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LOCALIZED SEPTORIA LEAF BLOTCH LESIONS IN WINTER WHEAT
FLAG LEAF DO NOT ACCELERATE APICAL SENESCENCE DURING
THE NECROTROPHIC STAGE
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SUMMARY

Mycosphaerella graminicola, the most damaging dis-
ease of wheat in Northern Europe, induces yield or
grain quality losses usually related to green area losses.
This work aims at clarifying whether induced senes-
cence is due to an acceleration of apical senescence and
thus to a modification of the leaf nitrogen remobiliza-
tion rate. The effect on apical leaf senescence of a re-
stricted diseased leaf area was investigated. The experi-
ment involved four winter wheat cultivars varying in
their susceptibility to four M. graminicola isolates. Flag
leaves were inoculated at a dose representative of field
epidemics. As soon as symptoms appeared, dynamics of
apical senescence (Sap7) and around the inoculation
zone (Ssep) were measured by repeatedly taking digital
photos until senescent areas merged. Ssep trends were
fit to a logistic function whose parameters depended on
cultivarxisolate interactions. Disease severities ranged
from 0 to 24% total leaf area. Apical senescence fol-
lowed an exponential pattern in control and inoculated
leaves. Sapi was twice as great in inoculated shoots as in
controls, even when no disease occurred. The relative
rate of Sap: depended on the cultivar, but no isolate ef-
fect was detected despite wide variations in Ssep extent.
Paired comparisons between inoculated and control
leaves showed that the relative rate of Saps was not in-
creased by inoculation. It is concluded, that over a wide
range of Septoria disease, apical senescence was not ac-
celerated in inoculated leaves as compared to control.
Results suggest that the disease did not modify the regu-
lation of leaf N remobilization rate.
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INTRODUCTION
Septoria leaf blotch (SLB), caused by the
hemibiotrophic  fungus Mycosphaerella  graminicola

(Fiickel) Schroeter (anamorph Septoria tritici Rob. ex
Desm.), is among the most frequent and damaging foliar
diseases of wheat (Triticum aestivum) in Northern Eu-
rope. The main damage to plant functioning caused by
SLB is a decrease in green leaf area [GLA (Robert ez al.,
2004)]. Disease usually expands after maximum GLA is
reached, shortening the green leaf area duration (LAD)
more specifically during grain filling. Gaunt (1995) stat-
ed that LAD shortening by pathogens is closely related
to the lower photosynthesis balance after anthesis, and
therefore to grain yield losses, which can reach 60% in
susceptible cultivars (Cornish e# al., 1990). By contrast,
the correlation between LAD and grain protein concen-
tration (GPC) has been shown to vary with environment,
genotype and disease severity (Dimmock and Gooding,
2002). In diseased crops, GPC (the main quality index in
wheat trading) becomes unpredictable as it sometimes
increases but more often decreases following SLB at-
tacks. In this context, Bancal et a/. (2008) pointed out
that the decrease in GLA affected differently the two ni-
trogen (N) sources for grain filling, i.e. post-anthesis N
uptake and N remobilization. The relative contribution
of each of these to N grain filling can vary widely with
environment and genotype. To make a robust prediction
of GPC, GLA decrease should be separately compared
to N uptake, N remobilization and carbon assimilation.
It may be worth modeling GLA dynamically in the
absence and presence of SLB. After anthesis, leaves do
senesce in healthy plants; N is remobilized to fill the
grain, while GLA progressively declines. The mecha-
nisms involved in the control of natural senescence have
not been thoroughly described and are still not well un-
derstood. Most reports suggest that control is located in
the vegetative parts, which are the main N sources for
grain filling through remobilization (Gan and Amasino,
1997; Gregersen et al., 2008; Masclaux-Daubresse ef al.,
2008). Then when no disease occurs, N fluxes within
the whole plant are related to natural leaf senescence,
which in cereals progresses from the leaf apex to the
ligulae (apical senescence). Most papers dealing with
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leaf diseases are based on an overall assessment of
senescence from which healthy control senescence is
subtracted. In diseased leaves, however, apical senes-
cence may itself be affected by diseases, and thus should
be differentiated from local senescence around the in-
fection point, as they involve different physiological per-
turbations.

SLB symptoms sensu stricto (necrotic area dotted
with pycnidia) develop around the infection sites and
can be directly attributed to damage by the fungus to
the plant tissues. Tavernier et a/. (2007) observed a con-
siderable decrease in chlorophyll and protein content
coinciding with the appearance of anthracnose symp-
toms in pea leaves when the fungus Colletotrichum: lin-
demuthianum shifted from its biotrophic to its
necrotrophic stage. The spread of local senescence be-
yond the pycnidia area has also been reported in SLB
(Gooding et al., 2005; Leitch and Jenkins, 1995). A pos-
sible scenario in this adjacent zone is that pathogens in-
duce senescence through the release of toxic products
causing pathogenesis near the infection points rather
than through a direct interaction with plant tissues.
Hence, Talbot et al (1997) found that rice leaves
showed a pronounced senescence 48 h after applying
culture filtrate extracts of Magnaporthe grisea. The in-
volvement of toxins in M. graminicolaxwheat interac-
tion is suspected, but to our knowledge it has not yet
been firmly established. Local senescence is thus clearly
induced by the disease, whereas the pathogen’s influ-
ence on remote apical senescence is less clear. Even if
apical senescence remains more or less controlled in dis-
eased just as in healthy leaves, senescence control could
itself be affected by external factors such as pathogen
attack (Quirino ez al., 2000). One hypothesis that could
support increased apical senescence in diseased leaves is
that the pathogen diverts nutrients from the leaves for
its own growth. The pathogen thus acts as an additional
N sink and the plant might maintain the rate of grain N
filling by accelerating N leaf depletion (Pageau et al.,
2006). While biotrophic fungi are the plant pathogens
most cited as new sinks (Pageau ez al, 20006),
hemibiotrophic fungi with a long biotrophic latent peri-
od like M. graminicola may also act as new sinks inter-
fering with plant functioning.

At the leaf scale, the components of senescence
should be separated into apical senescence and local
senescence, because they result from different physio-
logical processes: reaction to pathogen infection for lo-
cal senescence versus whole plant N balances for apical
senescence. However, independent assessments of api-
cal senescence and SLB lesions are difficult to obtain in
field experiments after the early stages of disease devel-
opment. Infection points are scattered over the whole
leaf area so that infected areas rapidly merge with apical
senescence.

The aim of this article is to investigate the effect of a
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M. graminicola infection on the dynamics of apical
senescence, using localized inoculation on a restricted
leaf area and in the long term to model the effects of the
disease on GLA loss. In the literature, inoculation fre-
quently leads to explosive diseases with much higher in-
fection rates than those encountered in the field. The in-
oculum concentrations used in artificial contamination
are usually very high (107 conidia/ml) and are applied to
the entire leaf area, which is hardly comparable with
natural contamination events. In such conditions,
Robert ez al. (2004) observed an increase in apical
senescence, but separation between senescences was ob-
tained only at the very beginning of the rapidly advanc-
ing disease. In the study presented here, restricted areas
on flag leaves of different winter wheat cultivars were
inoculated using different M. graminicola isolates at a
low inoculum concentration, probably close to natural
conditions. A range of compatible interactions between
plant and pathogen was thus obtained. Non destructive
assessments were repeated to characterize the senes-
cence kinetics of both inoculated zone and leaf apex on
the same leaves. We tested whether or not apical senes-
cence showed a pattern in diseased leaves different from
that in healthy ones. If SLB affects apical senescence,
then all N remobilization fluxes in the plant should be
modified in future models. Otherwise the fungus con-
trols senescence only in the pycnidia area and the adja-
cent zone.

MATERIALS AND METHODS

Greenhouse experiment design. The greenhouse ex-
periment involved four winter wheat cultivars varying in
their susceptibility to SLB: cvs Soissons and Apache are
recorded as moderately susceptible (resistance rating 5),
while cvs Koreli and Caphorn are classified as resistant
and moderately resistant respectively (resistance rating 7
and 6).

Four isolates of M. graminicola were used. Three of
them were recovered from typical SLB lesions on wheat
leaves of cv. Soissons collected in 2008 in both Grignon
(Yvelines, France) (isolate INRAO08-FS0001 and IN-
RA08-FS0002) and Le Rheu (Ille-et-Vilaine, France)
(isolate INRA08-FS0003). The fourth one was the refer-
ence isolate IPO323 (Kema and Van Silthout, 1997).

Plant preparation. Seeds of cvs Soissons, Apache and
Caphorn were sown in Jiffy peat pots at a rate of two
seeds per pot, on December 5th 2008; seeds of cv. Kore-
li were sown one week later. Seedlings were kept for
eight weeks at 8°C with a 10 h light period and a 14 h
dark period for vernalization. They were then trans-
ferred to square pots (1.1 1) filled with commercial com-
post (Klasmann substrate 4; Klasmann, France), fertil-
ized with 4 g Osmocote Exact (16N 11P 11K 3MgO
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Te), and placed in the greenhouse. The plants were fer-
tilized twice with a commercial nutrient solution (1 1
Hydrokani C2) diluted 1/100 and applied in the pot
saucers five and seven weeks after the seedlings had
been transferred to the greenhouse.

Daylight was complemented by 400-W sodium lamps
to obtain 9 h of dark and 15 h of light. Temperature was
regulated by a cooling system at 12°C at night and 20°C
by day. Greenhouse air temperature was registered au-
tomatically every 15 min. Thermal time, expressed in
degree-days (°Cd), was calculated by totaling daily
mean air temperature using a 0°C base temperature.

Treatments against aphids (A-Cyhalothrin, 1 mg/l;
Pyrimicarb 20 mg/1) were applied regularly. A preven-
tive treatment against powdery mildew (Ethyrimol, 2
ml/l; Quinoxyfen, 1 g/l) was applied immediately after
the vernalization phase and repeated three weeks later.
Secondary tillers were cut and only two shoots were
kept per plant, from which the first (the main shoot)
was inoculated and the second used as control.

Inoculum preparation and inoculation. Inoculation
was performed at heading stage for cv. Caphorn, and at
anthesis for Apache, Koreli and Soissons. The inocula
were obtained from stock conidial suspensions of the
four M. graminicola isolates. Subcultures were grown in
Petri dishes containing potato dextrose agar (39 g/) at
20°C in total darkness. Conidia suspensions were pre-
pared on the day of inoculation by flooding the surfaces
of 5-day-old cultures with sterile distilled water, then
scraping the agar surface using a sterilized glass rod to
release conidia. The resulting suspensions were adjusted
to the desired concentration by dilution, using a haemo-
cytometer (Malassez cell). Two drops of surfactant poly-
oxyethylene sorbitan monolaurate (Tween 20, Sigma,
USA) were added per 100 ml of inoculum. Conidial sus-
pensions were applied on April 14th 2009 to the adaxial
face of tagged flag leaf blades of the main shoot. A
paintbrush was used to apply the suspension, using a
piece of plastic with a square opening (25x25 mm) to
delimit the surface of inoculation. The leaf was thus in-
oculated along a 2.5 cm long section (3.5 to 4.5 cm? de-
pending on the average width in the middle part of the
leaf). After spraying, the inoculated side of the leaf was
marked with a small white sticker, turned over to avoid
inoculum suspension trickling, and enclosed for 72 h in
a transparent polyethylene bag containing a small
amount of distilled water, sealed to maintain high hu-
midity to promote infection. Additional lamps were re-
moved during the three days of bagging to avoid high
temperature and increase air humidity in the bags. Each
cultivar x isolate combination was replicated four times.
This gave a set of 64 inoculated plants.

Assessment of diseased and senescent areas. From
the appearance of the first symptoms (chlorosis, necro-
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sis and pycnidia), the development of apical senescence
on inoculated and controls leaves and SLB lesions on
inoculated leaves were photographed and measured by
numerical image analysis at a resolution at 1000
pixels/inch. The device consisted of a digital camera fit-
ted in a closed body, the inside of which was equipped
with light emitting diodes (LED) providing a polychro-
matic white light. The benefit of this device was to keep
photos essentially free from the external monochromat-
ic light from the sodium lamps of the greenhouse. Pho-
tos were taken on a blue ground for easily separating
leaves by image analysis. The pictures were about 10 cm
long, so several pictures were added to obtain each sin-
gle leaf assessment. Assessments were carried out until
all plants were completely senescent: inoculated shoots
were assessed up to 10 times. In most cases, inoculated
and control shoots were assessed on the same day. The
assessments dates were expressed in °Cd after inocula-
tion.

Image analysis. In order to eliminate color domi-
nance, the white color was adjusted prior to any image
analysis, using a control area within each picture. The
resolution was then decreased to 700 pixels/inch, pre-
cise enough to allow analysis with Assess software. Re-
sults were obtained in pixels and ratios to whole leaf
blade area (%LA) of green and senescent areas were
calculated. Two kinds of symptoms were measured:
senescent area at leaf apex (Sap7) and SLB lesions
around the inoculation zone, with or without pycnidia
(Ssep). Image analysis was performed according to each
picture, and then results were added up for each leaf.
At later stages senescent areas merged; results therefore
are based on an average of only six fair assessments of
Sapi and Ssep on the inoculated leaves.

Statistical analyses and data transformation. The da-
ta variances were compared between cultivars and be-
tween isolates using Cochran’s and Bartlett’s test, lead-
ing us in some cases to log-transform the raw data. The
normality of the data sets was then checked using a
skewness and kurtosis test. When data sets were not
normal, the equality of medians was compared using the
Kruskal-Wallis test to investigate the effects of cultivars
and isolates. Normal data sets were compared by analy-
sis of variance (ANOVA) and of covariance. Interaction
between Saps and Ssep kinetics was investigated by
analysis of covariance using the logarithm of Ssep AUD-
PC as a covariate.

The Ssep kinetics versus time expressed after inocula-
tion was adjusted for every shoot to a logistic function
of time t with r? at 0.98 on average:

Ssep = Msep/[1 + e Rsep-(Tiep-0)]
where Msep is the asymptotic plateau reached by Ssep,
Rsep the initial relative growth rate, and Tsep the time at
the inflection point when Ssep reached Msep/2. Statisti-
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cal analyses were performed on these three parameters
as well as on raw Ssep data.

The Sap: kinetics was adjusted for every shoot to an
exponential function of time: data were log-transformed
so that the parameters could be estimated from linear
regression with r? at 0.97 on average. The slope repre-
sents the relative rate of apical senescence Raps while
the intercept is the logarithm of apical senescence at the
inoculation date. Statistical analyses were performed on
these two parameters as well as on raw Sap7 data.

RESULTS

The first SLB symptoms occurred 24 days after inoc-
ulation (405°Cd). Senescent areas were assessed for the
next 50 days. Some leaves still showed distinguishable
senescent areas until 1244°Cd, but in most cases senes-
cent areas merged long before that, impairing discrimi-
nation between Ssep and Sapz symptoms by image analy-
sis. Averaged results per treatment are therefore pre-
sented in the present paper at 1003°Cd, using either
raw data still available for 36 shoots, or extrapolations
at this date for the 28 shoots exhibiting early area merg-
ing. Extrapolations were obtained from fitting of symp-
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toms as described below. Hence, disease symptoms and
apical senescence were analyzed at the two key dates:
405°Cd and 1003°Cd, before being fitted in order to
analyze kinetics parameters.

Necrosis at the restricted inoculated area. Analysis
of the beginning and the end of septoria development.
(a) At 405°Cd post-inoculation. At 405°Cd, the first as-
sessment date, one half of the inoculated shoots exhibit-
ed disease necrosis, but with wide variations between
and within treatments (Table 1). At this stage, the resist-
ant cvs Caphorn and Koreli (Ssep less than 0.1 cm?)
were already differentiated from the susceptible Apache
and Soissons (Ssep 0.3 cm? on average, zZe. 0.8 %LA).
Isolate IPO323 led to smaller Ssep (0.01 cm?) than did
INRAO8-FS0001, INRAO08-FS0002 and INRAOS-
FS0003, which did not differ from each other (0.21
cm?).

(b) Az 1003°Cd post-inoculation. At 1003°Cd, 51 of
the 64 inoculated shoots exhibited SLB around the re-
stricted inoculated area. With one exception, all shoots
that did not show symptoms had been inoculated with
IPO323 isolate. No necrosis was ever observed on re-
sistant cvs Caphorn and Koreli inoculated with IPO323.
Including inoculated shoots where necrosis did not oc-

Table 1. Necrosis at inoculation zone (Ssep): measurements at 405°Cd and 1003°Cd after inoculation and

results of logistic fitting.

Cultivar/Isolate Measurements (cm?) Parameters from logistic fitting

S 405°Cd S 1003°Cd M; R T ki

sep at 2 sep at d sep sep sep
(cm?) (cm?) (em?)  (°Cd’)  (°Cd) ATEE
cm cm cm °Cd i
(dm?°Cd)

Apache 0.34 ¢ 3.4 ab 5.0 ab 0.008ab 825a 10.8b
Caphorn 0.06b 20a 35a 0.006 a 953ab 4.1a
Koreli 0.00a 2.0a 4.7ab  0.013b 1024b 2.1a
Soissons 0.24 ¢ 4.7b 7.9b 0.008ab 849ab 12.1b
INRAO08-FS0001 0.20 g 34 B 61 p 0009 ¢ 920 ¢ 93 p
INRAO0S-FS0002 023 P 40 P 71 B 0010 940 o 89 P
INRAO8-FS0003 021 P 42 p 71 p 0011 o« 909 a 101 P
1IPO323 0.01 « 0.6 o 09 « 0006 o 719 o 1.4 «

Data averaged by cultivar or by isolate are indicated with results of variance analysis. The letter after the mean indicates no signifi-
cant difference with the Bonferroni test at 5%. Greek letters refer to isolate effect, while Latin letters refer to cultivar effect.
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cur, Ssep reached an average of 3.1 cm? (7.5 %LA).
When Ssep and Sap: merged, a maximum Ssep level of
24 %LA was recorded. Data for Ssep were homoscedas-
tic, permitting the use of the Kruskal-Wallis test without
log-transformation. Statistical analyses on both Ssep lev-
el and AUDPC at 1003°Cd essentially confirmed what
was observed at 405°Cd. Caphorn and Koreli were
more resistant than Apache and Soissons (p<10), while
the isolate effect (p<104) could be explained by the
lesser virulence of IPO323.

Analysis of parameters of the fitted logistic function.
The wide variation in earliness and severity within each
treatment made statistical comparison between them dif-
ficult. However, the overall evolution of Ssep over time
followed the ascending part of a sigmoid curve, which
justifies the fitting of a logistic function to individual leaf
data sets. When the different senescent zones merged,
necrosis had extended beyond the 4 ¢cm? initially inocu-
lated. At that time however, Ssep accounted only for
around two thirds of the asymptotic plateau Msep, which
was actually never reached. Nonetheless, the Msep mag-
nitude remained realistic (from 8 to 20 %LA). Moreover

Ben Slimane et al. 547

Msep, unlike Rsep and Tsep, was significantly correlated
to Ssep AUDPC (r? = 0.47; p<104, data not shown), sug-
gesting it was adequately fitted. The parameters obtained
from the fitting were then statistically compared (Table
1). Two-way ANOVA on Msep highlighted the weaker re-
sistance of cv. Soissons compared to Caphorn (p<0.05)
and the lesser virulence of TPO323 compared to IN-
RA08-FS0001, INRAO08-FS0002 and INRAO0S-FS0003
(p<104), while no interaction was identified (p>0.05).
The Rsep parameter, initial relative rate of Ssep, was very
variable owing to the behavior of cv. Koreli (Table 1): in
this cultivar, either no SLB symptom occurred and Rsep
was then estimated as nil, or Ssep extended much more
rapidly (median 18:103°Cd") than in other cultivars,
which did not differ from each other (median
7-102°Cd’!; p>0.05). No significant isolate effect was ob-
served on Rsep (p>0.05). Lastly, inflection time Tsep (data
not shown) was not defined for the 11 inoculated shoots
which did not exhibit disease. In the other cases Ssep was
generally assessed until Tsep was bypassed; Tsep was then
accurately fitted to values around 80°Cd before senescent
areas merged. Two-way ANOVA on Tsep suggested that
disease extended 200°Cd later in cv. Koreli (median at
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Fig. 1. Box plots for area of apical senescence (Sapz) in cm? at 405°Cd (a, b) and 1003°Cd (c, d) by control (a, ¢) and inoculated
shoots (b, d) for each cultivar. The various isolates are pooled up. Boxes show the range between first and third quartile of the
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1018°Cd) than in cv. Apache (median at 820°Cd); howev-
er the difference was hardly significant (p < 0.05). No sig-
nificant difference was assigned to isolates (p>0.05),
while defective data sets did not allow us to test whether
there was an interaction between cultivar and isolate on
this parameter.

Apical senescence. Results of apical senescence ki-
netics follow the same outline than those of septoria ki-
netics shown above: at the beginning of the epidemics
(at 405°Cd), when senescence started to merge with dis-
ease symptoms (at 1003°Cd) and analysis of the overall
senescence kinetics.

Analysis of apical senescence at the beginning and the
end of septoria development. (a) At 405°Cd post-inocula-
tion. At 405°Cd, when septoria leaf blotch necrosis first
appeared, apical senescence had already started (Fig. 1a,
b); it was more developed in cv. Apache, with Sapz cov-
ering on average 3.5 cm? (8.6 %LA), and less in cv.
Caphorn (0.7 cm?; 1.5 %LA). This cultivar effect was
highly significant (p <104). Inoculated leaves were sig-
nificantly more senescent than the control ones (p <
0.01), but with no isolate effect (p > 0.05). The higher
Sapi of inoculated shoots at 405°Cd was also observed
by paired comparison of the inoculated and control
shoots in each plant (p < 0.001).

(b) Az 1003°Cd post-inoculation. At 1003°Cd, inocu-
lated shoots exhibited more Sap: than controls, accord-
ing to ANOVA and paired comparison (p<0.001), with
Sapi reaching an average of 9.5 and 14.5 cm? in control
and inoculated shoot respectively (23 and 35 %LA) (Fig.
1c, d). Analysis of covariance of Sap7 using Ssep AUDPC
as covariate, led to the same conclusion as ANOVA
though with no difference between isolates (p>0.05).
Plotting Sap: against Ssep also implied the same result:
the Sapi ratio of inoculated to control shoots was higher
than 1 in most cases, but it did not correlate with septo-
ria severity (Fig. 2a). The correlation was no more signif-
icant when Sapi was expressed directly as %LA (Fig.
2b), even though a very low correlation was detected
when excluding shoots without disease: Sapi =
27%+0.8xSsep (r?=0.12; p<0.05). Paradoxically, paired
comparison conducted only on cvs Caphorn and Koreli
inoculated with isolate TPO323 still indicated a higher
Sapi in inoculated than in control shoots (p<0.05) even
though no SLB symptoms were detected in this case.

Both Sapi level and AUDPC (data not shown)
showed that apical senescence was more advanced in cv.
Apache than in the other cultivars, as confirmed by
ANOVA (p<104). Analysis of covariance of Sapi using
Ssep AUDPC as covariate confirmed this finding
(p<104). Isolates were not found to differ in their effect
on Sapi level or AUDPC (p>0.05) and no interaction
was detected between the cultivar and isolate effects
(p>0.05).
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In conclusion, apical senescence was clearly more ad-
vanced in inoculated shoots at least after 405°Cd when
the first SLB necrosis appeared in susceptible cultivars.
Nevertheless, the wide Ssep variations observed in this
experiment did not result in clear differences in apical
senescence. This could be analyzed either as an absence
of relationship between Ssep and Sapz, or as a too wide
variability between and within cultivarxisolate combina-
tions, preventing any significant correlation from show-

ing up.

Apical senescence kinetics. Before it merged with
Ssep, the Sapi kinetics followed an exponential curve;
data were thus log-transformed and linearly related to
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Fig. 2. Relationship between disease severity (Ssep in %LA)
and apical senescence (Sapz) during necrotrophic stage. Apical
senescence is compared either to Sap7 in corresponding control
shoot (a) or to total area of infected leaf (b). Data obtained
405°Cd after inoculation are reported as white circles, and data
obtained at 1003°Cd as black triangles.
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thermal time. The effects of cultivar and isolate on the
intercept and slope of this relationship were then statis-
tically analyzed. The slope of regression (Fig. 3a, b) was
a measurement of Rapz, the relative rate of apical senes-
cence, while intercept can be regarded as the logarithm
of Sapi on the day of inoculation (Fig. 3¢, d). A signifi-
cant cultivar effect was found on the slope (p<10),
with apical senescence proceeding more slowly in cv.
Apache and more quickly in cv. Caphorn (average
2.7-10” and 5.0-10%°Cd! respectively). However, no ef-
fect of inoculation (p>0.05) or interaction between the
two factors (p>0.05) was found. Nor did paired com-
parison between inoculated and control shoots show
any senescence acceleration in inoculated shoots
(p>0.05). Neither Ssep level at 1003°Cd nor its AUDPC
were accepted as covariate for Rap: (p>0.05), and no
correlation appeared when plotting Rap7 directly against
either Ssep level at 1003°Cd or its AUDPC (data not
shown); both results indicated that Rap: was not affect-
ed by Ssep. The intercept was linked to Sap7 at inocula-
tion day; the significant effect of cultivar on intercept
(p<10*) thus suggests that Sapi was already more ad-
vanced in cv. Apache, scoring a median value of 1.2
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cm?, and less in cv. Caphorn (0.1 cm?), than in cvs Sois-
sons and Koreli (0.3 cm?). Intercept also suggests that
Sapi was already higher in inoculated shoots than in
controls, amounting up to 0.4 and 0.2 cm? respectively.
The difference was small enough to explain why it was
not observed experimentally when the leaves were se-
lected, but it was nevertheless significant (p<0.001). By
contrast, the isolate effect was not significant at 5% lev-
el, and no interaction was found between cultivar and
isolate (p>0.05). Paired comparison between inoculated
and control shoots also suggested that Sap7 was already
less in the control shoots at the time of inoculation
(p<104). Hence, if the Sapi kinetic established during
the necrotrophic phase already applied before, then api-
cal senescence already differed between inoculated and
control shoots when inoculation occurred.

Altogether, these results strongly show that apical
senescence was not accelerated by disease once SLB
necrosis was recorded. The higher Sap7 level in inoculat-
ed shoots compared to control shoots throughout the
experiment was probably due to a difference already
observed at 405°Cd. The effect of inoculation on Sap:
during the necrotrophic stage should therefore be re-
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garded as hastening the start of apical senescence rather
than accelerating it. The shift in apical senescence due
to inoculation, Tap7, was then calculated for each plant
by comparing the control and inoculated shoots. A sig-
nificant effect of cultivar in Sap7 anticipation was ob-
served (p<0.01), with Tap: median at 2°Cd in cv. Koreli
vs. 178°Cd in cv. Caphorn. The isolate effect was not
significant at 5% level, and no interaction was found
between cultivar and inoculation (p>0.05). Lastly, no
correlation appeared between Tapi and either Ssep level
at 1003°Cd or its AUDPC (data not shown). Senescence
anticipation linked to inoculation was thus more or less
affected by plant cultivar, but it could not be quantita-
tively related to M. graminicola symptoms.

DISCUSSION

The present study assessed the effect on apical leaf
senescence of a localized M. graminicola inoculation re-
sulting in a restricted area of diseased leaf (4 cm? on av-
erage). It involved several wheat cultivars varying in
their susceptibility to SLB.

Symptom kinetics were in the same range of magni-
tude as those observed in the field. Relative rates Rsep
ranged from 2-102°Cd! to 31-:102°Cd’!, as in Bancal ez
al. (2007), and Msep ranged from 1 to 39 %LA, as in
Lovell et al. (2004). It contrasted with some previous
studies where M. graminicola was inoculated to induce a
massive, rapid disease development. In the present
study, inoculum concentration was adjusted to a concen-
tration 10° spores/ml, only one thousandth the dose
used by Robert (2003) but close to that usually observed
in natural conditions (Suffert and Sache, 2011). While
disease severity is usually positively correlated with in-
oculum concentration at a given assessment point
(Chungu et al., 2001), increased inoculum concentration
makes symptoms develop either faster or earlier. The
median of fitted Msep in our work was 11 %LA, where-
as severities of up to 100 %LA are reported in the litera-
ture. Such levels are attainable only when apical senes-
cence is negligible, i.e. when disease develops soon after
inoculation. For instance, Magboul ez al. (1992) report-
ed that symptoms appeared around 10 days after inocu-
lation at 20°C (200°Cd) and the inflection point oc-
curred 10 days later, twice as early as reported here. Lo-
gistic fitting reported by Magboul ez al. (1992) also sug-
gested Rsep was around 20-102°Cd-!, twice as high as
the median of our data. In the present study, as the
plants were not overwhelmed by sudden disease, varying
resistance levels differentiated between the cultivars.
Rsep was low in the case of cv. Caphorn, in other words
disease developed more slowly in this cultivar. Rsep was
much higher in cv. Koreli, but it was compensated by a
later inflection point; disease developed rapidly, but late.
In both cvs Caphorn and Koreli some of the plants
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failed to develop any Ssep symptoms; resistance involved
not only disease development but also probably either
the triggering of necrotrophic phase or the success of
the initial infection. These differences in the ways plants
resist, as well as in the virulence of the M. graminicola
isolates, increased the variability in the ratio between
SLB and natural senescence. For example Ssep AUDPC
was one third of Sapi AUDPC for susceptible cv. Sois-
sons compared to only 7% for resistant cv. Koreli.

During the necrotrophic stage the level of apical
senescence in inoculated shoots was approximately
twice that of controls at each assessment. However, this
increase in Sapi was little or not at all related to the
varying Ssep levels or AUDPC obtained by resistance or
virulence tested. Moreover, exponential fitting of Sap:
indicated no difference in its relative rate between con-
trols and inoculated shoots. The difference in the devel-
opment of Sap: comes only from its fitted intercept, sug-
gesting that Saps was anticipated rather than accelerated
once necrotic lesions of disease had appeared. Higher
intercepts of Sap: in inoculated shoots also suggested
that corresponding Sap7 was already greater on the day
of inoculation. Two alternative hypotheses could ex-
plain this last result: (i) if extrapolation is valid from 0
to 405°Cd, an experimental bias should be suspected.
For instance, the inoculation treatment was, unwittingly,
always performed on the main shoot rather than on ran-
domly selected shoots. As the main shoot is older than
tillers, the difference in apical senescence between inoc-
ulated and control shoots, Tapz, would then reflect the
age difference between main shoot and tillers; (ii) oth-
erwise it could be that firstly Saps had been accelerated
before 405°Cd, i.e. during the asymptomatic phase, and
then this acceleration had ended when the assessments
began. This hypothesis may be corroborated by the fact
that M. graminicola is associated with a long latent peri-
od, which can last several weeks after inoculation. This
has been referred to as hemibiotrophic, assuming that
the fungus is successfully acquiring sufficient nutrients
from living tissue during the symptomless growth phase.
Sapi could be affected during this early stage. However,
it is difficult to attribute a precise physiological stage to
405°Cd. For instance, necrosis began at this time in
some, but not all cultivarxisolate combinations. Re-
markably, cvs Caphorn and Koreli inoculated with iso-
late IPO323 exhibited greater Sap: after inoculation de-
spite they did not develop disease symptoms yet.

The consequences of the above two hypotheses differ
in terms of leaf senescence and N mobilization, so fur-
ther studies focusing on the biotrophic stage are needed
to choose between them. In our study no clear relation-
ship was observed between Saps and Ssep during the
necrotrophic stage. The first hypothesis would suggest
that the rate of apical senescence was not affected by
disease. However, apical senescence is the way leaves re-
mobilize N to fill the grains. Thus the absence of varia-
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tion in Sap7 kinetics suggests that SLB does not directly
influence the rate of N remobilization. Grain N filling
in diseased plants would thus proceed unchanged until
Sapi and Ssep merge. Only at this later stage would grain
filling suddenly decline because N in Ssep area is proba-
bly unavailable for grain filling. These assumptions
should be checked by further experiments, but they are
supported by the high N content frequently found in
diseased leaves at harvest, suggesting that N blockage
occurs late in these tissues (Garry ez al., 1996; Bancal et
al., 2008).

By contrast, the second hypothesis implies that Sapi
was increased at an early stage by inoculation. The litera-
ture reports that senescence is accelerated by biotrophic
fungi, but to our knowledge this senescence occurs
around the inoculation point, not at the leaf apex
(Robert et al., 2005). Some time before 405°Cd, Sapi was
no longer accelerated, as shown by an unchanged Rapy,
but it remained more advanced in inoculated leaves than
in controls throughout the necrotrophic stage, owing to
its exponential kinetic. However, the absence of a clear
relationship between Sap7 and Ssep is quite puzzling if
we take this second hypothesis. If disease had increased
apical senescence during the biotrophic stage, a relation-
ship between the resulting Sap7 and the level of Ssep de-
veloping later could be expected. It is possible that such
a relationship was masked by plant-to-plant variations,
as each cultivarxisolate combination was replicated only
four times.

Even taking the first hypothesis in which apical
senescence proceeds unaffected by disease, this should
not suggest that leaf senescence was only located at its
tip. In healthy leaves, N concentration remains quite ho-
mogeneous throughout blade length (Bertheloot e al.,
2008), although progressively declining as the grains fill.
Leaf senescence is a highly integrated process, eliminat-
ing the green surface only at the apex but involving all
leaf cells (Bernard et al., 2008). Disease obviously re-
moves some tissue from the natural senescence process;
therefore if the latter proceeds unaffected, the missing
tissue must somehow be compensated for, which could
involve N metabolism in the local area of induced senes-
cence. In an attempt to separate the components of in-
duced senescence in the case of SLB, our work only
considered the effects of the disease on the rate of api-
cal senescence Sapz. However, our results suggest that
local senescence induced around the inoculation zone
Ssep was directly responsible for the loss of GLA by dis-
ease. Further research should concentrate on the deter-
minants of local senescence.

Local senescence appears heterogeneous, as it proba-
bly includes both the necrotic area round the pycnidia
and senescence developing in an adjacent zone all
around. This would explain why Ssep extended beyond
the inoculated area. Previous studies mentioning accel-
erated or anticipated senescence due to disease usually
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consider plants where apical senescence remains negli-
gible. For those authors, induced senescence probably
meant local senescence (pycnidia area+adjacent zone)
with no apical senescence. Kema ez al. (1996) suggest
that necrosis in the pycnidia area and in adjacent zone
might not respond to the same determinants. For in-
stance, fungal toxins were previously supposed to play a
role in the case of Septoria tritici (Shetty et al., 2007)
and have been characterized in several pathosystems
that involve necrotrophs (van Baarlen et al., 2004; Wang
et al., 1996; Navarre and Wolpert, 1999). On the other
hand, necrosis in the adjacent zone resembles the hyper-
sensitive response (HR) that has been characterized as a
plant reaction with various pathogens (Pontier ez al.,
1999). Other studies have mentioned HR-like cell death
as a feature of disease susceptibility that may facilitate
plant infection by various necrotrophic pathogens
(Govrin and Levine, 2000; van Baarlen ez /., 2004), in-
cluding SLB (Keon ez al., 2007). Study of local senes-
cence will require efficient characterization of both the
pycnidia area and the adjacent zone. An image analysis
program would make it possible to separate the pycni-
dia area from the adjacent zone with some precision.
The diseased area could be considered on the basis of
pycnidia coverage (density, number). A complementary
method would be to directly quantify the fungus bio-
mass by qPCR, as this was recently shown to correlate
well with area dotted by pycnidia (Guo ez al., 2006; Ro-
hel et al., 2002).

Under our experimental conditions SLB did not in-
duce an acceleration of apical senescence during
necrotrophic stage. The discrepancy of our results with
previous works may be due to the inoculation method,
leading to moderate severity and disease kinetics close to
those observed in the field, and overall to the definition
of induced senescence which in earlier studies has com-
bined apical and local senescence. Apical senescence was
nevertheless anticipated in inoculated shoots regardless
of whether disease symptoms appeared. Observations
suggest that apical senescence was not accelerated after
the early biotrophic stage. Further investigations are
needed to help model the perturbation of whole-plant N
metabolism induced by foliar diseases, which determines
yield or protein quality losses. This study did not discrim-
inate between the pycnidia area and the adjacent zone,
but this will be a key point in the study of senescence in-
duced by disease, which is clearly seen from this study to
be the main source of GLA decrease.
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