 Siria 1.65 4 (.34 bedefgh 2.75 4 1.06 abede 284 + 18.07 2bed
BGLI-Ve.027 SEL 2522 Chipre 2.00 + 0.24 bedefghi 4.43 + 0.65 abedefg 504 + 67.73 defghijk
BGLI-Ve.028 SEL 2563 Siria 3.09 = 0.45 defghi 3.00 + 0.63 abede 240 + 18.94 2
BGLI-Ve.029 SEL 2644 Bulgaria 2.06 + 0.43 bedefghi 2.63 4 1.21 2bcde 301 4 20.91 bedef
BGLI-Ve.030 SEL 2647 Bulgaria 2.72 + 1.10 bedefghi 3.13 =+ 1.64 abcde 390 + 34.94 abedefghij
BGLI-Ve.031 SEL 2648 Bulgaria 2.44 + (.28 cdefghi 2.00 + 0.93 abed 402 = 50.40 2bedefghij
BGLI-Ve.032 Bulgaria 4.63 + 0.56 fghi 6.00 + 1.15 abedefg 236 + 14.63
BGLI-Ve.033 Unknown 4.04 =+ 0.36 ©fghi 4.86 + (.51 abedefg 233 +15.21 2
BGLI-Ve.034 Spain 5.66 +0.79 1 10.63 + 2.46 8 248 +19.98
BGLI-Ve.035 Spain 5.06 + 0.59 8hi 6.63 + 1.03 bedefy 559 + 83.52 ik
BGLI-Ve.036 Spain 4.50 + 1.36 ©fghi 6.40 + 1.57 abedefg 293 + 2579 abede
BGLI-Ve.037 Spain 5.25 + 0.47 8hi 8.71 + 1.46 °f8 257 + 5.78 2b
BGLI-Ve.038 Unknown 4.66 + 0.54 fghi 8.13 + 1.09 defg 316 =+ 41.95 2bedefgh
BGLI-Ve.039 Spain 5.28 4 0.42 N 1025+ 1.8118 232 4 46.06 %P
BGLI-Ve.040 Unknown 5.10 4 0.62 8M 6.40 + .98 abcdefg 367 4 60.25 2bcdefghij
BGLI-Ve.041 Spain 2.09 + (.47 bedefghi 1.75 4 0.70 2b¢ 342 + 27.03 abedefghi
BGLI-Ve.042 Unknown 5.13 & 0.71 8hi 5.75 + 1.26 abcdefg 306 + 31.02 2bedefg
BGLI-Ve.043 Unknown 3.28 4 (.69 cdefghi 6.25 =+ 1.73 abedefg 291 4 53.58 abede
BGLI-Ve.044 Unknown 4.94 + 0.87 8hi 6.88 4 0.69 defs 224 +23.09 2
BGLI-Ve.045 Spain 4.84 +0.76 8M 6.25 + 1.29 abedefg 238 + 14.98

There was also a positive correlation (r = 0.7425, p < 0.0001) between the germination percentage and the number of tubercles per plant.
Thus, bitter vetch accessions more efficient stimulating broomrape germination also showed higher number of tubercles in their roots.
In accordance with this, the bitter vetch accession Ve.34 with higher germination inducing activity also presented the higher number of
O. crenata tubercles per plant (10.63 £ 2.46), followed by the accessions Ve.39 and Ve.37 and the susceptible control Ve.38 with 10.25 4 1.81,
8.71 £ 1.46, and 8.13 & 1.09 tubercles per plant, respectively. In contrast, the low O. crenata germination-inducing genotypes were included
in a set of 23 accessions that showed the lowest levels of tubercles formation in their roots (average of 2.064 + 0.193) (Table 1).

2.2. Field Screening

With the aim of validating the results obtained in the rhizotron experiment, two
consecutive field experiments were carried out during the seasons of 20162017 and
2017-2018. Weather conditions (Figure 1) were conducive for O. crenata infection and
its emergence [7], as it was indicated by the O. crenata emergence on the susceptible faba
bean checked (average of 2.85 £ 0.18 and of 7.05 & 0.49 emerged O. crenata per faba bean
plant during 2016-2017 and 2017-2018 seasons, respectively).

During the first growing season (2016-2017), a set of 17 accessions selected from
the previous rhizotron experiment due to their contrasting resistance against O. crenata
were evaluated under naturally infected soil conditions. Lines Ve.05, Ve.18, Ve.19, Ve.20,
Ve.24, Ve.25, and Ve.26 were selected among the low inducers of O. crenata germination
with lowest levels of tubercles formation in their roots. In addition, 10 lines including the
susceptible accession Ve.38 with the highest stimulating activity of O. crenata germination
and a higher number of tubercles were included as susceptible controls. As a resistant
bitter vetch control, the cultivar Jabegote was selected due to its previously characterized
incomplete resistance, but high productivity under O. crenata infestation [7] was used.

The average number of emerged O. crenata in all rhizotron-selected bitter vetch plants
was 1.28 & 0.13 ranging from 0.50 = 0.27 in the most resistant accession to 3.26 £ 0.54 in the
most susceptible accession. The bitter vetch accessions Ve.16 and Ve.38 showed significantly
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higher infection (2.28 £ 0.49 and 3.26 £ 0.54, respectively) than the control Jabegote
(0.84 + 0.46), while the rest of the rhizotron-selected bitter vetch accessions showed no
significant differences in O. crenata emergence in comparison with Jabegote.

GA m2016-2017 [2017-2018

< a0

[0}

—

=

© 30

[}

Q

E 20

=

®©

[0} 10

o

2 I 1. 0

—

[

é 0
December  January February March April May June

B

€ 300

E

c=“ 250

&

=

© 200

—

ko)

2 150

o

S

£ 100

=

3

- ’ H I IH

0 —rm | Il_l Il_l -

December  January February March April May June

Figure 1. Average air temperature (A) and monthly rainfall (B) during the growing seasons 2016-2017
and 2017-2018.

When the O. crenata infection of bitter vetch plants was standardized to the emerged
O. crenata on the faba bean check rows surrounding each bitter vetch accession, O. crenata
emergence on plants of the resistant control accession Jabegote was 16.33% =+ 0.33, and on
plants of the susceptible accession Ve.38, it was 129.33% = 21.07. The average of O. crenata
emergence in all rhizotron-selected bitter vetch accessions was 59.51% =+ 6.12, ranging from
15.00% =+ 5.00 in the accession Ve.24 to 153.00% = 17.32 in the accession Ve.18. Among
the rhizotron-selected bitter vetch accessions, all accessions showed significantly lower
broomrape in comparison with the susceptible accession Ve.38 except for the accessions
Ve.16, Ve.18, Ve.20, and Ve.30 (Table 2).

During the second growing season (2017-2018), a total of 6 accessions (Ve.5, Ve.19,
Ve.24, Ve.25, Ve.26, and Ve.43), with low values of infection in 2016-2017, were selected
and studied. In addition, the susceptible accession Ve.38 (as a negative control) and the
resistant control cultivar Jabegote (as a positive control) were again studied under naturally
infested-soil field conditions. The average number of emerged O. crenata per bitter vetch
plant in all selected accessions was 0.98 % 0.08 ranging from 0.56 £ 0.07 in the most resistant
accessions to 1.72 £ 0.16 in the most resistant accessions (Table 3). The average of O. crenata
emergence in bitter vetch referred to the faba bean check was 12.29% =+ 1.25, ranging from
6.13% £ 0.01 in the most resistant accessions to 20.91% =+ 2.60 in the most susceptible
accessions. Besides the control Jabegote, the accessions Ve.24, Ve.19, and Ve.5 showed a
significant low number of emerged O. crenata shoots, with Ve.24 being the accession with
the lowest value. By contrast, the most susceptible accession in 2017-2018 field season was
Ve.43 followed by Ve.25, Ve.38, and Ve.26 bitter vetch lines (Table 3).



Plants 2021, 10, 348

50f13

Table 2. Number of broomrape as well as emerged O. crenata in field as percent of faba bean control, on selected bitter

vetch lines and the commercial bitter vetch variety Jabegote during the season of 2016-2017. =+ (standard error of the mean).

Analysis of variance was applied to replicate data. Accessions with different letters are significantly different according to

the Tukey test (p = 0.05).

Number of O. crenata

O. crenata Emergence in Bitter Vetch

Accession Bitter VP; etEZh Plant Referred to the Faba Bean Check (%)
BGLI-Ve.5 1.17 £+ 0.56 3 37.33 +£2.033b
BGLI-Ve.12 1.48 + 0.62 3 3233+ 8334
BGLI-Ve.16 2.28 4 0.49 ab 76.33 + 8.95 abed
BGLI-Ve.18 1.25 +0.143b 153.00 + 17.32 ¢
BGLI-Ve.19 0.50 + 0.27 2 19.33 +1.452
BGLI-Ve.20 1.74 + 0.46 30 101.33 = 3.18 bede
BGLI-Ve.24 0.56 +0.18 2 15.00 + 5.002
BGLI-Ve.25 0.98 &+ 0.51 2P 20.33 +4.332
BGLI-Ve.26 0.73+0.152 28.67 £2.732
BGLI-Ve.30 1.20 + 0.67 3 125.33 4 20.50 <de
BGLI-Ve.34 0.84 +0.372 48.67 4 19.33 b
BGLI-Ve.35 1.64 + 0.34 b 61.67 + 3.76 abc
BGLI-Ve.36 0.73 £ 0452 4833 4+ 11.84 b
BGLI-Ve.38 326+ 054b 129.33 4 21.07 de
BGLI-Ve.39 1.27 +£0.70 3P 47.67 + 19.23 b
BGLI-Ve.43 0.83 +0.272 37.33 +3.183b
BGLI-Ve.44 1.72 +£0.343b 58.00 & 14.73 @b
Jabegote 0.84 + 0.46 2 16.33 £ 0.332

Table 3. Number of emerged broomrapes per host plant, broomrape emergence in bitter vetch referred to the faba bean

check, as well as parameters of broomrape infection on selected bitter vetch lines and the commercial bitter vetch variety

Jabegote during the season of 2017-2018. + (standard error of the mean). Analysis of variance was applied to replicate data.

Accessions with different letters are significantly different according to the Tukey test (p = 0.05).

O. crenata Total Average Relative
Number of O. Emergence O. crenata eras Total Host
. Individual Emerged .
Accession crenata per Referred to Emerged Dry o Host Dry Reproductive
. O. crenata Dry Parasitic
Plant the Faba Bean = Matter per Bitter Matter (2) Weisht Matter (g) Index
Check (%) Vetch Plant (g) & &
BGLI-Ve.5 110 £0.01¢ 11.87 + 0.06 2° 1.56 £0.78 2 0.10 £ 0.06 2 0.23+0.12% 4.43 +0.54 2 0.48 +0.05 4
BGLI-Ve.19 0.56 +0.07 2 7.90 +0.01 1.52+043% 013 +0.012 0.224+0.01 7.754+0.93° 0.35 +0.01 «d
BGLI-Ve.24 0.59 +0.15% 6.13 +£0.01° 157 £0.80? 042+0.32% 022 £0.042 2.08+129? 0.23 4 0.01 ¢
BGLI-Ve.25 0.84 £ 0.022¢ 1544 £ 0.03 b 298 £1.31°2 0.30+0.182 0.24 +£0.022 3.40 +1.98% 0.41 + 0.09 «d
BGLI-Ve.26 0.88 £ 0.102>¢  12.88 4 0.03 3¢ 2.08 £0.56 0.19 +£0.072 0.314+0.052 445+ 0.39 b 0.27 +0.01 bed
BGLI-Ve.38 1.08 + 0.08 b* 15.05 4 0.01 2b¢ 1.28 £0477 0.09 £ 0.01* 043 +0.072 1.67 £0.60? 0.00 +0.002
BGLI-Ve.43 1.72 £ 0.16 ¢ 20.91 £0.03 ¢ 1.64 £0.70 0.18 £0.067 0.36 +0.02 7 3.59 +0.68 0.04 £ 0.04 %
Jabegote 111 £0.11°¢ 8.17 £ 0.00 154 £0.542 0.154+0.032 0.34+0.04% 434+ 1482 0.37 £ 0.08 «d

In addition to O. crenata germination and development, several parameters describing
the effects of O. crenata infection on bitter vetch productivity were assessed during the
2017-2018 field season as further indicators of the disease severity. The cumulative dry
matter of all O. crenata plants emerged per bitter vetch plant averaged 1.72 g 4- 0.22 and
the average weight of individual O. crenata plants averaged 0.19 g & 0.04. The relative par-
asite weight (ratio between parasite biomass and combined bitter-vetch—parasite biomass)
averaged 0.29 £ 0.02. The aboveground cumulative O. crenata dry matter, the weight
of individual parasites emerged as well as the relative emerged parasitic weight were
not significantly different among lines. Symptoms of O. crenata damage were severe at
flowering time in accessions Ve.25, Ve.38, and Ve.43, being dead or presenting flowering
abortion (data not shown), which possibly indicate that a larger number of O. crenata
plants attached to these bitter vetch accessions killed the host before emergence. The
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strong competition for resources by underground O. crenata plants before emergence in
highly sensible accessions exhaust the resources killing both the host and the parasite
before the end of their life cycles. The total emerged parasitic biomass per bitter vetch
plant averaged from 1.28 £ 0.47 g/bitter vetch plant in accession Ve.38 (susceptible con-
trol) to 2.98 £ 1.31 g/bitter vetch plant in accession Ve.25. The weight of a single parasite
growing per plant in each bitter vetch accession averaged from 0.09 £ 0.01 g/broomrape
plant in accession Ve.38 to 0.42 & 0.32 g/broomrape plant in accession Ve.24. The rela-
tive parasitic weight (ratio between parasite biomass and combined bitter-vetch—parasite
biomass) averaged from 0.22 & 0.01 in accession Ve.19 to 0.43 & 0.07 in the susceptible
accession Ve.38.

Bitter vetch productivity was also characterized as total host dry matter (vegetative
and reproductive host aboveground tissues), which averaged 3.99 & 0.48 g per plant, and
host reproductive index (ratio between host reproductive dry matter and total above-
ground host dry matter), which averaged 0.27 £ 0.04. Total host dry matter averaged
from 1.67 £ 0.60 in line Ve.38 (susceptible) and 7.75 £ 0.93 in line Ve.19 (Table 3). Host
reproductive index averaged from 0.00 in line Ve.38 (failure of seed setting) to 0.48 & 0.05
in accession Ve.5 (Table 3).

2.3. In Vitro Germination Bioassay in Different Broomrape Species

The stimulatory activity of root exudates of four rhizotron- and field-selected bitter
vetch resistant accessions, e.g., Ve.5, Ve.24, Ve.38, and Ve.43, was studied in seeds of
three broomrape species O. crenata, O. minor, and P. ramosa (Figure 2). In all cases, null
germination was observed when seeds of the broomrape species were treated with distilled
water (negative control). Significant effect in broomrape germination was observed for
plant accession, (ANOVA, p < 0.0001) and broomrape species, (ANOVA, p < 0.0001), but not
for root-exudate concentration. Root exudates of the highly resistant bitter vetch accessions
Ve.5 and Ve.24 induced the lowest levels of O. crenata (1.01% =+ 0.34 and 2.71% =+ 0.22,
respectively) and O. minor germination (6.3% =+ 2.33 and 6.02% =+ 0.84, respectively).
Germination inducing activity of Ve.5 and Ve.24 was not statistically different than the
germination induced by the negative control. The synthetic strigolactone GR24 followed
by the susceptible cultivar of P. sativum cv. Messire, used as positive controls, induced the
highest stimulatory activity on germination of O. crenata (56.77% =+ 3.78 and 65.26% =+ 1.30,
respectively) and O. minor (59.12% =+ 1.35 and 74.39% = 0.98, respectively). Accessions
Ve.38, Ve.43 and Ve.46 induced moderate levels of O. crenata and O. minor germination
(Figure 2A,B). In addition to studying the stimulatory effect of bitter vetch root exudates
on the legume-specialized broomrape species O. crenata and O. minor, we studied their
effect in the broomrape species P. rarmosa, which is a generalist parasite of many vegetable
crops [8]. No significant effect was observed among treatments in germination induction.
All accessions and controls studied in this work induced high stimulatory effects on seeds
of P. ramosa (Figure 2C).

To discern whether the low germination activity of bitter vetch accessions Ve.5 and
Ve.24 on seeds of O. crenata was due to low exudation of germination stimulants or exu-
dation of germination inhibitors, root exudates of each plant accession were applied to
O. crenata seeds mixed with the synthetic germination stimulant GR24 (Figure 3). None of
the root exudates analyzed were actively inhibiting the germination-inducing activity of
GR24 at the concentrations tested, revealing that the low germination activity observed in
the bitter vetch accessions Ve.5 and Ve.24 was indeed due to low exudation of germination
stimulants and not due to the exudation of germination inhibitors.
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Figure 2. Effect of Vicia ervilia accession and concentration of hydroponically collected root exudates
on stimulation of seed germination of (A) O. crenata, (B) O. minor, and (C) P. ramosa. Analysis of
variance was applied to transformed replicate data. For each treatment, bars with different letters are
significantly different according to the Tukey test (p < 0.05). Error bars represent the mean + s.e.
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Figure 3. Effect of Vicia ervilia accession and concentration of hydroponically collected root exudates on inhibition of seed
germination of O. crenata. Analysis of variance was applied to transformed replicate data. For each treatment, bars with
different letters are significantly different according to the Tukey test (p < 0.05). Error bars represent the mean + s.e.

3. Discussion

Low germination-inducer genotypes of bitter vetch were successfully identified from
our combination of rhizotron, field, and in vitro screenings of a germplasm collection,
showing that resistance against the root parasitic plants O. crenata and O. minor based in
low exudation of germination stimulants exists within existing phytogenetic resources.
Therefore, selection of this trait is possible in breeding programs for broomrape resistance
also in bitter vetch. Low induction of O. crenata germination in the identified resistant
phenotypes is in accordance with low levels of root infection in rhizotron and field assays,
as well as with seeds production.

Low induction of germination was effective against the legume-specialized broomrape
species O. minor and O. crenata, but not against the generalist broomrape species P. ramosa.
More than 25 host-derived germination stimulants have been identified in crops [32], and
a parasite-recognition mechanism of host range has been found to be achieved by means
of a germination tuning between parasitic and host species through: (i) exudation of host
species-specific cocktails of germination stimulants and (ii) broomrape species-specific
variation in germination responses to different host root exudates [13,24,33-35]. Root
exudates of bitter vetch accessions Ve.5 and Ve.24 were low in the specific stimulants that
induce germination responses of the legume-specific broomrape species O. crenata and
O. minor, but not in the stimulants that induce germination in P. ramosa. Therefore, these
accessions could have additional applications as trap crops inducing suicidal germination
of incompatible broomrape species, as was previously found in pea [36]. An alternative
explanation of the low germination activity in root exudates of the accessions Ve.5 and
Ve.24 could be their exudation of germination inhibitors specifically active on O. crenata
and O. minor. However, mixtures of exudates of the low-inducer bitter vetch accessions
with the germination stimulant GR24 were active in inducing the germination of O. crenata,
and therefore, we ruled out the hypothesis of exudation of germination inhibitors. Absence
of inhibitory activity was also found in low inducer-genotypes of faba bean and later
confirmed that the low induction effect was due to low exudation of strigolactones [23,24].

The chemical class of germination stimulants exuded by bitter vetch roots and the
inheritance of this trait are unknown and should be studied in future research as have been
studied for other crop species showing this resistance mechanism [24,37,38]. Broomrape
resistance achieved by this mechanism was complete and could be pyramided with other
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resistance mechanisms acting at subsequent steps in the infection process of O. crenata in
bitter vetch identified in previous work [7]. This could lead to increased resistance with
prolonged durability against O. crenata infection [12].

An important feature in bitter vetch sources of parasitic weed resistance is the ability
to be productive in soils highly infested by O. crenata infection [7]. In some legume species,
accessions with levels of resistance are not able to yield to their potential when they are in-
fected by a reduced number of O. crenata plants due to the strong competition for nutrients
created by the parasite even at low levels of infection [10]. Measurements of biomass made
in this work indicated that bitter vetch accessions with resistance based in reduced levels of
O. crenata germination produced more biomass in comparison with the susceptible acces-
sions Ve.43 and Ve.38, both in terms of total host dry matter and host reproductive index.
This increase in biomass was visually obvious but not statistically significant, except for the
bitter vetch accession Ve.19 showing the highest biomass. An O. crenata infection reduces
the host biomass mainly at the expense of the host reproductive tissue [10]. The capacity
to set seeds in the resistant accessions was significantly higher in the resistant accessions
than in the susceptible accessions Ve.43 and Ve.38, showing the resistant accession Ve.5
the highest reproductive index under parasitic infection. The experimental design used
in this work is a method specifically designed for the investigation of levels of O. crenata
infection [7,39,40], showing solid results in the field identification of resistant genotypes.
However, the results are less strong for biomass measurements as they are performed in
rows. Further experiments specifically designed for yield measurements are needed to
validate the increase in yield observed in our work. The bitter vetch accessions described in
this work represent good bitter vetch candidate resources for breeding programs required
to promote the use of this legume.

4. Materials and Methods

Accessions belonging to a bitter vetch (V. ervilia) germplasm collection was studied in
order to identify lines with low ability to induce O. crenata germination and subsequently
low infection levels. This material was provided by Plant Genetic Resources Center
(CRFE, Madrid, Spain), the Genetic Resources Unit of International Center for Agricultural
Research in the Dry Areas, (ICARDA, Aleppo, Syria), and Legumes Genebank (BGLI, at
IFAPA, Cordoba, Spain). For rhizotron experiments, broomrape seeds were collected from
dry inflorescences of O. crenata plants growing on Vicia faba plants using a 0.6 mm mesh-size
sieve (Filtra, Barcelona, Spain) and stored dry in the dark at 4 °C for three months before
their use.

4.1. Rhizotron Screening

Host—parasite interactions were studied in 39 bitter vetch lines (Table 1) through a
rhizotron experiment, following the methodology described by Pérez-de-Luque et al. [39].
Bitter vetch and O. crenata seeds were previously surface disinfected with sodium hypochlo-
rite solution 5% w/v. Bitter vetch seedlings and approximately 6 mg of O. crenata seeds
were simultaneously sown on a sheet of glass-fiber filter paper (GFFP, Whatman G/A,
Whatman International Ltd., Maidstone, UK) inside 12 x12 cm? squared Petri dishes con-
taining perlite. The roots of bitter vetch and O. crenata seeds were developed on the GFFP
sheets, and the aerial part of the host plant was developed outside of the dish through a
hole in the dish. Petri dishes were wrapped in aluminum foil to maintain O. crenata seeds
in the dark so that the preconditioning and infection took place adequately. The system
was watered and vertically stored in a growth chamber (21 °C; 16 h light). Plants received
Hoagland’s nutrient solution [41]. Ten independent plates (each a randomized block) were
set for each accession. Percentages of seed germination were determined based on 400
O. crenata seeds per plate (100 seeds in each section of the four analysis fields established
per plate). The host root length was determined by the intercept method of Tennant [42].
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4.2. Field Screening

In order to validate the results obtained in the rhizotron experiment, a set of contrasting
lines were assessed in a field naturally infested with O. crenata seeds at the IFAPA Alameda
del Obispo Center (Cordoba, Spain) during the seasons of 20162017 and 2017-2018.

The first field experiment was performed during the season 20162017 with 17 bitter
vetch accessions, which behaved in a contrasting way regarding their ability to induce
O. crenata gemination and tubercle development in the rhizotron assay. The sowing date
was the December 23, 2016. Each bitter vetch accession was sown in a row of 0.5 m with
25 seeds per row and a distance between rows of 1 m with three replicates in a randomized
complete block design. Since there was no information about bitter vetch-susceptible lines,
each bitter vetch row was alternately surrounded by rows of the susceptible control faba
bean cv Prothabon [43]. Broomrape infection was assessed at crop maturity counting the
number of emerged broomrapes per plant within each row. In order to avoid the error
caused by the heterogeneous distribution of broomrape seeds across the trial, the number
of emerged broomrapes per host plant within each row was standardized as “broomrape
emergence referred to the check” as a percentage of the mean value of the four surrounding
rows of faba bean control [40]. Bitter vetch cv Jabegote was also included in the study due
to both its moderate tolerance to O. crenata and its previously characterized yield data [7].

The second field experiment was conducted during the growing season 2017-2018 in
order to obtain more accurate and detailed information of the results previously observed
in the first field trial. With this end, the seven accessions showing the lowest values of
“broomrape emergence referred to the check” across the first field experiment were sown
the December 22, 2017. As in the previous experiment, each line was sown in a row of 0.5 m
with 25 seeds per row in three repetitions. The susceptible control faba bean cv Prothabon
was included as a control as described above in order to normalize the broomrape infection
data for each bitter vetch test row, as well as bitter vetch cv Jabegote. As before, the number
of emerged broomrapes per bitter vetch row was standardized as “broomrape emergence
referred to the check” as a percentage of the mean value of the four surrounding rows of
faba bean control [40].

In addition to the final number of emerged broomrapes, the level of severity caused
by the parasite was studied in the most contrasting lines by using additional parameters
as described by Fernandez-Aparicio et al. [10]: (i) cumulative parasitic dry matter per
host plant (total dry biomass of emerged broomrapes per host plant); (ii) average weight
of individual parasites in each host plant (cumulative broomrape dry matter/number of
broomrapes per host plant); (iii) total host dry matter (vegetative and reproductive bitter
vetch aboveground tissues); (iv) combined biomass (host and parasite biomass); (v) relative
parasitic weight (ratio between parasite biomass and combined biomass); and (vi) host
reproductive index (ratio between host reproductive dry matter and total aboveground
host dry matter).

4.3. In Vitro Germination Bioassays
4.3.1. Identification of Germination-Stimulatory Activity

The root activity of resistant bitter vetch accessions Ve.5, Ve.24, Ve.38, and Ve.43 on
broomrape seed germination was compared with the root activity of two positive controls:
pea (Pisum sativum) cv. Messire and the synthetic strigolactone GR24 (10-% M), and one
negative control (distilled water), according to previous protocols [24,33]. Due to legume
root exudates having been shown to induce species-specific stimulation of Orobanche seed
germination [33,44], seeds of three broomrape species (O. crenata, population collected in
faba bean in Spain, O. minor population collected in red clover in France and P. ramosa
population collected in tobacco in France) were used to identify differences in germination-
induction activity for each plant accession.

Seeds of bitter vetch and pea were surface sterilized with 4% sodium hypochlorite
containing 0.02% Tween 20, rinsed three times with sterile distilled water and placed on
moistened filter paper inside Petri dishes to allow for germination. Four days later, the
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germinated seeds were transferred to pots filled with sterile perlite and cultivated during
31 days in a growth chamber (23/20 °C, 16/8 h day/night). Plants received Hoagland’s
nutrient solution [41] modified at one-quarter strength once per week. Legume plants
were removed from the perlite, their roots carefully washed and individually placed in
50 mL tubes by immersing the roots for 48 h in sterile distilled water, allowing them to
release the root exudates. The root exudate solutions of each legume plant were collected
individually, and the total legume root contained in each tube weighed. In order to make
valid comparisons across legume accessions and plants, the root exudate solution was
adjusted with sterile distilled water to achieve equivalent concentrations of 0.03 and 0.015 g
of legume root fresh weight/mL of root-exudate solution.

Broomrape seeds were surface sterilized by immersion in 0.5% (w/v) NaOCI and
0.02% (v/v) Tween 20 for 5 min, rinsed thoroughly with sterile distilled water, and dried
in a laminar airflow cabinet. Approximately 100 seeds of each broomrape species were
placed separately in 132 glass-fiber filter paper (GFFP) 9 mm diameter-disks moistened
with 100 pL of sterile distilled water and placed inside Petri dishes in incubators at 23 °C for
10 days to allow for seed conditioning. GFFP disks containing conditioned broomrape were
transferred on a sterile sheet of filter paper to remove the excess of water and transferred
to new 10 cm sterile Petri dishes. Differences in germination induction were studied by
applying triplicate aliquots of 50 pL of root exudate collected from each legume plant
(three plants per legume accession). Seeds were stored in the dark at 23 °C for 7 d to allow
for germination. The germination was determined using a stereoscopic microscope by
counting the number of germinated seeds on 100 seeds for each GFFP disk.

4.3.2. Identification of Germination-Inhibitory Activity

A germination-inhibition-activity assay was performed according to previous proto-
col [23,45] in order to rule out the possibility that the lack of germination-induction activity
in bitter vetch accessions was due to exudation of germination inhibitors instead of the
lack of exudation of germination stimulants. The root exudates of bitter vetch accessions
Ve.5, Ve.24, Ve.38, and Ve .43, and the control pea cv Messire were tested on O. crenata seeds
mixed with the synthetic germination stimulant GR24 and compared with the germination
induced by an equivalent concentration of GR24 without root exudate. The O. crenata seeds
were surface sterilized, spread in GFFP disks, and conditioned for 10 days as described
above. Fifty microliter aliquots of each root-exudate GR24 mixture were applied to each
GFFP disc containing the conditioned seeds. Petri dishes were sealed with Parafilm and
stored in the dark at 22 °C for 7 days to promote germination and radicle growth. The
percentage of seed germination were established for each GFFP disc, as described above,
in order to score levels of root-exudate-mediated inhibition.

4.4. Statistical Analysis

The experimental design was randomized in complete blocks. Percentage data were
transformed with arcsin (1/(x/100) before analysis. Analysis of variance (one-way ANOVA)
was applied to replicate data with accession as the main factor using Statistix 9.1 software
(Analytical software, Tallahassee, FL, USA). The significance of mean differences among
accessions was evaluated by Tukey test. Null hypothesis was rejected at the level of 0.05.

5. Conclusions

Resistant phenotypes inducing low induction of O. crenata germination are present
in bitter vetch (V. ervilia) germplasm as revealed by experiments based on rhizotron, field,
and in vitro screenings. In the present work, two novel accessions with limited capacity for
stimulating O. crenata seeds germination and exhibiting a high level of field resistance, as
well as high productivity have been described. These results show a novel resistant source
in bitter vetch to give the possibility of contributing to O. crenata management through
breeding programs and to promote the use of this legume as a source of protein for animal
feed in low-input cropping systems. New experiments with these lines in order to elucidate
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the genes involved in the resistance mechanism would be of maximum interest and will be
performed in the future.
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