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Abstract The cultivation of dry pea (Pisum sativum) is
strongly hampered in Mediterranean and Middle Eastern
farming systems by the parasitic weed Orobanche crenata.
Resistant cultivars are not available to farmers, and only in-
complete levels of resistance have been identified in landraces
or wild relatives. Dry pea genotypes that combine the resis-
tance of wild genotypes with good agronomic traits have been
the focus of our breeding program. The objectives of this
study were to evaluate the level and stability of resistance to
O. crenata and the yield of these genotypes in different loca-
tions across the Mediterranean Basin and to identify the most
useful environments in which to select for these traits. The
responses to O. crenata and yield of pea genotypes were eval-
uated at five locations in Spain, Tunisia, and Egypt. Observed
differences in both traits were due to the effect of genotype,
environment, and environment X genotype interactions. A
heritability-adjusted genotype plus genotype x environment
interaction identified two mega-environments: the first,
formed by the environments located in Egypt and the second,
formed by the remaining environments. Breeding genotypes
J26 and J26-2 showed good and stable yield and resistance
responses to O. crenata in all environments. By contrast, J3
had a markedly different pattern depending on the mega-
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environment. It was one of the most resistant genotypes in
the second mega-environment, but the most susceptible one
in the Egyptian mega-environment. Both locations in Egypt
were useful for selecting high yield and resistance to
O. crenata, while, in the second mega-environment,
Cordoba was the most useful in which to select for the traits.
This study is the first to report advanced dry pea breeding
genotypes that show resistance to O. crenata and high produc-
tivity in different environments. These genotypes will be high-
ly useful in environmentally sustainable control of broomrape.

Keywords Pisum sativum - Genetic resistance - Orobanche
crenata - Genotype X environment interactions

1 Introduction

Grain legumes are multifunctional annual crops with an ex-
traordinary heritage and importance for agriculture and the
environment; they improve soil fertility and minimize the
use of inorganic nitrogen fertilizers, contributing to sustain-
able agriculture. Dry pea (Pisum sativum L.) is the most com-
monly and widely grown temperate grain legume in Europe
and the second most commonly grown in the world
(FAOSTAT 2014). While dry pea is a versatile and inexpen-
sive source of protein used for animal feed and human
consumption, its cultivation is strongly hampered in
Mediterranean and Middle Eastern farming systems by the
parasite crenate broomrape (Orobanche crenata Forsk.)
(Rubiales et al. 2003), causing yield losses of up to 80% and
complete loss of dry pea crops in severe cases (Fernandez-
Aparicio et al. 2016).

A series of agronomic and chemical measures are available
to control broomrape (Joel et al. 2007; Rubiales et al.
2009(a)); however, often they are unfeasible or ineffective
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due to excessive cost and lack of ease of application.
Cultivation of resistant varieties of dry pea would be the most
economical and ecologically appropriate method to control
O. crenata, and although little resistance is available within
the cultivated dry pea, good sources of resistance have been
reported in wild Pisum spp. (Rubiales et al. 2005). Our breed-
ing program has used wild accessions of Pisum spp. as donors
for incorporating resistance to O. crenata into cultivated types
(Rubiales et al. 2009(b)) and as a result, several dry pea breed-
ing genotypes with good levels of incomplete resistance have
been selected (Fig. 1). However, little is known about the
stability of the identified resistant phenotypes or the field per-
formance of generated germplasm across the Mediterranean
countries.

Resistance to O. crenata in dry pea is quantitative and
polygenic (Fondevilla et al. 2010) and highly influenced by
the environment. The effect of genotype x environment inter-
actions attenuates the association between genotype and phe-
notype, making the selection of the most resistant genotypes
more difficult. To counter this problem, genotype plus
genotype-by-environment interaction (GGE) biplot analysis
removes the statistical main effect of environment, and focus-
es on the genotype and genotype-by-environment interaction,
that are the most relevant components in cultivar selection.
GGE analysis has been successfully used in studies of the
stability of faba bean resistance to O. crenata (Maalouf et al.
2011, Rubiales et al. 2014).
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Fig. 1 Resistant breeding line J20 surrounded by susceptible pea
cultivars

=INRA

@ Springer =
T= SCIENCE & IMPACT

The objective of this study was to identify high-yielding
dry pea genotypes from our breeding program (Rubiales et al.
2009(b)) that exhibited the best and most stable resistance to
O. crenata and also to distinguish the most useful environ-
ments for selecting for these traits.

2 Materials and methods
2.1 Plant materials

The dry pea population comprised 16 dry pea genotypes ob-
tained from our breeding program (Rubiales et al. 2009(b))
and cv. “Messire” as susceptible check (Table 1).

2.2 Field experiments

Dry pea genotypes were grown at five locations covering most
of the Mediterranean Basin, from Egypt to Spain, and evalu-
ated in at least one of the crop seasons 2006-2007, 2007—
2008, and 2008-2009. The study sites were located in
Cordoba (CORD), at the experimental farm “Tomejil” in
Alcala del Rio (TOM) and Escacena del Campo (ESC) in
Spain, in Kafr El-Sheikh (EGYP) in Egypt, and in Ariana
(TUN) in Tunisia (Table 1). Since it was devoid of
O. crenata, Tomejil was selected as control site to check for
the yield potential of the genotypes in absence of the host
parasite. All other study sites were selected because naturally
high levels of O. crenata abundance had been observed in
previous years. A randomized complete block design was
used at all study sites, with three blocks at sites containing
O. crenata and two blocks at the control site. In each block,
30 seeds of each dry pea line were sown in single plots at a
density of around 70 seeds m 2. The dry pea cultivar Messire,
which is highly susceptible to O. crenata under field condi-
tions in Spain, was used as susceptible control at all study
sites. Sowings were carried out between December and
January. In accordance with local practice, study sites were
not irrigated in Tunisia, Tomejil, or Escacena del Campo,
whereas level basin flood irrigation was performed in Egypt
at the beginning of December when the seeds were sown, in
the middle of February and in the middle of March, with an
application of 600 m® ha ' on each occasion. Although irri-
gation of dry pea is not a local practice in Cérdoba, plots were
drip irrigated twice a week, during March, April, and May,
applying about 165 m® ha ' on each occasion, to ensure max-
imum O. crenata infection. At the end of the crop cycle, the
level of infection in each plot was assessed by dividing the
total number of dry pea plants by the total number of emerged
O. crenata shoots in the plot. Similarly, yield was also scored
on a plot basis by weighing the seeds produced per plot and
estimating the corresponding amount of kg ha .
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2.3 Data analysis

A two-way ANOVA for randomized complete block de-
signs, with genotype and environments as main effects, to
test for differences in rate of parasitism of P. sativum ge-
notypes by O. crenata and yield of P. sativum genotypes
was carried out using SAS 9.3 (SAS Institute Inc.). Prior to
analysis, tests for normality and equality of variance were
conducted for each dependent variable. Environments were
defined as the combination of “cropping season” and
“study site location” where each site in a given year was
a separate environment. F ratios used to test effects for
randomized complete block experiments combining
location-year environments were determined according to
Mclntosh (1983).

Heritability-adjusted genotype plus genotype x envi-
ronment interaction (HA-GGE) biplot was used for visual
evaluation of the test environments and genotypes (Yan
and Holland 2010; Flores et al. 2013; Sanchez-Martin
et al. 2014), since it accounts for any heterogeneity
among environments by giving weights to the test envi-
ronments proportional to the root square of heritability
(VH). The genotype x environment (GE) two-way tables
were first centered with the respective means for the en-
vironments, multiplied by VH and then divided by the SD
of the respective environment (Yan and Holland 2010).
The HA-GGE biplot shows the first two principal compo-
nents (PC1 and PC2) derived from the previous two-way
table of each trait to singular value decomposition (Yan
et al. 2000; Yan 2001). Singular value partitioning is
achieved by providing a scaling factor, f, to obtain alter-
native genotypes and environment scores. We chose the
most straightforward variant called symmetric scaling
(f = 0.5), since it bears most of the properties associated
with other scaling methods (Yan 2002). In a HA-GGE
biplot, the projection of the vector of an environment onto
the target environment axis abscissa (TEA,), as defined
by Yan (2001), should approximate »VH, where r is the
genetic correlation between the environments (Yan and
Holland 2010) and is considered an overall, summary
measure of the usefulness of an environment (Allen
et al. 1978).

Data derived from the biplots were tested using non-
parametric bootstrapping to construct 95% confidence inter-
vals (CIs) on the basis of empirical distributions of the esti-
mated parameters. Because singular value decomposition
needs to be done on a balanced data set, we randomized (with
replacement) either columns or rows, keeping the other fixed
(Yang et al. 2009). This resampling process was repeated 1000
times to provide accurate estimates of CIs (Yang et al. 1996).
Analyses were performed using SAS 9.3 (SAS Institute Inc.)
program for graphing GGE biplots developed by Burguefio
et al. (2003).
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3 Results and discussion

Orobanche crenata is a devastating parasite affecting the
growth and yield of dry pea, so the cultivation of resistant
varieties could be an appropriate and effective method for its
control. Using targeted, suitable methods for selecting the
most resistant and productive genotypes of P. sativum is,
therefore, crucial for controlling O. crenata. It is well known
that environment influences growth and yield responses by
P, sativum to O. crenata (Rubiales et al. 2003), so minimizing
its effect is critical in resistance breeding programs. With this
aim, we evaluated several breeding genotypes of P. sativum
for resistance to O. crenata and yield in different
environments.

As expected cv. Messire was highly susceptible to
O. crenata, with a high number of emerged O. crenata shoots
per plant in most environments. An exception was in
EGYPO7, where Messire hosted an unexpected low number
of O. crenata shoots. The reasons for this anomaly are unclear.
Similarly, Messire showed a low rate of O. crenata infection
in ESCO08, but here, infection in all the other genotypes in this
environment was also very low, with no significant differences
among them. In both cases, O. crenata infection was low in
the seasons with a lower temperature. In addition, rainfall in
ESCO08 was low compared to ESC07. So, it is possible that
lower temperature and rainfall could have hampered broom-
rape development.

By contrast, the breeding genotypes we tested showed dif-
ferent levels of incomplete resistance, with a lower average
number of O. crenata shoots per plant than cv. Messire. Most
of the breeding genotypes also showed a higher average yield
than cv. Messire (Table 1). The analysis of variance showed
that the observed differences in yield and O. crenata shoots
per plant were the result of the effect of the genotype (indicat-
ing that the breeding lines tested have useful resistance genes),
but also of the effect of the environment and the effect of
genotype X environment interactions (Table 2). In the case
of yield, E and G x E accounted for most of the observed
variation (40 and 41%, respectively). Differences due to G
were also significant and explained around 12% of the varia-
tion. For the trait, O. crenata shoots per plant, G had a higher
effect than E (explaining 18.8 and 5.8% of the variation, re-
spectively) and there was a strong G x E interaction that
accounted for 39% of the variation.

Given this high level of effect of the environment on yield
and O. crenata shoots per plant, we applied HA-GGE biplots
analysis to make an accurate evaluation of the genetic resis-
tance and yield of the breeding genotypes. This kind of anal-
ysis had been proven to be an effective method for character-
izing disease resistance and yield stability of breeding material
in field trials (Villegas-Fernandez et al. 2011; Rubiales et al.
2012; Flores et al. 2012, 2013; Sanchez-Martin et al. 2014).
According to Yang et al. (2009), for a biplot to be useful, the
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Table 2 Analysis of variance

showing the genotype (G), Trait Source of variation Df Sums of squares P value Explained variation (%)
environment (E), and genotype x
environment (GE) terms for the Y E 7 261,798,883.0 <.0001 40
traits yield (¥) and number of G 16 76,106,558.5 <.0001 11.8
O. crenata shoots per plant (O) GE 12 2647014323 <0001 413
scored in 17 pea lines at different
environments 0 E 7 31.73497607 0.0040 5.8
G 16 102.1377178 <.0001 18.8
GE 112 210.8001936 <.0001 39

Df means degrees of freedom; explained variation means percentage sums of squares respect from the total sums

of squares

first two principal components should account for approxi-
mately 60% of G + GE variability and the combined effects
of G + GE should account for > 10% of E + G + GE variabil-
ity. As shown in Fig. 2, these criteria were fulfilled for the
traits of yield and O. crenata shoots per plant. Thus, for yield
and O. crenata shoots per plant, the first two principal com-
ponents explained 61 and 82% of total G + GE interaction,
respectively, and (G + GE) / (E + G + GE) yielded a value of
0.56 and 0.55, respectively.

Yan et al. (2000) defined the term “mega-environment” as a
meaningful subset of similar environments and showed that
genotype selection is more accurate when conducted within
such mega-environments. Therefore, we first searched for the
presence of mega-environments in our experiment by using
HA-GGE biplot analysis. For the trait of number of emerged
O. crenata shoots per plant, the HA-GGE biplot clearly iden-
tified two different mega-environments, distinguishing the
Egyptian study sites (ME1) from all remaining environments
(ME2) (Fig. 1). The differences between number of emerged
shoots in these two mega-environments were further con-
firmed by the lack of overlapping between the 95% bootstrap
ClIs corresponding to the environments belonging to ME1 and
ME2 (data not shown).

Yields of P. sativum in EGYP07 and EGYPO0S also differed
clearly from those in the other environments, since the 95%
bootstrap Cls for the vectors of these environments did not
overlap with those of the other environments (Fig. 2). The
analysis of yield in the environments not located in Egypt
showed that the 95% CI corresponding to ESC08, TOMO07,
and CORDO07 did not overlap with those of TUNO7,
CORDO0S, and CORDO09. However, as these two groups have
a location in common (Coérdoba), we considered that they
belong to the same mega-environment. Therefore, we con-
clude that the ME1 and ME2 mega-environments identified
for yield and O. crenata resistance were the same.

P, sativum yield and resistance to O. crenata were nega-
tively correlated in both mega-environments, highlighting the
effect of O. crenata in dry pea productivity. However, this
correlation was stronger in ME1, where the level of
O. crenata infestation was higher (» = — 0.30; P = 0.001) than
in ME2 (r = — 0.24; P < 0.001). It has been shown that low

PC 2

EGYP08

-2.0 1

-1.0 -0.5 0.0 0.5 1.0 15 2.0 25
PC1

Fig. 2 Heritability-adjusted genotype plus genotype X environment
interaction (HA-GGE) biplots for a yield and b number of O. crenata
shoots/plant. Cérdoba (CORD), Escacena del Campo (ESC), Tomejil
(TOM), Ariana (TUN), Kafr El-Sheik (EGYP), 2007 (07), 2008 (08),
2009 (09). a PC1 = 34%, PC2 = 27%, Sum = 61% (G + GE) / (E +
G+ GE)=0.56;b PC1 =47%, PC2 =35%, Sum=82% (G + GE)/ (E +
G+ GE)=0.55
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temperature delays Orobanche spp. development (Pérez-de-
Luque etal. 2016) and we suggest that the higher temperatures
that characterized ME1 could have promoted broomrape
development.

Yan et al. (2007) stated that test environment evaluation
and genotype selection become meaningful only when con-
ducted within mega-environments, so we created separate

biplots for each mega-environment (Fig. 3). Using these spe-
cific mega-environment biplots, the average yield and number
of O. crenata shoots per plant and their phenotypic stability
were examined for the different genotypes. In HA-GGE
biplots, the average of the genotypes is approximated by the
projections of their markers onto the target environment axis
abscissa (TEA,) and the stability is measured by their
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Fig. 3 HA-GGE biplots based in number of O. crenata shoots per plant
(a and ¢) and yield (b and d), scored in 17 pea lines for the mega-
environment ME1 (a and b) or mega-environment ME2 (¢ and d).
Cordoba (CORD), Escacena del Campo (ESC), Tomejil (TOM), Ariana
(TUN), Kafr El-Sheik (EGYP), 2007 (07), 2008 (08), 2009 (09). a
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PC1 = 93%, PC2 = 7%, Sum = 100% (G + GE) / (E + G + GE) = 0.72;
b PC1 =74%, PC2 = 26%, Sum = 100% (G + GE) / (E + G + GE) = 0.98;
¢PC1=72%, PC2 =13%, Sum =85% (G + GE) / (E+ G + GE)=0.61; d
PC1 = 40%, PC2 = 26%, Sum = 66% (G + GE) / (E + G + GE) = 0.50
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projection to the TEA ordinate. The greater the absolute length
of'the projection of a genotype, the less stable it is. The biplots
were also informative for identifying the most useful environ-
ments for selecting for the traits scored. In the biplots, the
vector length of the environment is proportional to the square
root of the heritability in the environment and, therefore, in-
dicative of the discrimination power for identifying differ-
ences between the genotypes. The cosine of the angle between
environment and TEA, is an estimate of their correlation that
assesses the representativeness of the environment.
Reproducibility between environments is evaluated by the
cosine of the angles between these environments (Flores
etal. 2013).

Both EGYP07 and EGYP08 were useful environments for
selecting high yield, as they showed high levels of discrimi-
nation power, as indicated by the long length of the vectors.
The most productive genotypes in the ME1 mega-
environment were J21-1, J26-2, and J26. Furthermore, J26
was located in the TEA, abscissa in the graph, highlighting
its great phenotypic stability. The less productive genotype
was J3 (Fig. 3).

EGYPO8 was a more discriminative environment than
EGYPO7 for assessing the trait of number of O. crenata shoots
per plant, as shown by the longer vector length. We found that
the level of O. crenata infection was greater in EGYP08 and
suggest this probably allowed for better discrimination be-
tween genotypes that had different levels of resistance. The
most resistant genotypes in ME1 were J26, J26-2, and J8, and
similarly for yield, J26 and J26-2 were very stable. The most
susceptible genotype coincided with the genotype with the
lowest yield in this mega-environment, J3 (Fig. 3).

Cordoba was the most useful environment in which to se-
lect for yield in mega-environment ME2, as characterized by
the acute angles with TEA that were indicative of representa-
tiveness of the environment, and the long vectors that were
indicative of its high level of discrimination capability. There
were also acute angles between the vectors that corresponded
to the different seasons, indicating that yields in this environ-
ment were very reproducible. Similarly, Cordoba was also the
most useful environment in which to selecting for resistance to
O. crenata (Fig. 3). The most productive genotypes in ME2
were J6, J2, J18, J20, J26, and J26-2, with J6 and J20 showing
outstanding phenotypic stability across environments. By
contrast, the less productive genotypes were J17, J21-1, and
cv. Messire. Genotypes J2, J4, J17, J3, J16, and J1 were the
most resistant genotypes in the ME2 mega-environment, and
J1, J3, and J26 showed the most phenotypic stability. As ex-
pected, the most susceptible line was cv. Messire (Fig. 3).

For breeding purposes, it is useful to identify sources of
germplasm that confer effective resistance across many differ-
ent environments, but genotypes that show outstanding
environment-specific resistance could be also interesting for
cultivar development for cultivation in this specific

environment. The HA-GGE biplot analysis identified two
such examples of dry pea genotype; J26 and J26-2 showed
consistently high and stable levels of resistance and produc-
tivity in all environments, while the stability of these traits in
J3 depends on the mega-environment in which they were
grown. J3 was one of the most resistant genotypes in ME2,
yet the most susceptible in ME1 and since yield was highly
correlated with the number of O. crenata shoots per plant
(r = —0.66), it was more highly productive in ME2.
Differential responses to O. crenata of genotypes grown in
Kafr El-Sheikh compared to Cordoba have been also observed
in other studies. For example, in a study evaluating a faba bean
segregating population against O. crenata, a lack of correla-
tion was observed between the field trials carried out in
Coérdoba and Kafr El-Sheikh and the genomic regions control-
ling resistance differed between the two environments.
Furthermore, the susceptible check used in Cordoba showed
a moderate resistance in Egypt (Gutiérrez et al. 2013).
Although races have not been reported in O. crenata and ge-
netic variability has principally been attributed to differences
among individuals within populations, there have been reports
of significant genetic differentiation among O. crenata popu-
lations from different countries (Roman et al. 2002). Genetic
differences between the O. crenata populations in mega-
environments ME1 and ME2 may exist that may have caused
the contrasting trait responses we observed in J3.
Alternatively, the differential responses in J3 may have been
caused by the different methods of farming and environmental
conditions in Cordoba and Kafr El-Sheikh, where growing
conditions in Kafr El-Sheikh are characterized by shorter
growing seasons and higher temperatures compared to
Coérdoba.

4 Conclusions

We found several breeding genotypes of P. sativum showing
good levels of resistance to O. crenata and yield in different
environments. Therefore, these genotypes are useful sources
of germplasm for resistance. In addition, our study provided
reliable criteria against which to select the best genotypes for
yield and resistance to O. crenata that minimize the effects of
genotype X environment interactions. The most stable geno-
types across contrasting environments were J26 and J26-2 and
the best environments in which to discriminate between geno-
types for resistance and yield traits were Kafr El-Sheikh in
Egypt and Cérdoba in Spain.
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