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Vishniacozyma victoriae and Pichia membranifaciens were selected in a previous work for their biocontrol effec-
tiveness against Penicillium expansum and Botrytis cinerea, the causal agents of blue and grey mold of pear fruits.
The objective of this study was to determine the effects of different nutrient or additives on the growth of the two
antagonist yeasts and of the two fungal pathogens in order to develop a rational selection based on nutritional
profiles to be used in biocontrol enhancement of decay in pear fruits. Twenty-six different nutrient sources
including 18 amino acids, five sugars, three inorganic nitrogen and one iron source were tested in vitro for their
effect on the growth of the two yeasts and the two pathogens. Nutrients that promoted the growth of the yeasts
and inhibited the growth of pathogens were applied with the antagonist to wounded fruits to evaluate their
effect on enhancing biocontrol in cold storage. In general, the effect of each additive was specific to the yeasts
and pathogens used in the in situ assays. The combination of the yeast and some additives resulted in a sig-
nificantly higher activity with respect to the single treatments applied separately, producing synergistic effects.
The effect of the exogenous application of CaCl, and chitosan together with the antagonist yeasts was also
evaluated against the two pathogens. The most effective mixtures were the CaCl, with the two antagonist yeasts.
Our research demonstrates that manipulating the chemical environment by adding several amino acid and/or
Cl,Ca results in improved antagonistic activity of Vishniacozyma victoriae and Pichia membranifaciens against two
postharvest diseases of pear fruits.

1. Introduction Improvement of biocontrol with additives may result from direct in-

hibition of the pathogen, from elicitation of systemic acquired re-

Postharvest diseases are responsible for consistent losses of fresh
fruits and vegetables (up to 50-60% of fresh products) (Nunes, 2012;
Usall et al., 2016). Today, the control of postharvest pathogens still
relies mainly on the use of synthetic fungicides. However, the public
demands to reduce the use of fungicides and the development of fun-
gicide resistant pathogens bring about an urgent need for searching
alternative control strategies. The biological control agents (BCAs) have
been the focus of considerable research over the last 30 years by many
scientists and several commercial companies worldwide (Droby et al.,
2016; Wisniewski et al., 2016).

As a generalization, BCA must be better adapted than the pathogen
to the environmental and nutritional conditions of the fruit or vegetable
wound, growing rapidly and using nutrients effectively at low con-
centrations. In this sense, different chemical compounds (additives)
have been proposed as an alternative to enhance biocontrol activity
(Bencheqroun et al.,, 2007; Liu et al., 2013; Nunes et al., 2001).
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sistance in the host tissue and/or from stimulation of antagonistic ac-
tivity. The combinations of yeast with other compounds have also been
demonstrated to be an effective method for improving biocontrol per-
formance (Liu et al., 2013). Moreover, additives can make it possible to
use a lower antagonist concentration without affecting the protection
level (Bastiaanse et al., 2010; Liu et al., 2013), the presence of specific
additives in the formulation of BCAs appears as an essential prerequisite
to the commercial success of BCAs. As an example, chitosan (poly-f-
(1 — 4) N-acetyl-p-glucosamine), together with its derivatives, has been
reported to control postharvest diseases through its antifungal proper-
ties and ability to elicit host defence responses (El Ghaouth et al., 2004;
Palou et al., 2015). Another group of additives used alone or in com-
bination with biocontrol agents is formed by inorganic salts and mi-
nerals, such as calcium chloride, ammonium molybdate and sodium
bicarbonate (Droby et al., 2016; Wisniewski et al., 2016).

Blue mold and grey mold decays caused by Penicillium expansum and
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Fig. 1. Effect of the addition of amino acids on yeasts (A) and molds (B) growth. The growth percentage (%) for each treatment was calculated by comparison with the control (100%)
without additives. Bars represent standard deviations. Letter at the top bars indicate significantly difference according to Tukey's test at p < .05.
Botrytis cinerea respectively, are the most important postharvest pear
diseases (Yu et al., 2007). Recently, we isolated and identified the
epiphytic yeasts Pichia membranifaciens NPCC 1250 and Vishiniacozyma
victoriae NPCC 1263, ex Cryptoccocus victoriae (Lui et al., 2015), during

2. Materials and methods
cold postharvest storage of pear fruits in Argentinian North Patagonia

2.1. Microorganisms and culture conditions
and we tested their efficacy for controlling the postharvest diseases of
pears caused by these two pathogens (Lutz et al., 2013, 2012). Pre-
viously reported works have shown that epiphytic antagonists are in-
fluenced by a number of biological and environmental factors and
storage practices (Droby et al., 2016; Fiori et al., 2012). In this sense,
pear fruits are a rich source of carbohydrates but are poor in nitrogen
(Yim and Nam, 2016). Thus, nitrogen sources could be a growth lim-

Both spoilage fungi (Botrytis cinerea NPCC 2049 and P. expansum
iting factor for both antagonist and pathogen and could be manipulated
to enhance antagonist activity.

NPCC 2023) and antagonist yeasts (Pichia membranifaciens NPCC 1250
and Vishiniacozyma victoriae NPCC 1263) were isolated from pear fruits
Packhams Triumph cultivars after six months of storage at -1 + 0°C

(NPCC), Neuquén, Argentina.

(Lutz et al., 2012). All microorganisms were preserved in glycerol 20%
(v/v) and stored at -20 °C in the North Patagonian Culture Collection

B. cinerea NPCC 2046 and P. expansum NPCC 2023 cultures were
grown at 26 °C on potato—dextrose agar (PDA) and kept at 4 °C until use.

The conidia suspension was obtained from 7-days-old cultures in

The objective of this study was to determine the effects of different darkness at 20 °C, and adjusted to a Minimal Conidia Concentration
additives on the growth of P. membranifaciens and V. victoriae and of the (MCC) of 5 x 10% or 1 x 10 conidia/mL, respectively, adjusted by
fungal pathogens P. expansum and B. cinerea in order to develop a ra- direct courting using a Neubauer chamber.
tional selection based on nutritional profiles to be used in biocontrol
enhancement of decay in pear fruits.

V. victoriae NPCC 1263 and P. membranifaciens NPCC 1250 cells
suspensions were prepared by growing cultures on Glucose Peptone
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Fig. 2. Effect of the addition of sugars and salts on yeasts (A) and molds (B) growth. The
growth percentage (%) for each treatment was calculated by comparison with the control
(100%) without additives. Bars represent standard deviations. Letter at the top bars in-
dicate significantly difference according to Tukey's test at p < .05.

Table 1
Selected compounds from nutritional profile of microorganisms.
Pathogen Antagonist Yeast Compounds that Compounds that
stimulate yeasts stimulate yeasts and
growth and inhibit molds growth (Fig. 4
molds growth (Fig. 3 and Table 3)
and Table 2)
B. cinerea P. membranifaciens  1-Methionine L-Aspartic acid
NH4Mo 1-Glutamic acid
NO3NH,4 L-Prolina
V. victoriae L- Serine L-Aspartic acid
L-Tryptophan 1-Prolina
NH;Mo 1-Glycine
NO3NH,4
P. expansum  P. membranifaciens  1-Cysteine L-Arginine
L-Leucine L-Glutamic acid
NH,Mo FeCl,
NO3NH4
V. victoriae L-Cysteine L-Serine
1-Leucine L-Aspartic acid
NH, Mo FeCl;
1-Glycine
NO3NH,4
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Yeast-agar (GPY-agar: glucose, 40 g/L; peptone 5g/L; yeast extract,
5g/L; agar, 20 g/L) for 48 h at 20°C. A loop of the respective yeast
culture was removed from the agar surface and suspended in sterile

water at concentration of 10° cell/mL adjusted by direct courting using
a Neubauer chamber.

2.2. Nutritional profile of microorganisms

Nutritional profile was evaluated in vitro as the ability of both the
BCAs and the pathogens to grow in pear juice medium supplemented or
not with a nutrient. Pear juice was prepared by homogenization with
distilled water (15% v/v), and the homogenate was filtrated through a
Whatman No 1 filter. Twenty-six different nutrient sources including
five sugars, 18 amino acids, three inorganic nitrogen sources and one
inorganic iron sources were used. Amino acids known to be present in
apple tissues were used at concentration 10 times the amount reported
for pear tissues (USDA, 2016). The criterion for selecting these con-
centrations was supported by previous reference (Bencheqroun et al.,
2007)

These amino acids and sugar were tested containing per litre (g) : 1-
Alanine (1.12), L-Arginine (0.8), L-Asparic acid (8.4), L-Cystine (0.16), L-
Glutamic acid (2.4), 1-Glycine (1.04), 1-Histidine (0.16), i-Isoleucine
(0.88), 1-Leucine (1.52), i-Lysine (1.36), 1-Methionine (0.16), t-
Phenylalanine (0.88), i-Proline (1.68), i-Serine (1.2), r-Threonine
(0.88), i-Tryptophan (0.16), i-Tyrosine (0.16), i-Valine (1.36), b-
Fructose (1092), o-Glucose (4 8 4). B-p-Lactose (2), p-Maltose (2) and
Sucrose (1 3 7). The iron source (FeCl,) and the nitrogenous compounds
(NH4NO3, NaNO3; and NH4Mo,0,4) were used at a concentration of
0.1%, supported by some preliminary studies (Chanchaichaovivat et al.,
2008; Lutz et al., 2013). All solutions were filter sterilized.

Tests for utilization of nitrogenous compounds were conducted on a
Raytor microplates reader (BibbySterlin Ltd, Stone, Staffs, UK), by
employing the technique validated by (Langvad et al., 1999). The ex-
periments were done in quadruplicate: 10 pL aliquots of each yeast or
fungal suspension at 10° cells/ml were independently transferred into
each well of a 96-well polystyrene plate containing pear juice supple-
mented or not with each nutrient. The plates were incubated at 20 °C
under agitation, 1500.p.m (orbits per minute), for up to three days for
P. membranifaciens and V. victoriae, four days for B. cinerea and five days
for P. expansum. Yeast and fungal growth was assessed by measuring
the optical density of the culture media at 550 nm. The relationships

between Absorbance and dry weight in our tests were linear for the four
cases.

2.3. Evaluation of nutrients or additives as biocontrol enhancers.

The effect of the exogenous application of nutrient on the biocontrol
activity of P. membranifaciens and V. victoriae against P. expansum and B.
cinerea was evaluated on wounded pears. Calcium chloride (2% v/v)
and Chitosan (molecular weight between 500 and 800 kDa) (1% v/v)
were also tested.

Packham’s Triumph pear fruits stored for two monthsat —1 = 0°C
were surface sterilised with 70% (v/v) ethanol, and air dried prior to
wounding. One wound —3 mm deep and 3 mm wide - in the equatorial
region of each fruit, was performed using a sterile cork borer. Each
wound was inoculated with 20 uL of a 24 h yeast culture suspension

(10° cells/mL). An aliquot (10 ulL) of the corresponding nutrient solu-
tion was also pipetted into the wound 30 min after inoculation of the
antagonist yeast. Pear wounds inoculated with 20 uL of distilled water,
instead of yeasts, were used as controls in every case. After 60 min, the
treated wounds were inoculated with 10 pL of a conidial suspension of
5x10° conidia/mL (B. cinerea) or 1 x 10* conidia/mL (P. expansum).
Fruits were placed on trays packs in boxes with polyethylene bags and
stored for 120 days at 0 = 1 °C and 95% relative humidity. The fruits
were examined for decay every 15 days and disease incidence (DI) was
calculated as the number of decay wounds over the total number of
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Fig. 3. Percentage of rot incidence caused by Botrytis cinerea (A) and Penicillium expansum (B) on pears inoculated with both antagonists with or without nutrients that stimulate yeasts
growth and inhibit molds growth (Table 1) and additives (Cl,Ca and Chitosan). B.c.: Botrytis cinerea; P.e.: Penicillium expansum; P.m.: Pichia membranifaciens; V.v.: Vishniacozyma victoriae.
Bars represent standard deviations. Letter at the top bars indicate significantly difference according to Tukey's test at p < .05.

wounds. Ten fruits were used per treatment and each treatment was
repeated three times. The biocontrol percentage (C%) for each treat-
ment was calculated by comparison with the control (pathogen alone).
The whole experiment described above was conducted twice.

2.4. Data analysis

To assess the advantage of combined postharvest treatments
(BCA + additives) with respect to the same treatments applied alone
(BCA or additives), the type of interaction (additive, synergistic or
antagonistic) was evaluated. The synergy factor (SF) was calculated
according to the Abbott’s formula (Levy et al., 1986): SF = E.obs./
E.exp., where Eobs. and Eexp. are, respectively, the observed and ex-
pected biocontrol percentage (C%) of the combination. Eexp. was cal-
culated as follows: (Ea + Eb)-(Ea * Eb/100), where Ea = C% of post-
harvest treatment a (BCA); Eb = C% of postharvest treatment b
(additives). If SF = 1, the interaction between the combination treat-
ments was identified as additive; if SF < 1, the interaction was an-
tagonistic and if SF > 1, the interaction was synergistic.

Data were subjected to a two-way analysis of variance (ANOVA) and
means were separated according to the Tukey test (P = .05) using
STATISTICA data analysis software system, version 8 (Stat-Soft, 2007,
France).

3. Results
3.1. Nutritional profile of microorganisms

The growth of both yeasts and pathogens was affected differentially
by the addition of nutrients in in vitro assays. Eleven out of 18 amino
acids tested were utilized by P. membranifaciens and only seven of them
were utilized by V. victoriae (Fig. 1a). In particular, 1-Aspartic acid, L-
Cysteine, 1-Isoleucine, 1-Leucine and 1-Proline amino acids significantly
improved the growth of both V. victoriae and P. membranifaciens
(Fig. 1). Regarding the effect of all amino acids on pathogens growth,
four and six amino acids were strongly utilized by B. cinerea and P.
expansum respectively (Fig. 1b), three of them including 1-Aspartic, L-
Glutamic and 1-Glycine caused significant increase in the growth of the
two pathogens. Contrarily, nine amino acids caused an inhibition in the
growth of B. cinerea and two amino acids (.-Cysteine and i-Leucine)
inhibited the growth of P. expansum (growth percentages < 100%,
Fig. 1b).

From a total of five carbon compounds tested, none of them sti-
mulated significantly the growth of both V. victoriae and P. membrani-
faciens (Fig. 2a) and only lactose and maltose significantly stimulated
the growth of P. expansum (Fig. 2b). On the other hand, the growth of
the two pathogens was negatively affected by fructose and glucose.

The addition of the nitrogen salts NH;Mo and NH4NO; stimulated
the growth of both antagonist yeasts (Fig. 2a) and only NH4NO; in-
creased the growth of P. expansum. NH;Mo,0,4 (NH4Mo) inhibited the
growth of both B. cinerea and P. expansum. Finally, the iron salt (FeCls)



B.R. Gramisci et al.

Biological Control 121 (2018) 151-158

A 100 a a 2 —a
b
b b
~ 75 b
2 = —
§ ¢
3 50 c :
2 c
RS
2
& 25
0
alone L-Aspatic acid L-Glutamic acid L-Proline
EB.cinerea OB.c.+ P.m. OB.c.+ V.v.
100
B a a a
a
a
-~ 75 FI‘
s
I b
Q
5
< 50 b b b b b
2 b
g cc
s T I c c
~ 25 c c
c
ﬂ C
0 |

alone L-Arginine L-Aspartic

Acid

L-Glutamic
Acid

L-Glycine  L-Serine FeCl3 NO3NH4

MP.expansum OP.e.+P.m. OPe.+ V..

Fig. 4. Percentage of rot incidence caused by Botrytis cinerea (A) and Penicillium expansum (B) on pears inoculated with both antagonists with or without nutrients that stimulate yeasts
and molds growth (Table 1). B.c.: Botrytis cinerea; P.e.: Penicillium expansum; P.m.: Pichia membranifaciens; V.v.: Vishniacozyma victoriae. Bars represent standard deviations. Letter at the

top bars indicate significantly difference according to Tukey's test at p < .05.

was strongly utilized by both yeasts and increased the growth of P.
expansum (Fig. 2b).

3.2. Enhancement of biocontrol efficacy

In situ tests using the same nutrient concentrations employed in the
in vitro assays were carried out. Nutrients that promoted BCAs growth
and, at the same time, inhibited pathogens growth, as well as, nutrients
showing stimulatory effect on both microorganisms growth were ex-
amined (Table 1). These tests were evaluated for each yeast-pathogen
combination and all the additives were tested alone (Figs. 3 and 4). The
synergistic factor (SF) of each additive-BCA combination was further
calculated (Tables 2 and 3) to ascertain the type of interaction (an-
tagonistic, additive, or synergistic).

Three amino acids and the two nitrogen salts were tested as nu-
trients that promoted the growth of the BCAs and, at the same time,
inhibited the growth of B. cinerea (Fig. 3). .-Methionine, 1-Tryptophan
and L-Serine amino acids significantly improved the biocontrol activity
of the two antagonist yeasts, evidencing a synergistic effect (SF > 1)
(Table 2). NH4Mo only improved the biocontrol activity of P. mem-
branifaciens (SF = 1.07) and NH4NO3; showed an antagonistic interac-
tion (SF < 1) with the two yeasts. Regarding P. expansum, both 1-
Leucine and 1-Cysteine amino acids were tested evidencing an enhanced
biocontrol (synergy factor greater than 1, Table 2). Again, NH4sMo

155

improved the biocontrol activity of P. membranifaciens (SF = 1.07). On
the other hand, all amino acids applied individually slightly inhibited
the pathogens development in pear wounds (10-30%) (Fig. 3). Appli-
cation of NH4;Mo alone, greatly reduced the incidence of P. expansum
(40% of control), but the two ammonium salts had a lesser effect
against B. cinerea (20% control in two cases). The effect of the exo-
genous application of the additives, CaCl, and chitosan, together with
the antagonist yeasts was also evaluated against the two pathogens. The
most effective mixtures, i.e., those with higher values of synergistic
factor, were the CaCl, with the two BCAs (Table 2).

Finally, nutrients showing stimulatory effect on both antagonists
and pathogens growth were tested in their capacity to improve the
antagonist activity in in situ assays (Fig. 4). The seven compounds were
tested individually against P. expansum, five of them showed a high
inhibition of mold development in pear wounds (40-60% control),
however, the four amino acids had a lesser effect against B. cinerea
(5-10% control). Out of 16 evaluations, only the two that contained t-
Proline showed SF = 1, evidencing an additive interaction, and none of
the 16 showed a synergistic effect (Table 3).

4. Discussion

Despite its great potential for improving biocontrol, manipulation of
the chemical environment has not been widely exploited. This may be
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Effect of compounds that stimulate yeast growth and inhibit molds growth in pears disease control.

Pathogen Compounds'”’ Antagonist Yeast Disease Control (%) Ee Synergy factor (SF)
B. cinerea P. membranifaciens 45
V. victoriae 56
L-Methionine 10
L-Methionine P. membranifaciens 60 50.5 1.19
L-Serine 20
L-Serine V. victoriae 70 60.8 1.08
L-Tryptophan 10
t-Tryptophan V. victoriae 65 60.4 1.08
NH4Mo 20
NH;Mo P. membranifaciens 60 56 1.07
NH4Mo V. victoriae 60 64.8 0.93
NO3NH4 20
NO3NH,4 P. membranifaciens 20 56 0.36
NO3;NH,4 V. victoriae 20 64.8 0.31
Cl,Ca 40
Cl,Ca P. membranifaciens 75 67 1.12
Cl,Ca V. victoriae 80 73.6 1.09
Chitosan 30
Chitosan P. membranifaciens 60 61.5 0.98
Chitosan V. victoriae 60 68.5 0.88
P. expansum P. membranifaciens 50
V. victoriae 60
L-Cysteine 10
L-Cysteine P. membranifaciens 60 46 1.09
1-Cysteine V. victoriae 65 55 1.09
L-Leucine 20
L-Leucine P. membranifaciens 65 60 1.08
L-Leucine V. victoriae 70 60 1.17
NH,Mo 40
NH;Mo P. membranifaciens 75 70 1.07
NH4Mo V. victoriae 50 76 0.66
Cl,Ca 30
Cl,Ca P. membranifaciens 80 65 1.26
Cl,Ca V. victoriae 95 72 1.38
Chitosan 20
Chitosan P. membranifaciens 50 60 0.83
Chitosan V. victoriae 50 68 0.74

(*) Selected nutrients (from Table 1) and additives (bold type). Disease control: biocontrol percentage for each treatment was calculated by comparison with the control (pa-
thogen + water). Ee: Expected effect or expected biocontrol percentage, SF: synergy factor, see Materials and Methods.

attributable to limited knowledge of the mechanisms of biocontrol. If
nutrients limiting pathogens or antagonists growth were known, they
could be manipulated to stimulate antagonist populations and/or bio-
control mechanisms (Bastiaanse et al., 2010; Spadaro and Droby,
2016). The need for suitable alternatives to fungicides for the control of
postharvest decay has prompted research aiming to devise an in-
tegrated control strategy combining various alternatives and having the
same efficacy as fungicide treatments. The probability of successfully
finding stimulatory compounds can be increased by a rational selection
of the nutrient in in vitro tests before testing on fruit. The objective of
the present study was to evaluate the feasibility of the combined ap-
plication of BCAs with nutritional compounds or additives for the rot
biocontrol on pear. This objective was successfully achieved, because
different compounds improved the biocontrol activity of the tested
antagonists against both P. expansum and B. cinerea.

Our previous results showed that the biocontrol capability of the
two selected yeasts identified as P. membranifaciens and V. victoriae was
significantly affected in the presence of the same carbon and ni-
trogenous sources used in this work (Lutz et al., 2013), showing com-
petition for nutrients and germination inhibition. However, the effect of
individual amino acids usually present in the pear have not been
evaluated (USDA, 2016). Improved biocontrol with nutritional
amendments can result from stimulation of antagonist growth and in-
hibition of the pathogen. For this reason, in this work we first tested in
vitro the ability of the two yeasts and the two pathogens to grow in the
presence of 26 different nutrient sources including 18 amino acids, five
sugars, three inorganic nitrogen and one iron sources. The broad

nitrogen-utilizing capacity of the two yeasts observed in our work
suggests that BCAs are better competitors in the limiting nitrogen
conditions typical of pear wounds.

Nearly 60% of the total nitrogen in pear fruits is present in the form
of amino acids, being 1-Aspartic acid, L-Glutamic acid and 1-Proline the
most abundant amino acids in pear fruits (Yim and Nam, 2016). In our
work, both, yeasts and pathogens, showed to be stimulated by the
majority amino acids of pear indicate that they would have to compete
to colonize fruits wounds. Although sugar is required for conidial ger-
mination and initiation of the pathogenic process, due to the high
concentration of sugars naturally present in pears, it is unlikely that
sugars could play a significant role in this biocontrol system. In our
assays, fructose and glucose per se inhibited the growth in vitro of P.
expansum and B. cinerea at the evaluated concentrations. Previous stu-
dies have also shown the inhibitory effect of fructose and glucose on P.
expansum by reduction of spore germination (Lutz et al., 2013; Scherm
et al., 2003); and similar effects were reported for the same two sugars
as well as sucrose on Botrytis conidial germination (Card et al., 2009;
Lutz et al., 2013)

In order to achieve a nutritional manipulation that enhances the
biocontrol activity, we proceeded to the search of the nutrients that
specifically enhance the growth of the antagonist yeasts but inhibit the
pathogens growth. The amino acids in our system were utilized readily
by the antagonists but poorly by the pathogens, however the sugar did
not stimulate significantly the growth of both yeasts and molds. V.
victoriae and P. membranifaciens were stimulated by eleven and seven
amino acids respectively, while only four and five were strongly utilized
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Table 3
Effect of compounds that stimulate growth yeast and molds on disease control on pears.
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Pathogen Compounds'”’ Antagonist Yeast Disease Control (%) Ee Synergy factor (SF)
B. cinerea P. membranifaciens 47
V. victoriae 57
L-Aspatic acid 10
L-Aspatic acid P. membranifaciens 10 52.3 0.19
1-Aspatic acid V. victoriae 20 61.3 0.33
1-Glutamic acid 10
L-Glutamic acid P. membranifaciens 20 52.3 0.38
1-Glycine 10
L-Glycine V. victoriae 20 61.3 0.33
L-Prolina 5
L-Prolina P. membranifaciens 50 49.65 1.00
1-Prolina V. victoriae 60 59.15 1.00
P. expansum P. membranifaciens 55
V. victoriae 63
1L- Arginine 6
L- Arginine P. membranifaciens 57 57.25 0.99
L-Aspatic acid 40
1-Aspatic acid P. membranifaciens 40 73 0.55
L-Aspatic acid V. victoriae 40 77.8 0.51
L-Glutamic acid 60
1-Glutamic acid P. membranifaciens 40 82 0.49
1-Glycine 50
1-Glycine V. victoriae 50 81.5 0.61
L-Serina 70
L-Serina V. victoriae 80 88.9 0.90
FeCl, 70
FeCl; P. membranifaciens 70 86.5 0.81
FeCl; V. victoriae 50 88.9 0.56
NO,NH, 5
NO3NH,4 P. membranifaciens 10 57.25 0.17
NO3;NH,4 V. victoriae 5 64.85 0.08

(*) Selected nutrients (from Table 1). Disease control: biocontrol percentage for each treatment was calculated by comparison with the control (pathogen + water). Ee: Expected

effect or expected biocontrol percentage, SF: synergy factor, see Materials and Methods.

by B. cinerea and P. expansum, respectively. This discrepancy resulted in
an increased growth of the antagonist yeasts, shifting the balance of the
antagonist-pathogen system to favour the antagonist. As a result, an
enhanced biocontrol was observed in the high values of synergy ob-
tained in this work after adding selected nutrients in pear wounds (from
a total of thirteen evaluations, nine were synergistic, SF > 1). The
interaction between BCA and nutrients was also highly significant, and
the activity of each BCA was improved at different levels by the same
additive.

These results are consistent with observations in various biocontrol
systems on fruit; however, it has been previously observed that, for
each particular pathogen-antagonist-fruit system, a particular re-
lationship must be found. Janisiewicz et al., (1992) have already de-
monstrated that L-Asparagine and 1-Proline enhanced the biocontrol of
blue mold on apples by the Peudomonas syringae. They have also shown
that the two amino acids were utilized readily by the antagonist but had
little effect on pathogen radial growth in in vitro assays. In another
work, the bioefficacy of Candida sake against P. expansum on apples was
enhanced significantly with the addition of r-Serine and r-Aspartic
(Nunes et al., 2001). Instead, Vero et al., (2002) have already demon-
strated that the addition of yeasts suspended in the amino acid solution
did not result in an enhancement of the biocontrol. These authors only
demonstrated that the amino acids increased the in situ development of
the yeast, but did not demonstrate the effect of these amino acids on the
pathogen growth. Our work is the first report that has evaluated the
nutritional profile of both the two antagonist yeasts and the two pa-
thogen molds considering the fruit composition, pears in our case, and
testing the biocontrol activity of these compounds on fruits under sto-
rage conditions. In this work, we show that 1-Cysteine and L-Leucine
enhanced biocontrol of P. expansum and B. cinerea on pears, whereas 1-
Methionine, 1-Serine and L-Tryptophan enhanced biocontrol of B. ci-
nerea. The application in situ of these amino acids individually did not
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have a significant reduction of blue and grey decay.

On the other hand, we combined the nutrients that stimulated the
growth of both BCAs and pathogens. In this case, the nutrients sig-
nificantly weakened the biocontrol effect of the two antagonists against
the two pathogens on pears (synergy factor < 1). Only in the case of L-
Proline, which stimulates the growth of B. cinerea and the two yeast
antagonists, an additive effect (SF = 1) was observed with no im-
provement in biocontrol. We can conclude from our data that the ad-
dition of these nutrients does not increase the synergistic effect, since
only two cases out of sixteen evaluated in Table 3 presented a SF > 1.
Instead, the addition of the selected nutrients for their ability to sti-
mulate yeasts growth and to inhibit molds growth (Table 2), does in-
crease the synergistic effect, eleven of thirteen evaluations were sy-
nergistic (SF > 1). Therefore, the probability to find successfully
stimulatory compounds can be increased by a rational pre-selection of a
large list of compounds in in vitro tests before testing them on fruits.

Despite the positive results obtained with the amino acids, the ap-
plication of these nutrients as additives in commercial scale is eco-
nomically difficult. In the search for lower additives costs, natural
compounds included in the GRAS (Generally Recognized as Safe) list
could be evaluated (Usall et al., 2016; Wisniewski et al., 2016). Mineral
compounds are more extensively used in combined treatment studies
and have generally been proposed to enhance the antagonists biocon-
trol efficacy (Liu et al., 2013; Yu et al., 2012). Our results demonstrated
that combining NH4;Mo with the two BCAs stimulated in vitro growth
and inhibited the development of the two pathogens. In our case, dif-
ferent effects were observed with each BCA on pear wounds: synergic
effect with P. membranifaciens (SF = 1.07) and antagonist effect with V.
victoriae (SF < 1) against the two pathogens evaluated. The ability of
CaCl,, to improve the biocontrol activity of antagonist yeasts against
several postharvest diseases of fruits has been widely demonstrated
(Lima et al., 2011; Yu et al., 2012; Wisniewski et al., 2016). In our
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results, CaCl, alone showed a reduction of the incidence of rot caused
by B. cinerea (40% control) and P. expansum (30% control), the com-
bination of both BCAs with CaCl, resulted in synergistically enhanced
biocontrol activity (SF > 1) against the two pathogens. On the other
hand, positive results were reported adding chitosan to improve the
performance of biocontrol agents in controlling postharvest pathogens
(Romanazzi et al., 2016; Yu et al., 2012). In our work, the application of
chitosan alone had a lesser effect against both pathogens, 20-30%
control in two cases and antagonistic effects (SF < 1) were observed
on pear wounds.

The addition of particular compounds to antagonist yeasts suspen-
sions could be employed to enhance their antagonistic activity, but the
influence of each additive or nutrient will be different, depending on
the BCAs, fruits and pathogens should be evaluated. Our research de-
monstrates that manipulating the chemical environment by adding
several amino acids and Cl,Ca results in improved antagonistic activity
of P. membranifaciens and V. victoriae against two postharvest diseases
of pear fruits.
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