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Brown rot, triggered by Monilinia spp., causes significant economic losses in fruit crop

and it is mainly controlled by chemicals with inherent environmental costs. Controlling

brown rot spreading by diminishing fruit susceptibility to the disease, via sustainable

cultural practices, is a promising approach. In a 2 years experiment (2014–2015) on a

peach (Prunus persica) orchard, we controlled fruit growth rates by varying the fruit load.

Fruit thinning practices enhanced the fruit growth and laboratory analyses showed that, in

both 2014 and 2015 samples, fast growing fruits weremore susceptible to infection when

in contact with conidia suspension of Monilinia laxa. In the field, brown rot infection took

place in 2014 and not in 2015. In 2014, trees subject to moderate thinning intensities had

the highest brown rot incidence. We argue that this is due to the fact that, for null thinning,

slow growing fruits are less susceptible to the infection while, for intense thinning, even

if faster growing fruits are more susceptible to infection, the lower fruits density reduces

per-contact probability of infection. We compared meteorological data of 2014 and 2015

and we argue that brown rot did not spread in 2015 due to an absence of favorable

conditions, summarized as the number of rainy days with mean temperature between

22 and 26◦C, in the period of fruit susceptibility.

Keywords: Monilinia spp., agricultural ecosystems, fungi disease, Prunus persica, peach orchard, brown rot

incidence, fruit thinning, sustainable agriculture

INTRODUCTION

Brown rot caused by Monilinia spp. is one of the main diseases in stone fruits. It affects peach
(Prunus persica) trees all around the world (Oliveira et al., 2016) and it is responsible of fruit
rotting, and consequent crop losses, during the pre and post-harvest period (Lichou et al., 2003;
Larena et al., 2005; Bussi et al., 2015). The control of brown rot is fundamental to preserve peach
production and it is usually based on the use of chemicals with negative consequences on the
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environment and possibly on the human health (Larena et al.,
2005). However, there is increasing evidence that brown rot
incidence can be reduced also by sustainable agricultural
practices in substitution or addition to the use of chemicals
(Mercier et al., 2008; Gibert et al., 2009; Bussi et al., 2015).

Monilinia spp. overwinter in twig cankers or rotten fruits over
the tree or the orchard ground. Conidial spores, which germinate
from the mummies in spring when favorable environmental
conditions are met, represent the primary inoculum for the
infection. Primary inoculum spores are disseminated within the
tree crown and in the orchard by rain and air currents (Byrde
and Willetts, 1977; Van Leeuwen et al., 2000). The spores that
successfully infect a fruit reproduce and generate secondary
inoculum (Biggs and Northover, 1985) that will cause new
infections (Corbin, 1963; Byrde and Willetts, 1977). Infection
occurs when the fungus succeeds in passing through the fruit
cuticular surface via stomata, lenticels, wounds or cuticle cracks
(Byrde and Willetts, 1977; Xu and Robinson, 2000; Gibert et al.,
2009) and reaches the fruit pulp. Cuticle cracks can represent
more than 10% of the fruit surface area at ripeness (Gibert
et al., 2007) and provide straightforward ways for fungal infection
(Nguyen-the, 1991; Fourie and Holz, 2003).

In the present work we use field and laboratory data to test if
(i) fruits that experienced different growth rates show different
susceptibility to brown rot infection in laboratory conditions and
if (ii) possible differences in fruit susceptibility are associated
with different brown rot incidence in the field. Eventually, since
in the experimental orchard brown rot infestation took place in
2014 but not in 2015, we perform an exploratory data analysis
to investigate if the absence of infestation in 2015 were due to
internal (e.g., a different susceptibility of fruits) or external (e.g.,
meteorological conditions) differences.

MATERIALS AND METHODS

Experimental Orchard and Sampling
Design
We performed a 2-year (2014–2015) experiment on a peach
orchard (cultivar Magic, grafted onto GF677 rootstock) planted
in 2006 with 4m spacing between rows and trees. The orchard
was located at the INRACentre of Avignon (southeastern France:
43◦9′N, 4◦8′E) and it consisted of 5 rows of 10 trees each. Yet, in
2014 only 43 trees were left. From 2013, trees were not treated
with fungicide after bud burst and they were subject to different
thinning intensities (TI) in order to alter the fruit/leaf ratio and
obtain different fruit growth rates (Fishman and Genard, 1998).
We thinned the trees at Julian day (JD) 136 in the year 2014 and
at JD 153 in 2015. With the term Julian Day of a given year, we
refer to the number of days passed from the 1st of January of the
considered year. In thinned trees, we left 3 and 6 fruits per meter
of fruit bearing shoot (FBS), respectively in the case of intense
and moderate thinning intensity. In the case of null thinning,
a FBS bore on average 25 fruits per meter. In 2014 we applied
three levels of TI (null, moderate and intense) while in 2015
we applied only two levels of TI (null and intense). Apart from
TI and absence of fungicide applications, we managed the trees

according to normal commercial practices with respect to winter
pruning, fertilization, irrigation and insecticide application.

We chose 18 trees in the orchard, excluding those on the
border sides and those which displayed low vigor at the beginning
of the vegetative season. We weekly monitored the status (i.e.,
symptomless or infected) and the size of 3,310 fruits (770 in 2014
and 2,540 in 2015) born on selected 1 year-old FBS (5 FBS per
tree in 2014 and 10 FBS per tree in 2015) from JD 100 to JD 196
in 2014, and from JD 124 to 198 in 2015. Trees flowered on JD 58
and JD 74, and the harvest occurred on the JD 196 and JD 209,
respectively in 2014 and 2015. In Tables A1, A2 (Supplementary
Materials), we report details of the monitored trees (thinning
intensity, length of the monitored shoots, initial number of fruits,
etc.). In the Supporting Information A3 we depict the spatial plan
of the orchard (See Figures A6, A7 in Supplementary Materials).

Laboratory Analyses
We used the strain Ml3 ofMonilinia laxa to test in the laboratory
fruit susceptibility to infection. We took the strain from an
apricot fruit mummy in March 2011 at the INRA station of
Gotheron (southeastern France: 43◦9′N, 4◦8′E). We isolated a
mono-spore and stored it at−20◦C. We kept the fungus in
a glycerol solution in aliquots of 45 µl and we multiplied it
by transplanting aliquots on a petri dish containing V8 agar,
medium based on vegetable juice, 2 weeks before conducting
the infection experiment that required a spore suspension. We
counted the number of spores of a dilution 1/10 of the mother
solution on a Malassez cell under a microscope to estimate the
spore concentration of the suspension. We verified the spore
viability for each suspension on a PDA culture medium.

We tested the fruit susceptibility to brown rot infection on
633 and 917 fruits, respectively in 2014 and 2015. We measured
cheek fruit diameter (FD), we disinfected fruits in a water bath
at 55◦C for 40 s. We put the fruits in acrylic plastic boxes placed
in a growth chamber (8 h of darkness at 18◦C and 16 h of light
at 24◦C) and we deposed a 10µl drop of a suspension ofM. laxa
at 105 spores ml−1 on each fruit. We guaranteed high humidity
(relative humidity of 100%) in the boxes by adding cups of water
and closing them. We recorded the infection status (healthy or
infected) of each fruit after 6 days.

Statistical Analysis
We estimated the average growth rate of fruits, subject to
different thinning treatments, via a linear regression of observed
FD vs. fruit age. We tested for differences in fruits growth
rates among treatments by analyzing the differences in the slope
coefficient of the linear regressions using a randomization test
procedure (Hesterberg et al., 2003). See Supporting Information
A1.1 for details. In addition, to test the difference in fruits growth
rate among treatments, we tested for slope coefficients difference
of the linear regressions FD vs. fruit age using the correct
statistical test (CST) for the equality of regression coefficients
(Paternoster et al., 1998). To be sure that possible differences in
fruit growth rates were due to thinning treatments, we tested
for differences in fruit sizes, between thinning treatments, at
different sampling dates using the non-parametric Wilcoxon-
Mann Whitney test for non-paired samples (Bauer, 1972) and
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the parametric two samples t-Student test for non-paired samples
(Rice, 2006).

We assumed the probability P of a fruit of being susceptible
to brown rot infection to be a logistic function of the FD with
maximum value equal to one:

P (FD) =

[

1+ ea(b−FD)
]−1

(1)

where a is a shape parameter and b is a semi-saturation
constant. We assessed these two parameters in 2014 and 2015
samples by minimizing the sum of squared errors SSE between
the probability of being susceptible predicted by the model
(Equation 1) and those observed in the laboratory.

In the 2014 season, when the infection took place in
the orchard, we tested for difference in the brown rot
incidence among thinning treatments, at different times, using a
randomization test procedure. See Supporting Information A1.2
for details.

We assumed that brown rot can spread if favorable
meteorological conditions are met in the period of fruit
susceptibility. We assumed a fruit to be susceptible to infection
from the time ti at which P(FD) = 0.1, with FD assumed to be

a linear function of time, until the time of fruit harvest tH. We
assumed as favorable those days when precipitations occurred
and mean temperature was comprehended between 22 and
26◦C in accordance to previous studies indicating that conidia
reproduction preferably occurs in wet conditions (Tamm and
Flückiger, 1993; Xu and Robinson, 2000; Gell et al., 2008; Holb,
2008) and that it is impaired at “extreme” temperatures that are
likely to be met in those days with mean daily temperature <22
or >26◦C (Tamm and Flückiger, 1993; Holb, 2008). Eventually
we computed how many favorable days for brown rot spreading
occurred in 2014 and 2015, (i.e., number of rainy days with mean
temperature between 22 and 26◦C in the time period ti-th).

RESULTS

Thinning Practices and Fruit Growth
Temporal variation of FD is well described by a linear model
(Figure 1), for all thinning treatments (r2 = 0.92, 0.93, 0.94,
respectively for null, moderate and intense TI in 2014; and r2

= 0.81 and 0.83 for null and intense TI in 2015). Growth rates
of FD varied between (4.76–5.67) ×10−2 cm day−1 in 2014 and
(5.13–6.24)×10−2 cm day−1 in 2015. In 2014, the randomization

FIGURE 1 | Observed fruit diameters (FD) at different sampling dates relevant to trees subject to different thinning treatments (i.e., null, moderate, and intense thinning

intensity, that correspond to leaving almost 25, 6, and 3 fruits per meter of fruit bearing shoot). The black line represents the linear regression of the FD (cm) vs. Julian

Day. Estimated average fruit growth rate in diameter is reported in each panel.
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FIGURE 2 | Results from laboratory infections. Left: Fraction of susceptible fruits as a function of the fruit diameter (FD). Right: Frequency density distribution of

resistant and susceptible fruits as a function of the FD (cm). The pattern is well described by the logistic function
[

1+ ea(b−FD)
]−1

with parameters a = −1.3, b = 6.1

for the 2014 and a = −1.5, b = 5.95 for the 2015.

FIGURE 3 | Brown rot incidence (fraction of infected fruits) on monitored fruits

of peach Prunus persica trees, during the vegetative season after the date of

thinning (e.g., JD 136 for 2014 and JD 153 for 2015), in an orchard

non-treated with fungicide. Circles: 2014 data; triangles: 2015 data.

test indicate that fruits on thinned trees (both moderate and
intense TI) grew faster than on non-thinned ones (p < 0.01)
while there was no significant difference between moderate and
intense TI (p = 0.21). Also the correct CST for the equality of
regression coefficients confirmed a difference in the fruit growth
rates: thinned trees (both moderate and intense TI) grew faster
than non-thinned ones (P < 0.01) and intensively thinned ones
grew faster than moderately thinned ones (P < 0.01). Similarly,
in 2015, fruits on thinned trees grew faster than non-thinned

ones (P < 0.01 for both randomization and CST). Differences in
the average FD between thinned and non-thinned trees became
evident 2 weeks after the thinning date (JD 136 in 2014 and JD
153 in 2015, see Figures A1, A2 in Supplementary Materials)
(P < 0.01 for both wilcox and t-test) (See Figures A3, A4 in
Supplementary Materials). We found no significant difference
between moderate and intense TI in 2014 (See Figure A3 in
Supplementary Materials).

Fruit Size and Susceptibility to Brown Rot
Infection in the Laboratory
The logistic function (parameters a = −1.3, b = 6.1 for the 2014
and a=−1.5, b= 5.95 for the 2015) well explained the variability
in the fraction of susceptible fruits as a function of FD with a
probability of being susceptible >10% for FD equal to 4.4 and
4.8 cm in the 2014 and 2015. According to the calibrated growth
curves, such critical sizes had been attained at ti = 175 and
ti = 185, respectively in 2014 and 2015. Accordingly, resistant
fruits had significantly lower FD (non-paired Wilcoxon-Mann
Whitney test, p < 0.001 in both 2014 and 2015) than susceptible
ones (3.83 vs. 5.02 cm in 2014 and 3.28 vs. 4.7 cm in 2015).
Frequency density distributions of resistant and susceptible fruits
as a function of FD are reported in Figure 2.

Brown Rot Incidence in the Field
Temporal variations of the brown rot incidence in fruits subject
to different TI are reported in Figure 3 (See Figure A5 in
Supplementary Materials). First infected fruits were observed at
JD 170, 19th June, in both years, but the disease spread in 2014
while it did not in 2015. In 2014 almost any fruit was infected
at the harvest time but, during the growth season, temporal
dynamics of brown rot incidence differed between thinning
treatments with higher prevalence in trees subject to moderate
TI (P < 0.01). No difference was found between the null and
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the intense TI (p = 0.2) and difference was not highly significant
between the moderate and intense thinning (p = 0.08). In 2015
brown rot did not spread and its incidence was lower than 8%, all
over the season, whatever the TI.

According to our criteria for brown rot spreading, we
identified 9 favorable days in the period 173-196 JD in 2014
and none in the period 185–209 in 2015 according to the
meteorological records reported in Figure 4.

DISCUSSION

Our results confirm the efficacy of fruit load control practices
in affecting fruit growth rates. This is not surprising and in
accordance with previous findings, not only on peaches, showing
that a lower crop load releases fruit competition for resources and
induces higher growth rates in the remaining fruits (Burge et al.,
1987; DeJong and Grossman, 1995; Berman and DeJong, 1997;
Miras-Avalos et al., 2013).

The analysis of laboratory data indicated that fast growing
and bigger fruits are more susceptible to brown rot infection.
Our results are in agreement with those obtained by Gibert
et al. (2009) who found a relationship between the fruit size
and its susceptibility to brown rot infection. In the case of high
growth rates, it is likely that the pulp expansion rate exceeds the
cuticle expansion rate (Gibert et al., 2005) and results in cuticular
cracking which makes fruits more susceptible to the brown rot
infection. A similar pattern seems to hold for different fruit tree
species (Fourie and Holz, 2003) as pre-harvest cuticle cracks,

FIGURE 4 | Rain (mm) and average daily temperature T (◦C) along Julian day

left column. We found 9 favorable days in 2014 and 0 in 2015 for brown rot

spreading (rainy and 22< T <26◦C) for the two seasons experiment during the

window of fruits susceptibility (JD 173–198 in 2014 and 185–209 in 2015).

due to rapid cuticular cells expansion, have been suggested to
facilitate the infection by Monilinia spp. also in the sweet cherry
(Børve and Sekse, 2000); and a positive relationship between the
crack surface and the susceptibility to fungal disease has been
documented in prune (Michailides andMorgan, 1997) and litchis
(Underhill and Simons, 1993).

However, the analysis of field data indicated that brown
rot incidence during the growing season is maximum in
moderately thinned trees and not in the intensively thinned
ones, which display the highest growth rates. Such an apparently
counterintuitive result can be explained by the epidemiological
theory (see Madden et al., 2007 for an overview on plant disease
epidemics). In fact, the probability of a fruit to become infected,
and infectious, is a joint probability of being susceptible to
the infection, which depends on the fruit growth rate, and to
be exposed to the pathogen, which depend on the abundance
and proximity of infectious fruits. On the one side, increasing
TI generates fruits with higher cuticle crack surface, but, on
the other side, it decreases fruit density and augment average
distance among fruits hence decreasing the probability of a
fruit to be exposed to secondary inoculum. Such a conceptual
scheme is graphically scratched in Figure 5. However, the
consequences of a given value of TI on the effective yield
should be observed in experimental orchards with all the trees
subject to the same TI as simulated in Bevacqua et al. (2017)
Since the laboratory data showed that fruits were susceptible to

TI

P
2

P
1

P
I

FIGURE 5 | Qualitative scratch of the effect of the thinning intensity (TI) on the

probability of infection (PI) of the host fruit. The probability P1 that an airborne

spore produced by an infectious fruit is deposited on a susceptible fruit

decreases with TI that decreases fruit density; the probability P2 that a fruit in

contact with Monilinia spp. spores develops infection increases with TI since

lower fruit density determines higher fruit growth rates and cuticle cracking;

the probability of an healthy fruit to become infectious (PI) results from the

product P1 × P2 that is a concave function of TI.
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infection also in the year 2015 (see Figure 2) and the thinning
treatments were similar to those of the previous year, we argue
that the brown rot did not spread in 2015 due to the absence of
favorable environmental conditions for spore germination and
reproduction. The indicator of favorable conditions for brown
rot spreading that we proposed gives a value of 9 in 2014 and 0
in 2015 hence providing a rough quantification of the difference
in the disease risk in the 2 years. Similar indicators are very
useful as they can help in reducing fungicide treatments by
concentrating them in the most critical periods or they can be
used to foresee unexpected consequences of possible climate
changes (Launay et al., 2014). In order to test the validity of
such an indicator one would need several years of records of
temperature, precipitations and brown rot prevalence in orchards
not treated with fungicide. In present work we simply searched
for a possible reason explaining the absence of infection in 2015.
Although the definition of a novel indicator of brown rot risk was
out of the aim of present work, we are confident that our result
can inspire further research.
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