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A B S T R A C T

The present study was designed to evaluate possible sugar-based trophic interactions between acetic acid bac-
teria (AAB) and non-Saccharomyces yeasts (NSY) involved in table grape sour rot, a disease in which berries
spoilage is caused by the accumulation of several microbial metabolites. Acetobacter syzygii LMG 21419 (As) and
Candida zemplinina CBS 9494 (Cz), a simplified AAB-NSY association responsible for table grape sour rot, grew
differently in a minimal medium (YP) supplemented with glucose, ethanol, acetic and gluconic acid under
monoculture conditions. In As -Cz co-culture media, after 24 h of incubation, As showed high relative abundance
in YP-ethanol, whereas Cz was the dominant strain in YP-glucose medium. Co-culture in YP-glucose showed that
glucose was converted into ethanol by Cz that, in turn, promoted the growth of As population. Gluconic acid was
the main bacterial metabolite from glucose in monoculture, whereas acetic acid putatively derived from ethanol
oxidation was found only in co-culture. However, gluconic acid showed inhibitory effect against As whereas
acetic acid mainly inhibited Cz. Negative effects of both metabolites were mitigated in the glucose-supplemented
medium.

The results suggest a possible metabolic- based temporal succession between AAB and NSY during grape sour
rot development. At the begin of sour rot, low glucose concentration promotes NSY producing ethanol, then, the
AAB could take advantage from the oxidation of ethanol into acetic acid, becoming the dominant microbial sour
rot population during the late stages of the process.

1. Introduction

Acetic acid bacteria (AAB) and non-Saccharomyces yeast (NSY)
species, alone or in association, are responsible for grape (Barata et al.,
2012b; Pinto et al., 2017), soft drinks (Kregiel et al., 2018) and cider
(Carr and Whiting, 1971) spoilage.

It is well known that the rate of acidification in stuck fermentations
during wine production depends on species belonging to the yeast-
bacterium association (Alexandre and Charpentier, 1998). Previously,
the growth of AAB strains in grape juice was positively affected by co-
culture with yeasts leading to an incomplete fermentation with high
residual concentration of sugar, and the production of low amount of
ethanol and high amounts of both acetic and gluconic acid (Drysdale
and Fleet, 1989). Rotten fruits represent another example of food
spoilage caused by yeast-bacterium association based on competition
for simple sugars (González et al., 2018). However, cross-feeding

interactions during food spoilage have been only scarcely investigated
in comparison with those occurring in food fermentations (Moens et al.,
2014; Nguyen et al., 2015). To this aim, sour rot, a disease of wine and
table grapes, well explains this scenario. Microbial spoilage activity on
grapes is attributed to a NSY-AAB consortium, composed by different
microbial species, (Barata et al., 2012b; Pinto et al., 2017) converting
sugars into alcohols, aldehydes, esters and organic acids (Marchetti
et al., 1984; Zoecklein et al., 2001). Among these metabolites, acetic
and gluconic acids are usually considered chemical markers of sour rot
development (Barata et al., 2012b). In our previous work, we demon-
strated that ethanol was the first detected metabolite, followed by
acetic acid and finally by gluconic acid in the late stages of table grape
sour rot (Pinto et al., 2017). These results could support the assumption
of a temporal succession between NSY and AAB, reported during sour
rot development in wine red grapes (Barata et al., 2012a, 2012b), but
not sustained by microbial metabolites quantification.
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The distinctive metabolic profile of Saccharomyces-Acetobacter co-
culture was able to drive olfactory and egg-laying behaviours of
Drosophila flies (Fischer et al., 2017), in turn responsible for dis-
semination of sour rot related microorganisms among berries (Barata
et al., 2012b).

Once berry wounds are colonized by microorganisms, microbial
growth is sustained by nutrients occurring in grape berries (Shiraishi
et al., 2010). By this way, the NSY-AAB consortium is the player of its
own persistence and spreading in the vineyard showing the existence of
a complex ecological metabolite-based interaction with wild insects.

To the best of our knowledge no study reported how the availability
of specific carbon sources or the accumulation of certain microbial
metabolites could delay, or eventually promote, the growth of some of
the microorganisms belonging to the microbial consortium. Therefore,
in this work, a simplified microbial consortium responsible for table
grape sour rot was employed, under laboratory conditions, to draw
microbial kinetics in minimal medium supplemented with different
carbon sources; the release of microbial metabolites was also in-
vestigated to understand the trophic relationships between NSY and
AAB populations involved in grape sour rot.

2. Materials and methods

The modular approach followed to define potential trophic re-
lationships between strains belonging to the simplified AAB-NSY asso-
ciation is depicted in Fig. 1.

2.1. Yeasts and bacteria culture conditions

Acetobacter syzygii LMG 21419 (As) and Candida zemplinina CBS
9494 (syn. Starmerella bacillaris, Cz) were previously selected as the
members of a simplified microbial model of table grape sour rot (Pinto
et al., 2017). Both strains were stored in the ITEM (Agri-Food Toxigenic
Fungi Culture Collection, Bari, Italy) microbial collection of the In-
stitute of Sciences of Food Production (Bari, Italy; http://server.ispa.
cnr.it/ITEM/Collection/) under the numbers 17,387 and 17,538, re-
spectively.

Each strain was cultivated inoculating a loopful of fresh yeast or
bacterial cultures (24–48 h) in 50mL of YPD (yeast extract 5 g/L,
peptone 5 g/L, glucose 20 g/L) or GY (glucose 50 g/L, yeast extract
10 g/L), respectively. All cultures were incubated at 25 °C with mild
shaking (120 rpm) for 48 h.

Inocula for subsequent fermentation assays were prepared as fol-
lows: microbial pellets were harvested by centrifugation (13,000 rpm
for 5min), and washed twice in sterile saline solution (0.9% w/v NaCl).
The bacterial inoculum was prepared from a cell suspension with an
optical density at 600 nm (OD600) of 0.3 ± 0.05 (corresponding to 7–8
log cfu/mL), whereas yeast cell density was set at about 1×107 cfu/mL
by using a Thoma counting chamber (HGB Henneberg-Sander GmbH,
Lutzellinden, Germany).

2.2. Mono- and co-culture growth kinetics on single carbon sources

Single carbon sources were added to a minimal medium composed
of soluble extract of autolysed yeast cells and from enzymatic digestion
of selected fresh beef meat (YP: Yeast extract and Peptone bacter-
iological, respectively, Biolife Italiana Srl, Milan, Italy). In order to
define the optimal formulation of YP able to sustain the growth of both
target strains, yeast extract and peptone were combined at different
concentrations ranging from 0.125% w/v to 0.5% w/v and from 0.25%
w/v to 1% w/v, respectively. Final concentrations of both ingredients
were defined monitoring the growth of microbial strains spectro-
photometrically at 600 nm.

Once YP formulation was optimized, single carbon sources were
added. Among different carbon source involved in grape sour rot, acetic
acid is most responsible in the decrease of pH values, and, for microbial

growth inhibition. The acetic acid concentration lower than minimal
inhibitory concentration (within the 0.1–1% v/v range), was set spec-
trophotometrically for both strains. Then, the concentration of each
carbon source was defined according to the selected acetic acid con-
centration. Thus, YP was supplemented with glucose (YPG), ethanol
(YPE), acetic acid (YPA) and gluconic acid (YPGA, supplemented as
sodium gluconate) at equimolar concentrations, and employed for
growth kinetics experiments. Except for YPA, showing a pH value of
4.9, remaining supplemented YPs registered pH values of 7.3, on
average.

In the case of mono- and co-culture growth kinetics, a volume of
1.5 mL of each cell suspension, was transferred to 500mL cotton-
plugged Erlenmeyer flasks filled with 150mL of YP, YPG, YPE, YPA or
YPGA, to obtain an initial cell density of ca. 5 log cfu/mL (5.0 ± 0.3
log cfu/mL) for each strain.

All fermentations were carried at 25 °C for 144 h with mild shaking
(120 rpm) under aerobic conditions.

Growth kinetic of co-culture was additionally monitored in YP
supplemented with 110mM of glucose up to 96 h at 25 °C under aerobic
conditions. YP inoculated with microbial strains and non-supplemented
with glucose was also used. Initial cell density for each strain was set up
at ca. 4 log cfu/mL (3.9 ± 0.1 log cfu/mL).

Enumeration of viable and culturable cells of both microorganisms
for these and for the following trials was carried out as follows: A. sy-
zygii LMG 21419 was enumerated on glucose yeast extract calcium
carbonate agar (GYC, glucose 5 g/L, yeast extract 1 g/L, calcium car-
bonate 3 g/L, agar 20 g/L, pH 7) after incubation at 30 °C for 5 days,
whereas C. zemplinina CBS 9494 was counted after incubation at 30 °C
for 48 h on yeast extract peptone dextrose agar (YPD, yeast extract 5 g/
L, peptone 5 g/L, glucose 20 g/L, agar 20 g/L).

In order to count microorganisms during co-culture experiments,
YPD medium was supplemented with chloramphenicol (100mg/L;
Biolife Italiana Srl, Milan, Italy), whereas GYC medium with Delvocid®
(200mg/L; DSM, Delft, Netherlands containing 100mg/L natamycin).
Microbial load was expressed as log cfu/mL (N=3, three repetitions).

All chemicals were obtained from VWR International (Darmstadt,
Germany).

2.3. Evaluation of antimicrobial effect of microbial metabolites on
monoculture growth kinetics

On the basis of the results obtained during growth kinetics of
monocultures, the antimicrobial effect of some single carbon sources
against As and Cz was checked spectrophotometrically. Briefly, YPG
(110mM of glucose) supplemented with 0, 55, 110, 250, 350, 450 and
550mM of sodium gluconate was inoculated with 4 log cfu/mL of A.
syzygii LMG 21419 or C. zemplinina CBS 9494. Microbial growth was
monitored by measuring OD600 every 10min with the Varioskan Flash
spectrofluorimeter (ThermoFischer Scientific, Waltham, MA, USA) at a
wavelength of 600 nm up to 96 h at 30 °C. Positive control was re-
presented by inoculated YPG not supplemented with sodium gluconate
whereas negative control was non-inoculated YPG. Each assay was
performed in triplicate.

The antimicrobial effect of acetic acid (36.6 and 55mM) was also
checked against target strains in YPG (110mM of glucose). The anti-
microbial activity was determined by calculating the Inhibition Index
turbidity ratio (IITR) and, at the end of incubation, the Inhibition Index
(II) using plate counting as described by Baruzzi et al. (2015).

2.4. Mono and co-culture growth kinetics with multiple carbon sources

A. syzygii LMG 21419 and C. zemplinina CBS 9494 were mono- and
co-cultured in YP medium supplemented with both glucose (YPG,
110mM) and sodium gluconate (YPGA, 55mM). Viable and culturable
cells of both strains (see Section 2.2), as well as chemical quantification
of released metabolites (see Section 2.5), were monitored during
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incubation at 25 °C for 96 h under aerobic conditions. As and Cz were
additionally co-cultured in YP supplemented with sodium gluconate
(110mM) as a single carbon source following the same incubation
conditions described above. Initial cell density for each strain was set
up at ca. 4 log cfu/mL (3.9 ± 0.1 log cfu/mL).

The measurement of pH and Oxidation Reduction Potential (ORP)
values in different media was also determined by a pH/ORP meter
(Model pH 50 Lab pH Meter XS-Instrument, Concordia, Italy).

2.5. HPLC determinations

The concentration of glucose, organic acids and alcohols in mono
and co-culture condition was determined following the chromato-
graphic method described by Pinto et al. (2017). Analytical columns
used for the analyses were Rezex RCM monosaccharide Ca+2 for sugars
and Rezex ROA H+ 8% (Phenomenex, Torrance, CA) for organic acids
and alcohols. Broth aliquots at each sampling time (at 0, 24, 36, 48, 72
and 96 h) were centrifuged (14,000 rpm, 10min at 4 °C) and the su-
pernatant was diluted in H2SO4 0.005M or MQ water, centrifuged
again and filtered through a 0.45 μm cellulose ester filter. Glucose,
organic acids and alcohols were quantified using the external standard
method. Standard curves were prepared in minimal medium and fell in
the range of concentration 0.0625–1% v/v for acetic acid, ethanol and

glycerol, and 0.0078–0.5% w/v for gluconic acid. Standard curve for
glucose fell in the range of concentration 0.03125–1% w/v. Each
sample was analysed in triplicate and the concentrations were ex-
pressed as mmol/L.

2.6. Statistical analysis

The univariate General Linear Model (GLM) procedure, applying
one- or two-way ANOVA (P≤ 0.05), performed on SPSS software
(SPSS, Inc., IBM Corp., Chicago, IL, USA), was used to examine the
effect of the incubation period and type of carbon source on viable cell
counts of C. zemplinina CBS 9494 and A. syzygii LMG 21419 during
incubation and to estimate the effect of time and sample on sugar, al-
cohols and organic acids concentration. Multiple comparisons among
individual means for each sample were made by Fisher's least sig-
nificant difference (LSD) multiple range test at the 95% confidence
interval.

3. Results and discussions

3.1. Viability of strains on single carbon sources

The rationale of trials reported in this section (Fig. 1, step 1) was to

Fig. 1. Overview of the modular design of experiments carried out in this work.
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understand if, under co-culture conditions, the occurrence of a single
carbon source, supplemented at low but not limiting concentration,
stimulated differently, or not, the growth of As and Cz during 144 h of
incubation.

The minimal medium allowing the growth of both strains, defined
after spectrophotometric readings (data not shown), was composed by
0.25% w/v yeast extract and 0.25% w/v peptone. The highest acetic
acid concentration that did not inhibit the growth of A. syzygii LMG
21419 (As) and C. zemplinina CBS 9494 (Cz) strains was 0.2% v/v
(36.6 mM). Therefore, glucose (0.66% w/v), ethanol (0.17% v/v) and
gluconic acid (0,72% w/v, supplemented as sodium gluconate) con-
centrations in YP were defined at 36.6 mM.

Results of viable cell counts of As and Cz monocultures on single
carbon source during 144 h at 25 °C are shown in Fig. 2. Two-way
ANOVA analysis showed that the effect of incubation time, type of
carbon source and their interaction affected significantly (P≤ 0.05)
viable cell count of both microorganisms.

Acetobacter syzygii LMG 21419 is able to growth on glucose, ethanol
and acetate as single carbon source producing gluconic acid, acetic acid
and CO2 and water, respectively (Lisdiyanti et al., 2001). As regards the
use of gluconic acid as carbon source, As did not produce 2-keto-D-
gluconate, 5-keto-D-gluconate and 2,5-diketo-D-gluconate (Lisdiyanti
et al., 2001). It is possible to guess the use of gluconate for the pro-
duction of ribulose-5-phosphate in the pentose phosphate pathway
(Velasco-Bedrán and López-Isunza, 2007).

All carbon sources promoted the growth of As, showing values equal
or significantly higher than YP medium, except for gluconic acid
(YPGA) (Fig. 2A). The highest cell count was recorded after 96 h on YPE

(8.8 log cfu/mL); this value differed significantly (P≤ 0.05) from cell
loads detected in YP but not from that found on YPA and YPG. A growth
delay was observed in YPGA in comparison to YP medium during the
first 24 h of incubation (Fig. 2A). In addition, after 48 h, As viable cell
counts showed a constant decrease by reaching the value of ca. 2 log
cfu/mL at the end of the experiment (Fig. 2A). Growth kinetics of As
monoculture showed that ethanol, followed by acetic acid and glucose
significantly promoted the growth of this strain; on the contrary, glu-
conic acid always determined lower cell densities than those detected in
minimal medium.

Growth and metabolic behaviour of C. zemplinina strains on selected
carbon sources was well characterized. These strains produced ethanol,
glycerol and low amounts of acetic acid and acetaldehyde from glucose
as carbon source. Different strains were also able to growth on ethanol
medium up to 14% v/v (Englezos et al., 2015). For these yeasts, in-
formation about the growth and metabolite production on acetic and
gluconic acid are limited.

C. zemplinina CBS 9494 grew on all carbon sources (Fig. 2B); this
strain reached the highest cell load (8.3 log cfu/mL) in YPG after 24 h of
incubation. The growth on YPA did not differ significantly in compar-
ison to YP, whereas a significant increase in Cz cell load was recorded
on YPE during 96 h of incubation (Fig. 2B). As observed in the mono-
culture growth curves of As in YPGA, a growth delay was also observed
for Cz in the same medium during the first 36 h of incubation. However,
in this case, viable cell count values remained stable until the end of
incubation without recording any further reduction. At the end of in-
cubation the pH values of YPGA for both As and Cz was close to 7.30,
suggesting that sodium gluconate, supplemented to YP was present
under its dissociated gluconate form (pKa 3.86). At the end of incuba-
tion, Cz viability decreased significantly (P≤ 0.05) in YPE, reaching a
final cell load of 3.4 log cfu/mL (Fig. 2B). Overall, data of Cz mono-
cultures showed that the carbon sources that significantly promoted the
growth of this strain were glucose followed by ethanol; acetic acid did
not affect growth in comparison to minimal medium, whereas gluconic
acid had an inhibitory effect during early stages of incubation.

Viable cell counts of both As and Cz during co-culture fermentation
were significantly affected by the incubation time, the carbon sources
as well as their interaction (P≤ 0.05). Viable loads of As and Cz co-
cultivated in YP medium did not show significant differences with va-
lues found for monoculture conditions. The body of results suggested
that the growth of both strains, and in particular of As, was largely
sustained by yeast extract.

On the contrary, the addition of a carbon source to YP affected As
and Cz growth curves as shown in Fig. 1S.

The addition of glucose during Cz co-culture, did not affect the
growth of the yeast in comparison to viable loads enumerated for
monoculture in YPG; in fact, Cz reached the highest cell yield
(7.9 ± 0.5 log cfu/mL) after 36 h at 25 °C (Fig. 1S), a value close to
that found after the same incubation period in monoculture. The Cz
viable cell count remained stable up to the end of the incubation period
at values above 7 log cfu/mL, whereas As viability was negatively af-
fected by YPG co-culture conditions; in fact, it reached the stationary
phase at 48 h of incubation (6.5 ± 0.1 log cfu/mL) and cell densities
ranged from 6.5 to 6.7 log cfu/mL up to the end of incubation (Fig. 1S).
Viable cell counts detected were quite lower than that found under
monoculture conditions (Fig. 2A).

In YP supplemented with ethanol (YPE), A. syzygii LMG 21419
reached the highest cell yield (8.7 ± 0.4 log cfu/mL) after 48 h of in-
cubation, showing a decrease in cell viability to 7.3 ± 0.1 log cfu/mL
at 144 h. In YP supplemented with acetic acid (YPA) As reached the
stationary phase at 48 h when a viable cell load of 8.5 ± 0.3 log cfu/
mL was detected; then, the viable cell counts values did not differ sig-
nificantly up to the end of incubation (Fig. 1S).

In these media Cz reached the stationary phase (mean values of
viable cell counts of 7.0 log cfu/mL in YPE and 7.2 log cfu/mL in YPA)
at 24 h; then, cell densities values on both media did not change

Fig. 2. Microbial growth kinetic of monocultures of A. syzygii LMG 21419
(panel A) and C. zemplinina CBS 9494 (panel B) during 144 h of aerobic in-
cubation in YP medium supplemented with glucose (YPG), ethanol (YPE), acetic
acid (YPA) or gluconic acid (YPGA) at equimolar concentrations (36.6mM).
Two way- ANOVA was applied to estimate the effect of time and type of carbon
source on As and Cz viable cell counts; the least significant difference com-
parison values (LSD, 95% confidence interval, expressed as log cfu/mL) were
calculated among samples for each strain. As: 0.58 (time), 0.46 (sample); Cz:
0.58 (time), 0.47 (sample). Mean values were separated using lowercase and
capital letters as shown in Table 1S of Supplementary Materials.
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significantly up to 96 h. Afterwards, at 144 h of incubation in both
media, Cz viable cell count dropped to on average value of 2.7 log cfu/
mL (Fig. 1S).

It is possible to conclude that the co-culture growth kinetic of As and
Cz in YP supplemented with ethanol or acetic acid did not differ sig-
nificantly (P≤ 0.05) in comparison with those recorded under mono-
culture conditions.

Growth kinetic of Cz in YPGA co-culture media showed that the
yeast did not increase initial cell load throughout the incubation,
showing mean values of viable cell counts in the range 4.2–5.6 log cfu/
mL. As population in the same media showed an initial viability de-
crease at 8 h of incubation (mean viable cell count of 3.8 ± 0.1 log
cfu/mL); then, this strain grew reaching the highest cell count value at
48 h (7.2 ± 0.1 log cfu/mL). Afterwards, As viable cell count dropped
to on average value of 2.2 ± 0.2 log cfu/mL at the end of incubation
(Fig. 1S).

Gluconic acid showed the same negative effects for both strains
already found under monoculture conditions.

Based on viable cell count values recorded, it was possible to found
a different balance between As and Cz populations depending on the
carbon source supplied (Fig. 3).

In YP supplemented with glucose, Cz was the dominant strain at
each sampling time; indeed, after 36 h Cz reached the maximum viable
concentration of 7.9 log cfu/mL (99.5% of the total microbial popula-
tion of 8.6× 107 cfu/mL). On the contrary, As reached 6.7 log cfu/mL
(6.1% of total microbial population of 8.9× 107 cfu/mL) only after
96 h of incubation.

This result supports the hypothesis that at the beginning of sour rot,
simple sugars released by wounded berries are quickly metabolized by
non-Saccharomyces yeasts rather than AAB.

On the contrary, in YP-ethanol As represented> 90% of the total
microbial population from 24 to 144 h of incubation (mean value of the
total microbial population of 2.8× 108 cfu/mL) with an average con-
centration of 8.4 ± 0.6 log cfu/mL. In fact, it is well known that
Acetobacter species prefer ethanol as carbon source in comparison to
glucose (De Ley et al., 1984); this alcohol also stimulated dehy-
drogenase activity in cells under stationary phase of growth (Shafiei
et al., 2017).

The occurrence of acetic acid delayed the growth of both strains in
comparison with values recorded in YPG and YPE. However, As grew
sharply from 24 h to the end of incubation by reaching the maximum
value of 8.7 ± 0.1 log cfu/mL at 96 h (98% of the total microbial

population of 4.6× 108 cfu/mL), whereas Cz remained stable at ca.7
log cfu/mL from 24 to 96 h, and dropped down at 2.7 ± 0.3 log cfu/
mL at 144 h. Relative abundance of Cz population in YPA decreased
from 74.7% at 24 h (total population of 2.0× 107 cfu/mL) to 2.4% at
96 h (total population of 4.6× 108 cfu/mL) whereas As population in-
creased from 25.3% at 24 h to 97.6% at 96 h (Fig. 3).

It can be argued that ethanol produced during early phases of sour
rot (Pinto et al., 2017) could be produced by yeasts, and then it could be
oxidized by AAB to acetic acid. In addition, the oxidation of ethanol to
acetic acid, typical of Acetobacter species, could sustain As growth by
the oxidation of acetic acid to CO2 and water through TCA cycle
(Mamlouk and Gullo, 2013).

In monoculture experiments, gluconic acid had an inhibitory effect
on the growth of both strains; in fact, at each sampling time, viable cell
densities of both strains were lower than those found in YP, by 1 to 2
log cfu/mL. During co-culture growth kinetic, As was able to grow
slowly by reaching its maximum value of ca. 7 log cfu/mL at 48 h of
incubation (97.9% of the total microbial population of 2× 107 cfu/
mL), whereas Cz did not grow throughout the incubation period re-
maining at the initial cell load. However, at 144 h, when microbial
population was represented for> 99% (total microbial population of
3.6× 105 cfu/mL) by Cz viable cells (Fig. 3), As decreased its viable cell
count< 3 log cfu/mL.

3.2. Effect of glucose on metabolite production by microbial strains

At the end of incubation, the analysis of YPG for both monoculture
and co-culture trials (Section 3.1), showed the absence of detectable
glucose (data not shown). Thus, a new growth kinetic of As, Cz and
their co-culture was drawn in YP increasing glucose concentration to
110mM and reducing incubation period to 96 h, as outlined in the step
2 of Fig. 1. In order to avoid growth limiting conditions, glucose con-
centration was increased to 110mM that is the concentration usually
found in several microbiological media amended with glucose 20 g/L.

The ORP values registered during mono- and co-culture fermenta-
tions were found to be always higher than 200mV, characteristic of
aerobic conditions.

As concerns viable cell loads (Table 1), monoculture of As in YPG
reached its highest concentration of 8.4 ± 0.3 log cfu/mL within 48 h,
remaining in the stationary phase until the end of incubation. No sig-
nificant differences were found in viable cell concentration of As when
it was co-cultured together with C. zemplinina CBS 9494 in YPG.

Fig. 3. Relative abundance (% of viable
cell count calculated on the basis of
cfu/mL values) of A. syzygii LMG 21419
(blue bars) and C. zemplinina CBS 9494
(red bars) co-culture during 144 h of
aerobic incubation in YP medium sup-
plemented with glucose (YPG), ethanol
(YPE), acetic acid (YPA) or gluconic
acid (YPGA) at equimolar concentra-
tions (36.6 mM). Two way- ANOVA
was applied to estimate the effect of
time and type of carbon source on As
and Cz relative abundance; the least
significant difference comparison va-
lues (LSD, 95% confidence interval,
expressed as %) were calculated among
samples. Time: 28.1; sample: 23.4.
Mean values were separated using
lowercase and capital letters as shown
in Table 2S of Supplementary
Materials. (For interpretation of the
references to colour in this figure le-
gend, the reader is referred to the web
version of this article.)
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As regards Cz monoculture, glucose promoted its growth, reaching
the highest cell load (8.4 ± 0.3 log cfu/mL) after 36 h, followed by a
slight decrease (ca. one order of magnitude) up to the end of incuba-
tion. On the contrary, when Cz was co-cultured with As, viable cell
loads resulted lower than those recorded under monoculture condi-
tions. In particular, a difference of> 3 orders of magnitude was re-
gistered in the late stationary phase.

The pH values, in both monocultures, dropped down from 6.9 at
36 h to 4.7–5.2 at 48 h.

The increase of glucose concentration (to 110mM) induced changes
in the relative abundance of these two strains in comparison to that
previously described (Fig. 3). In particular, As represented about the
50% of total microbial population at 36 h of incubation, resulting the
dominant strain starting from 48 h until the end of incubation.

The concentration of glucose added to YP medium and those of
microbial metabolites produced during fermentation are reported in
Table 2. At 72 h, the reduction in glucose concentration was evident for
As monoculture in concomitance with gluconic acid accumulation;
however, glucose was still detected at 67mM in As monoculture at the
end of incubation (96 h). The concentration of gluconic acid produced
by As from glucose (YPG medium) at the end of incubation (ca. 30mM)

is in accordance with that detected by Sainz et al. (2016) considering
several Acetobacter species.

Cz was more efficient in glucose consumption; in fact, glucose
concentration was reduced already after 36 h, and becoming not de-
tectable after 72 h. This result supports the ability of C. zemplinina
strains to deploy metabolisms for high rate of glucose consumption in
environments characterized by high- (Englezos et al., 2015) as well as
low-sugar concentration (Rantsiou et al., 2017). The reduction in glu-
cose concentration was accompanied by the production of ethanol,
resulting the main product from glucose metabolism while gluconic
acid was not detected.

The ability of C. zemplinina CBS 9494 to convert glucose into
ethanol under aerobic conditions (Crabtree positive effect) could be
considered a result of the colonization of the same ecological niche by
NSY and AAB. In fact, it was demonstrated that Acetobacteriaceae is the
likely donor of alcohol dehydrogenase gene (Adh1) to Wickerhamiella/
Starmerella yeast clade (Gonçalves et al., 2018) whose deletion resulted
in a five-fold decrease in ethanol production from sugar during aerated
growth. However, the sour rot microbiota is composed by different
microorganisms including filamentous fungi, NSY and AAB species
(Loureiro et al., 2012). In addition, different sour rot related micro-
organisms were identified in rotten berries of red (Barata et al., 2012a;
Mateo et al., 2014) and white (Lleixà et al., 2018; Mateo et al., 2014)
wine grape varieties as well as in rotten white table grape berries (Pinto
et al., 2017).

Under co-culture conditions, ethanol was released already after 24 h
by reaching a concentration higher than that found in Cz monoculture;
glucose depletion was achieved starting from 72 h while gluconic acid
was not found until the end of incubation. Starting from 36 h acetic acid
was found only in As-Cz co-cultures reaching ca. 45mM at the end of
incubation; pH decreased from 4.3 at 24 h to 3.3 at 96 h of incubation.
In Cz monoculture, ethanol accumulated whereas in As-Cz co-culture
ethanol concentration was reduced after 48 h of incubation, in con-
comitance with the increase of acetic acid concentration. Under co-
culture condition, glucose was virtually consumed at 48 h, finding an
incomplete ethanol oxidation to acetic acid at 96 h. The low con-
centration of acetic acid produced from ethanol could be explained by
other metabolic pathways performed by Cz. Acetate and ethanol can be
converted, via acetaldehyde (García et al., 2016), into Acetyl-CoA that
is involved in the synthesis of fatty acids. Both Acetyl-CoA and fatty
acids are precursors of volatile compounds such as acetate esters and
ethyl fatty acid esters (Englezos et al., 2018).

Table 1
Viable cell load (in log cfu/mL) of A. syzygii LMG 21419 and C. zemplinina CBS
9494 during 96 h of aerobic incubation in YP medium supplemented with
glucose (YPG) at 110mM under mono (M) and co-culture (C) conditions.

Time (h) A. syzygii LMG 21419 C. zemplinina CBS 9494

M C M C

0 3.90 ± 0.17A 3.76 ± 0.14A 3.91 ± 0.17A 3.90 ± 0.13A

8 4.11 ± 0.16A 4.11 ± 0.10A 4.13 ± 0.22A 3.91 ± 0.35A

24 5.69 ± 0.24B 6.57 ± 0.33B 7.03 ± 0.31B 7.54 ± 0.20B

36 6.88 ± 0.21C 7.51 ± 0.23C 8.39 ± 0.34C 7.23 ± 0.23B

48 8.42 ± 0.25D 8.11 ± 0.17C 7.89 ± 0.12B 7.13 ± 0.19B

72 8.41 ± 0.19D 8.19 ± 0.14C 7.39 ± 0.31B 6.40 ± 0.22B

96 8.10 ± 0.23D 8.16 ± 0.29C 7.21 ± 0.21B 3.02 ± 0.08C

One way- ANOVA was applied to estimate the effect of time on As and Cz viable
cell counts; the least significant difference comparison values (LSD, 95% con-
fidence interval, expressed as log cfu/mL) were calculated among samples. As:
0.74 (monoculture), 0.74 (co-culture); Cz: 0.88 (monoculture), 0.77 (co-cul-
ture). Detection limit: 1 log cfu/mL. Mean values with different superscript
letters differ significantly (P≤ 0.05).

Table 2
Mean concentrations (mM) of glucose, organic acids and alcohols in YPG (110mM) inoculated with A. syzygii LMG 21419 (As), C. zemplinina CBS 9494 (Cz), or both
microorganisms (As-Cz) during 96 h at 25 °C under aerobic conditions.

Time (h) Sample Glucose (mM) Gluconic acid (mM) Glycerol (mM) Ethanol (mM) Acetic acid (mM)

0 – 93.8 ± 12.2E

24 As 89.1 ± 8.3Eb nd nd nd nd
Cz 110.4 ± 6.6Fc nd nd nd nd
As-Cz 60.7 ± 14.6Da nd nd 13.7 ± 1.7A nd

36 As 91.7 ± 8.3Ec nd nd nd nd
Cz 63.3 ± 7.2Db nd nd 45.6 ± 3.4Ba nd
As-Cz 24.7 ± 0.4Ca nd 2.9 ± 0.1A 63.8 ± 2.6Cb 3.9 ± 0.1A

48 As 91.5 ± 8.8Ec 13.8 ± 2.0A nd nd nd
Cz 16.4 ± 1.6Bb nd 12.0 ± 0.9Cb 95.9 ± 10.2Ea nd
As-Cz 0.9 ± 0.1Aa nd 3.1 ± 0.1Ba 125.2 ± 4.2Gb 16.2 ± 1.1B

72 As 72.9 ± 9.4D 33.2 ± 4.5B nd nd nd
Cz nd nd 10.9 ± 0.9Cb 79.3 ± 7.7Db nd
As-Cz nd nd 2.7 ± 0.3Aa 17.9 ± 4.3Aa 29.4 ± 3.2C

96 As 67.0 ± 5.3D 27.3 ± 4.3B nd nd nd
Cz nd nd 14.7 ± 1.1Db 106.9 ± 8.9Fb nd
As-Cz nd nd 2.1 ± 0.2Aa 18.6 ± 1.6Aa 44.9 ± 5.2D

Nd: not detected. One or Two way- ANOVA was applied to estimate the effect of time and sample on metabolite concentration; the least significant difference
comparison values (LSD, 95% confidence interval, expressed as mM) were calculated among samples for each metabolite. Glucose: 14.9 (time), 10.5 (sample);
Ethanol: 8.6 (time), 6.7 (sample); Glycerol: 0.9 (time); 0.7 (sample); Gluconic acid: 6.2 (time); Acetic acid: 4.1 (time). Means with different superscript letters differ
significantly (P≤ 0.05); capital letters separated mean values based on incubation time, whereas lowercase letters separated mean values based on sample.
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It is possible to guess that acetic acid was the result of the bacterial
oxidation of ethanol, highlighting the ability of As to growth in YP
supplemented with ethanol, as reported in Fig. 2. After 48 h of in-
cubation, As-Cz co-cultures were also characterized for low concentra-
tions of propionic acid (2.5–3mM). This organic acid could be pro-
duced by AAB as a sugar degradation product (Barata et al., 2011) and
it was demonstrated to support the growth of D. melanogaster larvae
(Depetris-Chauvin et al., 2017). As recently reported by Matsushita and
Matsutani (2016), the strategy of sugar utilization played by acetic acid
bacteria colonizing sugar-rich niches, and usually defined as “oxidative
fermentation”, is based on the oxidation of sugars and alcohols, their
released into natural environment and their further utilization.

Under co-culture conditions in YPG, As did not produce gluconic
acid, probably because glucose metabolism performed by Cz was faster
than “oxidative fermentation” of glucose carried out by the bacterium;
it seems reasonable to suppose that As changed its metabolic behaviour
from “oxidative fermentation” of glucose in monoculture to ethanol
oxidation when co-cultured with Cz. In fact, acetic acid, produced by As
from ethanol, started to accumulate after 36 h of co-culture incubation.

The growth of sour rot related microorganisms in rotten berries is
promoted by multiple carbon sources.

In some AAB species, glucose is used to produce exopolysaccharides
(EPS) such as acetan and cellulose (Gullo et al., 2016; Velasco-Bedrán
and López-Isunza, 2007) and gluconate that can accumulate in the
medium or feed the pentose phosphate pathway (Velasco-Bedrán and
López-Isunza, 2007). Acetobacter syzygii LMG 21419 is able to produce
cellulose in the biofilm matrix (Valera et al., 2015) that could increase
the severity of sour rot. However, the accumulation of gluconic acid can
inhibit the production of cellulose, as found in A. xylinum culture media
(Cheng et al., 2002). The cellulose production is under a quorum sen-
sing (QS) regulation in A. syzygii LMG 21419 (Valera et al., 2016);
therefore, further studies on this strain should be addressed to under-
stand the role of QS on oxidative fermentation and cellulose production
during grape berry colonization.

As concerns the ethanol catabolism, this carbon source can be used
by AAB species to produce acetic acid and microbial biomass. In ad-
dition, ethanol, through the conversion in Acetyl-CoA, feeds the
glyoxilate shunt of the TCA cycle (Velasco-Bedrán and López-Isunza,
2007).

Our data showed that in YPG co-culture media, the first metabolite
produced from As-Cz was ethanol at 24 h, presumably from Cz; acetic
acid was detected at 36 h of incubation in presence of both ethanol and
residual glucose. Although in A. pasteurianus, the release of both glu-
conic and acetic acid from multiple carbon sources (ethanol, acetic
acid, and glucose) was reported (Mounir et al., 2016), this simultaneous
production was not detected in As co-cultured with Cz.

After 96 h of incubation the viable cell load of Cz under co-culture
conditions was reduced>3 orders of magnitude (Table 1) while acetic
acid concentration increased to 44.9mM (Table 2). In order to verify a
possible adverse effect of high acetic acid concentration on Cz viability,
growth kinetics of Cz monoculture in YPG (110mM glucose) supple-
mented with acetic acid at 36.6 and 55mM (YPG_AA) were monitored
spectrophotometrically for 48 h at 25 °C (Fig. 2S showed in Supple-
mentary Materials, corresponding to the step 3 of Fig. 1).

Cz did not grow in YP exclusively supplemented with acetic acid
(YP_AA1 and YP_AA2 media) and in YPG_AA_55 mM. In
YPG_AA_36.6 mM Cz started to grow with a delay of> 10 h in com-
parison with YPG. After 48 h of incubation, plate counting confirmed
the absence of viable cells in YP_AA (both concentrations) and
YPG_AA_55 mM, while Cz reached 6.5 ± 0.1 log cfu/mL in
YPG_AA_36.6 mM, the same viable load found in YPG.

Our results are in agreement with those recently reported by Fischer
et al. (2017) related to some distinctive traits of a Saccharomyces-
Acetobacter co-cultures grown in sugar based medium, in which, yeast
population decline was concurrent with acetic acid accumulation.

Results of experiments carried out in this work clearly indicate the

negative effect of acetic acid on Cz viability, only partially reduced in
presence of glucose.

3.3. Influence of As-Cz co-cultivation in YPG supplemented with gluconic
acid

In order to shed light on the effect of gluconic acid on growth kinetic
of both strains, further experiments were set up (step 3 of Fig. 1). It was
previously demonstrated that gluconic acid increases during sour rot,
especially in the later phase (Barata et al., 2012b), when simple sugars
are still released from damaged berry tissues (Pinto et al., 2017); under
these conditions, gluconic acid does not seem to have a particular se-
lective pressure against both AAB and NSY populations that usually
occur at viable load higher than 7 log cfu/g (Pinto et al., 2017).

The influence of increasing gluconic acid concentrations in YPG
(110mM) on the growth of As and Cz monocultures was preliminary
evaluated.

The growth curves allowed the calculation of the Inhibition Index
turbidity ratio (IITR) values classifying the inhibition activity recorded
as high (1–0.75), medium (0.7–0.45), low (0.4–0.2) or absent (0.2–0)
(de Candia et al., 2017).

The addition of sodium gluconate at 55mM in YPG did not affect
viability of both strains (IITR values closed to 0) showing a low in-
hibition also when the concentration was increased to 110mM.

On the contrary, a complete inhibition (IITR value of 1) was found
for both strains for all sodium gluconate concentrations from 250 to
550mM.

Antimicrobial activity played by gluconic acid against both strains
and for all concentrations tested was additionally determined enu-
merating surviving cells at the end of incubation; these viable cell count
values allowed the calculation of the Inhibition Index (II) (Baruzzi
et al., 2015), as shown in Table 1S reported in Supplementary Mate-
rials.

As concerns A. syzygii LMG 21419, gluconic acid concentrations of
250 and 350mM showed bacteriostatic activity. Gluconic acid at 450
and 550mM did not allow the development of any bacterial or yeast
culturable cell.

The negative effect of gluconic acid on cell viability of acetic acid
bacteria was suggested by Nieto-Peñalver et al. (2014) against two
strains of Gluconacetobacter diazotrophicus by using cell free supernatant
at unknown concentration of gluconic acid. Recently, Shafiei et al.
(2017) demonstrated that high rate of glucose oxidation displayed by
some Acetobacter strains under monoculture conditions, and consequent
accumulation of gluconic acid, resulted in cellular injuries and non-
viable cells. Since 55mM gluconic acid concentration in YPG seemed do
not affect As and Cz monoculture growth kinetics, its effect was eval-
uated under co-culture conditions (Fig. 4).

The supplementation of gluconic acid to YPG did not change growth
kinetic of Cz neither in mono nor in co-culture. It can be concluded that
the inhibitory activity, not fungicidal, previously displayed by gluconic
acid against Cz (Fig. 2B), is lost supplementing a suitable carbon source.

Given the ability of Cz to quickly metabolize glucose, as already
shown in Section 3.2, the occurrence of gluconic acid, could negatively
affect As viability more in co-culture than in monoculture in which
there is no competition for glucose.

In fact, growth kinetic of As monoculture in YPG_GA was quite si-
milar to that found in YPG (Table 1), both substrates at 110mM glu-
cose. On the contrary, during co-culture, gluconic acid at 55mM in
YPG_GA, showed inhibitory activity against As within 48 h of incuba-
tion as already found in YPGA monoculture during the entire incuba-
tion period, in which gluconic acid was supplemented at 36.6 mM
(Section 3.1, Fig. 2).

In the medium containing both glucose and gluconic acid, As con-
sumed glucose after 48 h (Table 3). It is interesting to note that, at 72 h,
gluconic acid concentration increased to about 86mM from a baseline
(T0 values) of 55mM. The gluconic acid resulting from glucose
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metabolism (about 30mM) was close to that produced in YPG not
supplemented with gluconic acid, as reported for As monoculture in
YPG at 110mM (Table 2). Results here reported suggest that As did not
oxidize neither gluconic acid supplemented in the YP medium nor that
produced from glucose oxidation released in the YPG medium, con-
firming that gluconic acid production from glucose and its oxidation to
2-keto-d-gluconate, 5-keto-d-gluconate, and 2,5-diketo-d-gluconate is
strain dependant (Sainz et al., 2016).

Cz began to consume glucose after 24 h of incubation, as already
demonstrated in YPG; the complete glucose consumption was found at
48 h. Ethanol and glycerol, and traces of acetic acid were detected after
48 and 72 h, respectively (Table 3). It can be concluded that the main

metabolic pathway active in Cz monoculture is the ethanol production
from glucose, also when gluconic acid is present.

In co-culture, the complete consumption of glucose (presumably
performed by Cz) was recorded after 48 h. Ethanol and glycerol were
detected starting from 36 h, whereas acetic acid from 48 h to the end of
incubation. This result differs from that previously showed for co-cul-
ture in YPG at 110mM (Table 2) when acetic acid was detected already
after 36 h. Thus, the delay in the growth of As, registered in presence of
gluconic acid (Fig. 4), could be also responsible for a delay in the oxi-
dation of ethanol into acetic acid. In fact, acetic acid reached a con-
centration of 16–18mM in YPG and YPG_GA at 48 h and 96 h, respec-
tively.

Fig. 4. Microbial growth kinetic of A. syzygii LMG 21419 (As) and C. zemplinina
CBS 9494 (Cz) during 96 h of aerobic incubation in YP medium supplemented
with both glucose (110mM) and gluconic acid (55mM) under mono (M) or co-
culture (C) conditions. One way- ANOVA was applied to estimate the effect of
time on As and Cz viable cell counts; the least significant difference comparison
values (LSD, 95% confidence interval, expressed as log cfu/mL) were calculated
among samples for each strain. As: 0.74 (monoculture), 0.63 (co-culture); Cz:
1.00 (monoculture); 0.86 (co-culture). Mean values were separated using ca-
pital letters as shown in Table 3S of Supplementary Materials.

Table 3
Mean concentrations (mM) of glucose, organic acids and alcohols in YPG (110mM) supplemented with gluconic acid (55mM), and inoculated with A. syzygii LMG
21419 (As), C. zemplininaCBS 9494 (Cz), or both microorganisms (As-Cz) during 96 h at 25 °C under aerobic conditions.

Time (h) Sample Glucose (mM) Gluconic acid (mM) Glycerol (mM) Ethanol (mM) Acetic acid (mM)

0 – 96.5 ± 20.0C 54.2 ± 1.2B

24 As 90.2 ± 18.6Ca 52.1 ± 1.8Aa nd nd nd
Cz 82.4 ± 23.0Ca 52.2 ± 0.3Aa nd nd nd
As-Cz 80.8 ± 16.2Ca 51.4 ± 1.1Aa nd nd nd

36 As 100.4 ± 19.4Cb 55.7 ± 1.3Bb nd nd nd
Cz 19.1 ± 2.5Aa 54.4 ± 2.8Bb 6.4 ± 0.1Bb 41.0 ± 1.7Bb nd
As-Cz 31.9 ± 6.4Aa 47.8 ± 1.5Aa 3.0 ± 0.6Aa 35.6 ± 1.4Ba nd

48 As 97.1 ± 22.7C 59.0 ± 2.0Bb nd nd nd
Cz nd 58.4 ± 0.4Bb 17.4 ± 1.9Eb 121.8 ± 5.6Fb nd
As-Cz nd 50.0 ± 2.2Aa 9.4 ± 1.1Ca 66.0 ± 1.1Ca 3.0 ± 0.2A

72 As 37.3 ± 6.4A 71.7 ± 11.2Cb nd nd nd
Cz nd 47.0 ± 0.2Aa 14.6 ± 0.5Db 68.9 ± 2.2Ca 1.9 ± 0.2Aa

As-Cz nd 50.0 ± 2.2Aa 11.4 ± 1.2Ca 87.8 ± 2.3Db 9.9 ± 1.5Cb

96 As 50.9 ± 4.5B 86.5 ± 0.5Db nd nd nd
Cz nd 52.7 ± 0.1Aa 18.5 ± 0.3Eb 111.8 ± 4.2Eb 5.0 ± 0.6Ba

As-Cz nd 53.3 ± 4.9Ba 14.5 ± 4.3Ca 9.7 ± 5.6Aa 16.7 ± 1.3Db

Nd: not detected. One or Two way- ANOVA was applied to estimate the effect of time and sample on metabolite concentration; the least significant difference
comparison values (LSD, 95% confidence interval, expressed as mM) were calculated among samples for each metabolite. Glucose: 26.1 (time), 18.4 (sample);
Ethanol: 5.5 (time), 4.8 (sample); Glycerol: 2.8 (time); 2.5 (sample); Gluconic acid: 6.2 (time); 4.4 (sample); Acetic acid: 1.4 (time); 1.4 (sample). Means with
different superscript letters differ significantly (P≤ 0.05); capital letters separated mean values based on incubation time, whereas lowercase letters separated mean
values based on sample.

Fig. 5. Microbial growth kinetic of A. syzygii LMG 21419 (As) and C. zemplinina
CBS 9494 (Cz) during 96 h of aerobic incubation in YP medium supplemented
with gluconic acid at 110mM under mono (M) or co-culture (C) conditions. One
way- ANOVA was applied to estimate the effect of time on As and Cz viable cell
counts; the least significant difference comparison values (LSD, 95% confidence
interval, expressed as log cfu/mL) were calculated among samples. As: 0.73
(monoculture), 0.54 (co-culture); Cz: 0.45 (monoculture), 0.74 (co-culture).
Detection limit: 1 log cfu/mL. Mean values were separated using capital letters
as shown in Table 4S of Supplementary Materials.
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In order to verify if the inhibitory effect of gluconic acid under co-
culture conditions was masked by glucose, the experiment was repeated
in YP at 110mM of gluconic acid and in absence of glucose. Results of
this additional growth kinetics are shown in Fig. 5.

A strong bactericidal activity was found within 24 h of incubation
against As in YPGA monoculture (gluconic acid at 110mM). After this
incubation period, As grew by reaching 7.2 ± 0.2 log cfu/mL at the
end of incubation. Gluconic acid displayed inhibitory, but not bacter-
icidal, activity against As when it was co-inoculated together with Cz;
however, under these conditions the highest viable cell concentration of
As was reached 48 h early than that recorded for monoculture.

The negative effect of gluconic acid against As was mitigated under
co-colture conditions when ethanol was produced by Cz. The release of
ethanol (by Cz) within the same medium supplemented with gluconic
acid could play a positive effect towards As stressed cells. In fact, the
protective effect of ethanol was demonstrated by Shafiei et al. (2017)
for the A. senegalensis type strain in glucose-yeast extract broth during
high-temperature fermentation. Further oxidation of ethanol to acetic
acid by As could also decrease inhibitory activity of gluconic acid, as
registered for the growth of E. coli ATCC 35218 in presence of a low
concentration of different weak organic acids (Nieto-Peñalver et al.,
2014). However, the positive effect of the co-culture on As viability in
presence of gluconic acid (at 36.6 mM) was also found in absence of
glucose (see Fig. 3). Thus, it could also be explained by other me-
chanisms not investigated here.

Cz viable cell load did not show significant changes throughout the
incubation period under both mono- and co-culture conditions (Fig. 5),
confirming results of inhibitory, but not lethal, activity of gluconic acid
against Cz already found at 36.6mM (Fig. 1). Gluconic acid remained
stable at 111.7 ± 10.4 mM, 106.1 ± 10.1mM and 116.7 ± 6.5mM,
for As, Cz and As-Cz cultures, respectively, as already shown in YPG_GA
(Table 3).

As regards the yeast, gluconate can be metabolized through
NADP+-linked 6-phosphogluconate dehydrogenase, previously char-
acterized in Candida species, to be metabolized in pentose phosphate
pathway (Bruinenberg et al., 1983; Kato et al., 1979). However, since
both gluconate concentration and viable cell count of C. zemplinina CBS
9494 remained stable in YPGA up the end of incubation, it is possible to
conclude that this strain did not metabolize gluconate under culture
conditions applied.

Our results regarding the glucose metabolism and gluconic acid
accumulation, by As monoculture in YPG_GA, were in accordance with
the gluconic acid accumulation found by Sainz et al. (2016) for several
Acetobacter species in minimal medium, synthetic must and strawberry
puree at high concentration of soluble monosaccharides. Gluconic acid
remained unexpectedly stable also in As monoculture in YPGA and
under short time incubation conditions in which As should be forced to
metabolize gluconic acid due to the absence of free glucose. It is pos-
sible to guess that, after 36 h, survived As cells incubation employed
other metabolic pathway instead of gluconic acid oxidation.

4. Conclusions

The analysis of data, produced under laboratory conditions, allowed
us to depict a possible scenario of microbial population temporal suc-
cession and their cross-feeding relationships during sour rot develop-
ment.

Results demonstrated that Cz was always more efficient in glucose
utilization with ethanol production suggesting that NSY activity on
wounded berries could be the starting step of sour rot.

Under monoculture conditions, the oxidative fermentation of glu-
cose to gluconic acid was the only pathway employed by As to grow in
YP-glucose, whereas when co-cultured with Cz the increase in ethanol
concentration could lead As to shift its metabolism towards ethanol
oxidation with acetic acid release. It is then possible to assume that
during sour rot, AAB grow on wounded berries after NSY by oxidising

ethanol into acetic acid. We found that acetic acid displayed inhibitory
activity against Cz. Thus the accumulation of this metabolite during
sour rot could reduce NSY population viability, and slowed down the
accumulation of ethanol deriving from soluble sugar metabolism.

Therefore, when the spoilage process proceeds, further release of
glucose undergoes the oxidative fermentation by AAB, reducing glucose
availability for NSY metabolism and leading to accumulation of glu-
conic acid. In fact, growth kinetics in different media always showed
that Cz was unable to metabolize gluconic acid without any reduction
in its viable cell load.

This scenario agrees with previous reported microbiological studies
and with the accumulation of gluconic acid in spoiled berries in late
stages of sour rot.

The temporal succession and trophic interaction here reported can
be considered a first step towards a fully understanding of AAB-NSY
ecological relationship occurring in sour rot that needs to be confirmed
by in vivo trials.
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