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Assessment of quantitative traits of aggressiveness in
Mycosphaerella graminicola on adult wheat plants

F. Suffert*, I. Sache and C. Lannou
UR1290 BIOGER-CPP, INRA, F-78850, Thiverval-Grignon, France

Septoria tritici blotch, caused by Mycosphaerella graminicola, is a major foliar disease of wheat. The quantitative traits
of pathogenicity are not comprehensively described in this pathosystem. The objective of this study was to identify and
quantify the most relevant variables to describe traits of aggressiveness. Four wheat cultivars were inoculated in a
greenhouse with four isolates. Inoculation was performed on a limited surface of the two uppermost leaves of adult
plants. The dynamics of chlorotic, necrotic and sporulating areas were assessed twice a week. Pycnidia were counted at
the same time. A Gompertz model was fitted to the resulting curves. Parameter combinations with easily interpreted
biological relevance were examined further as descriptors of aggressiveness. Within each category of descriptor, those
which were the most pairwise correlated and which explained the largest part of the variance were retained: incubation
and latent period, development rate of sporulating area, maximal sporulating area, pycnidial density, and sporulation
capacity. Correlations between these variables were discussed, assuming they reflect biological relationships between
the corresponding aggressiveness quantitative traits. It is suggested that the selected variables, providing a good mea-
sure of M. graminicola fitness, can be used to estimate quantitative resistance of wheat to septoria tritici blotch, to
characterize differences among isolates within a pathogen population, and to study quantitative adaptation of the path-
ogen to its host and to its environment.

Keywords: latent period, lesion development, pycnidiation, quantitative resistance, Septoria tritici, sporulation capacity

Introduction

Septoria tritici blotch, caused by the ascomycete fungus
Mycosphaerella graminicola (proposed new name Zymo-
septoria tritici; Quaedvlieg ef al., 2011), is a major foliar
disease in many wheat-growing areas worldwide. Most
recent attention has focused on qualitative interactions
between M. graminicola and its host, i.e. complete resis-
tance that follows a gene-for-gene relationship (Arraiano
et al., 2001; Czembor et al., 2010; Ghaffary et al.,
2011). The description of quantitative interactions is still
fragmentary and the source of much discussion (Char-
train et al., 2004; Risser et al., 2011), whether it is for
applied purposes (e.g. developing quantitative resistance
in breeding programmes) or more fundamental research
(e.g. understanding the genetic basis of host defence
mechanisms). Moreover, whilst quantitative traits of
aggressiveness have been well characterized for rust and
mildew pathogens, this is not the case for M. graminico-
la. This study undertakes an in-depth investigation of the
quantitative traits of M. graminicola—wheat interaction
with the aim of identifying those that are both measur-
able and of biological significance.

Aggressiveness, that is to say the quantitative compo-
nent of pathogenicity, is often separated into elementary

*E-mail: frederic.suffert@versailles.inra.fr

© 2013 British Society for Plant Pathology

traits that reflect a biological function, such as infection
efficiency, latent period, lesion size, lesion growth rate,
sporulation capacity and infectious period (Van der
Plank, 1963; Pariaud er al., 2009). The experimental
assessment of such traits requires methodological
approaches that correspond to the pathosystem under
study (Lannou, 2012). Moreover, some aggressiveness
traits are directly reflected in a single observation (e.g.
disease severity), whilst others need to be estimated by
aggregation of temporal data (e.g. latent period).

In M. graminicola the assessment of traits such as
latent period (Bouami et al., 1996; Leyva-Mir et al.,
2009) or spore production (Eyal & Brown, 1976; Simon
& Cordo, 1997) is complex. For each of these traits, dif-
ferent measurements are possible and some may be more
informative than others. Moreover, the measurements of
different traits may give redundant information when
they are highly correlated. The most informative traits
must then be carefully chosen, whether it is for measur-
ing quantitative resistance, or pathogen adaptation to
host or environment.

Kema et al. (1996b) have described the different
phases of the infection cycle of M. graminicola on wheat
seedlings under optimal conditions. Leaf penetration
occurs within 3 days of inoculation. The fungus then
develops without symptoms for 10-14 days. Necrotroph-
ic feeding begins as disease symptoms appear, and from
this point on, the growth of the fungus accelerates.



2 F. Suffert et al.

Chlorosis is the first visible symptom followed by necro-
sis. The necrotrophic phase involves the development of
the asexual sporulation organs, called pycnidia.

In research investigating interactions between M. gra-
minicola isolates and wheat cultivars under greenhouse or
field conditions, two variables have been mainly used to
assess disease severity on a leaf: the area of necrotic tissue
(e.g. Bouami et al., 1996; Cowger et al., 2000; Czembor
et al., 2010) and the area covered by pycnidia (e.g. Char-
train et al., 2004; Arraiano & Brown, 2006). Disease can
be assessed at a sole time point or as the area under the
disease progress curve (AUDPC). Variables characterizing
the dynamics of the different processes (such as spore pro-
duction or lesion development) were seldom assessed, in
contrast to studies on biotrophic pathogens such as wheat
rusts (Shaner, 1983; Robert et al., 2004). The assessment
of the pycnidial density (number of pycnidia cm~?%; Eyal
& Brown, 1976; Simon & Cordo, 1997; Leyva-Mir et al.,
2009) and of the spore production (number of pycni-
diospores produced by a single pycnidium; Eyal, 1971;
Gough, 1978; Jeger et al., 1984) was in limited use.

The objective of this investigation was to establish a
phenotyping approach for assessing the development of
M. graminicola lesions throughout a complete asexual
cycle and to identify the most informative traits of
aggressiveness for comparing M. graminicola isolates. To
this end, an experiment was carried out, based on a com-
bination of M. graminicola isolates x wheat cultivars.
Different variables were measured and the most relevant
for describing M. graminicola aggressiveness were
selected. Finally, the correlation between those variables
was evaluated.

Materials and methods

Plant material

A greenhouse experiment, set up in 2008-2009 and replicated in
2009-2010, involved the inoculation of four popular French
wheat cultivars with four M. graminicola isolates. The experi-
ment involved adult wheat plants having similar maturities.
Seeds of cv. Apache, Soissons, Caphorn and Koreli were sown
on 5 December 2008 (first replicate) and on 4 December 2009
(second replicate) in Jiffy peat pots kept for 2 weeks under
greenhouse conditions to promote seedling emergence. Cultivars
Apache and Soissons are considered to be moderately susceptible
to septoria tritici blotch (resistance rating 5 on a 1-10 scale of
decreasing susceptibility; Arvalis-Institut du Végétal/CTPS),
while cvs Caphorn and Koreli are considered to be moderately
resistant (resistance rating 6 and 7, respectively). Apache has
resistance genes Stb4 and Stb11 (Ghaffary et al., 2011), Cap-
horn and Koreli share Stb6 (T. Marcel, BIOGER-CPP, INRA,
Thiverval-Grignon, France, personal communication), while an
Stb gene is still undetermined in Soissons.

Seedlings were vernalized in a growth chamber for 7 (Apache,
Soissons) or 8 (Koreli, Caphorn) weeks at 8°C with a 10 h light
period (30-40 umol m™2 s™') and a 14 h dark period. After-
wards, seedlings were transferred back to the greenhouse and
left to acclimatize for 1 week. Then, seedlings were transplanted
into individual pots filled with 1L commercial compost
(Klasmann Peat Substrat 4; Klasmann France SARL). Four

grams of slow-release fertilizer (Osmocote Exact 16-11-11N-P-K
3MgO Te) were added.

Plants were sprayed with Spiroxamine (Aquarelle SF at
2 mL L™'; Bayer CropScience) as a preventive measure to con-
trol powdery mildew (Blumeria graminis f. sp. tritici), 5 weeks
before inoculation at the latest. Moreover, plants were fertilized
with Hydrokani C2 (Hydro Agri Spécialités), at a 1:100 dilution
rate (total of 10 mL per plant) poured in the pot saucers 4, 5
and 7 weeks after transplantation. During plant growth, natural
daylight was supplemented with 400 W sodium vapour lamps
between 06:00 h and 21:00 h. A cooling system kept the air
temperature below 20°C during the 15 h light period (300-
600 umol m~2 s71) and above 12°C during the 9 h dark period.
During growth, plants were thinned to three stems per pot.

The air temperature in the greenhouse was automatically
recorded every 15 min using a ventilated sensor (Greenhouse
Humidity and Temperature Sensor type 224.401; RAM). The
thermal time #, expressed in degree-days, was calculated, starting
from the sowing date, by summing the daily mean air tempera-
ture using a 0°C base temperature.

Fungal material

The inoculum was obtained from stock conidial suspensions of
four M. graminicola isolates stored at —80°C in a sterile 1:1
glycerol-water solution. Three of them were isolated from
typical septoria tritici blotch lesions on leaves of cv. Soissons
collected in 2008 in Grignon (Yvelines, France; isolate INRA0S8-
FS0001 and INRAO8-FS0002) and in Le Rheu (Ille-et-Vilaine,
France; isolate INRA0O8-FS0003). For the sake of simplicity, the
isolates will be hereafter referred to as FS1, FS2 and FS3, respec-
tively. The fourth isolate was the reference isolate 1PO323
(Kema & van Silfhout, 1997; Goodwin et al., 2011). All four
isolates share the specific avirulence genes Avr-Stb4 and Avr-
Stb11 that match resistance genes in cv. Apache (T. Marcel, per-
sonal communication). In addition, IPO323 (Brading et al.,
2002) and FS1 (T. Marcel, personal communication) carry
Avr-Stb6 that matches the resistance gene in cvs Caphorn and
Koreli.

Subcultures were grown in Petri dishes containing PDA
(potato dextrose agar, 39 g L™!) at 18°C and kept in the dark
for 5 days. Conidial suspensions were prepared by first flooding
the surface of the 5-day-old cultures with sterile distilled water
and then by scraping the agar surface with a sterilized glass rod
to release conidia. Suspensions were calibrated to 10° coni-
dia mL™" using a Malassez counting chamber. Two drops of
surfactant (Tween 20; Sigma) were added to the suspensions to
ensure adequate coverage of the inoculated leaf surface.

Experimental design and inoculation procedure

The experiment was set up as a randomized block design (four
blocks, 128 pots), with the isolate (FS1, FS2, FS3 and IPO323),
the wheat cultivar (Apache, Soissons, Caphorn and Koreli) and
the spore collection (spores collected or not collected) as factors.
Inoculations were carried out on 14 April 2009 and 27 April
2010 between wheat growth stages Z50 (first head spikelet visi-
ble) and Z59 (head fully emerged; Zadoks et al., 1974). The
conidial suspensions were applied to the median part of the leaf,
along a 25 mm long section of the adaxial face of the flag leaf
(F1) of the main tiller. A watercolour round paintbrush (French
size #18, bristle length 25 mm; Auchan) was used to apply the
suspension, using a square plastic frame (25 x 25 mm) to
delimit the surface of inoculation. Because leaf width varies by
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cultivar, inoculated surfaces ranged from 350 to 450 mm?. The
inoculated side of the leaf was immediately turned over to avoid
any running of the inoculum suspension and enclosed in a trans-
parent polyethylene bag containing a small amount of distilled
water, thereafter sealed to maintain high humidity to promote
infection. Bags were removed after 72 h and pots were arranged
in a randomized block design, eight per saucer. A preliminary
test comparing three durations of incubation (48, 72, 96 h) in
polyethylene bags showed that 72 h was enough.

The sporulation capacity of each lesion was assessed by col-
lecting spores on a weekly basis over 7 weeks, from the appear-
ance of first pycnidia until total leaf senescence. The first
collection was made 20 days post-inoculation (dpi) in 2009 and
28 dpi in 2010. Pycnidiospores were collected by placing the
inoculated leaf surface in a 25 mm diameter tube containing
10 mL water and softly sweeping the area covered by pycnidia
with a paintbrush. To avoid cross-contamination, a paintbrush
was assigned to each isolate and rinsed in water after each col-
lection. The inoculated surfaces were then dried using a paper
towel to prevent smudging and avoid subsequent lesion expan-
sion by secondary infection. The total number of spores
produced weekly by a given lesion was estimated as the average
spore concentration of three samplings of each washing suspen-
sion assessed with a Malassez counting chamber.

Preliminary validation of experimental conditions

A preliminary experiment, divided into three trials, was per-
formed on adult wheat plants of cv. Apache in 2008 to test and
optimize the inoculation procedure, the method of analysis of the
lesion development, and the method of assessment of the sporula-
tion capacity (Table S1; Fig. S1). The inoculation procedure,
using either an atomizer or a paintbrush, had no significant effect
on the lesion development. Accordingly, the paintbrush, which
prevents smudging and allows neater lesions to be obtained, was
used in all subsequent experiments. The variables characterizing
lesion development were not significantly different between the
two leaf layers (F1, F2), but variables characterizing disease
severity differed when measured on F1 and F2. No significant
interaction was observed between leaf layer and other factors.
Only F1 was used in all subsequent experiments. The inoculum
dose (10°, 10*, 10° and 10° conidia mL™") had a significant
effect on all measured variables with, for most of them, a thresh-
old effect when inoculum concentration exceeded 10° coni-
dia mL™!. Previously reported field studies and trials under
controlled conditions used much higher concentrations
(10°-107 conidia mL™!, except Shaw, 1990). Due to the
threshold effect, the range in quantitative response for many
aggressiveness traits might be reduced for such high concentra-
tions. Moreover, high concentrations are not representative of
field conditions (estimated to be 3 x 10° conidia mL~" per drop-
let for Phaeosphaeria nodorum, the cause of wheat glume blotch
disease; Brennan et al., 1985). Accordingly, 10° conidia mL™!
was considered as the optimal concentration for maximizing
differences in disease expression and used in all subsequent
experiments.

Definition and assessment of aggressiveness variables

Sequence of symptoms and lesion development

Disease severity was visually assessed twice a week as the percent-
age of the inoculated leaf surface (1, 2, 3 and 5%, then increments
of 5% up to 100%) which presented the following symptoms:
chlorosis (the percentage of chlorotic area, CHL), necrosis (the
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percentage of necrotic area, NEC, including both sporulating and
non-sporulating area), and visible pycnidia (the percentage of
sporulating area, SPO) at the time of observation t. Here, the dis-
eased area will be named ‘lesion’ for the sake of simplicity,
although it is actually the result of the coalescence of several sin-
gle lesions caused by multiple concomitant infection events. Chlo-
rosis and necrosis of leaf margins not associated with pycnidia or
outside the inoculated surface were excluded from the assessment,
as such symptoms may be caused by natural senescence. As long
as the apical senescence did not merge with the disease symptoms,
the percentage of the inoculated surface which remained green
(GRE) was estimated by subtracting chlorotic and necrotic areas
from the total inoculated surface. Using a hand lens (magnifica-
tion x10), the number of pycnidia (PYC) was visually estimated
as the sum of pycnidia present on the adaxial and abaxial face of
the inoculated surface. Disease severity was assessed every 3—
4 days by the same experimenter from the time of inoculation
until leaf senescence (15 and 17 assessments, from late April to
mid-June, in 2009 and 2010, respectively).

A preliminary inspection of the data confirmed that disease
progress curves of septoria tritici blotch are asymmetrical (Shaw,
1990). Correspondingly, the Gompertz equation was selected to
fit the symptom curves (Berger, 1981).

NEC(#), the percentage of necrotic area at the time of obser-
vation ¢, was modelled as follows:

NEC() = NECpaxexp(—Bngc e ™NEC)

where NEC,,,, is the maximum percentage of necrotic area,
rNEC is the necrotic area development rate and Bngc is a posi-
tion parameter.

SPO(#), the percentage of sporulating area at the time of
observation #, was modelled using the same equation and char-
acterized by the variables SPO,,,, and rSPO.

GRE(#), the percentage of the inoculated leaf surface which
remained healthy at the time of observation ¢, was modelled as:

GRE(t) =100 — GREminCXp(—BGRE e*rGREz)

where GRE,;, is the minimum percentage of green area.
Equations of NEC(z), SPO(#) and GRE(z) were fitted to the
observed values, excluding the time points when the disease was
not yet recorded, as well as the points when the disease had
already reached its maximum level.
CHL(2), the percentage of chlorotic area at the time of obser-
vation ¢, was calculated as:

GRE(t) = 100 — CHL(#) — NEC(t)

Sequence of symptoms and lesion development over the
assessment period were summarized through the computation of
areas under disease progress curves (AUDPC) using the fit of the
different symptom curves.

Incubation and latent periods

Incubation period can be defined as the interval between inocu-
lation and the appearance of first symptoms (Van der Plank,
1963). Chlorosis, the first expression of the infection visible to
the naked eye, is a transitory symptom. In this investigation, the
time elapsed from inoculation to the appearance of first chloro-
sis (TCHLs), based on the threshold CHL = 5%, and the time
elapsed from inoculation to the maximum percentage of chlo-
rotic area (TCHL,,.y), were retained as two practical definitions
of incubation period. Alternative definitions of incubation
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period, the time elapsed from inoculation to 5% of maxi-
mum necrotic area NEC,. (LatNECs) and the time elapsed
from inoculation to 50% of NEC,,.. (LatNECs,), were also
retained.

Latent period was defined in septoria tritici blotch as the
interval between inoculation and the first appearance of pycnidia
(Shearer & Zadoks, 1972). In this case, because the accuracy of
the disease dynamic measurement was not based on a high num-
ber of infected leaves (four replicates per treatment), but on the
high number of assessment time points (15 and 17), latent per-
iod (LatSPOs) was estimated for a given leaf as the time elapsed
from inoculation to 5% of the maximum percentage of area
covered by pycnidia SPO,,... LatSPOsy, defined as the time
elapsed from inoculation to 50% of SPO,,.y, was also retained.

Incubation and latent periods, expressed in thermal time, were
calculated for each leaf from the fitted Gompertz models of SPO
(t) and CHL(z).

The parameter DelaySPO, defined as the time elapsed from
the appearance of first chlorosis (TCHLs) to LatSPOsg, corre-
sponds to the delay between the first visible symptoms and the
peak of pycnidiation.

Table 1 Definition and categorization of 18 aggressiveness variables

Spore production

The number of pycnidia produced on a lesion (PYC,,.) was
estimated as the maximal count of pycnidia, usually reached just
before the leaf became entirely senescent. The pycnidial density
(PYCgyens) was calculated as the surface density of pycnidia of
the sporulating area (PYC,./SPOpay). The total number of
pycnidiospores produced by a lesion was calculated by summing
the number of spores produced weekly by one lesion from the
first to the last collection. To calculate the average spore pro-
duction per pycnidium (nbSPO), the total number of spores pro-
duced by a lesion was divided by PYC,,.x.

Data analysis

Eighteen variables were defined and categorized according to
biological functions (Table 1): incubation (CHL,.,, TCHLs,
TCHL,,.x), latency (LatNECs, LatNECsq, LatSPOs, LatSPOsy),
lesion development (rNEC, rSPO, DelaySPO), disease severity
(GREin, NECaxs SPOpax, audpeNEC, audpcSPO), pycnidia-
tion (PYCpax, PYCyens) and sporulation capacity (nbSPO).
Because variables within the same category are intrinsically cor-

Category Variable Definition References
Incubation Maximum chlorotic area CHLmax Maximum percentage of Bouami et al., 1996
chlorotic area
Incubation period TCHLs Time elapsed from inoculation
to CHL(f) = 0-05 (first signs of chlorosis)
TCHLmax Time elapsed from inoculation
to CHL(f) = CHLax
Latency LatNECs Time elapsed from inoculation
to NEC(f) = 0-05 x NECmax
(first signs of necrosis)
LatNECsq Time elapsed from inoculation
to NEC(t) = 0-5 x NECax
Latent period LatSPOsg Time elapsed from inoculation Bouami et al., 1996; Lovell et al., 2004;
to SPO(#) = 0-05 x SPOpayx Viljanen-Rollinson et al., 2005;
(appearance of first pycnidia) Leyva-Mir et al., 2009
LatSPOso Time elapsed from inoculation
to SPO(#) = 0-5 x SPOnax
Lesion Necrosis development rate rNEC Necrotic area development rate
development  Sporulation development rate  rSPO Sporulating area development rate
DelaySPO  Time elapsed from TCHLs to LatSPOsq
Disease Minimum green area GREmin Minimum percentage of green area Parker et al., 2004
severity Maximum necrotic area NEC max Maximum percentage of necrotic area Bouami et al., 1996; Kema et al., 1996a;
Cowger et al., 2000; Czembor et al., 2010
Maximum sporulating area SPOpax Maximum percentage of area Bouami et al., 1996; Kema et al., 1996a;
covered by pycnidia Chartrain et al., 2004; Risser et al., 2011;
Area under the necrotic audpcNEC Ahmed et al., 1996; Mojerlou et al., 2009
area progress curve
Area under the sporulating audpcSPO Arraiano et al., 2001
area progress curve
Pycnidiation Maximum number PYCrnax
of pycnidia
Pycnidial density PYCgens PYCaens = PYCrax/SPOmax Eyal & Brown, 1976; Simon & Cordo, 1997,
Leyva-Mir et al., 2009
Sporulation Spore production nbSPO Average number of pycnidiospores Gough, 1978; Simon & Cordo, 1997
capacity produced by a pycnidium
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related, correlations were estimated and used as first criterion to
select the variables considered as the most informative for each
category (those which were the most pairwise correlated). In
parallel, the percentage of variance explained by the cultivar
and isolate factors, and their interaction, were estimated for
each of the 18 variables and used as secondary criterion; the
variables which explained the larger part of the variance were
selected because they potentially account well for the genetic
variability of aggressiveness. In a second step, correlations
between the selected variables (for each category) were assessed.
These correlations were assumed to reflect biological relation-
ships (positive or negative) between traits of the host-pathogen
interaction. Correlation tests and ANovA were performed with
the s-pLUS 6.0 software (Lucent Technologies, Inc.).

Results

Lesion development

In many compatible interactions, chlorosis, characterized
by small light-green or yellow spots covering 1-3% of
the inoculated surface, was observed very early, usually
at 15-23 dpi (300-450 degree-days). With time, these
chlorotic spots increased in size, became more homoge-
neous, progressively coalesced, and then turned yellow.
The visual assessment of the chlorotic area became diffi-
cult when it reached a maximum of 20-30% of the inoc-
ulated surface (Fig. 1a).

The first signs of necrosis (brown, dry and senescent
tissue) were usually visible at 18-28 dpi (350-
500 degree-days), when the chlorotic area was around
10-15%, i.e. on average 3—6 days after the first chlorotic
spots. Necrosis (LatNECs) was well established a few
days (about 50 degree-days) before the peak in chlorotic
area (TCHL,,.). The necrotic area increased and
reached its maximum (NEC,,,), usually 50-100%, at 40
-55 dpi (800-1000 degree-days), while the chlorotic area
reached a peak (TCHL,,.,) at 25-35dpi (450-
650 degree-days) and then decreased (Figs 1a & 2).

Because disease did not cover the whole inoculated
surface due to the development of the apical senescence,
SPOax Was usually lower than 100%. In compatible
interactions, first pycnidia appeared concomitantly to the
first necroses. In some cases (e.g. FS3 x Caphorn), the
first pycnidia appeared within still green or chlorotic tis-
sues, and the area surrounding these pycnidia turned into
small necrotic spots 24-48 h later. In such interactions,
pycnidia appeared quickly in comparison to the develop-
ment rate of other symptoms. After 700-800 degree-days
the necrotic area was usually not entirely covered by py-
cnidia, especially on the outer edge of the lesion (Fig. 2);
late differences between NEC and SPO were most likely
due to natural senescence.

Effect of cultivars and isolates

Lesion development was significantly affected by the
host, the pathogen and their interaction (Fig. 3). The first
chlorotic spots appeared earlier on Apache, Caphorn and
Soissons in 2009, and earlier in Caphorn than on Apache

Plant Pathology (2013)

(a)

FS1
Apache
20-30-30 [1

FS2 FS2 FS2 FS2
Soissons Apache Caphorn Koreli
5-65-65 [500] 10-60-55 [250] 35-5-5 [13] 55-5-3 [11]

FS3 FS3
Soissons Apache
15-40-40 [550] f§ 30-10-10 [45]

IPO323
Soissons
5-35-35 [220]

IPO323
Apache
40-2-1 [1]

IPO323 IPO323
Caphorn Koreli
0-0-0 [0] 0-0-0 [0]

Figure 1 Symptoms of septoria tritici blotch on a wheat flag leaf. (a)
Cultivar Apache inoculated with Mycosphaerella graminicola isolate
FS3. (b) Four cultivars (Soissons, Apache, Caphorn, Koreli) inoculated
with four isolates (FS1, FS2, FS3, IPO323); disease was visually
assessed at t = 35 days post-inoculation (dpi) and is presented as
follows: CHL(t) — NEC(#) — SPO(1) [PYC(f)] (see Table 1 for definitions
of variables). Dotted lines delimit the inoculated leaf surface (350—
450 mm?). Inoculation was carried out with a paintbrush and the
inoculum dose = 10° conidia mL™".

in 2010 (Table 2). Differences in the incubation period
(TCHLs) between isolates were highly significant in
2010. The necrosis development rate (rSPO) ranged
between 0-14 and 0-16% per degree-day for Soissons
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and Caphorn in 2009 and 2010 and for Apache in 2010,
while it was significantly higher for Koreli. Differences in
rSPO between isolates were not significant, except for
isolate FS3 in 2010.

The latent period (LatSPOs) ranged between 450 and
570 degree-days for Soissons, Apache and Caphorn,
whilst it was significantly longer for Koreli: first pycnidia
appeared on average 320 degree-days later. DelaySPO
ranged between 190 and 280 degree-days for Soissons,
Apache and Caphorn, whilst it was longer for Koreli. Dif-
ferences in DelaySPO were significant between isolates.

The differences in SPO,,,« and audpcSPO between cul-
tivars and isolates were significant (Table 2). The pycnid-
ial density (PYCgens) was also significantly different
between cultivars and isolates: in 2010 PYCye,s on Sois-
sons was 1-5 times higher than on Apache and Caphorn,
and three times higher than on Koreli. PYCy.,, was the
lowest in the cases of Koreli and IPO323 during the sec-
ond experiments (2010). This was due to the late start in
lesion development, which was limited when the apical
senescence merged with the inoculated surface. The spor-
ulation capacity, estimated by the average number of
spores produced by a single pycnidium (nbSPO), ranged
from 4000 to 8500 spores per pycnidium (Table 2). On
Koreli the pycnidia appeared too late to allow an accu-
rate estimation of the spore production. Differences were
significant between cultivars and isolates in the 2009
experiment but not in 2010.

Because of cultivar x isolate interactions, means of the
different aggressiveness variables were compared for each
cultivar separately. Interactions were significant in 11 of
the 18 variance analyses (Table 2); interactions were sig-
nificant for latent period (LatSPO;s and LatNECs) and
DelaySPO both in the 2009 and 2010 experiments.
Other significant interactions were only established in
the 2010 experiment. Cultivar Koreli and isolate IPO323
were responsible for the largest contribution to these
interactions. When isolate IPO323 was excluded from
the analysis of the 2010 experiment, the cultivar x iso-

late interaction for SPO,., and audpcSPO were no
longer significant. The other contributions to the culti-
var X isolate interaction for latent period were moderate
and can be assigned to cvs Apache and Soissons, and iso-
lates FS2 and FS3: in the 2009 and 2010 experiments,
LatSPOs and LatSPOsy on Apache were significantly
longer for isolate FS3 than FS2, while there was no
difference on Soissons. Similar results were obtained for
DelaySPO. In contrast, nbSPO on Soissons was signifi-
cantly higher for isolate FS3 than FS2, while there was
no difference on Apache.

Selection of variables most relevant for describing
aggressiveness

Because variables within the same category of biological
function (Table 1) are intrinsically correlated, a selection
was made using two criteria. The first selection was
based on the coefficient of correlation among those vari-
ables. This led to the selection of TCHL;, LatSPOs,
rSPO, SPO,,.x and PYCyens, which were the best corre-
lated with all other variables in the same category. The
coefficient of correlation ranged from 0-64 to 0-98 in
2009 and from 0-84 to 0-99 in 2010 with all P values
<0-01 (data not shown). The second criterion was the
part of the variance explained by the cultivar, the isolate
and their interaction (Table 3). This led to the selection
of the same variables, except SPO,,.«. These five vari-
ables, along with nbSPO, were considered as the most
informative for assessing aggressiveness traits in M. gra-
minicola.

The correlations among the six selected variables are
listed in Table 3. Correlations between incubation
(TCHL;) and latent period (LatSPOjs) were, as expected,
positive and high. Correlations between latent period
and lesion development rate (rSPO) were also positive
and high; the later the first symptom, the higher its
development rate. Correlations between disease severity
(SPOpmax) and incubation or latent period were negative;
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the earlier the first signs of a lesion (chlorosis or necro-
sis), the greater the sporulating area (SPO,.y). Correla-
tions between pycnidiation (PYCgens) or sporulation
(nbSPO) and incubation (TCHLs) or latent period (Lat-
SPOs) were negative. Therefore, the earlier the first
symptoms (chlorosis or necrosis), the higher the final
density of pycnidia, and the higher the single-pycnidium
spore production.

Figure 3 displays correlations between SPO,,,,, one of
the most used aggressiveness variables in the literature
(Table 1), and the five other variables taken to be the
most relevant. Table 4 is a simplified version of Table 2
and confirms that the six selected variables provide the
complementary information needed to characterize the
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different isolates and cultivars (isolate IPO323 and cv.
Koreli were excluded from this table because of their
low aggressiveness and susceptibility, respectively). For
example, isolate FS1 presented a shorter latent period
and a higher sporulation capacity but a lower pycnidia-
tion than FS3 on Apache, while SPO,,,, was low for
both isolates. Inversely, SPO,,.« was different between
FS1 and FS3 on Caphorn while the other aggressiveness
variables, except TCHLs, were similar. Whatever the
given variable, the overall aggressiveness of FS2 and FS3
was similar on the three cultivars. Taken trait by trait,
the aggressiveness of both isolates was similar on Sois-
sons but differences between several traits existed on
Apache and Caphorn.
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Table 3 Correlation between categorized aggressiveness variables (2009 and 2010 replicates)

% of variance % of variance

Coefficient of correlation® (2009/2010)

explained by explained by
cv + iso all factors and
Aggressiveness  + cv x isO interactions®
Category variable® (2009/2010) (2009/2010) TCHLs LatSPOs5 rSPO SPOmax PYCgens NOSPO
Incubation CHLmax 81.8/88-4 98-3/97-8
TCHLs 81.2/90-6 97-2/99-2 171
TCHLmax 80-2/92-6 98-1/99-1 0-84/0-76
Latency LatNECs 90-7/92-8 99:1/99-4 0-66/0-61
LatNECsq 89-0/86-5 99-1/99-1 0-67/0-57
LatSPOsg 91.4/95-8 99-2/99-5 0-61/0-59 11
LatSPOsq 89-3/94-0 99-0/99-3 0-62/0-55 0-98/0-98
Lesion rNEC 76-9/73-9 97-8/98-1 0-50/0-52 0-68/0-65
development  rSPO 63.7/83-5 95-4/98-2 0-38/0-49 0-42/0-71 7
DelaySPO 84-9/92-2 97-3/99-0 —0-31/-0-54 0-56/0-33 ns/ns
Disease GREmin 80-3/92-4 98-0/99-1 0-72/0-62 0-47/0-62 ns/0-60
severity NECmax 80-2/91-1 97-3/98-8 —0-66/—0-57 —0-41/-0-64 ns/—0-63
SPOmax 69-8/86-2 97-3/98-6 -0-62/-0-52 —0-32/-0-50 —0-33/-0-57 il
audpcNEC 81-4/88-8 98-7/99-7 —0-73/-0-61 —0-72/-0-77 ns/—0-61 0-74/0-83
audpcSPO 83-5/91-1 98-5/99-1 —-0.72/-0-60 -0-70/-0-76 —0-37/-0-62 0-83/0-84
Pycnidiation PYCens 86-5/92-8 98:5/99-5 ns/—0-39  -0-48/-0-78 —0-32/-0-58 0-23/0-70 il
PYCrax 78-1/94-1 97-6/99-2 —0-60/-0-49 -0-56/-0-71 —0-41/-0-57 0-86/0-88 0-64/0-90
Sporulation nbSPO 88-3/75-3 98-5/98-9 ns/—0-52  —0-39/-0-56 ns/ns ns/0-49 ns/0-47 1/1
capacity

2See Table 1 for definitions of variables. The selected variables (in bold) are those which were the most pairwise correlated within the same
category: TCHLs, LatSPOs, rSPO, SPOnax and PYCgens. Only the correlations between these variables (by column) and the 18 others (by line) are

presented.

bev + iso + collect + block + (cv x iso) + (cv x collect) + (cv x block) + (iso x collect) + (iso x block) + (collect x block).
“Underlined correlations are presented in scatter plots (Fig. 3), with a distinction between cultivar and isolates; ns, not significant (P > 0-01).

Table 4 Overview of the aggressiveness variables of three Mycosphaerella graminicola isolates (FS1, FS2, FS3) assessed on wheat cv. Apache (A),

Soissons (S) and Caphorn (C)

Isolate”
. FS1 FS2 FS3
Agressiveness
Category variable® A S C A S C A S C
Incubation TCHLsg + + — + ++ — ++ + +
Latency LatSPOg + + — + + — _ + _
Lesion development rSPO + + + ++ —— + + - +
Disease severity SPOrmax — + - + ++ + _ + +
Pycnidiation PYCaens —— + — - ++ + + ++ —
Sporulation capacity nbSPO ++ ++ + + + + - + +

2See Table 1 for definitions.

®The variable is noted + or — when it contributes to increasing or decreasing the aggressiveness of the pathogen, respectively. Large effects are

denoted by ++ or ——.

Discussion

The approach proposed in this study made it possible
to quantitatively characterize the development of septo-
ria tritici blotch lesions on adult wheat plants through-
out a complete infection cycle. The approach includes
procedures for inoculation, symptom assessment and
data analysis to extract relevant aggressiveness variables.

Plant Pathology (2013)

The method is based on the analysis of the temporal
dynamics of lesion growth, as opposed to a sole time
point assessment. All the aggressiveness variables pro-
vided information about differences between isolates or
cultivars. The direct quantification of only four symp-
toms (CHL, NEC, SPO, PYC), completed by spore
counting (nbSPO), led to the estimation of eighteen
variables. Curve fitting allowed variable estimation
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without the burden of daily observations, as shown for
latent period by Shaner (1980). The high number of
time point assessments was compensated by the low
number of required replicates. Four replicates were
enough to identify differences among isolates or culti-
vars. These differences were consistent from one experi-
ment to another, indicating a good repeatability of the
measurements. The interest of the approach is to assess
concomitantly a complete set of aggressiveness traits,
rather than selecting one a priori as in many studies
(Table 1).

NEC is the easiest symptom to assess visually: the out-
line of necrosis is neater than chlorosis, while the detec-
tion of pycnidia, which can require a hand lens, is not
necessary. NEC,,., would be a highly relevant aggressive-
ness trait provided that the whole necrotic area is actually
caused by M. graminicola. However, disease lesions may
coalesce with natural apical senescence, especially when
lesions appear near the leaf end (Ben Slimane et al.,
2012). As the presence of pycnidia is the only unequivo-
qual symptom of septoria tritici blotch, SPO,,,,« should be
preferred, especially under field conditions, although the
part of explained variance was smaller than for NEC,,,.
Although NEC,,.x and SPO,,., are the variables most
commonly used to characterize wheat-M. graminicola
interaction, other variables are informative and should
also be considered.

Latent period is usually taken to be the time necessary
for a population of lesions, grown under the same condi-
tions, to sporulate (Lovell et al., 2004). Because the
appearance of septoria tritici blotch lesions is not com-
pletely synchronous (Shaw, 1990), and to limit the num-
ber of replicates, latent period was assessed here as the
time by which SPO reaches a given percentage of SPO,,.«
(5 or 50%). Obtained from the SPO equation, LatSPOj5
and LatSPOjso are strongly dependent. LatSPO; was
retained, being closer to the original definition of latent
period (Van der Plank, 1963). Under field conditions, the
latent period cannot be assessed because the date of con-
tamination is often unknown. An alternative could be to
measure DelaySPO, the delay between the observation of
the first symptoms and the peak of pycnidiation, which
is fairly correlated with LatSPOj (Table 3).

The number of spores produced by a pycnidium
(nbSPO)  differed between isolates and cultivars
(Table 2). From only two collection events, Gough
(1978) established that pycnidia released 2-2-5 times
more spores in moderately resistant and susceptible culti-
vars than in resistant cultivars. The method used in the
present study, requiring 5-6 collection events as in the
case of Eyal’s (1971), probably allows a more realistic
estimation of the average sporulation capacity of a pyc-
nidium. Moreover, pycnidia are not homogeneous in
age. Taking into account the dynamics of pycnidium
cohorts would improve the estimation of sporulation
capacity. The variation in the quantity of pycnidia and
spores between isolates and cultivars suggests that spore
production is a variable of interest when seeking to char-
acterize aggressiveness.

Infection efficiency, defined as the ratio of the number
of lesions to the number of deposited spores, is an
important aggressiveness trait (Lannou, 2012). It was not
assessed in the present study because it requires control-
ling the number of spores deposited on the leaf (Azzi-
monti et al., 2013), which is technically very difficult
with M. graminicola.

The identification of the variables considered as the
most informative per category of biological function is
one of the main results of this study. TCHL; (incubation
period), LatSPOs (latent period), rSPO (sporulating area
development rate), SPO,,.« (maximum sporulating area),
PYCyens (pycnidial density) and nbSPO (spore produc-
tion) were selected among 18 variables as the most rele-
vant for describing aggressiveness, based on their
capacity to best represent the other variables of the same
category and on their capacity to discriminate isolates
and cultivars.

Because septoria tritici blotch epidemics are the conse-
quence of several embedded infection cycles (Lovell
et al., 1997), they can be highly impacted by a small var-
iation in one of the six selected aggressiveness traits
investigated at the single monocycle scale. LatSPOs,
which could appear in an estimate of the pathochron
(the number of phyllochrons per latent period; Beresford
& Royle, 1988), and SPO,ax, PYCyens or nbSPO, which
reflect the amount of secondary inoculum, can highly
impact the potential for the disease to build up on upper
leaves. From an epidemiological point of view, the most
useful aggressiveness variables are LatSPOjs, SPO,,,, and
nbSPO, because they provide complementary informa-
tion (Table 4). While PYCye,s and SPO,,. are moder-
ately correlated, these two aggressiveness traits, as well
as rSPO and LatSPOjs, show differences between isolates
and cultivars (Table 4).

Significant positive correlations were found in this
study between several aggressiveness traits of M. gra-
minicola, extending the range of already reported corre-
lations, for example between necrotic area and
pycnidium number (Eyal et al., 1985), latent period,
necrotic area and density of pycnidia (Bouami et al.,
1996), and sporulation capacity and density of pycnidia
(Simon & Cordo, 1997). Oddly enough, no negative cor-
relation was identified, while trade-offs between aggres-
siveness traits are common in a wide range of
pathosystems (Pariaud et al., 2009; Lannou, 2012). This
result does not necessarily mean that such trade-offs do
not exist in M. graminicola; rather, the experimental
design was not intended to reveal them because biologi-
cal material consisted only of four isolates and because
the presence of resistance factors in the host could mask
the expression of trade-offs.

Cultivar x isolate interactions were found for most
aggressiveness variables. Significant interactions were
identified between two virulent isolates (FS2 and FS3)
and two susceptible cultivars (Apache and Soissons).
Both significant interactions (e.g. Cowger & Mundt,
2002) and the absence of interaction (e.g. Van Ginkel &
Scharen, 1988) between isolates of M. graminicola and

Plant Pathology (2013)



Assessment of M. graminicola aggressiveness 11

wheat cultivars have previously been reported. The
occurrence of cultivar x isolate interactions confirms
that the assessment of several variables, rather than a
single one, is necessary, if the aggressiveness of an isolate
or the resistance level of a wheat cultivar is to be accu-
rately characterized.

The approach proposed in this study is recommended
to accurately measure quantitative traits of aggressive-
ness in M. graminicola. Such a measurement is required
for instance to accurately characterize the level of quanti-
tative resistance of wheat cultivars, to more fully charac-
terize pathogen response to environment and host
factors, and to better assess differences in aggressiveness
of M. graminicola isolates within a pathogen population.

The approach detailed in this study can be useful for
characterizing partial resistance and identifying QTL in
controlled conditions. Plants need examining only twice
a week, based on a continuous thermal scale. The accu-
rate assessment of aggressiveness quantitative traits of
M. graminicola by phenotyping on adult wheat plants
can be seen as complementary to seedling (Czembor
et al., 2010; Ghaffary et al, 2011) or detached
(Arraiano & Brown, 2006) leaf tests, which make it
possible to carry out high-throughput phenotyping, but
are not adapted for detecting low-effect resistance QTLs
at the adult plant stage.

From another point of view, research carried out to
characterize M. graminicola—wheat interactions and
defence mechanisms requires the accurate assessment of
the transitions between the absence of symptoms, the
chlorotic phase, the necrotic phase, and the appearance
of the first pycnidia (e.g. Keon et al., 2007). Such transi-
tion periods are short when compared to the overall time
scale of disease dynamics and they are not easily quanti-
fiable. To relate gene expression to specific symptoms or
symptom transition, these periods must be accurately
characterized.

The approach proposed in this study can also be useful
for the study of M. graminicola quantitative adaptation
to its host (Cowger et al., 2000) or to its environment,
including temperature (Zhan & McDonald, 2011), atmo-
spheric gas emission (Shaw et al., 2008), light intensity
and relative humidity (Shaw, 1991). Such studies have to
include different fitness traits that can be assessed by the
selected aggressiveness variables. The fact that a host
effect as well as a host—isolate interaction has been easily
identified for several of these variables suggest that
they could provide a good measure of the fitness of
M. graminicola in different conditions.
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