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� C. sake field treatments reduced
Botrytis bunch rot in Atlantic climate
vineyards.
� C. sake maintain high population

density on berries after field
applications.
� Survival pattern of C. sake under

different T and RH limiting conditions
is described.
� An incubation period, prior to

exposure to limiting conditions,
increased BCA survival.
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Candida sake CPA-1 is an antagonistic yeast that has previously been shown to effectively control Botrytis
bunch rot in grapes. The efficacy of biological control agents is dependent on their survival, which may
also depend on climatic conditions. However, few studies have evaluated the effect of abiotic factors
affecting the survival of biological control agents, such as temperature (T) or relative humidity (RH). In
this study, efficacy of C. sake (5 � 107 CFU mL�1), which was applied with the additive Fungicover (FC;
50 g L�1), was tested against BBR in the laboratory and in field trials under the Atlantic climate conditions
of the Bordeaux region (France). The study also evaluated the survival of C. sake under T and RH regimes
simulated in climatic chambers. Two or five applications of C. sake plus FC during the growing season sig-
nificantly reduced BBR severity at harvest by 48% and 82%, respectively, when compared to the control.
Similar reductions were achieved after inoculation with selected virulent Botrytis cinerea strains (75%
compared to control) in laboratory experiments. C. sake populations showed minimal decreases between
field applications and were favored by simulated Atlantic climate conditions. The survival pattern of
C. sake exposed to 40 and 45 �C combined with 30% and 100% of RH was described, demonstrating a sharp
decrease during the first 24 h. Allowing 48 h for C. sake to incubate and become established on fruits prior
to the exposure to 40 �C and 30% RH increased survival (P < 0.05). These results confirm the efficacy of
treatment with C. sake plus FC under favorable climatic conditions for BBR development, while survival
studies may help to improve the survival and efficacy of yeast BCAs, such as C. sake CPA-1.

� 2014 Elsevier Inc. All rights reserved.
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1. Introduction investigating the effects of RH and T on the relationship between a
Biological control by antagonistic microorganisms has been
extensively studied in recent decades and is regarded as a promis-
ing alternative to the use of synthetic fungicides to control fruit
pathogens (Droby et al., 2009; Nicot, 2011). Among these patho-
gens, Botrytis cinerea Pers.:Fr., the causative agent of Botrytis bunch
rot of grapes (Vitis vinifera L.), is an important disease in vineyards,
causing substantial economic losses in wine and table grapes. In the
Bordeaux winegrowing region (France), for example, BBR quantita-
tively reduces the yield if meteorological conditions are conducive
to epidemic development. Moreover, it has recently been shown to
cause significant loss of wine sensory quality, perceptible from a
disease threshold as low as 5% of rotted berries at harvest (Ky
et al., 2012). The epidemiological development of BBR is complex
because it is dependent on multiple infection pathways (Elmer
and Michailides, 2004). Among the key factors determining disease
development are the following: (i) the genetic structure of the B.
cinerea population (Martinez et al., 2008, 2005); (ii) the grape berry
ontogenic resistance associated with the fruit developmental stage
(Deytieux-Belleau et al., 2009); (iii) the grapevine susceptibility
related to plant vegetative vigor (Valdés-Gómez et al., 2008) and
important interactions between the pathogen and insect vectors
such as Lobesia botrana (Denis & Schiffermüller), the European
Grape Berry Moth ‘‘EGBM’’ (Fermaud and Lemenn, 1992) and Thrips
obscuratus (Crawford) (Fermaud and Gaunt, 1995).

During the past few decades, promising studies have reported
effective preharvest disease control by commercially available bio-
logical control agents and other microorganisms at various devel-
opmental stages (Elmer and Reglinski, 2006; Nally et al., 2012;
Parry et al., 2011). Furthermore, postharvest applications of several
BCAs have also been demonstrated to be effective during storage of
table grapes (Romanazzi et al., 2012). The antagonistic yeast
Candida sake CPA-1, applied in combination with the additive
Fungicover�, significantly reduced BBR incidence and severity at
harvest in field experiments in dry Mediterranean climate condi-
tions (Calvo-Garrido et al., 2013; Cañamás et al., 2011). It effective-
ness was also reported against postharvest diseases of pome fruit
through pre- and post-harvest applications (Teixidó et al., 1998b,
1999). Spatial and nutrient competition on the fruit surface was
considered to be the main mechanism by which C. sake CPA-1
mediates disease suppression, as described for other antagonistic
yeast and yeast-like fungi (Droby et al., 2009; Filonow, 1998;
Jijakli, 2011; Lima et al., 1997). This mode of action requires the
presence and persistence of BCA cells at high concentrations on
fruit tissues, and a minimal concentration of 104 CFU cm�2 is
needed to maintain consistency of control, making the survival of
BCA populations a crucial factor (Andrews, 1992).

BCA survival is affected by abiotic factors such as temperature,
relative humidity and UV radiation (Lahlali et al., 2011; Magan,
2001; Teixido et al., 2010). The influence of these factors can be
reduced during controlled postharvest storage. However, under
field conditions, populations are subjected to daily fluctuations of
temperature and RH, as well as periods of limiting conditions inter-
fering with BCA survival. Especially in hot and dry summer cli-
mates, days with maximum T over 35 �C are frequent and RH can
drop below 30% during the day. These conditions may affect the
survival of a yeast BCA like C. sake, which has an optimal growth
temperature of 25 �C in culture medium (Teixidó et al., 1998c).

In addition, differences in T and RH during the growing season
are known to be key factors determining BBR epidemic develop-
ment (Elmer and Michailides, 2004). Performance of BCAs may also
be modified by environmental conditions, as suggested by studies
pathogen and a BCA (Agra et al., 2012).
The population dynamics of antagonistic yeast and yeast-like

BCAs have been assessed during storage, following postharvest
applications on a variety of fruit commodities: mainly in pome
fruit (Jijakli, 2011; Lima et al., 2003; Manso and Nunes, 2011;
Tian et al., 2004; Viñas et al., 1998) but also in sweet cherries
(Ippolito et al., 2005; Tian et al., 2004) and citrus (Teixidó et al.,
2001). Other studies have also evaluated the field survival of these
BCAs for controlling diseases during the growing season (Guetsky
et al., 2002; Lima et al., 2002) or following pre-harvest applications
to control fruit pathogens during storage (Benbow and Sugar,
1999; Ippolito and Nigro, 2000; Lahlali et al., 2009; Teixidó et al.,
1998b). On grapes, BCA population studies include the evaluation
of field survival after postharvest applications of Aureobasidium
pullulans and Candida oleophila (Lima et al., 1997), Candida
guillermondii and Acremonium cephalosporium (Zahavi et al.,
2000), Metschnikowia fructicola (Karabulut et al., 2003),
Metschnikowia pulcherrima and Pichia guilliermondii (Kinay and
Yildiz, 2008), Cryptococus laurentii (Meng and Tian, 2009), the
developing yeast-like fungi BCA-L1 (Parry et al., 2011) and C. sake,
evaluated in both conventional and organic-managed vineyards
(Calvo-Garrido et al., 2013; Cañamás et al., 2011).

However, few reports have studied the direct effects of key abi-
otic factors such as T and RH on BCA survival. The in vitro response
of C. sake to water, temperature and pH stress has been studied
(Teixidó et al., 1998c). Lahlali et al. (2008) established a model
for the survival of Pichia anomala (strain K) and C. oleophila (strain
O), exposing populations on treated apples to different tempera-
tures (5, 15 and 25 �C) and RH (75% and 98%). Furthermore, the
efficacy and survival of C. oleophila (strain O) was also tested in
extreme conditions of water activity and RH (Lahlali and Jijakli,
2009). However, there are no similar studies on grapes, and none
has evaluated the in vivo survival of a BCA under selected T and
RH regimes in controlled conditions. This information could be
valuable for predicting survival and hence improving the efficacy
of BCA treatments in the future.

The aims of this work were (1) to test the efficacy of C. sake CPA-
1 plus Fungicover applications against B. cinerea, in the laboratory
and in the field under the climatic conditions of Bordeaux vine-
yards, (2) to evaluate populations of the BCA under these field con-
ditions, and (3) to investigate the effects of different regimes of
simulated climatic conditions and limiting conditions of T and
RH on C. sake CPA-1 survival on grape berries.
2. Materials and methods

2.1. Yeast and fungal material

Three pathogenic B. cinerea strains (213, 344 and 351) were
selected from the collection of INRA (UMR 1065 SAVE), Bordeaux.
The strains have been characterized as II-vacuma for strain 351
and II-transposa for strains 213 and 344. They were selected based
on their marked aggressiveness, ranging from high virulence (213)
to intermediate-high virulence (351 and 344), compared to other B.
cinerea strains from the same collection (Martinez et al., 2003).
Stock cultures were maintained on solid malt agar (MA) medium
(15 g L�1 Cristomalt, Materne, France and 20 g L�1 of agar) and
then subcultured on MA at 21 �C (±1 �C) in the dark.

The strain CPA-1 of C. sake was deposited in the Colección
Española de Cultivos Tipo (CECT-10817) at the University of
Valencia, Burjassot, Spain. C. sake was used for experiments as a
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formulated product developed in the IRTA research center located
in Lleida (Catalonia, Spain), following cell production and formula-
tion methods described by Cañamás et al. (2011), and then stored
at 5 �C (±1 �C) in INRA facilities prior to application of treatments.

For all field and laboratory experiments, C. sake was applied
together with the additive Fungicover (Biodúrcal S.L., Granada,
Spain). Its composition is a combination of various fatty acids
(mainly lauric, palmitic and stearic acids) in an aqueous-alcoholic
solution, and it is used as coating agent for C. sake field applications
because it has been demonstrated to improve survival of the BCA
(Cañamás et al., 2011) and also to reduce BBR by itself (Calvo-
Garrido et al., 2013).
2.2. Efficacy of C. sake and Fungicover treatments against B. cinerea
infection in controlled laboratory conditions

The combination of C. sake CPA-1 plus the additive FC was
tested in its capacity to control berry infections following B. cinerea
artificial inoculations using mycelial plugs. Infection severity was
compared to an untreated control and a treatment with Fungicover
alone.

Table grapes (cv. Italia) were washed for 15 min in continuous
tap-water flow to remove particles and synthetic fungicide resi-
dues. Then, single apparently sound berries were cut from
bunches, using scissors, keeping the pedicel attached (average
berry maturity = 13.1 �Brix, measured by refractometry).

The experimental design included three replicates per treat-
ment, with each replicate unit consisting of 15 berries placed on
a grid. The treatments were (i) untreated berries (Control), (ii) ber-
ries sprayed with C. sake at 5 � 107 CFU mL�1 plus Fungicover at
50 g L�1 (CS + FC) and (iii) berries sprayed with Fungicover at
50 g L�1 alone (FC). Treatment application was carried out by
spraying over the 15 berries of each replicate until runoff, using
a pump hand sprayer (F2 Plus model, Berthoud Ltd., Villefranche,
France). To favor C. sake establishment prior to inoculation with
B. cinerea, after fruit drying, each replicate unit was placed in a high
humidity chamber (HHC) consisting of a plastic box
(22 � 13 � 4 cm) containing a sterile absorbent paper in the base
with 50 ml of sterile deionized water and was incubated for 18 h
at 21 �C (±1 �C) and 100% RH.

Mycelial plugs (4 mm in diameter) were cut from the edge of
7-day-old colonies of B. cinerea and placed on the berries with
the mycelium facing the fruit surface, using a sterile scalpel. Once
inoculation was performed and the boxes were closed again to cre-
ate HHC, the 27 replicate units (three replicates by three treat-
ments by three B. cinerea isolates) were placed in an incubator
(EX-111; TABAI ESPEC CORP, Osaka, Japan) at constant tempera-
ture of 21 �C (±0.5 �C) and 100% RH in the dark until symptom
assessments. After 5, 7, 11 and 14 days of incubation, rot severity
was visually scored in each berry as the percentage of berry surface
showing the typical brown color following B. cinerea infection.
Average rot severity of each replicate unit was calculated as the
mean severity of the 15 berries in each HHC. Based on the average
rot severity in each replicate unit plotted over the time, the area
Table 1
Field treatments with Candida sake CPA-1 and Fungicover applied to control Botrytis bunc

Treatmenta 50% flowering 50% flowering + 15 days

Control – –
Full season CS + FC CS + FC
Early season CS + FC –
Fungicide Fenhexamid –

a CS + FC: C. sake CPA-1 at 5 � 107 CFU mL�1 plus Fungicover at 50 g L�1; Fenhexamid:
plus Fludioxonil (25%).
under the disease progress curve was calculated for subsequent
statistical analysis.

2.3. Efficacy of field applications of C. sake and Fungicover in Bordeaux
vineyards

2.3.1. Experimental field site
In 2012, a field efficacy assay was conducted in an INRA exper-

imental vineyard (V. vinifera L.) located near Bordeaux (‘‘Grande
Ferrade’’, Villenave d’Ornon, France). The vineyard of Merlot culti-
var was planted in 1991 on typical gravelly soil and was grafted
onto ‘101-14’ rootstock. The planting density was approximately
5350 vines ha�1, with a row by vine spacing of 1.70 � 1.10 m and
a north-south row orientation. Plants were fertilized by applying
1600 kg ha�1 of commercial compost (Vegethumus�, Frayssinet
Ltd., Rouairoux, France) every two years from 1992 to 2008. The
experimental vineyard was treated against downy and powdery
mildew every 2 weeks from 26 Apr. 2012 to 26 Jul. 2012, following
the dosages recommended by the manufacturers (six applications
of cymoxanil 4% w w�1 + mancozeb 46.5% w w�1, two applications
of trifloxystrobine 50% w w�1, two applications of tebuconazol
25.8% w w�1, two applications of quinoxyfene 22.58% w w�1 and
one application of spiroxamine 50% w w�1). No treatments were
applied against BBR or L. botrana in the experimental plots.

2.3.2. Anti-Botrytis treatments and experimental design
The growing season was divided into five key phenological

stages from flowering to harvest: 50% flowering (04 Jun. 2012),
50% flowering + 15 days (18 Jun. 2012), Pre-bunch closure (06 Jul.
2012), Veraison (13 Aug. 2012) and 21 days before harvest (06
Sep. 2012). Applications of C. sake plus the additive Fungicover
were performed at those stages during the whole season or focused
only on the early part of the growing season (‘‘Full season’’ and
‘‘Early season’’ treatments). Efficacy of the treatments was com-
pared to an untreated control and to a synthetic fungicide program.
Details of concentrations, active ingredients applied and timetable
of spray applications are summarized in Table 1.

Each replicate unit in the field experiment consisted of seven
adjacent vines, of which the first and last vines were buffer vines,
the second and third plants were used for C. sake population sam-
pling, and the remaining three vines were used to assess BBR at the
end of the season. Replicate units were sorted in a completely ran-
domized block design with five replicates per treatment.

C. sake was applied as the formulated product previously
described for the laboratory experiment. Field applications were
conducted with an electric backpack sprayer (F200 model, INFACO
s.a.s., Cahuzac sur Vère, France) by applying treatments until run-
off, focusing on the inflorescences or grape bunches only.

2.3.3. Bunch rot assessment
At the end of the season, two assessments of BBR were con-

ducted: (1) at commercial harvest time (26 Sept. 2012) and (2)
1 week later, when grape bunches were over-ripe (04 Oct. 2012).
Bunch rot was visually assessed on 50 bunches per replicate unit,
evaluating disease Incidence (percentage of bunches with B. cinerea
h rot in Merlot wine grapes.

Pre bunch closure Veraison 21 days before harvest

– – –
CS + FC CS + FC CS + FC
CS + FC – –
Cyprodinil + Fludioxonil – –

Fenhexamid 750 g ha�1; Cyprodinil + Fludioxonil: 1200 g ha�1 of Cyprodinil (37.5%)
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rot symptoms) and Severity (percentage of B. cinerea-rotted berries
per bunch).

2.3.4. Evaluation of C. sake populations on floral and fruit organs
C. sake populations on vine tissues were monitored during the

growing season in treated plots. Flowers or berries were collected
from the second and third vines of each replicate unit, using sterile
clippers. The four replicates corresponded with the first 4 blocks of
the original five-block experimental design. ‘‘Full season’’-treated
plots were sampled (a) once the tissue surface was dry just after
one treatment application and (b) 1 h before the next treatment
application. In the ‘‘Early season’’ treatment, populations on berries
were assessed at harvest time only. Sampling was conducted twice
(27 Sep. and 4 Oct.) to gain consistency and precision of the final
average value.

Samples were transported to the laboratory in coolers and then
placed in 250-mL Erlenmeyer flasks with phosphate buffer. At flow-
ering, BCA populations were recovered from 2 g of floral organs that
were collected from 8 bunches per replicate unit and immersed in
20 mL of phosphate buffer. At pre-bunch closure, 40 pea-sized ber-
ries from 20 bunches per unit plot were weighed and then immersed
in 50 mL of phosphate buffer. In samplings after veraison, 20 berries
from 10 bunches were weighed and then immersed in 50 mL of
phosphate buffer. Then, the Erlenmeyer flasks were shaken for
20 min at 150 r.p.m. on a rotary shaker and then sonicated for
10 min in an ultrasonic bath (Branson� 2510, Branson Ultrasonics
Corp., Danbury, Connecticut, USA). After serial dilutions of the wash-
ing solutions, 100-lL aliquots were plated onto NYDA plates (NYDA:
nutrient broth, 8 g L�1; yeast extract, 5 g L�1; dextrose, 10 g L�1; and
agar, 15 g L�1) supplemented with streptomycin sulfate (0.5 g L�1).
Duplicate plates were incubated in the dark at 25 �C and, after
48 h, colonies were visually recognized and counted, based on their
morphological characteristics. Data were collected as CFU mL�1 and
later expressed as CFU g�1 of tissue sample.

2.3.5. Quantification of L. botrana larvae in grape bunches
To evaluate a possible interaction of C. sake and FC treatments

with L. botrana development, incidence of L. botrana larvae was
quantified at the end of the season on five bunches per replicate
plot of the field experiment, with bunches selected randomly,
regardless of the Botrytis rot level. Samples were collected from
all replicate plots of the field experiment, excluding fungicide-
treated plots. Next, the five bunches per replicate were immersed
and agitated in three liters of brine (NaCl, ca 170 g L�1 of water) for
20–30 min in a bucket, as previously described (Fermaud, 1998).
The number of L. botrana larvae of the third generation per five
bunches was counted at the brine surface and then expressed as
‘‘Number of L. botrana larvae per 100 bunches’’. The sampling
and counting process was carried out twice (04 Oct. 2012 and 09
Oct. 2012) for higher consistency of results.

2.3.6. Meteorological data
A weather station (CIMEL 516i, Cimel Electronique, Paris,

France), belonging to the INRA meteorological service network,
was placed next to the experimental vineyard to record data for
major meteorological variables at hourly intervals. Mean daily val-
ues of Temperature (T), Maximal Temperature (Tmax), Mean Rela-
tive Humidity (RH) and accumulated rainfall (Rf) were calculated
later.

2.4. Studies on C. sake CPA-1 survival in climatic chambers

2.4.1. General methodology
Five experiments were conducted under controlled conditions

to evaluate C. sake survival on the grape berry surface according
to different temperature and RH regimes.
In these experiments, mature table-grape berries were used
after they were washed for 15 min in a continuous tap-water flow
to remove particles and possible synthetic fungicide residues. Ten
single apparently sound berries were cut, keeping the pedicel
attached, and placed onto a grid constituting a replicate unit. Three
replicate units per treatment were used in all of the survival
experiments.

All of these experiments followed a four-step common method-
ology. (1) Berry treatment: C. sake plus FC treatments were applied
until runoff with a pump hand sprayer (F2 Plus model, Berthoud
Ltd., Villefranche, France). Samples were allowed to dry for 2 h
and then placed in HHCs, as described in Section 2.2. (2) Incubation
of treated samples: the treated berries were incubated in the HHCs
at 21 �C (±1 �C) and 100% RH in the dark to favor the establishment
of C. sake cells on the berry surface. (3) Exposure to controlled T
and RH regimes: replicate samples placed onto grids were placed
in climatic chambers and subjected to different tempera-
ture � RH � duration combinations in the dark. (4) Quantification
of C. sake cells on berry surface: at the indicated times (depending
on the experiment), recovery of C. sake culturable cells was per-
formed by extracting 10 berries of each replicate unit from the cli-
matic chambers, placing them immediately in 250-mL Erlenmeyer
flasks with 50 mL of phosphate buffer and proceeding as described
in Section 2.3.4.

For all experiments, incubations at 21 ± 1 �C (step two) were
conducted in a climate-controlled storeroom at INRA Bordeaux
facilities, with T monitored during storage with an external T data-
logger (HOBO� U12, Onset Computer Corp., Cape Cod, Massachu-
setts, USA). Controlled T and RH regimes (step three) were
generated using two climatic chambers (EX-111 model, Tabai
Espec Corp., Osaka, Japan and PGR14 model, Conviron Ltd., Winni-
peg, Canada). The two climatic chambers were calibrated using
external T and RH data loggers (HOBO� U12, Onset Computer
Corp., Cape Cod, Massachusetts, USA), to adjust T and RH values
of both chambers to the same levels. The same data loggers were
also used for monitoring T and RH inside the climatic chambers
during the experiments.

Specific conditions of the five studies in climatic chambers were
designed as modifications of the described four-step general
methodology.
2.4.2. Effect of constant limiting T and RH conditions on C. sake
survival

Thompson seedless table grapes were sprayed with C. sake
CPA-1 at 5 � 107 CFU mL�1 together with Fungicover at 50 g L�1

and then incubated in HHCs at 21 �C (±1 �C) for 12–18 h. Then, trea-
ted berries were exposed to constant regimes of T and RH in cli-
matic chambers for 72 h. Four treatments were tested: (1) 40 �C
and 30% RH, (2) 40 �C and 100% RH, (3) 45 �C and 30% RH and (4)
45 �C and 100% RH. During the same 72-hour period, another set
of samples was incubated at 21 �C (±1 �C) and 100% RH as a Control
treatment. For each treatment, evaluation of C. sake populations on
berries was performed after 0, 3, 6, 24, 48 and 72 h of exposure. The
results of the C. sake population reductions were finally expressed,
for each sample time, as Log(N Nc

�1), where N = populations in trea-
ted sample (CFU g�1) and Nc = mean value of the population in the
three replicates of the Control treatment (CFU g�1). The experiment
was repeated at 40 �C and 30% RH to increase the consistency of
data for this treatment, which was considered a representative
standard of hot and dry limiting field conditions.
2.4.3. Effect of the additive Fungicover on C. sake survival under
constant limiting conditions

In this study, C. sake was applied alone or associated with differ-
ent concentrations of FC to evaluate whether C. sake survival under
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constant limiting conditions of temperature and RH was affected
by the FC dose.

Three treatments were evaluated based on application of C. sake
at 5 � 107 CFU mL�1 on table grapes (cv. Sugraone): C. sake alone
(CS), C. sake plus Fungicover at 25 g L�1 (CS + FC25) and C. sake plus
Fungicover at 50 g L�1 (CS + FC50). Once treated, samples were
incubated in HHCs at 21 �C (±1 �C) for 12–18 h and then exposed
to 40 �C and 30% RH for 72 h. During the same period, as a Control
treatment, a similar set of samples was incubated at 22 �C (±1 �C)
and 100% RH. Evaluation of C. sake populations on berries was per-
formed after 0, 6, 24, 48 and 72 h. The results of the C. sake popu-
lation counts are expressed for each sample time as Log(CFU g�1).

2.4.4. Effect of the incubation time prior to constant limiting conditions
on C. sake survival

The effect on C. sake survival capacity of different periods of
incubation under optimal conditions before a period of constant
limiting conditions was tested. For that purpose, grape berries
(cv. Sugraone) were treated with C. sake CPA-1 at 5 � 107 CFU L�1

plus Fungicover at 50 g L�1 and then incubated at 21 �C (±1 �C)
and 100% RH for 0, 24 or 48 h (0, 24 and 48 h treatments). Just after
the incubation period, samples were exposed to a 48-hour period
of limiting conditions at 40 �C and 30% RH. Evaluation of C. sake
populations on berries was performed at 0 and 48 h after the
beginning of the period of limiting conditions. The results of the
C. sake populations before the limiting conditions period are
expressed as Log(CFU g�1). Population reductions are expressed
as Log(N N0

�1), where N = CFU g�1 of C. sake after the exposure to
limiting conditions and N0 = average value of CFU g�1 of C. sake
before the period of exposure to limiting conditions.

2.4.5. C. sake survival under Atlantic and Mediterranean simulated
climatic regimes

To evaluate the survival of C. sake populations on grape berries
under Atlantic or dry Mediterranean climatic conditions, two sim-
ulated night/day regimes were designed using meteorological data
from representative weather stations from each climatic region
(Merignac Airport in the Bordeaux region and IRTA weather station
placed in an experimental vineyard in the Lleida area, respec-
tively). Average values of T and RH variables during the middle
of the growing season were calculated using meteorological data
from July 1st to August 31st (2006 to 2011) at the two weather
stations.

Treatments consisted of two simulated climatic regimes (BDX
and LDA treatments for Bordeaux and Lleida simulated conditions,
respectively), which included simulated day and night conditions.
Day conditions consisted of a combination of the Average Maximal
daily temperature and the Average Minimal daily RH in each
region. Simulated night conditions consisted of a combination of
the Average Minimal daily temperature and the Average Maximal
daily RH in each region. Temperature and RH values of the simu-
lated night/day regimes are described in Table 2. Day and night
durations were 15 and 9 h, respectively, based on the approximate
durations of day and night in both regions on August 1st.

Sugraone table grapes were treated with C. sake CPA-1 at
5 � 107 CFU L�1 plus Fungicover at 50 g L�1 and incubated in HHCs
at 21 �C (±1 �C) for 12–18 h. Then, samples were placed in the
Table 2
Temperature and RH conditions of the Atlantic and Mediterranean simulated climatic
regimes applied to C. sake populations in survival studies.

Simulated climatic regime Day (15 h) Night (9 h)

Atlantic climate
Bordeaux, France (BDX)

27 �C – 43% RH 16 �C – 93% RH

Dry Mediterranean climate
Lleida, Catalonia, Spain (LDA)

31 �C – 39% RH 16.5 �C – 82% RH
climatic chambers programmed with the simulated climatic
regimes (BDX and LDA), while another set of samples was main-
tained in the HHC at 21 �C (±1 �C) and 100% RH for the whole
experiment, considered as the Control treatment. C. sake popula-
tions were recovered at 0, 1, 4, 7 and 15 days after the start of
the simulated conditions. The results of the C. sake population
counts at each sample time are expressed as Log(CFU g�1).

2.4.6. Effect of the adaptation to simulated climatic regimes on C. sake
survival under constant limiting conditions

The objective of this experiment was to test whether C. sake
populations that have been exposed to simulated climatic condi-
tions (LDA or BDX, as described above) survive differently when
exposed to a subsequent period of constant limiting conditions.
After the application of C. sake CPA-1 at 5 � 107 CFU L�1 plus Fun-
gicover at 50 g L�1 on table grapes (cv. Sugraone) and the incuba-
tion in HHCs at 21 �C (±1 �C) for 12–18 h, samples were placed in
climatic chambers programmed with the simulated climatic
regimes (BDX and LDA treatments, Table 2) for 5 days. Then, sam-
ples exposed to both Atlantic and dry Mediterranean simulated
conditions were put together under limiting conditions (40 �C
and 30% RH) in a climatic chamber for 72 h. Populations of C. sake
were measured at 0, 6, 24, 48 and 72 h after the start of the expo-
sure to limiting conditions. Population reductions are expressed for
each sample time as Log(N N0

�1), as previously described in Section
2.4.3.

2.5. Statistical analysis

Data were analyzed by multiple-factor ANOVA, and significant
treatment differences (P < 0.05) were determined using Tukey’s
test. LSD Student’s t-test was used in the analysis of the efficacy
experiment, comparing treatments to the untreated control. To
improve homogeneity of variances, CFU data of C. sake CPA-1 pop-
ulation counts were log-transformed, and L. botrana larvae counts
were also transformed [Square root (x + 1)] prior to ANOVA. Data
analysis was performed using JMP8 software (SAS Institute Inc.,
NC, U.S.A.).
3. Results

3.1. Efficacy of C. sake and Fungicover treatments against B. cinerea
infection in controlled laboratory conditions

The symptom-development curve of the berry infection pro-
duced by B. cinerea mycelial plugs in the three tested treatments
is presented in Fig. 1. The data include the mean severity results
of the three B. cinerea strains tested (351, 344, 213) because the
interactions between treatment effect and strains were not signif-
icant and the data could thus be analyzed together. However, there
were significant differences (P < 0.05) in mean severity produced
by strain 213 (II-transposa) compared to strains 344 and 351
(II-transposa and II-vacuma, respectively). The area under the dis-
ease progress curve produced by strain 213% was 33% larger than
the corresponding area for strains 344 or 351, indicating elevated
aggressiveness of 213 compared to the other two (data not shown).

Mean severity in untreated berries increased steadily, reaching
94% at 14 days after inoculation. Severity in treated berries was
significantly lower (P < 0.05), and differences between the two
treatments were also significant (P < 0.05). The CS + FC and FC
treatments reduced the area under the curve by 75% and 47%,
respectively (Fig. 1), when compared to the untreated control.
Nonetheless, maximal severity reduction by CS + FC and FC treat-
ments was achieved at five (92% and 60% reduction, respectively)
and seven (85% and 56%, respectively) days after inoculation.
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Fig. 1. Mean severity of rot in table grapes treated with C. sake and Fungicover
before challenge inoculation with Botrytis cinerea mycelial plugs (strains 351, 213
and 344). Grape berries (cv. Italia) were not treated (Control), treated with C. sake
CPA-1 at 5 � 107 CFU mL�1 plus Fungicover at 50 g L�1 (CS + FC) or treated with
Fungicover alone at 50 g L�1 (FC). After incubation at 21 (±1 �C) at 100% RH, berries
were inoculated and then incubated at 21 �C and 100% RH for 14 days. All values are
means of three replicate units per treatment � strain. Mean values of the calculated
area under disease progress curve connected by the same letter are not significantly
different (P < 0.05) according to LSD Student’s t-test.
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Fig. 2. Incidence and severity of Botrytis bunch rot at harvest in an experimental
vineyard cv. Merlot in Bordeaux. Bunch rot was assessed over 50 bunches per
replicate plot at (a) commercial harvest date (26/09/2012) and (b) 1 week after
commercial harvest (04/10/2012). C. sake CPA-1 at 5 � 107 CFU/g plus Fungicover at
50 g/L was applied two times (Early season) or five times (Full season) at key
phenological stages. Control: untreated; Fungicide: One application of Fenhexamid
at 50% flowering (Dose: 750 g ha�1) and one application of Cyprodinil (75%) + Flu-
dioxonil (25%) at pre bunch closure (Dose: 1200 g ha�1). All values are means of five
replicate units. Mean values of incidence or severity linked by the same letter are
not significantly different (P < 0.05) according to LSD Student’s t-test.
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3.2. Efficacy of field applications of C. sake and Fungicover in Bordeaux
vineyards

3.2.1. Control of BBR at harvest
Fig. 2 summarizes the incidence and severity results of Botrytis

bunch rot in the field experiment conducted on an experimental
Merlot vineyard. In the rot assessment at commercial harvest
(Fig. 2a), incidence and severity were high in untreated plots,
reaching 78% and 12%, respectively. All treatments significantly
(P < 0.05) reduced the incidence and severity of BBR. Two applica-
tions of C. sake and Fungicover at key phenological stages (‘‘Early
season’’ treatment) reduced the incidence by 26% and the severity
by 48% compared to the untreated control, and these reductions
were not significantly different from those achieved by the Fungi-
cide treatment (32% and 41% reductions of incidence and severity,
respectively). The ‘‘Full season’’ treatment was the most effective,
reducing bunch rot incidence by 63% and severity by 82%, com-
pared to control.

One week after commercial harvest maturity (Fig. 2b), Botrytis
bunch rot incidence and severity in untreated plots increased up
to 99% and 39%, respectively. Only the ‘‘Full season’’ and Fungicide
treatments significantly (P < 0.05) reduced incidence, by 13% and
18%, respectively. However, all treatments were able to reduce
BBR severity, by 34% (Early season), 77% (Full season) or 74% (Fun-
gicide). The ‘‘Early season’’ treatment showed significantly
(P < 0.05) lower efficacy than the ‘‘Full season’’ and Fungicide
treatments.
3.2.2. Population dynamics of C. sake during field efficacy experiment
Populations of the antagonistic yeast C. sake were very high on

flowers, recovering more than 7 Log(CFU g�1) after the spray appli-
cation at 50% flowering (Fig. 3). Then, C. sake decreased to
5.7Log(CFU g�1) prior to the next application. At flowering plus
15 days, populations were restored, up to 6.7Log(CFU g�1), and
the decrease rate was low until the pre-bunch-closure application.

When the C. sake plus Fungicover mixture was applied on berries,
from pre-bunch-closure onwards, populations always stayed over
5Log(CFU g�1) after the spray applications and did not significantly
(P > 0.05) decrease between applications. The decrease rate between
these samples was very low, and the sprays also did not significantly
(P > 0.05) increase the C. sake numbers on the berry surface com-
pared to the populations present just before the application.

In the ‘‘Early season’’ plots, in which the last spray application
was carried out at pre-bunch-closure (6 Jul. 2012), the C. sake
population recovered at harvest was 4.9 (Fig. 3). This value was
not different (P > 0.05) from that observed on ‘‘Full season’’ berries
(5.1LogCFU g�1).

3.2.3. Quantification of L. botrana larvae in grape bunches
Statistical analysis showed there was no interaction (P > 0.05)

between the sample date (04 Oct. 2012 and 09 Oct. 2012) and
the treatment effects. Therefore, data were pooled for the analysis
of treatment efficacy. The results of the L. botrana counts showed
elevated incidence in untreated Merlot bunches at harvest, reach-
ing 123 larvae per 100 bunches. However, incidence of L. botrana
was 72% lower (34 larvae per 100 grape bunches; P < 0.05) in the
‘‘Full season’’ treatment plots compared to control. The ‘‘Early sea-
son’’ treatment showed a similar incidence to the untreated control
(124 larvae per 100 grape bunches.

3.2.4. Meteorological data
Meteorological conditions before veraison (1 Jun. 2012 to 13

Aug. 2012) were characterized by mean T = 20.2 �C, mean
Tmax = 25.9 �C, mean RH = 65.9% and Rf = 120.0 mm. During the
late-season period, after veraison (14 Aug. 2012 to 10 Oct. 2012),
mean T = 20.0 �C, mean Tmax = 26.3 �C, mean RH = 66.3% and
Rf = 73.5 mm.
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Fig. 3. Population dynamics of Candida sake CPA-1 on grapevine tissues from an experimental vineyard cv. Merlot in Bordeaux. C. sake CPA-1 at 5 � 107 CFU mL�1 plus
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3.3. Studies on C. sake CPA-1 survival in climatic chambers

3.3.1. Effect of constant limiting T and RH conditions on C. sake
survival

The C. sake populations on treated grape berries decreased
under the four T and RH regimes tested (Fig. 4). When limiting
temperatures were combined with low humidity conditions
(40 �C – 30%; 45 �C – 30%), the population decline pattern was sim-
ilar in both treatments, and no significant differences (P < 0.05)
were detected at any sampling time. Nonetheless, C. sake recovered
populations were generally lower in samples maintained at 45 �C.
After 48 h of exposure, the population decreased by 2.7Log units
(40 �C – 30%) or 4.1Log units (45 �C – 30%); after 72 h at 40 �C
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Fig. 4. Reduction of Candida sake CPA-1 populations on grape berries exposed to limiting
sake CPA-1 at 5 � 107 CFU mL�1 plus Fungicover at 50 g L�1, then incubated at 21 (±1 �
treatment sample (CFU g�1) and Nc = Mean value of the populations (CFU g�1) on berrie
means of three replicates except for 40 �C – 30% samples, which are means of six replic
according to Tukey’s test.
and 30%, it decreased by 3.7Log units. The population decrease pat-
tern in samples at 30% RH showed a higher decrease rate during
the first 6 h of exposure than the decrease rate observed from 6
to 72 h of exposure.

In samples exposed to high temperature and high RH
(40 �C – 100%; 45 �C – 100%), the population decline was higher
than observed in the low-RH regimes. At 40 �C and 100% RH, pop-
ulations decreased by 5.6Log units after 72 h. After the first 24 h of
exposure, the reduction was significantly (P < 0.05) higher than the
reduction in the 40 �C – 30% treatment. At 45 �C and 100% RH, the
decrease was linear and very intense during the first hours of the
exposure period, losing 5.9Log units after 6 h. In the 24-hour sam-
ples, C. sake populations were below the detection level. Population
a
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conditions of Temperature and RH. Thompson seedless berries were treated with C.
C) and 100% RH before being exposed to regimes of T and RH. N = populations in
s incubated at 21 (±1 �C) and 100% RH during the same period. Values shown are

ates. Mean values linked by the same letter are not significantly different (P < 0.05)
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Fig. 6. Effect of incubation time prior to exposure to limiting conditions of T and RH
on Candida sake survival. (a) Populations on berry surface after incubation at 21
(±1 �C) and 100% RH for 0, 24 or 48 h (0, 24, 48 h). (b) Reduction of populations on
berry surface at the end of a 48-hour period of limiting conditions (40 �C – 30%),
when populations had been previously incubated at 21 (±1 �C) and 100% RH for 0,
24 or 48 h (0, 24, 48 h). Treatment mixture applied to grape berries (cv. Sugraone)
consisted of C. sake CPA-1 at 5 � 107 CFU mL�1 plus Fungicover at 50 g L�1.
N = CFU g�1 of C. sake after exposure to limiting conditions period, N0 = average
value of CFU g�1 of C. sake before the start of the limiting conditions period. Values
are means of three replicates. Mean values connected by the same letter are not
significantly different (P < 0.05) according to Tukey’s test.
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reductions were always significantly (P < 0.05) different between
the 45 �C – 100% and the 45 �C – 30% treatments.

3.3.2. Effect of Fungicover on C. sake survival under constant limiting
conditions

Population dynamics of C. sake applied with different concen-
trations of Fungicover and subjected to optimal and limiting
conditions of T and RH are shown in Fig. 5. Initial populations
at the start of exposure ranged from 5.4 to 5.7Log(CFU g�1),
and no significant differences among samples were detected at
that point.

Populations slightly increased in samples incubated in HHCs at
21 �C for 72 h (CS, CS + FC25 and CS + FC50; black symbols), and
the final C. sake concentration on berry surface ranged from 5.9
to 6.1Log(CFU g�1). No significant differences were detected
among these three treatments at any sampling time.

In all of the samples exposed to 40 �C and 30% RH for 48 h
(CS, CS + FC25 and CS + FC50; white symbols), populations
decreased in a similar pattern for all of the Fungicover concentra-
tions tested. No significant differences were observed between
treatments at any sample time, indicating no effect of the Fungi-
cover dose on C. sake survival under the constant conditions
evaluated. The decrease pattern was also similar to those
observed in Fig. 4, with a remarkable population reduction dur-
ing the first 6 hours and a second stage with a lower reduction
rate. The final C. sake population ranged from 1.9 to
2.4Log(CFU g�1), which means a reduction of approximately
4Log units compared to populations in the samples incubated
under optimal conditions.

3.3.3. Effect of the incubation time prior to constant limiting conditions
on C. sake survival

Populations of C. sake significantly increased on the berry sur-
face when they were incubated at 21 �C and 100% RH for 24 or
48 h after BCA application (Fig. 6a). During the first 24 h, popula-
tions significantly increased (P < 0.05) from 4.7 to 5.7Log(CFU g�1).
Between 24 and 48 h of incubation, C. sake populations also
increased (P < 0.05) from 5.7 to 5.9Log(CFU g�1).

The decrease in C. sake populations on berries after 48 h of expo-
sure to limiting conditions (40 �C – 30% RH), when berries had been
previously incubated in optimal conditions (21 �C – 100% RH) for 0,
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Fig. 5. Candida sake population dynamics on grape berries treated with combinations of
sake populations from the grape berry surface during a 72-hour period in optimal condit
(40 �C and 30% RH; solid lines and white symbols). Berries (cv. Sugraone) were treated
25 g L�1 (CS + FC25), or combined with Fungicover at 50 g L�1 (CS + FC50). Values are m
24 and 48 h, is shown in Fig. 6b. The populations decreased by 3.4
and 3.0Log units in samples previously incubated for 0 and 24 h,
respectively. This reduction was significantly (P < 0.05) higher than
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the yeast and different concentrations of Fungicover. Values represent recovered C.
ions (21 ± 1 �C and 100% RH; dotted lines and black symbols) or limiting conditions
with C. sake CPA-1 at 5 � 107 CFU mL�1 alone (CS), combined with Fungicover at

eans of three replicates, and error bars represent the standard deviation.
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the reduction observed in samples incubated for 48 h prior to
exposure, which decreased by 2.1Log units.
3.3.4. C. sake survival under Atlantic and Mediterranean simulated
climatic regimes

The C. sake populations behaved differently under the simulated
regimes of T and RH tested, as shown in Fig. 7. At constant 21 �C
and 100% RH (Control), the yeast population on berries at the
beginning was 6.2Log(CFU g�1) and remained stable between 6.1
and 6.2Log(CFU g�1) during the entire assay. When samples were
exposed to the simulated climatic regimes, significant decreases
were observed during the first 24 h in both treatments (BDX and
LDA). Then, populations continued to decrease until 4 days of
exposure, to 5.4 and 4.9Log(CFU g�1), under simulated Atlantic
(BDX) and Mediterranean (LDA) simulated climatic regimes,
respectively. The C. sake concentration on berries at that sampling
time differed significantly (P < 0.05) among the three treatments.
After 4 days, the populations in all conditions tested remained sta-
ble until the end of the assay (15 days after the start of exposure),
and populations ranged between 5.4–5.5 (BDX), or 4.9–4.8 (LDA),
maintaining approximately 0.5 Log unit difference among
treatments.
3.3.5. Effect of the adaptation to simulated climatic regimes on C. sake
survival under constant limiting conditions

In the samples previously exposed to Mediterranean (LDA) or
Atlantic (BDX) simulated regimes, populations decreased between
1.1 and 1.6Log units, respectively, after 72 h of exposure to limit-
ing conditions (Fig. 8). The decrease in samples not exposed to
these simulated regimes was 3.7Log units (Control).

Differences in the decrease between LDA and BDX treatments
were not significant (P > 0.05) at any sample time, although the
average population in LDA samples at 72 h was 0.5Log unit higher
than in BDX samples.

The C. sake populations previously adapted to both climatic
regimes survived significantly better than those exposed to limit-
ing conditions immediately after 12 h incubation in optimal condi-
tions (Control).
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4. Discussion

An important factor contributing to the success of a BCA in field
applications is the ability of the BCA to adapt to different climatic
conditions and show efficacy against the target pathogen under a
wide range of environmental conditions. For the first time, in this
study, C. sake CPA-1 treatments were evaluated under Atlantic cli-
mate conditions, conducive to BBR, to confirm previous studies in
Catalan vineyards with a dry and hot summer climate. In addition,
this is the first in vivo exhaustive study on the survival of a yeast-
BCA under T and RH limiting conditions.

Under laboratory conditions, treatment with C. sake plus Fungi-
cover showed high efficacy at controlling B. cinerea infection of
table grapes (75% severity reduction compared to untreated con-
trol). This result was obtained after challenging inoculation with
selected virulent B. cinerea-II-transposa strains, which are usually
considered the most aggressive strains on grape berries
(Martinez et al., 2005). Although FC alone reduced B. cinerea infec-
tion severity, C. sake showed significant improvements over control
compared to the additive alone. This difference remained over
time, presenting elevated reduction rates during the first seven
days after inoculation.

After five field applications of C. sake plus FC during the season
(‘‘Full season’’ treatment), the severity reduction (82% compared to
untreated control) was similar to that observed in the laboratory
experiment. Such a high efficacy level of C. sake and Fungicover
field applications was obtained under conducive conditions for
BBR. Under these humid Atlantic climate conditions, both the inci-
dence and severity reductions achieved by the ‘‘Full season’’ treat-
ment were similar to those achieved in 2010 in Lleida with a dry
and hot summer climate (Calvo-Garrido et al., 2013), although
the BCA survival patterns were clearly different, as will be dis-
cussed below.

In the 2010 season in Lleida, severity reductions were similar in
‘‘Early season’’ and ‘‘Full season’’ strategies (85% and 89%, respec-
tively), with high disease pressure (21.7% severity in the untreated
control; Calvo-Garrido et al., 2013). However, in this experiment in
Bordeaux, the ‘‘Early season’’ treatment showed a lower efficacy.
Because C. sake populations remaining at harvest in ‘‘Early season’’
samples were high (Fig. 3), the difference in severity reduction
between the ‘‘Full season’’ and ‘‘Early season’’ treatments is unli-
kely to be due to the effect of the C. sake population level. Thus,
the effect of the two extra applications of FC after veraison in the
‘‘Full season’’ treatment may be the key factor accounting for the
increased efficacy. A direct effect of FC on B. cinerea has been
shown clearly in our laboratory experiment (Fig. 1) and in a previ-
ously published paper (Calvo-Garrido et al., 2013). The significant
reduction of L. botrana larvae incidence in the ‘‘Full season’’ plots
also indicated that FC interaction with grape berry moth develop-
ment may also play an important role in BBR control in the vine-
yard. The mode of action of FC on L. botrana requires further
investigation, although it may result from the presence of fatty
acids (lauric, palmitic and stearic) as major FC ingredients, accord-
ing to other studies reporting significant reduction of L. botrana
oviposition in the presence of stearic, palmitic and other long chain
fatty acids (Thiery et al., 1995).

Overall, C. sake plus Fungicover treatments significantly reduced
BBR severity at harvest. Both ‘‘Early season’’ and ‘‘Full season’’ treat-
ments achieved reduction levels similar to a standard fungicide
program and may represent an effective alternative to synthetic
fungicides under conducive Atlantic climate conditions. In addition,
efficacy results were similar to those obtained under dry Mediterra-
nean climate conditions (Calvo-Garrido et al., 2013). This suggests
an interesting inter-relationship between climate, C. sake survival
and BBR: Atlantic climate conditions favor BBR development
compared to Mediterranean climate conditions, but they also favor
C. sake survival, leading to similar final disease reductions at
harvest.

In the field experiments in the Lleida region, populations
decreased by one to four Log(CFU g�1) between spray applications
(Calvo-Garrido et al., 2013; Cañamás et al., 2011). However, C. sake
populations in our 2012 Bordeaux experiment showed no signifi-
cant decrease between most of the sprays. High and low field sur-
vival of yeast BCAs are reported in the literature, linked in some
cases to the meteorological conditions during the experiments
(Benbow and Sugar, 1999; Lima et al., 2003, 1997; Tian et al.,
2004; Zahavi et al., 2000). The different survival patterns observed
in Bordeaux and Lleida field experiments are consistent with the
survival pattern demonstrated in the simulated climatic conditions
experiment (Fig. 7). Under simulated conditions, populations
exposed to BDX conditions were approximately 0.5Log unit higher
than LDA samples, although T and RH variation between BDX and
LDA regimes was reduced. Moreover, in dry Mediterranean climate
regions, periods with air temperature over 35 �C are recorded in
summer, and temperature is generally higher at the berry surface
than the air temperature in the vineyard (Pieri and Fermaud,
2005). These facts provide harsher conditions for BCA survival
because C. sake stops growing at 35 �C in NYDA medium (Teixidó
et al., 1998c), and populations on berries also significantly
decreased after 48 h at 35 �C and 60% RH in climatic chambers
(data not shown). The lethal effect of limiting conditions of T and
RH on C. sake CPA-1 was corroborated (Fig. 4) by populations rap-
idly decreasing at 40 or 45 �C. Thus, all our field and laboratory
data indicate a lower C. sake survival under hot conditions, which
may justify more frequent spray applications in warm-climate
vineyards and would provide opportunities to reduce applications
in Atlantic climate regions, such as Bordeaux vineyards.

Yeasts are considered potential BCAs due to their ability to cope
with adverse environmental conditions, and there are various
examples of antagonistic yeasts able to survive in a variety of
pre- and/or post-harvest conditions (Benbow and Sugar, 1999;
Ippolito et al., 2005; Karabulut et al., 2003; Zahavi et al., 2000).
Excellent survival capacity on fruit surfaces of C. sake CPA-1 has
been demonstrated at nearly 0 �C in apple postharvest conditions
(Teixidó et al., 1998a, 1999) and, in this study, the population grad-
ually decreased at 40 or 45 �C combined with constant 30% RH, but
with measurable remaining populations after 48 or 72 h (Figs. 4
and 5). However, the combination of high temperature and high
RH was extremely harmful for C. sake cells. This result is consistent
with other studies that indicated a greater effect on yeast survival
of RH than T (Lahlali et al., 2008; Teixidó et al., 1998b, 1998c).
Moreover, this corroborates in vitro findings showing a dramatic
C. sake population decrease in liquid medium at 40 and 45 �C
(Cañamás et al., 2008). The combination of high T and high RH is
not favorable for some fungal species, including BCAs (Agra et al.,
2012; Cañamás et al., 2008). Similarly, fungal pathogens may be
more affected under higher RH conditions at the same temperature
(Teitel et al., 1989), providing opportunities for their control by
means of curing treatments (Casals et al., 2010; Fallik, 2004).
Low population survival under these conditions suggests reduced
potential of C. sake for biological control in tropical regions or in
association with post-harvest curing or hot water treatments.

The protective effect of the additive Fungicover on C. sake pop-
ulations has been demonstrated in previous research (Cañamás
et al., 2011); Calvo-Garrido et al., Unpublished results). However,
in this study, it has been demonstrated that FC did not directly
protect C. sake from continued exposure to high temperature and
low RH. Consequently, new hypotheses should be formulated to
account for the observed FC effect on C. sake populations, notably
in the field. First, the additive FC may protect an antagonistic yeast,
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such as C. sake CPA-1, by protecting cells from solar UV radiation,
as reported for other BCA additives (Lahlali et al., 2011). Second,
the microenvironment created inside the FC biofilm on berries
may protect against T and RH fluctuations, notably in sub-lethal
ranges, as observed for additives protecting C. oleophila at 75%
and 98% RH (Lahlali and Jijakli, 2009).

Lastly, the survival studies conducted under different limiting
conditions highlight the importance of the period immediately
after the application on grape berries for C. sake survival. The sur-
vival pattern of BCAs during the first hours post-application has
been poorly studied, although effective establishment on a natural
environment is considered to be crucial for subsequent efficacy
(Jijakli, 2011). In the present study, C. sake populations increased
on the berry surface in optimal conditions for at least 48 h
(Fig. 6a), whereas populations decreased less when there was an
establishment period, under optimal conditions or under simu-
lated climatic regimes, before limiting conditions were applied
(Fig. 6b). Furthermore, high sensitivity of the BCA was evidenced
soon after application. Indeed, a very important decrease in popu-
lation level was noticeable during the first 6-hour period, and the
decrease was relatively less marked after 24 h post-application
for most of the conditions tested (Figs. 4, 5 and 8).

These findings highlight the importance of choosing the right
moment to perform field applications. To provide more favorable
conditions for C. sake establishment during the first 6 h post-appli-
cation, evening applications may be desirable to avoid periods of
high temperatures. Similarly, if very hot and dry field conditions
are forecast, spraying 48 h before would also minimize the popula-
tion decrease.

In conclusion, the present study under laboratory and field con-
ditions corroborates the significant efficacy of treatments associat-
ing C. sake and Fungicover to control different virulent strains of B.
cinerea as well as wild vineyard populations under conducive con-
ditions for BBR in Bordeaux vineyards. In the field, monitoring the
C. sake population and the newly evidenced FC effect on L. botrana
populations provided interesting information to better account for
the field efficacy of treatments. Lastly, for the first time, survival
studies have quantified the dynamics of C. sake populations under
limiting and simulated climatic conditions, which led us to devise
possible strategies to maximize the efficacy of field applications.
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