Tree Genetics & Genomes (2015) 11: 74
DOI 10.1007/s11295-015-0901-y

@ CrossMark

ORIGINAL PAPER

Genetic mapping of Cacopsylla pyri resistance in an interspecific

pear (Pyrus spp.) population

Sara Montanari'*> . Philippe Guérif'*** - Elisa Ravon'*** . Caroline Denancé

1145

Héléene Muranty "** « Riccardo Velasco® - David Chagné® - Vincent G. M. Bus® -
Philippe Robert"** . Laure Perchepied *** - Charles-Eric Durel**

Received: 10 January 2015 /Revised: 30 April 2015 / Accepted: 9 June 2015 /Published online: 1 July 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Cacopsylla pyri (pear psylla) is one of the most
serious pests of pear (Pyrus spp.) in Europe. It can cause high
yield losses, and its control has become difficult since it has
developed resistance to a wide range of pesticides. Pear
breeders are developing new cultivars resistant to pear psyl-
lids, and Asian species, such as Pyrus ussuriensis and Pyrus %
bretschneideri, are good sources of resistance. Antixenosis
and antibiosis resistance to psylla were both identified in pear;
they may differ in the biological mechanism and probably
have different genetic backgrounds. We crossed interspecific
P. x bretschneideri x Pyrus communis hybrid PEAR3,
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resistant to pear psylla, with the susceptible European pear
cultivar “Moonglow’ to obtain an F1 population for the genet-
ic mapping of the resistance. Quantitative trait locus (QTL)
analysis was carried out for antibiosis by measuring the num-
ber of surviving nymphs and the nymphal development, using
a novel phenotyping protocol and a saturated genetic map
made of single-nucleotide polymorphism (SNP) and microsat-
ellite (simple sequence repeats (SSR)) markers. A stable QTL
was detected on linkage group (LG) 8 of PEAR3 (R*=17.2-
39.1 %). In addition, QTLs were detected on LG5 (R*=
10.8 %) of PEAR3 and on LG15 of ‘Moonglow’ (R*=
13.7 %).

Keywords Pyrus x bretschneideri - Pyrus communis -
Psylla - Antixenosis - Antibiosis - QTL mapping

Introduction

Pear psyllids (Hemiptera, Psyllidae) are one of the most seri-
ous pests of pear (Pyrus spp.). The most damaging psylla
species identified are Cacopsylla pyri (Linnaeus), endemic
to Europe, Cacopsylla pyricola (F rster) to Europe and North
America, and Cacopsylla bidens (Sulc) to Europe and the
Middle East (Shaltiel-Harpaz et al. 2014). The pear psylla life
cycle begins with the eggs, laid singly or in clusters on the host
plant, which hatch into nymphs that go through five
instars (Atger and Bigre 1982) (Fig. 1a). After the last molt,
nymphs develop into male or female adults (Fig. 1b), which
are able to reproduce sexually within a few days (Hodkinson
2009). The development rate of all immature psylla stages is
highly affected by temperature: the egg stage duration ranges
between 6 and 28 days, with a direct linear correlation with
temperature, while the young nymphal (L1 to L3) and old
nymphal (L4-L5) stages last 10-19 and 12-18 days,

@ Springer


http://dx.doi.org/10.1007/s11295-015-0901-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s11295-015-0901-y&domain=pdf

74 Page2of 14

Tree Genetics & Genomes (2015) 11: 74

Fig. 1 Development stages of
psylla. a Nymphs go through five
instars. For the assessment in an
interspecific pear population, the
number of young (L1, L2, and L3
instars) and old (L4 and L5
instars) nymphs on each shoot
was counted using a
stereomicroscope. b Adult of

psylla

respectively, with an asymptotic relationship with temperature
(Kapatos and Stratopoulou 1999). Both young and adult psyl-
la feed on the plant by inserting their stylets into the phloem.
However, the main damage on the host is caused by the pro-
duction of honeydew by actively feeding nymphs, which in
turn is a favorite substrate for sooty mould fungi. This fungi,
by blocking photosynthesis, cause necrosis on the leaves of
infested plants (Salvianti et al. 2008) and russet the fruits,
reducing their market value (Pasqualini et al. 2006). During
summer, psylla can give rise to several overlapping genera-
tions (Schaub et al. 2005), leading to high pest densities that
can induce leaf and fruit drop, and reduce fruit size (Shaltiel-
Harpaz et al. 2014), hence causing high yield losses. More-
over, pear psylla is the major vector of the phytoplasma
(Candidatus Phytoplasma pyri) responsible for pear decline
disease (Salvianti et al. 2008).

Control of pear psylla in orchards is based mainly on the
use of insecticides (for example, amitraz, abamectin, organo-
phosphates, pyrethroids) (Civolani 2012). However, the insect
has developed resistance to a great number of them (Harries
and Burts 1965; Bués et al. 2003; Civolani et al. 2007), while
biological control strategies based on the use of natural ene-
mies are not sufficient to prevent the damage (Berrada et al.
1995). Therefore, development of new pear cultivars with
durable resistance is an effective and sustainable strategy for
psylla control.

The three types of plant resistance to insects are antixenosis,
antibiosis, and tolerance (Hesler and Tharp 2005; Bell 2013a).
Antixenosis prevents insects from colonizing the host or
sustain feeding, and antibiosis affects the pest biology,
while tolerance is the ability of the plant to grow despite
infestation (Hesler and Tharp 2005). Antixenosis to pear
psylla is characterized by ovipositional deterrence and
feeding inhibition, whereas antibiosis is expressed by
nymphal mortality and delayed development (Bell and
Stuart 1990). These types of resistance may not share a
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common molecular and biological mechanism, because
some pear genotypes only show one or the other
(Pasqualini et al. 2006). Antixenosis and antibiosis resis-
tances to C. pyri in Europe and C. pyricola in North
America have been characterized, and cultivars with dif-
ferent levels of resistance were identified among Europe-
an and Asian pears and interspecific hybrids (Bell and
Stuart 1990; Bell 1992, 2013a; Robert et al. 2004; Robert
and Raimbault 2004). Most of the Pyrus communis-resis-
tant varieties originate from Eastern Europe and were
found, or supposed, to be triploid, which means that they
might not be pure P. communis (Bell 2013a). Asian pear
cultivars have long been used as sources of resistance to
psylla (Westigard et al. 1970); Harris and Lamb (1973)
showed that Pyrus ussuriensis resistance, based on counts
of nymphs on the seedlings, was heritable and dominant
when crossed with P. communis. Also, Pasqualini et al.
(2006) showed that the Asian species P. ussuriensis and
Pyrus pyrifolia were able to transmit psylla resistance to
their progeny, although some variability was observed,
depending on the parent combinations. They evaluated
the resistance in terms of settling of adults, ovipositional
antixenosis, and nymphal antibiosis and concluded that
the last one was the most important type of resistance in
the observed crosses. On the other hand, resistant culti-
vars of East European origin did not appear able to trans-
mit high degrees of resistance to nymphal feeding to their
progeny, except for ‘Erabasma.’ Moreover, in crosses in-
volving European pear cultivars, susceptibility was dom-
inant (Bell 2013b). It is important to underline that the
studies of Harris and Lamb (1973) and of Bell (2013Db),
other than using different sources of resistance, evaluated
two distinct modes of resistance. Therefore, it is clear that
the investigation of all types of resistance to pear psylla is
fundamental to determine whether a cultivar will be useful
for breeding programs.
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Pear psylla resistance is considered to be a polygenic trait
(Pasqualini et al. 2006; Lespinasse et al. 2008), and to date,
only one quantitative trait locus (QTL) has been detected on
pear linkage group (LG) 17 using the interspecific population
‘Angélys’ (P. communis) x NY10355 (P. ussuriensis %
P communis) (Bouvier et al. 2011). To our knowledge, only
one other study focused on mapping pest resistance loci in pear:
Evans et al. (2008) mapped a major gene for resistance to
Dysaphis pyri to LG17 of the snow pear (Pyrus nivalis). In
contrast, in the apple (Malus % domestica) genome, several loci
linked to insect resistance, especially to aphids, have been
mapped: a resistance gene and a QTL for the leaf-curling aphid
(Dysaphis devecta (Walker)) on LG7 (Roche et al. 1997; Cevik
and King 2002; Stoeckli et al. 2008b); a QTL for the rosy apple
aphid (Dysaphis plantaginea (Passerini)) resistance on LG17
(Stoeckli et al. 2008b); a QTL for antibiosis resistance to the
green apple aphid (4phis pomi De Geer) on LG11 (Stoeckli
et al. 2008a); four major genes conferring resistance to woolly
apple aphid (Eriosoma lanigerum (Hausmann)) on LGs 7, 8,
and 17 (Bus et al. 2008, 2010); and a QTL associated with the
carpophagous codling moth (Cydia pomonella L.) susceptibil-
ity on LG10 (Stoeckli et al. 2009).

We investigated a new source of resistance to pear psylla
derived from the Asian species Pyrus X bretschneideri. Inter-
specific hybrid PEAR3 (P x bretschneideri ‘Xuchuali’' x
P. communis ‘Max Red Bartlett”) was crossed with the Euro-
pean cultivar “‘Moonglow’ to develop a segregating popula-
tion for QTL mapping. PEAR3 was previously proven to be
moderately resistant to psylla (unpublished data), while
‘Moonglow’ was reported as moderately to highly susceptible
(Bell 1984; Berrada et al. 1995). In a mono-varietal pear or-
chard, the insect is closer to a no-choice situation (Pasqualini
et al. 2006). Therefore, we focused on antibiosis resistance,
predominantly expressed as a reduced development rate of the
insects. A novel phenotyping protocol was developed to
screen large numbers of plants simultaneously, and its
repeatability was tested over 2 years. Montanari et al. (2013)
scanned 220 progeny of the PEAR3 x ‘Moonglow’ segregat-
ing population with single-nucleotide polymorphism (SNP)
and simple sequence repeats (SSR) markers and constructed
two high density parental genetic maps. PEAR3 map
consisted of 208 markers spanning 979.8 cM (with a density
of one marker every 4.7 cM and a LG average length of
57.6 cM), and ‘Moonglow’ map consisted of 464 markers
spanning 1016.6 cM (with a density of one marker every
2.2 ¢tM and a LG average length of 59.8 cM). These parental
maps were used to detect QTLs for C. pyri resistance.

' The name ‘Xuehuali’ for this cultivar substitutes for the
name ‘Shiyuehuali,” which was used in Montanari et al.
(2013). P. x bretschneideri ‘Xuehuali’ is also known as
‘Snowflake’ pear (Wang 2002).

Materials and methods
Plant material

An F1 population derived from PEAR3 x ‘Moonglow’ was
screened for pear psylla resistance in 2013 and 2014 at the
INRA site of Angers (France), testing, respectively, 96 and 98
progeny, along with the two parents and five controls:
P. communis cultivars ‘Angélys,” ‘Harrow Sweet,’
Michigan-US 437, and ‘Williams Bon Chrétien’ and the in-
terspecific P, ussuriensis * P. communis hybrid NY10355. All
genotypes were grafted on ‘Kirchensaller’ rootstocks and ran-
domized in the greenhouse with an average of 5 and 7 repli-
cates in 2013 and 2014, respectively. Potted plants were
placed on benches, and the climatic conditions in the green-
house were controlled in order to keep an average temperature
of 22/18 °C day/night and 55 % of relative humidity (RH).
Pots were fertilized with a nutrient solution (N17-P10-K30)
one to seven times per week, depending on growth condition
of the plants. Irrigation was applied manually when needed.

At the infestation dates, the shoots were at least 15 cm tall
and actively growing.

Infestation and assessments

C. pyri was reared on ‘Williams Bon Chrétien’ pear in insect-
proof cages placed in a climatic chamber (16/8 h day/night
photoperiod, 100 tM/m?/s minimum photosynthetic photon
flux density, 22/18 °C temperature, and 70-90 % of RH)
(Fig. 2a). Adults were collected for infestation 1 week after
the last molt, when males and females were visually recogniz-
able, and put in separate tubes (Fig. 2b). In order to perform a
no-choice test and guarantee oviposition on all genotypes, the
upper three to four leaves of each shoot were covered with
light net bags, and one male and one female were introduced
in each bag (Fig. 2c). After 8 days, the bags were removed,
making sure not to leave any live adults in the greenhouse, and
the numbers of eggs were counted with the aid of binocular
magnifiers, using six classes (0=no eggs, 1=1-10 eggs, 2=
11-30 eggs, 3=31-50 eggs, 4=51-100 eggs, and 5=more
than 100 eggs). From this moment on, plants were monitored
constantly to determine when all the eggs had hatched, but no
new adults had appeared, which was when the nymph assess-
ment was performed (22 and 26 days after infestation, in 2013
and 2014 respectively). Nymph assessment was the most cru-
cial part of the experiment: in order to introduce as little var-
iability as possible to the phenotypic traits, the right balance
between time (the assessment had to be completed within very
few days) and the unavoidable subjectivity of the scorer (more
observers, more variability) had to be achieved. Nymphal
mortality was measured by counting the numbers of living
young (L1, L2, and L3 instars) and old (L4 and LS5 instars)
nymphs (Fig. 1a) with the use of a stereomicroscope.
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Fig.2 Method for psylla infestation in an interspecific pear population. a
Cacopsylla pyri was reared on ‘Williams Bon Chrétien’ trees placed in
insect-proof cages. b On the infestation date, male and female adults were
captured into separate tubes. ¢ The main shoot for each genotype grown
in the greenhouse was covered with a light net bag, and one male and one
female were introduced inside each bag

Statistical analysis and QTL mapping

R studio (http://www.rstudio.com) was used for statistical
analyses. Shoots that stopped growing were excluded from
the analyses.

Raw data (eggs, total nymphs, young nymphs, and old
nymphs) were tested for normality using the Lilliefors and
Shapiro—Francia tests (Thode 2002), in which the null
hypothesis is that the data were normally distributed.

In both years, the nymph counting on all plants took 3 days,
during which the insects continued to develop, and involved
ten scorers. Therefore, the significance of the “scoring date”
and “scorer” effects, considered as fixed effects, on the num-
ber of nymphs at different stages was tested, using ANOVA.
The model of the analysis of variance was considered reliable
when the residual errors were normal, which was verified with
“residual versus fitted” and “normal quantile—quantile” plots.
For each year, averages were adjusted according to the signif-
icant (p<0.05) fixed effects and the distributions of the adjust-
ed means were again tested for normality with the Lilliefors
and Shapiro—Francia tests. The egg phenotypic data were
treated both as a factor affecting the number of nymphs and
a trait for QTL mapping. In the first case, the ordered “factor
eggs” (obtained from the variable “eggs” by applying the
function factor in R with the argument ordered=TRUE) was
added to the ANOVA model for the means adjustment.

For each year of phenotyping, the correlations between
the adjusted means of the different traits were tested, in
particular, “eggs versus total nymphs,” “young versus total
nymphs,” “old versus total nymphs,” and “young versus
old nymphs.” The correlation coefficients were calculated
using the Pearson formula when the traits were normally
distributed or Spearman formula (for ranked data) when at
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least one of the two traits was not normal. The statistical
significance of the correlations was also evaluated.

The traits considered for QTL mapping were as follows: (i)
class of eggs (eggs), (ii) number of total nymphs (“total
nymphs™), and (iii) the ratio of the number of old/number of
total nymphs (“old/total nymphs”). The broad-sense heritability
(H?) of genotypic means within each progeny for all these traits

was estimated using the formula A% = oﬁ, - (O’é 1o / ),

where 7 is the mean number of replicates per genotype, aé is
the genetic variance (i.e., inter-genotype variance), and o2 is the
residual error variance (Calenge et al. 2005; Durel et al. 2009).

QTL mapping was performed with the MapQTL 5.0 soft-
ware (Van Ooijen 2004), using interval mapping (IM) (Lander
and Botstein 1989) and, when multiple QTLs were detected,
restricted multiple QTL mapping {tMQM) (Jansen 1993; Jan-
sen and Stam 1994), selecting the closest marker to the QTL
peak as cofactor. QTLs were also detected using the Haley—
Knott (HK) regression method (Haley and Knott 1992), with
the package “qtl” of R (Rqtl) (http://www.rqtl.org). The
significant logarithm of odds (LOD) threshold (p=0.05) for
each trait was determined after genome-wide permutation
tests (Churchill and Doerge 1994) using 1000 permutations.
The genetic maps of the parents PEAR3 and ‘Moonglow’
used for QTL mapping were the ones published by Montanari
et al. (2013), with minor modifications: (i) eight new markers
were added to LG5 of PEAR3 (ss475882774, ss475883501,
$s475878404, ss475879604) and LG15 of ‘Moonglow’
(ss475881341, ss475881255, NB129a, ss527789616) and
(i) the SNPs heterozygous with the same alleles in both par-
ents were removed prior to analyses.

Possible epistatic interactions between detected QTLs
were tested using ANOVA with the formula Y;=p+M1+
M2+(M1*M2)+¢e;, where Y is the phenotypic value of
the genotype k, p is the phenotypic mean of the popu-
lation, M1 and M2 are the actual effects of markers M1
(the closest to the peak of QTL1) and M2 (the closest
to the peak of QTL2), (M1*M2) is the interaction effect
between the markers M1 and M2, and ¢, is the residual
effect. The normality of the residual errors was verified
as explained before. The percentage of the phenotypic varia-
tion explained by all the significant (p<0.05) QTLs and epi-
static interactions (R” or coefficient of multiple determination)
was estimated using the formula globalR? = 1—(5Sw/sq ),
where SS,, is the residual sum of squares and SS,; is the total
sum of squares.

Comparison between the 2 years

The data collected in 2013 and 2014 were compared in two
ways: first, they were pooled together and the significance of
the effect “year” was tested; then, the adjusted means from
2013 and 2014 were compared in R, and the correlation
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coefficients were estimated. As for the comparisons between
different traits, the Pearson formula was used when the two
compared sets of data followed a normal distribution; other-
wise, the Spearman rank correlation coefficient was calculat-
ed. In order to verify if our interpretation of the correlation
coefficient was correct, we also tested the statistical signifi-
cance of the correlations.

Results
Egg and nymph assessments

In total, 405 and 504 trees from 96 and 98 replicated
seedlings were screened for host resistance to pear psylla
in 2013 and 2014, respectively. When the infestations
were carried out, plant shoots were actively growing and
psylla females were ready for oviposition. By the time the
bags were removed, 8 days later, the plants were just a
little withered, and the oviposition was well advanced.
The nymph assessment started 22 and 26 days after in-
festation in 2013 and 2014, respectively. When looking at
the response of the controls, ‘Williams Bon Chrétien’ and
NY10355 were always highly susceptible and highly re-
sistant, respectively (Fig. 3). For the total number of
nymphs in 2013, the parent ‘Moonglow’ was comparable
to ‘Williams Bon Chrétien’ and PEAR3 to NY10355, and
both parents were not significantly different from each
other (according to Tukey test); no significant difference
was observed between any of the controls for old/total
nymphs. Also, in 2014, the PEAR3 response was similar
to that of NY10355, while the total number of nymphs
for this parent, although not significantly different from
‘Williams Bon Chrétien,” was lower than Michigan-US
437. This year, like in 2013, the total number of nymphs
and the old/total nymph ratio in ‘Moonglow’ were not
significantly different from those in PEAR3 (Fig. 3). It
is worth mentioning that while the number of replicates
for ‘Moonglow’ in 2013 and 2014 was comparable (four
and three), in 2013, PEAR3 had only one replicate and
six in 2014.

The number of eggs was expected to be consistent
amongst all plants, because the insects were in a no-
choice situation. However, only few eggs were counted
on the antixenotic and antibiotic NY10355 (Salvianti
et al. 2008) (Fig. 3), which demonstrates that antixenosis
was possible. Several transgressive seedlings were ob-
served amongst the progeny when looking at the arithmet-
ic means for each genotype. This was consistent with the
polygenic nature of the trait, and it was probably empha-
sized by the level of resistance of the two parents, which
was not as different as expected.

Phenotypic distribution, environmental effects,
and heritability

The results of the Lilliefors and Shapiro—Francia tests
performed on the raw data were consistent, with only
the latter reported here. The tests indicated that none of
the measured variables had a normal distribution (p<
0.05) (Table 1) and all were biased toward resistance,
except for eggs (Online Resource 1). Nevertheless, the
residual errors turned out to be normally distributed,
and no transformation or non-parametric analysis was
needed. Consequently, ANOVA was used to evaluate
the significance of the effects factor eggs (i.e., the num-
ber of laid eggs considered as an ordered factor affect-
ing the number of nymphs), year, scoring date, and
scorer on the phenotypic traits. A higher infestation
was observed in the second year (2014), since signifi-
cantly higher numbers of eggs and total nymphs were
scored. Moreover, nymphal development was faster in
2014 than in 2013, as revealed by the quicker evolution
of the numbers of young and old nymphs over the
3 days of assessment. Indeed, in 2014, the decrease of
young nymphs and the increase of the old ones from
the first to the third day of assessment were significant-
ly greater than in 2013 (A(young)=—6.62 and A(old)=+
2.12 in 2013 and —14.58 and +25.5 in 2014), with the
number of old nymphs largely surpassing the number of
young in 2014 (Fig. 4). The genotype significantly af-
fected all the traits in both years. The environmental
effects factor eggs, scoring date, and scorer were also
significant in both years, and the phenotypic means
were adjusted according to them. The distribution of
the adjusted means was normal for the traits total
nymphs and “young nymphs” in 2013 and, for eggs,
young nymphs (although only according to Lilliefors
test and not to Shapiro—Francia) and old/total nymphs
in 2014, while it was not normal for the other traits
(Table 2, Online Resource 2). The number of eggs and
the total number of nymphs were significantly (p<0.05)
positively correlated and had Spearman coefficients r¢=
0.747 and 0.672 in 2013 and 2014, respectively
(Fig. 5). The total number of nymphs was very highly
correlated with the number of young nymphs in 2013
(rs=0.958) and to the number of old nymphs in 2014
(7s=0.946) (Fig. 5).

The estimated broad-sense heritability (H*) was gen-
erally high for each trait (Table 3), with the highest
values observed for total nymphs (0.63 in 2013 and
0.68 in 2014). The heritability for eggs was lower than
the other traits in 2013 (0.45), but in the same range as
for total nymphs in 2014 (0.58), thus indicating that
antixenosis was significantly contributing to psylla re-
sistance in this experiment. In contrast, the ratio old/
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<« Fig. 3 Comparison between the different pear accessions used as
controls in a psylla resistance phenotyping in 2013 and 2014.
Significantly different genotypes, according to Tukey test, are identified
by different letters. PEAR3 and ‘Moonglow’ (Moon) are the parents of
the interspecific pear population tested; ‘Williams Bon Chrétien’ (WBC),
‘Harrow Sweet’ (HS), ‘Angélys’ (Angel), and Michigan-US 437 (Mich)
the susceptible controls; and NY 10355 (NY) the resistant control

total nymphs had a high heritability in 2013 (0.65), but
it was lower in 2014 (0.45). The H* was lower when
considering the factor eggs in ANOVA (data not
presented).

Phenotypic correlation between years

A significant (p<0.05) linear correlation was observed for the
trait total nymphs between 2013 and 2014, with a Spearman
coefficient of r,=0.474 (Fig. 6a). Conversely, the traits eggs
and old/total nymphs showed very weak or no correlation
(Fig. 6b). For the trait eggs, the Spearman coefficient was
7s=0.249.

QTL detection

QTLs were detected for all measured traits except the old/total
nymphs in 2013 by IM or rMQM using MapQTL and by HK
regression using Rqtl, with the significance of genome-wide
LOD thresholds ranging between 3.1 and 3.3 after permuta-
tion tests (Table 4). The phenotypic variation explained by
each QTL (R?) is reported in Table 4, as well as the global
R? estimated for each trait taking into account possible epistat-
ic interactions between QTLs (global R%), when several QTLs
were present. The detected QTLs were the same whether or
not the “factor eggs” was added into the model. However, the

Table 1  Shapiro—Francia normality test on the phenotypic data for
psylla resistance in a segregating interspecific pear population

Raw data Shapiro—Francia test
Statistic value p value
2013
Eggs 0.871 <2.2e-16
Total nymphs 0.869 <2.2e-16
Young nymphs 0.847 <2.2e-16
Old nymphs 0.602 <2.2e-16
2014
Eggs 0.846 <2.2e-16
Total nymphs 0.902 8.14e—15
Young nymphs 0.848 <2.2e-16
Old nymphs 0.861 <2.2e-16

The statistical values and the p values are reported for each measured
variable (number of eggs, total nymphs, young nymphs and old nymphs).
For p<0.05, the data distribution is not normal

B young nymphs
O old nymphs

- delta = -6.62

+ young
old + ’ delta = +2.12

2013

50
]

40

30
1

averages

18/06/2013
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Fig. 4 Effect of the three nymph scoring dates on the number of young
and old nymphs counted in an interspecific pear population in 2013 and
2014. The different letters represent significance difference (according to
Tukey test) within each category: young nymphs in 2013, old nymphs in
2013, young nymphs in 2014, and old nymphs in 2014. Young nymphs
are represented by the dark grey bars and old nymphs by the light grey
bars. For each year, the difference between the third and the first days of
assessments for the numbers of young and of old nymphs (delta) was
calculated

LOD scores were more significant without the factor eggs.
Therefore, the results obtained with the factor eggs were not
reported.

QTL detection in 2013 A QTL on LG8 of PEAR3 was de-
tected with both methods for eggs and total nymphs, while for
old/total nymphs, no QTL was found. The marker closest to
the QTL peak was SSR CHO05a02, with its 130 bp allele as-
sociated with resistance. This QTL on LGS explained between
17.2 % (calculated with HK for the eggs) and 39.1 % (calcu-
lated with rMQM for total nymphs) of the phenotypic varia-
tion. When using MapQTL, two other putative QTLs, just a
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Table 2 Lilliefors and Shapiro—

Francia normality test for Adjusted means Lilliefors test Shapiro—Francia test

phenotypic means of psylla

resistance adjusted for Statistic value p value Statistic value p value

environmental factors in a pear

segregating population 2013
Eggs® 0.153 4.482¢-06 0.939 3.152¢-04
Total nymphs 0.075 0.173 0.978 0.079
Young nymphs 0.063 0418 0.989 0.475
Old nymphs 0.152 4.285¢-06 0.837 4.016e-08
Old/total nymphs 0.121 8.190e—01 0.893 2.747¢-06

2014

Eggs® 0.085 0.075 0.975 0.060
Total nymphs 0.134 1.840e—04 0.947 0.001
Young nymphs 0.084 0.087 0.970 0.024
Old nymphs 0.166 5.303e—07 0.930 1.430e—04
Old/total nymphs 0.080 0.123 0.983 0.213

The statistical values and the p values are reported for each measured variable (number of eggs, total nymphs,
young nymphs, old nymphs, and old/total nymph ratio). For p<0.05, the data distribution is not normal

 Arithmetic means

little below the threshold, were mapped to LG5 of PEAR3 for
eggs (R°=9.9 %), associated with SNP ss475875754, and to
LG11 of PEAR3 for total nymphs (R*=8.4 %), associated
with SNP ss475877524. However, neither of these QTLs
was detected when using the HK method. The residual errors
calculated post-QTL analysis were normally distributed for
the trait total nymphs, but not for eggs.

2013

Eggs vs total nymphs Young vs total nymphs

QTL detection in 2014 The QTL on LG8 of PEAR3 was
confirmed in 2014 for eggs (just below the threshold) and total
nymphs using both methods. Its peak was located on the upper
part of the LG, at the same position as in 2013 or above it. By
looking at marker CH05a02, the favorable allele was 130 bp,
as in 2013. Moreover, a QTL just below the threshold was
found on the same location also for old/total nymphs. The R
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Fig. 5 Correlation between different psylla resistance phenotypic traits
measured in a pear segregating population in 2013 and 2014. For each
comparison, correlation coefficients and their significance level (***=

@ Springer

<0.001; **=p<0.01; *=p<0.05; ns not significative) are shown. The
Pearson formula () was used when both traits were normally
distributed; otherwise, the Spearman formula (r5) was used



Tree Genetics & Genomes (2015) 11: 74

Page 9 of 14 74

Table 3  Broad-sense heritability estimation (H*) and phenotypic
variation explained by all the significant QTLs (R?) for pear psylla
resistance in a segregating interspecific pear population

2013 2014
Trait H R* (%) H R* (%)
Eggs 0.45 22 0.58 13
Total nymphs 0.63 39 0.68 51
Old/total nymphs 0.65 No QTL detected 045 24

of the LG8 QTL ranged between 10.9 and 29.5 %, again with
the highest value for the “total number of nymphs.” The QTL
on LG5 of PEAR3 for eggs (marker ss475875754) was not
detected in 2014, but a QTL in a very close position (marker
ss475878404) was found for the trait total nymphs, although
not confirmed when using the regression method. For total
nymphs, another putative QTL was found on LG11 of PEAR3
using MapQTL, close to the one detected in 2013; however,
its peak was below the threshold. Furthermore, a QTL was
mapped to LG15 of “Moonglow’ for the old/total nymph ratio,
significant only with the HK method. LG5, LG11, and LG15
QTLs had usually smaller effects than the one on LGS, with
R? values ranging between 7.7 and 13.7 %. Both in 2014 and
2013, the resistance was associated to allele “G” of SNP
ss475875754 and to allele “0” (null allele) of ss475878404
on LGS, and to allele G of ss475877524 and to allele 0 (null
allele) of ss475882338 on LG11. On LGIS, the QTL peak
was close to SNP ss475883269 and “T” was the favorable
allele. The global R* was estimated for the total number of
nymphs (global R*=50.5 %), and a significant interaction ef-
fect (epistasis) was detected between the LG8 and LG5 QTLs.
The residual errors were normally distributed for all the traits
except for eggs, like in 2013.

The positions of all the QTLs detected in 2013 and 2014
are shown on the genetic map (Fig. 7).

When R* was compared with the estimated broad-sense
heritability (Table 3), it was noticed that it was always lower
than H°.

Discussion

A robust, repeatable, and high-throughput phenotyping
protocol for psylla resistance genetic analysis

Collecting quantitative and reproducible phenotypic data
with minimal environmental effect over large numbers
of segregating seedlings is crucial for QTL mapping.
Multiple protocols have been developed previously for
phenotyping antibiosis to psylla (Berrada et al. 1995;
Pasqualini et al. 2006; Bell 2013a, b), but none of them
was suitable for the purpose of assessing resistance in a
large segregating population. The logistical and repro-
ducible challenges were exacerbated by the necessity
of a strict phenological synchronization between the
plant and the pest and the creation of an environment
with optimal growing conditions for both of them. The
phenotyping protocol that we developed employed about
ten people for only 5 days each year to study the anti-
biosis resistance of pear to psylla and to collect quanti-
tative data from hundreds of plants. The egg and nymph
assessments were carried out over a short time frame in
order to minimize non-genetic factors, such as the influ-
ence of temperature and RH on insect development, and
allowed the detection of robust QTLs. Furthermore, this
protocol has proved to be repeatable across years.
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Fig. 6 Phenotypic variability between years for psylla resistance in a
pear segregating population. For each trait, the means adjusted for the
environmental factors were used. Correlation coefficients, calculated
using Spearman formula (), and their significance level (***=<0.001;
**=p<0.01; *=p<0.01; ns not significative) are also shown. a For the

total number of nymphs (“Total nymphs”), a linear correlation was
observed between 2013 and 2014. b The number of eggs (“Eggs”) and
the ratio of old/total nymphs (“Old/tot nymphs”) showed weak or ab-
sence of correlation between 2013 and 2014
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Table 4 QTL mapping for psylla resistance in a segregating interspecific pear population

Interval mapping or restricted multiple QTL mapping (MapQTL 5.0) Haley—Knott regression (Rqtl)

Trait LOD LG Parental Marker closest LOD R*  Global LOD LG Parental Marker closest LOD R?
threshold map to peak R’ threshold map to peak
2013
Eggs 32 8  PEAR3 CHO05a02 510 222 449 3.1 8 PEAR3 CHO05a02 3.80 172
5  PEAR3 55475875754 2.57 9.9
Total nymphs 33 8 PEAR3 CHO05a02 990 39.1 560 32 8 PEAR3 CHO05a02 7.65 30.7
11 PEAR3 55475877524 2.56 8.4
Old/total nymphs 3.5 No QTL detected 32 No QTL detected
2014
Eggs 3.1 8  PEAR3 55475878964  3.08 125 NA 32 8 PEAR3 55475878964 246 10.9
Total nymphs 3.1 8 PEAR3 CHO05a02 7.54 295 505 32 8 PEAR3 CHO05a02 624 254
5 PEAR3 ss475878404  3.19 10.8
11 PEAR3 55475882338 256 7.7 657
Old/total nymphs 3.1 8  PEAR3 55475876636 290 11.3 244 3.1 15 Moonglow ss475883269 3.15 13.7
15 Moonglow 55475883269  2.56 10.1 8 PEAR3 55475876636 298 13.1

QTLs were detected using interval mapping or restricted multiple QTL mapping with MapQTL 5.0 and Haley—Knott regression with Rqtl. Putative
QTLs that were slightly below the threshold are in italic. For each trait and method, the LOD threshold, the linkage groups (LGs), and the parental map on
which the QTLs were detected, the marker closest to the peak and the LOD score and R* are shown. For the trait “total nymphs,” the global R* was also

calculated
NA not applicable

Sensitivity of the assessment period

When considering both tests performed in 2013 and 2014, it
was interesting to notice that the date of the nymph assessment
(scoring date) was a very sensitive parameter. Firstly, consid-
ering each year separately, this effect turned out to be signif-
icant (Fig. 4), despite that the scoring had been performed on
three consecutive days with a complete randomization of the
assessed genotypes and a stable involvement. Consequently,
the number of young and old nymphs quickly evolved in a
short period of time, which aspect was corrected year-per-year
by adjusting the phenotypic means of the seedlings according
to the scoring date effect. Secondly, when comparing 2013
and 2014 tests, the nymph assessment was performed with
a small discrepancy regarding the number of days after
infestation (22 and 26 days, respectively). Moreover,
nymph development was faster in 2014 than in 2013
(Fig. 4), even though the temperature and the RH measured
inside the greenhouse were comparable. The later assess-
ment and quicker nymphal development in 2014 with re-
spect to 2013 explain the stronger correlation between
young nymphs and total nymphs in 2013 and between “old
nymphs” and total nymphs in 2014 (Fig. 5). As total
nymphs=young nymphs+old nymphs, a later and faster
(respectively, earlier and slower) assessment gave higher
emphasis to old relative to nymphs in agreement with the
nymph developmental process.

@ Springer

Discrimination between antibiosis and antixenosis

In this experiment, we initially wanted to evaluate the an-
tibiosis resistance to pear psylla, putting insects in a no-
choice situation in order to reduce as much as possible
the variability in the oviposition rate among the different
genotypes. The reason for that was to mimic a mono-
varietal pear orchard where the insect has no choice for
the variety on which to lay its eggs. Nevertheless, in prac-
tice, ovipositional antixenosis and antibiosis resistance
could not be completely separated, and we also measured
significant variability among the genotypes for the eggs
trait. An extreme situation was observed for NY 10355,
where the number of eggs laid was particularly small, thus
indicating that this genotype exhibits a strong ovipositional
antixenosis resistance. Basically, there is a (chronological)
dependency between the final number of total nymphs and
the initial number of eggs. A small number of laid eggs
prevents one from observing a large number of nymphs,
whereas a large number of laid eggs allows the observation
of small, medium, or large number of nymphs according to
the subsequent antibiosis resistance of the genotypes. This
was clearly shown in the “triangle” relationship between
total nymphs and eggs (Fig. 5), with less variation in total
nymphs for small values of eggs and larger variation for
high values of eggs. We tried to correct for the number of
nymphs according to the number of eggs in order to focus
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Fig. 7 Quantitative trait loci detected for three psylla resistance traits in an interspecific pear population in 2013 (black bars) and 2014 (green bars)

on antibiosis, but we came across the imprecision of our
initial egg assessment protocol, as an ordinal scale with
large intervals and only six classes was used. Moreover,
as antixenosis applies earlier in the parasitic process than
antibiosis, it can hamper the correct detection of antibiosis
resistance by hiding its genetic variation, especially for
those genotypes with strong ovipositional antixenosis resis-
tance. Such a chronological dependency creates a bias in
the accuracy of the antibiosis assessment, which cannot be
simply corrected by statistical approaches. Thus,

ovipositional antixenosis can generate seeming antibiosis.
Here, the consistency of low numbers of eggs across the
replicates of several genotypes generated a moderate but
significant heritability for this trait, demonstrating that there
was an important contribution of antixenosis to psylla re-
sistance in our experiment. Consistently, we were able to
detect QTLs for the eggs trait. For the number of nymphs,
the detected QTLs were the same whether or not the
“factor eggs” was added into the ANOVA model, indicat-
ing that antibiosis was also most probably contributing to
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psylla resistance. The lower LOD score significance for the
QTLs detected with factor eggs could be interpreted as a
signature of the antixenosis impact on the antibiosis assess-
ment. We nevertheless considered that antibiosis resistance
was present and correctly mapped in the present experi-
ment, since the number of laid eggs was rather high for
many of the genotypes, with a majority of 4 or 5 scoring at
the egg assessment. Thus, the new phenotyping protocol
allowed an incomplete, but acceptable control of the
antixenosis mechanism of resistance and a correct examina-
tion of the antibiosis.

New QTLs for pear resistance to psylla

A large effect and stable QTL inherited from the resistant
parent PEAR3 was detected on LG8 for all the traits
(Fig. 7). The position of this QTL was confirmed after 2 years
of experiments and by using two QTL mapping methods, IM
and HK regression. QTL detection by regression is more ro-
bust for non-normally distributed data (Feenstra et al. 2006),
which was the case for the trait eggs (non-normal distribution
of the residual errors after the QTL analysis). In 2014, when
the infestation was higher, a QTL was also detected on LG15
of “‘Moonglow’ for the ratio old/total nymphs. No QTL was
found for this trait in 2013, probably because of the very low
numbers of old nymphs scored. Furthermore, two small-effect
QTLs were detected on LG5 (for eggs in 2013 and for total
nymphs in 2014) and on LG11 of PEAR3 (for total nymphs
both in 2013 and 2014). However, their LOD scores were low
and neither of them was confirmed using HK regression, in-
dicating that they could be spurious QTLs (Table 4).

The number of total nymphs was the measure less prone to
error. In fact, the distinction between young and old nymphs
can be difficult, especially between the L3 and L4 instars
(Fig. 1a); hence, some nymphs could have been allocated to
the wrong class. This may explain why we found the strongest
QTLs for the trait total nymphs, with the highest LOD score
and R* (Table 4). For the trait eggs we also found a QTL on
LG8 of PEAR3 in 2013 and in 2014 (just below the thresh-
old), whose position was consistent with the QTLs found for
the other traits (Fig. 7). The broad-sense heritability was usu-
ally high for all the traits (Table 3), indicating that the pheno-
typic variance was mostly attributable to differences in geno-
types and less to the environment and that the results of our
QTL mapping were reliable. However, the R* explained by the
QTLs were always lower than the B2, which indicates that we
were not able to detect all the loci linked to psylla resistance.
The reasons were imputable to the type and size of the map-
ping population that we used. Being an interspecific F1 pop-
ulation, all individuals were supposedly highly heterozygous;
hence, the progeny was highly variable with possible complex
genetic architecture of the studied traits involving gene inter-
actions, which are more difficult to map. Moreover, our
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population consisted of just fewer than 100 genotypes, which
is sufficient to detect only the largest effect QTLs. The strong
QTL that we discovered on LG8 of PEAR3 also has epistatic
relationships with other loci. Therefore, a larger number of
genotypes would be necessary for the detection of further
smaller effect QTLs in this family, if present (Collard et al.
2005). Since the parental genetic maps, especially the one of
PEAR3, were not saturated, it is also possible that some QTLs
are located in genomic regions not covered by markers, hence
could not be detected in this experiment.

From these results, we can assume that a locus responsible
for a strong antibiosis resistance, but also for ovipositional
antixenosis, was located on LG8 of PEAR3. Since the confi-
dence intervals of the QTL detected for the different traits
were quite large (one-LOD support interval ranging from 6
to 25 cM, but usually higher than 18 cM) (Fig. 7), two differ-
ent, but closely linked loci, one for antibiosis and one for
antixenosis, could be located in the same interval. Here again,
the population size (~100 progeny) was not large enough to
discriminate between both hypotheses: closely linked QTLs
(approximately 20 cM or less) are not distinguishable with
population size lower than 500 (Collard et al. 2005). On the
other hand, the QTL for old/total nymphs on LG15 of the
“susceptible” parent ‘Moonglow,” even if its presence should
be confirmed with other tests, may be more strictly linked to
the antibiosis mechanism (i.e., delayed nymphal develop-
ment). The observation of several transgressive seedlings
amongst the progenies had already predicted the possible pres-
ence of resistance factors in both parents. Therefore, unknown
sources of psylla resistance may be present among the
P. communis cultivars in the ‘Moonglow’ pedigree (Montanari
et al. 2013): ‘Seckel’ and ‘Bartlett’ are known to be suscepti-
ble to psylla species (Butt et al. 1988; Bell and Stuart 1990),
Michigan-US 437 was tested in our experiments and resulted
to be susceptible (Fig. 3), while there is no information avail-
able about ‘Roi Charles de Wiirtemberg,” which could thus be
more resistant. Concerning the LG8 QTL, while we do not
have any information about the genotypes at this locus for the
PEAR3 parents, with psylla resistance mostly found in Asian
pear species (Westigard et al. 1970; Bell and Stuart 1990; Bell
2013a), it is most likely to have been inherited from
‘Xuehuali’. Previously, the cultivar ‘Xuehuali’ was reported
as having good field resistance to psylla (Stanica 2002).

Co-localization with genes and QTLs for aphid resistance

The genetic map of PEAR3 could be compared with other
pear and apple maps generated for the detection of QTLs
and major loci for pest and disease resistance through com-
mon microsatellite markers. Two major genes for woolly ap-
ple aphid resistance were mapped to the upper part of LGS in
apple (Bus et al. 2008, 2010), the same region where we
detected the major QTL for psylla resistance. Moreover, the
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putative QTL for the resistance of apple to 4. pomi found on
LGI11 by Stoeckli et al. (2008a) co-localizes with the small-
effect QTL that we detected on this LG for total nymphs. This
is not the first time that loci associated to psylla and aphid
resistance are found in chromosomal regions orthologous be-
tween species: aphid resistance genes were mapped to LG17
in both pear (Evans et al. 2008) and apple (Stoeckli et al.
2008b; Bus et al. 2008, 2010), where Bouvier et al. (2011)
also detected a QTL for pear psylla resistance in the
P. ussuriensis x P. communis hybrid NY10355. Aphids and
psylla are both phloem feeders; therefore, finding orthologous
regions linked to antibiosis resistance to these insects may
indicate some common molecular resistance mechanisms.
Civolani et al. (2013) conducted experiments on the probing
behavior of C. pyri, and they introduced the hypothesis that
strong resistance factors are present in the phloem of resistant
pear accessions.

Conclusion

The results of our experiment confirmed pear psylla resistance
to be a polygenic trait. Although the parents PEAR3 and
‘Moonglow’ turned out to have a much more similar response
to psylla infestation than we expected, we were able to detect a
stable QTL on LG8 of PEAR3. Until now, only Bouvier et al.
(2011) had published results from a QTL mapping study for
pear psylla resistance, but they used a different source of re-
sistance (P. ussuriensis), and the major QTL that they found
was located on LG17. Pyramiding these two sources of resis-
tance (P. x bretschneideri and P. ussuriensis) could be an
effective breeding strategy for the development of pear culti-
var highly resistant to psylla.

Other experiments will be necessary to reduce the confi-
dence interval of the QTL on LG8 and to confirm the signif-
icance of the minor QTLs on LGs 5, 11, and 15, with the final
purpose of identifying markers useful for marker-assisted se-
lection (MAS). Moreover, scoring the same population more
accurately for oviposition could be useful to verify the hypoth-
esis of the presence of two distinct loci on LGS, one for
antibiosis and one for antixenosis. Pear cultivars bringing
both the QTLs responsible for antixenosis and antibiosis
would have a more durable resistance, more difficult to be
overcome by newly evolved psylla races. Indeed, the
experiment carried out by Puterka (1997) with different
C. pyricola biotypes (originating from different regions in
the USA) on susceptible and resistant pear varieties suggested
the ability of this pest to adapt to the host resistance.

Finally, it would be interesting to study the possible local-
ization on apple and pear LG8 and LG17 of genes responsible
for the production of phloem resistance factors, which act in
response to psylla and aphid infestation.

The recent publication of P. bretschneideri (Wu et al.
2013) and P. communis (Chagné et al. 2014) genome se-
quences will facilitate studies on the molecular determin-
ism of agronomic traits of interest in pear, such as pest
and disease resistance. The development of new markers
and the functional analysis of genes in the genomic re-
gions linked to psylla resistance will lead to a better un-
derstanding of this important, but complex trait.
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