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by B. cinerea at harvest but reduced latent infection in
strawberry. (2) Models developed for strawberry crops
grown in the open did not give reliable predictions of
flower infections on both strawberry and raspberry grown
under protection. It was not possible to develop a predictive
model for flower infection on raspberry grown under
protection. (3) The level of ripe fruit with visual symptoms
at harvest was low, usually close to zero. (4) Nearly all
fruits from both sprayed and unsprayed crops were
colonised by several fungi, including B. cinerea, within
7 days of harvest when stored at room temperatures. Based
on these results, we question the value of scheduled
fungicide applications to flowers and fruit for grey mould
control under protection, and suggest that post-harvest fruit
management, e.g. rapid cooling, is the key to prevent fruit
from developing fungal rots before consumption.
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Abstract Grey mould, caused by Botrytis cinerea, is one
of the most important diseases of strawberry and raspberry.
In the UK, the majority of raspberry and strawberry
production has recently switched to cropping under
polythene tunnels. Although the risk of grey mould is
greatly reduced under protection, a similar strategy is still
adopted to manage grey mould on these crops. We first
reviewed published studies on the epidemiology of grey
mould on raspberry and strawberry, most of which are for
crops grown in open field: (1) inoculum source comprises
sclerotia on plant debris, plant organs and weeds, and
resting mycelia on plant tissues. (2) Infection of flowers and
the establishment of quiescent mycelium in floral parts is
one of the main avenues for the rotting of ripe fruits. Thus,
control of grey mould in open-field crops relies heavily on
the scheduled application of fungicides during the flower-
ing and early fruiting periods. (3) Recent research
suggested possibility of B. cinerea as an endophyte. We
carried out studies to understand the infection of flowers
and fruit by B. cinerea on raspberry and strawberry crops
grown under protection in order to assess whether manage-
ment strategies developed for open crops are appropriate for
crops grown under protections. Our main findings are: (1)
covering crops early in the season did not significantly
affect the incidence of raspberry fruit with latent infection
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1 Introduction

Grey mould of strawberry, caused by Botrytis cinerea Pers.:
Fr., is one of the most important airborne diseases of
strawberry and can seriously reduce yield and post-harvest
quality (Sutton 1998). Similarly, raspberry fruit are very
susceptible to B. cinerea, resulting in serious yield losses
(McNicol et al. 1985). The fungus can also cause disease on
raspberry canes, namely cane botrytis, which may lead to
nodal lesions, impaired axillary growth and lateral shoot
failure in spring (Williamson and Jennings 1986). Much
research has been conducted on the epidemiology and
management of strawberry grey mould in open-field crops.
Current control of grey mould in commercial strawberry
and raspberry production in the UK still relies heavily on
the scheduled application of fungicides during the flower-
ing and early fruiting periods.

In the UK, both raspberry and strawberry are now
mostly grown under protection, usually Spanish tunnels, to
extend the production season. However, nearly all pub-
lished research studies on raspberry and strawberry grey
mould to date are for crops grown in the open. The risk of
grey mould is greatly reduced under protection, compared
with open-field (Xiao et al. 2001; Evenhuis and Wanten
2006), which is primarily due to the protection of crops
from rainfall, thereby reducing risks associated with flower
and fruit infection. Nevertheless, control of grey mould on
strawberry and raspberry grown under protection is still
often based on the strategy developed for open-field crops,
i.e. scheduled applications of fungicides during the flower-
ing and early fruiting period. Research is needed to assess
whether this approach for grey mould management on
crops grown under protection is justified.

This paper consists of two parts. Firstly, we briefly
review epidemiology of grey mould on raspberry and
strawberry, mainly from studies conducted on open-field
crops. Secondly, we report results from recent research
studies of grey mould on raspberry and strawberry grown

under protection in the UK. The central hypothesis of these
studies is that the risk of grey mould on raspberry and
strawberry crops covered with plastics early in the spring is
much reduced and that the incidence of visual grey mould
at harvest is very low on unsprayed crops. Data on flower
infection by B. cinerea, latent B. cinerea infection on unripe
fruit, grey mould at harvest, and post-harvest grey mould
were collected from controlled field studies and fruit
samples from commercial plantations.

2 Epidemiology of grey mould in open-field conditions

2.1 Inoculum sources and dispersal

There is a general consensus that inoculum sources
comprise sclerotia on plant debris, plant organs and weeds,
and resting mycelia on several plant tissues. Nevertheless,
the relative importance of these potential inoculum sources
may vary greatly with regions as well as with growing
systems.

In Scotland, viable sclerotia observed throughout the
year on dead leaves, petioles and stolons, and unpicked
infected fruits, were identified to be an important source of
inoculum for strawberry and raspberry (Jarvis 1962a, b, c).
Most stem lesions on raspberry are believed to follow
infection of leaves (Hockey 1952; Williamson 1991) but
this is not supported by recent findings (O’Neill et al. 2009;
Xu et al. 2009). Colonisation of leaves and petioles leading
to cane infection was rare and direct infection of canes may
be more likely. Prominent sclerotia form beneath the
epidermis of canes during winter and erupt in spring.
During periods of high humidity, these sclerotia become
covered with conidia, an important inoculum source for
infection of flowers (Jennings and Carmichael 1975). But
recent unpublished observations at East Malling Research
suggested that many of the sclerotia had shrivelled and
failed to sporulate in early spring before flowering of
raspberry because of the warm and dry conditions within
the tunnel.

B. cinerea was the predominant fungus on the surface of
the washed strawberry green leaves without disease
symptoms (Kerling 1964), suggesting that conidia can
infect green leaves but remain quiescent. This was
confirmed by detailed inoculation studies of developing
strawberry leaves (Braun and Sutton 1988). However, the
infected leaves do not show visible symptoms before leaf
senescence and the latent infection does not accelerate leaf
senescence. In Ontario, Canada, dead strawberry leaves
were the main source of inoculum, especially mycelium in
the leaf laminae rather than in the leaf petioles (Braun and
Sutton 1987); few sclerotia were recovered from plant
residues or soils in the strawberry fields. The importance of
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leaf debris as an overwintering inoculum has been further
confirmed in a sanitation experiment (Mertely et al. 2000).

In Norway, overwintered plant debris within strawberry
planting beds were the main source of inoculum (Stromeng
et al. 2009), including senescing and dead leaf laminae,
stem residues (i.e., petioles, stolons, inflorescences), and
mummified fruit. The importance of sclerotia relative to
mycelia varied greatly between fields and years. In the
annual cropping system with waiting-bed transplants in the
Netherlands, however, necrotic leaves were not a significant
source of inoculum (Boff et al. 2001).

Conidia of B. cinerea can be released and dispersed by
both air movement and rain splash. A marked diurnal
periodicity in airborne spores was observed in a Scottish
raspberry plantation with peaks at mid-day and in the
evening (frequently related to the rapid changes of rh and
rainfall) but not for conidia trapped in strawberry planta-
tions (Jarvis 1962a, b, c). A diurnal pattern of airborne
conidia concentrations was also observed on annual crops
of strawberry inside tunnels (Blanco et al. 2006). Fruit
picking is also associated with peaks of spore dispersal. In
contrast, another study reported that most spores were
caught just above the strawberry canopy in periods of high
humidity, regardless of rain or time of day (Miller and
Waggoner 1957).

Concentrations of daily airborne conidia in an open-field
plantation varied greatly with year and significantly
correlated positively with temperature and rh in some
years, and negatively with current duration of surface
wetness but positively with wet conditions during the
preceding days (Xu et al. 2000). However, the precise
period of wet conditions that had most influenced the
number of airborne conidia varied greatly with years.

2.2 Infection pathways

It is generally accepted that infection of strawberry flowers
and the establishment of quiescent mycelium in floral parts
is one of the primary avenues for the rotting of ripe fruits
(Hennebert and Gilles 1958; Powelson 1960; Jarvis 1962a,
b, c; Jarvis and Borecka 1968; Bristow et al. 1986). A
majority of strawberry fruit infections is of the stem-end
type (Powelson 1960; Jarvis 1962a, b, c; Haegermark
1984). The stem-end or neck portion of the receptacle is
infected from infected stamens and the calyx with invasion
being internal through these tissues rather than by contact
of the infected floral parts with the fruit surface (Powelson
1960). Dry conidia can readily germinate on strawberry
stigmas and hyphae can grow down the transmitting tissues
of the styles (Bristow et al. 1986). Stamens are believed to
be an important source of latent infection of strawberry
fruit. But on raspberry, conidia can infect and colonise the
transmitting tissues of the styles and the young carpels

(McNicol et al. 1985). It was speculated that the transition
of mycelium from a quiescent to an aggressive phase on
strawberry is hastened by increased water content (Jarvis
1964). However, Haegermark (1984) attributed most stem-
end types of infection to the direct penetration of the
receptacle epidermis, although it was not clear whether the
direct penetration of epidermis is due to germ tubes or
hyphae originating from infected stamens. Fruit rots other
than the stem-end type are few (Jarvis 1962a, b, c;
Haegermark 1984). The low incidence of this type of
infection may be due to the fact that a water film here often
does not persist long enough for conidia to penetrate the
epidermis.

2.3 Infection conditions

Strawberry pollen was found to have stimulatory effects on
conidial germination and subsequent germ tube elongation
(Borecka and Millikan 1973), but this effect was not
observed in a UV microscopy study (Bristow et al. 1986).
The open flower, white bud and senescent flower stages are
most susceptible to infection, but infections at the white
bud stage are much less likely to lead to grey mould than at
the open flower stage (Jarvis and Borecka 1968). Green
fruit is very resistant, white fruit is moderately resistant
whereas ripe fruit is extremely susceptible to infection
(Gilles 1959; Kovacs 1968).

The incidence of fruit infection is highly correlated
with the pre-harvest (6–30 days) durations of rh>80%
and the amount of pre-harvest (11–30 days) rainfall
(Jarvis 1962a, b, c), indicating the importance of weather
conditions on the level of grey mould. In particular, the
durations of rh>80% and >90% and surface wetness at
15–25°C during the bloom period is correlated strongly
with fruit infection (Wilcox and Seem 1994). Because of
increased humidity inside the canopy, narrower spacing
led to a higher incidence of B. cinerea on strawberry fruit
(Legard et al. 2000).

Incidence of infection of artificially inoculated strawberry
flowers and subsequent fruit rot increased with the increased
duration of wetness (up to 32 h) at all temperatures (5–30°C)
(Bulger et al. 1987). The optimum temperature for flower
infection is about 20°C; both flower and fruit infections
were greatly reduced at temperature above 25°C or below
15°C. Several models were derived to relate inoculum
(number of trapped conidia) and weather conditions to the
incidence of flower infection (Xu et al. 2000), with the
models using both weather variables and inoculum giving
the best predictions. Day vapour pressure deficit and night
temperature are the most important weather variables
affecting flower infection. Reduced risk of grey mould
under protection (Creemers et al. 2006; Evenhuis and
Wanten 2006; Xiao et al. 2001) is most likely due to the
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protection of flowers and fruit from rainfall, and hence
reduced humidity.

As expected, incidence of fruit infection following
inoculation of mature fruit increased with increasing
duration of wetness (Gilles 1959). The conditions required
for infection of ripe fruit are not as stringent as for infection
of flower parts (Bulger 1986; Ellis et al. 1991). The
incidence of fruit infection was better described by petal
necrosis than by stamen necrosis (Bulger et al. 1987). In
field crops of raspberry, correlations were found between
post-harvest grey mould and high relative humidity in the
5-day period before picking and rainfall during picking
(Jarvis 1964).

2.4 Recent development in related research on B. cinerea

Recently, there have been three significant developments
in understanding B. cinerea epidemiology on various
plant species that may have direct applications on
strawberry and raspberry grey mould research. A method
based on the TaqMan PCR was developed for detection
and quantification of latent B. cinerea infections in plant
tissue, which allows very specific and sensitive testing of
plants for fungal DNA (Suarez et al. 2005). It has been
shown that long-term symptomless (systemic) infection
can occur throughout plants in primula (Barnes and Shaw
2003) and lettuce (Sowley et al. 2010). The latter study
shows that B. cinerea commonly grows in lettuce plants as
an endophyte. If this is true for other hosts, further
research is needed to assess whether the endophytic phase
may be as important a component of the species
population as the aggressive necrotrophic phase. Popula-
tions of B. cinerea may be structured according to host and
geographic location (Alfonso et al. 2000; Rajaguru and
Shaw 2007) although molecular characterisation of fungal
isolates has clearly shown the importance of external
inoculum in shaping epidemic development (Decognet et
al. 2009).

3 Materials and methods

Experiments were conducted to determine the relationship
of the incidence of flower infection with weather condition
and the incidence of latent and post-harvest grey mould in
commercial raspberry and strawberry crops grown under
protection.

3.1 Flower infection

The incidence of infection of raspberry flowers was
determined in 2007 and 2008 in two unsprayed crops
(one in Kent and the other in Cambridgeshire, England) of

cv. Glen Ample. The two sites are about 180 km apart. The
crop was covered in February in each year whilst flowering
time was between early May and mid-June. The flowers
sampled were surface sterilised with 10 ml sodium
hypochlorite (0.025% available chlorine (w/v)) for 15 min
on a shaker to remove any spores on the surface and then
rinsed several times with distilled water. The flowers were
placed separately on a piece of filter paper thoroughly
wetted with distilled water in sterile Petri dishes (diameter:
5 cm). The dishes were incubated at ambient temperatures
of approximately 20°C for 10–14 days before individual
flowers were examined for the presence of B. cinerea
conidiophores. Any flower on which conidiophores were
detected was classified as infected.

A USB 502 logger (Measurement Computing, Norton,
MA, USA) was installed at the canopy height (ca. 1 m for
raspberry and ca. 20 cm for strawberry) to record temperature
(°C) and rh in the tunnel at an interval of 30 min. Values of
vapour pressure deficit (vpd, mmHg) were derived from
temperature (T) and rh using the following empirical
equation: vpd ¼ 4:6698e0:06241Tð1� rh=100Þ.

The incidence of flower infection was similarly
determined over 3 years (2007–2009) in one unsprayed
strawberry crop of cv. Elsanta (June-bearer) in Kent,
England; a different crop was used in each year. The
crop was covered in February in each year whilst
flowering time was between mid-April and mid-May.
During the flowering period, flowers were sampled every
few days. On each sampling day (between 07:30 and
08:30 GMT), 100 fully opened flowers with all petals
still attached (no necrosis on them) were randomly
collected individually into 25 ml universal bottles on
each crop. Within each season, 11–17 batches of flowers
were sampled.

3.2 Occurrence of latent infection, and visual
and post-harvest grey mould

Data on the incidence of grey mould on raspberry
plantations grown in open-field and under protection
was obtained from fruit in random samples of commer-
cial crops across the UK. Samples of raspberry fruit were
taken in 2007 from 19 crops of cvs. Glen Ample and
Tulameen. Each crop was sampled twice: initially to
obtain unripe yellow fruit and then to collect ripe fruit.
The aim was to examine fruit for any relationship
between latent infection in yellow fruit and post-harvest
grey mould on ripe fruit. The first sample of unripe
yellow fruit was taken 2 weeks after the start of
commercial harvesting; 100 lateral branches were cut
from the canes in each crop. Unripe yellow fruit were
surface sterilised with 10 ml sodium hypochlorite
(0.025% available chlorine (w/v)) for 15 min, rinsed
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several times with distilled water, and then placed on
paraquat chloramphenicol agar (Peng and Sutton 1991),
and incubated under ambient temperature for 1–2 weeks
before assessment for B. cinerea. For assessment of post-
harvest grey mould, 100 ripe marketable fruit were taken
from the same crop rows 2 weeks after the first sampling,
placed onto multicell trays, incubated and assessed as
described for strawberry.

Data on the incidence of grey mould on strawberry
grown under protection was obtained from the untreated
and fungicide-treated plots in several fungicide efficacy
trials against grey mould at East Malling Research over
several years. The fungicide-treated plots received three
to five fungicide applications, starting at first flower
and then at an interval of 7–10 days; the precise
flowering time varied with years and the crop type
(open field or protected). In two trials, only the latent
infection by B. cinerea in immature fruit was determined,
whereas in four other trials the incidence of post-harvest
grey mould was assessed. In all trials, any fruit with
visual grey mould symptoms at harvest was recorded as
well. One site used in 2009 and 2010 was used for
estimating the incidence of flower infection as well as
latent fruit infection.

For assessing latent infection, immature yellow fruit
were randomly sampled from each crop, surface-sterilised
by immersing in 0.025% w/v sodium hypochlorite for
15 min, rinsed several times in sterile distilled water, and
then placed onto multicell trays (leaving space between
each fruit). Each tray was sealed within a polythene bag and
incubated at 20°C under a diurnal light/dark regime for 2–
3 weeks before assessment. For assessment of post-harvest
grey mould, ripe fruit were sampled and transferred to
multicell trays without surface sterilisation. The tray was
then sealed in a polythene bag and exposed to a continuous
light regime at ambient temperature for 7 days prior to
assessment for B. cinerea. Visual grey mould symptoms
were assessed on a random sample of ripe fruit in situ.
Within each trial, the incidence of visual grey mould, or
latent infection, or post-harvest grey mould was assessed at
several time points; at each time, at least 100 fruit were
sampled/assessed.

3.3 Data analysis

The observed percentage of infection of raspberry and
strawberry flowers was first compared to the predicted
value given by a previously published model based on
average daily (08:00 GMT to 07:59 GMT next day)
temperature and vpd, i.e. model 5 as described by Xu
et al. (2000). The model predicts daily incidence of
infected flowers (PIt) using the equation: lnðPt=ð1�
PtÞÞ ¼ �5:33� 0:964� vpdþ 0:509� temperature. To

compare the observed incidence with the predicted, we
assumed that sampled flowers were exposed (and susceptible)
to B. cinerea for the previous 48 h prior to sampling. Thus,
the predicted incidence of flower infection (PBIt) for the
batch of flowers sampled on day t is

PBIt ¼ PIt�2 þ ð1� PIt�2ÞPIt�1 ð1Þ
where PIt−1 and PIt−2 are the predicted daily infection on
day t−1 and t−2, respectively. Pearson’s and Spearman
correlation coefficients were calculated to assess the corre-
lation between the predicted and observed incidences of
flower infections.

We also tried to develop a new model for infection of
raspberry flowers, relating the incidence of flower
infection to weather conditions. As pointed out previously
(Xu et al. 2000), a straight regression of the incidence of
flower infection in each 48-h period on corresponding
averages of weather variables was not appropriate. We
adopted the same modelling approach as used previously
for developing strawberry flower infection models (Xu et
al. 2000) to determine the effects of weather variables on
the incidence of daily flower infection. The logit of daily
incidence of flower infection (DIIt) was first assumed be
linearly related to (i.e. function of) daily weather variables,
i.e. lnðDIIt=ð1� DIItÞÞ ¼ f ðwtÞ, leading to DIIt ¼ expðf ðwtÞÞ

1þexpðf ðwtÞÞ.
However, the daily incidence of flower infection (DIIt)
was not available in the present datasets. Instead, under
the assumption that sampled flowers were exposed to
infection for the previous 48 h prior to sampling, the
incidence of flower infection (pt) for each batch of flowers
sampled on day t was related to DIIt:

pt ¼ expðf ðwt�2ÞÞ
1þ expðf ðwt�2ÞÞ þ 1� expðf ðwt�2ÞÞ

1þ expðf ðwt�2ÞÞ
� �

� expðf ðwt�1ÞÞ
1þ expðf ðwt�1ÞÞ ð2Þ

Equation 2 was fitted to the observed data using the
FITNONLINEAR procedure, which estimates parameters
using the maximum likelihood method in Genstat™ (Payne
2006). The following weather variables were included in the
regression analysis: temperature, rh and vpd. For each
variable, day (08:00 GMT to 19:59 GMT) and night (20:00
GMT to 07:59 GMT the next day) averages as well as daily
(08:00 GMT to 07:59 GMT the next day) averages were
used. Models involving all combinations of up to four
weather variables were fitted to the data, and the best model
was selected based on the percentage of variation of
accounted for, number of variables, and analysis of residuals.

Generalised linear modelling (GLM) was used to
determine whether the incidence of raspberry fruit in
commercial crops was affected by factors, such as pro-
tected/unprotected and sprayed/unsprayed. This analysis
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assumed that the proportion (p) of infected fruit per sample
is binomially distributed (Cox and Snell 1989). Genstat
(Payne 2006) was used for statistical analysis. Similarly,
GLM analysis was applied to the overall incidence of latent
infection, and visual and post-harvest grey mould on
strawberry fruit. In this analysis, all treatments of different
fungicides were treated as a single treatment and compared
with the untreated for each type of grey mould and different
trials treated as blocks. This is necessary since fungicide
treatments differed between years.

4 Results

4.1 Raspberry

4.1.1 Infections of flowers

As expected, there was greater variability in the daytime
conditions than in the night time in both years. There were
similarities in the overall weather patterns between the two
sites despite some differences. As an example, Fig. 1 plots
out average daytime temperature, rh and vpd values in two
raspberry crops where flower infection was monitored in
2007, indicating similar patterns between the two sites;
average day temperature ranged from 10°C to 29°C, rh
from 40% to 90%, and vpd from 1 to 18 mmHg.

Similarly, the incidence of flower infection varied greatly
among sampling occasions for both sites within each year
(Fig. 2). At the Kent site, the incidence in 2007 ranged from
2% on 23/05 to nearly 56% on 30/05 (average=23%); at
the Cambridge site, it ranged from 1% on 14/05 to 51% on
18/06 (average=18%). In 2008, it ranged from 4% to 50%
(average=15%) at the Kent site and from 2% to 39%
(average=17%) at the Cambridge site.

In general, the previously published model consider-
ably overestimated the level of infection of raspberry
flowers. Moreover, the overall trend of predicted infec-
tion did not follow the observed pattern for all four
datasets. For example, the average observed flower
infection at the Kent site in 2007 was 23%, compared
to the corresponding predicted average of 53%. At both
sites in 2007, the model predicted high incidences of
infection during the period of early to mid-June (Fig. 2a,
b) because of high humidity (low vpd; Fig. 1). However,
only at the Cambridge site did the observed incidence
increase during this period (Fig. 2b). Both Pearson’s
correlation and Spearman’s rank correlation coefficients
between observed and predicted incidences were not
significantly different from zero for the 2007 Kent dataset
and the 2008 Cambridge dataset. The positive correlation
was close to the 5% significance level for the 2007
Cambridge dataset and was significant (P<0.01) for the
2008 Kent dataset (Fig. 2).
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Fig. 1 Average day time (0800
GMT–1959 GMT) vapour
pressure deficit (VPD, solid),
temperature (dotted) and relative
humidity (dotted dash) inside
the raspberry crop canopy under
protection in 2007 at the Kent
and Cambridge sites where
flowers were sampled for
assessment of B. cinerea
infection
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Table 1 presents a summary of the modelling results. A
greater proportion of variance in the incidence of flower
infection was explained by climatic variables in 2008 than
in 2007 for both sites. Flower infection in 2007 appeared to
be more influenced by temperature and in 2008 by moisture
conditions. There were significant differences in the
relationship between the incidence of flower infection and
climatic variables between the Kent and Cambridge sites.
Consequently, a single model derived from the four datasets
only explained about 20% of the total variation in the
observed incidences of flower infection. Incidence of
flower infection at the Cambridge site appeared to be less
related to any of the weather variables recorded than at the
Kent site (Table 1).

4.1.2 Latent B. cinerea infection and grey mould
on raspberry fruit

There were large differences between crop samples from
commercial plantations in the incidence of latent infection
in unripe fruit (Table 2), ranging from 0% to 99%, and post-
harvest grey mould, ranging from 2% to 90%. Many
samples showed a high incidence (>50%) of grey mould.
On average, the incidence of latent infection and post-
harvest grey mould on sprayed (55%, 46%), covered (53%,
43%) and cv. Glen Ample (54%, 45%) were less than on
the respective unsprayed (85%, 82%), uncovered (65%,
59%) and cv. Tulamen (65%, 58%). However, because of
large variation in the incidence of grey mould within each
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Fig. 2 The observed (filled circles) and predicted (open circles) incidence of infection by B. cinerea of raspberry flowers on each sampling day in
2007 and 2008 in an unsprayed tunnel at the Kent and Cambridge sampling sites
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group, these differences were not statistically significant.
There was also no significant correlation between inciden-
ces of latent infection and post-harvest grey mould from
each crop.

4.2 Strawberry

4.2.1 Infections of strawberry flowers

The observed percentage values of latent infection of
flowers, together with that predicted by the published
model, are plotted in Fig. 3 for all 3 years. In 2008, there
was a very low level of latent infection (average=7%)
except for one sample collected on 28/04/08 (Fig. 3a); for
all other 11 samples, the observed incidence of flower
infection was ≤5%. In 2009, the level of infection was
generally higher than in 2008, ranging from 2% to 35%
(average=13%; Fig. 3b). As in 2008, the level of latent
infection of flowers was in 2010 very low, ranging from 0%
to 6% (average=1%; Fig. 3c).

The predicted incidence of flower infection is generally
greater than the observed in all 3 years (Fig. 3). In 2008,
the Pearson’s correlation (r=0.56) was significant at the
5% level but the Spearman’s rank correlation (r=0.39) was
not. In 2009, both Pearson’s and Spearman’s rank
correlation coefficients (r=0.65 and 0.58, respectively)
were significant (P<0.05). In 2010, the predicted incidence
of flower infection was low (especially for the early part of
the flowering period), compared to 2008 and 2009, ranging
from 0% to 24%. However, the predicted incidences were

Table 1 Summary of modelling of infection of raspberry flower by B.
cinerea in 2007 and 2008 in two unsprayed protected raspberry crops,
cv. Glen Ample, in Cambridge and Kent

Datasets Climatic variables includeda Percent variances
accounted for

Cambridge in 2007 ADT+ADT2+ADT½ 19.6

Kent in 2007 ADV2+ADT½+ADV×ADT 37.4

Cambridge in 2008 NV+NV×NT+NT×NRH 54.3

Kent in 2008 DV+NT+DV½ 69.4

2008b NT+DRH+DV½ 37.2

All four datasets DT+NT+DT2+DT½ 20.0

aDT day average temperature, DV day average vapour pressure
deficit, DRH day average relative humidity, NT night average
temperature, NV night average vapour pressure deficit, NRH night
average relative humidity, ADT daily average temperature, ADV daily
average vapour pressure deficit, ADRH daily average relative
humidity
b A combined model for 2007 data cannot be derived

Variety Crop type Fungicides used
against B. cinerea

Percent of fruit with B. cinerea

Latent Post-harvest

Glen Ample Covered—near harvest Spray 46 4

Glen Ample Covered—rain sheets Spray 92 21

Glen Ample Glasshouse Spray 24 44

Glen Ample Open None 84 90

Glen Ample Open Spray 10 46

Glen Ample Open Spray 54 56

Glen Ample Open Spray 99 64

Glen Ample Open Spray 76 45

Glen Ample Tunnel Spray 51 65

Glen Ample Tunnel Spray 21 68

Glen Ample Tunnel Spray 0 40

Glen Ample Tunnel Spray 67 21

Glen Ample Tunnel Spray 82 16

Tulameen Covered—rain sheets Spray 99 50

Tulameen Covered—rain sheets Spray 92 29

Tulameen Open None 86 74

Tulameen Open Spray 57 84

Tulameen Open Spray 76 69

Tulameen Tunnel Spray 61 63

Tulameen Tunnel Spray 17 94

Tulameen Tunnel Spray 34 2

Table 2 Summary of crop
details and incidence of latent B.
cinerea in unripe raspberry fruit
and post-harvest grey mould
after 7-day incubation in random
samples from 19 commercial
crops in the UK
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still higher than the observed for the second half of the
sampling period (Fig. 3c). Neither Pearson’s correlation
nor Spearman’s rank correlation was significantly greater
than zero.

4.2.2 Latent B. cinerea infection and grey mould
on strawberry fruit

In the two trials where the latent infection of fruit was
estimated, the incidence of latent infection was very low
with the overall incidence <3% (Table 3). There were no
statistical significant differences between fungicide-treated
and untreated plots.

The incidence of fruit with visual grey mould symptom at
harvest was very low in all trials (Table 3). In three of the five
trials, no single fruit with visual grey mould was observed at
harvest; whereas in the other two trials, incidences of fruit
with visual grey mould at harvest were all <7%. There were
virtually no differences in the incidence of fruit with visual
grey mould at harvest between the unsprayed and fungicide-
treated plots, as confirmed by GLM analysis.

The level of post-harvest grey mould varied greatly
among three trials as well as among different picks within
each trial (Table 3). In 2006, very few fruit had post-harvest
grey mould. But in other trials, the incidence of post-
harvest grey mould ranged from 0% to 63%. For trials in
2007–2009, the fungicide-treated plots had an overall lower
incidence (ca. 17.6%) of post-harvest grey mould than the
untreated (33.3%). GLM analysis of the four trials together
indicated that the incidence of post-harvest grey mould was
significantly lower on the fungicide-treated plants than on
untreated plants. In all post-harvest rot assessments, in
addition to B. cinerea other fungi, including Colletotrichum
spp., Mucor spp., Rhizopus spp., and Penicillium spp., were
also present on a varying number of fruit after 7-day
incubation under ambient conditions.

5 Discussion

In the UK, both raspberry and strawberry are now mostly
grown under protection to extend the production season and
to protect fruit from rain so that fruit can be harvested
irrespective of the weather and a supply to retailers
maintained. However, control measures for fruit grey
mould on protected crops are still primarily based on the
strategy developed for open-field crops, i.e. scheduled
applications of fungicides to control B. cinerea during the
flowering and early fruiting period. This study has
generated new data on the epidemiology of grey mould
on raspberry and strawberry (June bearers) grown under
protection, which has significant implications on whether
such a management strategy is appropriate.

The overall incidence of flower infection and latent
infection of fruit on raspberry was much higher than on
strawberry, which may be explained by differences in
inoculum and weather conditions between raspberry and
strawberry. Inoculum sources comprise sclerotia on plant
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incidence of B. cinerea infection of strawberry flowers on each sampling
day in 2008–20010 in an unsprayed tunnel at a commercial farm
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debris, plant organs and weeds, and resting mycelia on
several plant tissues (Jarvis 1962a, b, c; Braun and Sutton
1987; Mertely et al. 2000; Stromeng et al. 2009). On
strawberry, inoculum level is likely to be lower than in
raspberry because of plastic covering of planting beds very
early in the season and use of straw mulch over pathways
and soil. Moreover, strawberry crops usually only last for
1–2 years. In contrast, weeds and plant debris are much
more abundant in raspberry crops because of their perennial
nature and canopy structure. Raspberry crops under
protection usually flower during the period from early
May to mid-June, about a month earlier than the flowering
time of June-bearer strawberry under protection sampled in
this study. Thus, conditions for infection of flowers,
especially the night temperature as identified for field-

grown crops (Xu et al. 2000), may not be as limiting in
raspberry as in June-bearer strawberry in this study. The
high incidence of latent infection on raspberry might also
be due to the possibility that B. cinerea grows in raspberry
as an endophyte as recently found on lettuce (Sowley et al.
2010); further research is needed to understand this
potential avenue of fruit rotting.

A previously published strawberry model (Xu et al.
2000) did not consistently predict the incidence of flower
infections accurately over several seasons on both raspberry
and strawberry crops grown under protection. Its predic-
tions also appeared to over-estimate the incidence of flower
infection. A single strawberry sample in 2008 with a very
high percentage of flower infection may be partly caused by
the fact that the crop was disturbed by the tractor laying

Table 3 Percentage of latent and visual grey mould at harvest, and post-harvest in strawberry fruit

Treatment Pick 1 Pick 2 Pick 3 Pick 4 Pick 5 Pick 6 Pick 7 Overall

2006 Visual rot (post-harvest grey mould is very low; latent infection not assessed)

Untreated 2.5 6.3 4.0 2.5 3.8

Fungicide 1a 6.7 6.7 3.5 3.5 5.1

Fungicide 2 0 3.5 2.0 1.4 1.7

2007 Visual rot (latent infection not assessed)

Untreated 2.0 2.4 1.1 2.1 1.3 1.4 1.8 1.7

Fungicide 1 0 1.8 1.8 1.2 4.0 0 0 1.3

Fungicide 2 0 0 1.6 0.6 0 0 0 0.2

Fungicide 3 2.7 0.8 1.1 2.0 1.9 0 0 1.2

Post-harvest grey mould

Untreated 63.4 33.4 25.5 14.2 13.9 13.0 27.3

Fungicide 1 41.5 24.3 17.4 7.5 5.6 6.4 17.1

Fungicide 2 13.8 15.1 10.8 8.5 2.9 5.3 9.4

Fungicide 3 50.8 23.1 20.6 11.7 10.7 6.3 20.5

2008 Post-harvest grey mould (no visual grey mould; latent infection not assessed)

Untreated 39.4 43.6 33.1 38.0 42.0 40.2 39.4

Fungicide 1 12.6 23.2 14.2 22.3 30.1 32.1 22.4

Fungicide 2 19.9 26.8 16.0 23.0 33.4 23.5 23.8

2009 Trial 1: post-harvest grey mould (no visual grey mould; latent infection not assessed)

Untreated 42.9 46.3 32.1 28.4 17.0 33.3

Fungicide 1 7.9 25.5 23.9 17.0 0 14.9

Fungicide 2 9.1 20.5 21.3 14.7 11.7 15.5

2009 Trial 2: latent infection (no visual grey mould; post-harvest grey mould not assessed)

Untreated 6.7 0 2.0 1.0 2.4

Fungicide 1 4.6 0 1.0 0 1.4

2010: Latent infection (no visual grey mould; post-harvest grey mould not assessed)

Untreated 9.4 0 0 1 2.2

Fungicide 1 2.5 0 0 0 0.8

Data from experiments in 2006–2009 at East Malling Research on cv. Elsanta grown under protection. For all fungicide treatments, three to five
sprays against B. cinerea were applied starting at first flower at an interval of 7–10 days, except for the 2009 trial 2 and the 2010 trial where only a
single spray was applied
a Fungicide name are not given because most of these trials are subject to commercial confidentiality
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straw between strawberry beds the day before the sampling.
This may increase spore dispersal and potentially damage
strawberry flowers. The inconsistent performance of the
model predictions may have resulted from the nature of
data from which the model was developed. The model was
developed from the data collected from an open-field
strawberry crop for which flowering is usually in the period
from late April to early June. It identified temperature
(primarily night time) and vapour pressure deficit (primarily
day time) as two limiting factors for infection of flowers
during this period. But for crops under protection, night
time temperature during flowering is no longer expected to
be a limiting factor for infection. Another reason may be
the difference in the level of inoculum between crops
grown in open-field and under protection. In open-field,
sporulation of B. cinerea on plant residues in spring is
expected to be much greater than under protection because
of the protection of colonised plant residues from rain under
protection.

It was not possible to develop a single model to relate
the incidence of infection of raspberry flowers to weather
factors. Not only the relationship of flower infection with
climatic factors varied greatly among the four datasets, but
the percentage of variance explained by each model also
varied greatly among the datasets. These results suggest
that factors other than temperature and humidity may need
to be considered for some datasets. However, given the
high level of latent infection in both sprayed and unsprayed
fruit, it is doubtful that a predictive model for flower
infection will be of any significant use in practical
management of grey mould on raspberry under protection.
No attempt was made to develop another model for
infection of strawberry flowers under protection because
of the low levels of disease observed over the 3 years.

Incidence of latent B. cinerea in raspberry fruit was
greatest in unsprayed uncovered crops and least in sprayed
covered crops. However, the reduction in the incidence
under protection was not statistically significant, indicating
that establishment of latent infection in raspberry fruit,
resulting mainly from infection of flowers (McNicol et al.
1985), does not need free water, consistent with the high
level of flower infection as observed from the frequent
sampling. On sprayed crops under protection, the overall
level of latent infection on raspberry as well as post-harvest
grey mould on both raspberry and strawberry, though
varying among crops, was still high, compared with the
unsprayed. This suggests that frequent application of
fungicides during the flowering and early fruiting period
only partially controlled B. cinerea. Some of post-harvest
grey mould may also have resulted from new infections
from conidia post-harvest, which was supported by the
observations in this study that most fungal rots (including
grey mould) appeared during the period of 4–7 days after

harvest (data not shown). This post-harvest infection by B.
cinerea may also explain the lack of correlation between
the incidence of latent infection in yellow fruit and grey
mould in ripe fruit on raspberry.

This study confirms that risk of grey mould on
strawberry is greatly reduced under protection, compared
with open-field (Xiao et al. 2001; Evenhuis and Wanten
2006) a result similar to that reported for red currant
(Creemers et al. 2006). The level of flower infections was
low on strawberry under protection and similarly the
overall level of latent infection on unripe fruit was close to
zero for both fungicide-treated and non-treated strawberry
plants. On the other hand, a higher level of flower
infection was found on raspberry under protection and
the incidence of latent infection of unripe raspberry fruit
grown in open field and under protection was high even
for fungicide-treated crops. Most importantly, the level of
ripe fruit with visual grey mould at harvest was very low,
close to zero, for both strawberry and raspberry grown
under protection. Although a high level of post-harvest
grey mould was observed after incubation for 7 days, most
fruit were also infected by other fungi anyway if not by B.
cinerea already. Considering all these findings together,
we question the need and value of fungicide application
during the flowering and early fruiting period to control
grey mould on raspberry and June-bearer strawberry crops
grown under protection.

We concluded that fungicide control of grey mould
during the flower and fruiting period on raspberry and
June-bearer strawberry crops that are covered with plastics
early in spring is not necessary. Furthermore, canopy
manipulation is also not necessary on raspberry since it
did not result in any appreciable reductions in the infection
of raspberry fruit by B. cinerea (O’Neill et al. 2009), in
contrast to results obtained on bunch rot of grape caused by
B. cinerea (Zoecklein et al. 1992; English et al. 1993;
Duncan et al. 1995). A varying level of post-harvest fungal
rotting, including B. cinerea, suggests that, apart from usual
crop hygienic practices, the post-harvest fruit management
(e.g. rapid cooling and speedy delivery to selling points) is
the key to prevent visible grey mould and other fungal rot
from becoming visible before consumption (normally the
time from harvest to consumption for both strawberry and
raspberry is less than 7 days), i.e. extending the fruit shelf
life. If fungicides applied outside of the flowering and
fruiting period can provide adequate control of other
diseases, it is possible to produce raspberry and strawberry
fruit with zero (i.e. non-detectable) fungicide residues in
fruit at harvest. Currently, this new strategy for grey mould
control is being evaluated on several commercial crops sites
in which fungicides are not applied during the flowering
and fruiting period to control grey mould, but an efficient
post-harvesting handling protocol is adopted.
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