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Argentina is the fifth world-wide wine producer, with an area of emerging importance
in the Southwest of Buenos Aires Province, where climatic conditions are rather
challenging. We studied the variations in soil and wine bacterial diversity through three
consecutive vintages, and how climatic conditions affected said diversity. During the
years of our study there were two harsh climatic events, a prolonged drought that
extended over two vegetative periods, and an unseasonable spring frost in 2017. We
found that the bacterial diversity reacted to these climatic events, given that there was a
shift in the taxa exclusive to soil and wine, and shared by both, through time. Our results
show a core of microorganisms in soil as well as in wine, belonging to different phyla that
are conserved across the vintage years. A trend to an enrichment in Actinobacteria was
detected in soil samples, whereas a high relative abundance of the Acetobacteraceae
family and a scarcity of Lactic Acid Bacteria (LAB) were detected in the wine samples.
We believe our results contribute to a better understanding of the impact of climatic
conditions on the soil and wine microbiota, and can provide vintners with valuable
knowledge for improving their wine production.

Keywords: climate conditions, vineyard management, Malbec wine, amplicon sequencing, bacterial diversity

INTRODUCTION

Argentina is ranked as the fifth wine producer after Italy, France, Spain and the United States,
accounting for 4.15% (10.8 mhl) of the worlds wine production [International Organisation
of Vine and Wine (OIV), 2020]. Although most of the traditional wine-producing
regions are located along the Andes Mountains range, new vineyards have been recently
established in Buenos Aires Province, in the transitional zone between the Pampeana and
Espinal phytogeographic regions (Cabrera, 1976). Vintners have chosen this area because
of its semiarid climate, the constant but moderate winds and the somewhat poor soil
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quality, favorable characteristics for wine grape culture. Although
the region accounts for only 0.16% of the wine produced in
Argentina [Instituto Nacional de Vitivinicultura (INV), 2020],
it is a thriving activity of great cultural and economic value,
providing wines of a unique ferroir.

Macro climatic characteristics such as temperature, rainfall
patterns and winds, can modify agricultural productivity either
directly or indirectly (Liu et al., 2019), due to the influence of
these factors on several viticultural features, such as the harvest
dates, grape maturation (effect of temperature, radiation, and
carbon dioxide), and vine pests. These viticultural variables can
in turn impact winemaking by affecting fruit quality, sugar
content and alcohol concentration, influencing changes in the
microbiota and modifying acidity, potassium concentration and
pH (De Orduna, 2010; Berbegal et al, 2019). Harvest date
and the impact on grape maturation can increase the growth
of spoilage microorganisms, the risks of starvation during the
fermentation process, the release of toxic compounds, and
alter the oxidation of volatile compounds (Campbell et al,
2016; Cook and Wolkovich, 2016). On the other hand, the
increase in ethanol concentration due to the improvement
in sugar content can increase the probability of sluggishness
during the alcoholic fermentation, thus altering the organoleptic
characteristics by reducing the perception of volatile compounds
and increasing the astringency. Finally, higher pH allows the
growth of other undesired microbes and produces changes
in wine flavor, color, and aroma (Berbegal et al, 2019
Drappier et al., 2019).

Next Generation Sequencing (NGS) techniques are
often used to better characterize the microbial diversity of
complex ecosystems that play a key role in wine grapes
culture (Vitis vinifera), wine production and quality (Liu
et al, 2019). The microbial diversity has been identified
as an important factor in the determination of the terroir
(product identity) (Bokulich et al, 2014), along with the
varietal, agricultural practices, soil texture, biogeographic
location, and climatic conditions (Bokulich et al., 2013;
Zarraonaindia et al, 2015; Belda et al., 2017; Liu et al.,
2019). The bacterial group of greatest oenological relevance
is lactic acid bacteria (LAB), responsible for decarboxylating
malic into lactic acid during malolactic fermentation (MLF)
and contributing to the sensory characteristics (flavor,
aroma, and color) that give typicality to the final product
(Campbell-Sills et al., 2017).

The structure of microbial communities and its persistence
through time has been shown to be determined, at least in
part, by the micro and mesoclimatic conditions, as well as
the characteristics of the soil and vineyard (reviewed in Liu
et al,, 2019). Furthermore, the use of fertilizer and/or compost
applications can modify the relative abundances of bacterial
groups (Calleja-Cervantes et al, 2015; Morgan et al, 2017).
Lapsansky et al., 2016 highlighted the concept of the memory of
the soil, referred to soil’s resilience, in the sense of responding to
and may recover from the stresses imposed by human activities
or a changing climate. Certain agricultural practices directly
affect the soil health, which involves complex physicochemical
and microbiological parameters. However, through agricultural

practices that ensure a sustainable management, it is possible to
restore the soil health (Gabbarini et al., 2021).

Only recently have researchers begun assessing the diversity
of microbial communities associated with Argentine vineyards
by using NGS (Vega-Avila et al., 2015; Oyuela Aguilar et al,
2020), and they all have focused on the traditional wine
regions in the country.

Given the novelty of vineyards as an agro-productive activity
in Buenos Aires Province, the aim of this study was to assess
the impact of climatic conditions over three consecutive harvests
(2017-2019) on the bacterial communities associated with the
soil and wine in a Malbec plot within a vineyard of this
area. We believe our results can provide vintners with valuable
knowledge for improving their wine production in the face of
challenging conditions.

MATERIALS AND METHODS

Winery and Vineyard Management

Saldungaray winery is located at a strategic site in a non-
traditional wine-producing region in the Southwest of Buenos
Aires Province, Argentina (38°12/54.5”S 61°46/36.3"W,
194 m.asl, Supplementary Figure 1), corresponding to
a transitional zone between the Pampeana and Espinal
phytogeographic regions (Cabrera, 1976). The winery has
been productive since 2003, with a total planted surface of 20
ha which include the varieties Malbec, Merlot, Chardonnay,
Cabernet Sauvignon, Sauvignon Blanc, Tempranillo, and
Cabernet Franc. At the beginning of our study, which covered
Malbec plots from 2017 to 2019, the vines were 8 years old, and
the plantation grid had a 2-m distance between rows and 1-m
distance between vines, which were trained in a vertical shoot
position. The pruning system is bilateral cordon de Royat, with
the soil between rows covered with native grass. Surface water
is provided by a drip irrigation system based on groundwater
from an aquifer. A fan standing in one corner of the plantation
protects the vineyard, along with the drip irrigation system,
from frost damage. Pest and disease management involves
soil applied herbicides (glyphosate acid Round-up®), as well
as dithiocarbamate (Mancozeb®, Ziram®, and Zineb®) and
phthalimide (Captan®, Folpet®) fungicides.

For winemaking, the winery employs a manual selection
of the grapes and fermentation tanks made of steel or
concrete to obtain young wines. The process begins with a
cold pre-fermentation for 48-72 h and involves the use of the
commercial yeast Uvaferm BC® (Lallemand Inc., Montréal,
QC, Canada) as a starter in alcoholic fermentation, which
takes place in concrete tanks for about 10 days, followed
by pressing, and then malolactic fermentation for 25-
40 days. It is noteworthy that no malolactic bacteria starter
has ever been used in this winery, therefore whenever
malolactic fermentation occurs, it is spontaneous. Lastly, it
is important to mention that the winemakers have reported
a slowdown in the malolactic fermentation throughout
the years.
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Analysis of the Local Climatic Conditions
The area where the Saldungaray winery is located has been
termed “the Argentine arid diagonal,” a strip of land receiving
scarce rainfall that stretches from Northern Peru to the
Patagonian Atlantic coastline (Campo et al., 2009). The climate
is temperate semi-arid, with marked seasonality in rainfalls,
which occur mainly in spring and fall (Campo et al., 2009)
and moderate to strong winds all year round, but particularly
intense from late spring to mid-summer (Campo et al., 2011),
predominantly West winds. The area is also characterized by
extreme meteorological events like hail, frost, droughts, and
floods, that take place in cyclic patterns (Campo et al., 2011).
These climatic characteristics result in limited groundwater
availability for irrigation systems.

Climatic data was obtained from the Sistema de Informacion
y Gestion Agrometeorologica, INTA database' for the years
2011-2019. Maximum and minimum daily temperatures
were analyzed to obtain base-line monthly averages for
the decade. Statistical analyses of temperatures were
carried out for the vegetative periods 2016-2017, 2017-
2018, and 2018-2019, considering that in the Southern
hemisphere, the vegetative year begins with the leaf fall in
April (early autumn) and ends with the harvest, during
March (late summer). We used one-way ANOVA tests
with Tuckey post hoc contrasts (Sokal and Rohlf, 1995)
to compare daily temperatures per month among the
three vegetative periods. Monthly rainfall and potential
evapotranspiration were used to build hydrological balances
for every vegetative period within the 2011-2019 decade,
following the methodology by Thornthwaite and Mather
(1957), considering a field capacity of 100 mm (Casado et al.,
2007). Statistical analyses were carried out using Statistix 8
(Analytical Software, 2003).

Soil Characterization

To determine the soil type in the Malbec plots, bulk soil
samples were analyzed by the Laboratory of the Instituto de
Suelos of the Instituto Nacional de Tecnologia Agropecuaria
(INTA, Hurlingham, Buenos Aires, Argentina) by triplicate.
Furthermore, soil samples for each vintage under study
(2017-2019) were sent by triplicate to the “Laboratorio
Inagroy -Tecnoagro SRL,” CABA, Argentina, for physico-
chemical characterization. The  parameters estimated
were pH, electric conductivity (dS/m), water saturation
(% v/w), organic carbon (% w/w), organic material (%
w/w), organic Nitrogen (% w/w), C/N ratio, assimilable
phosphorus (% w/w), and extractable sulfur (ppm). The specific
methodologies used for estimating each parameter are given in
Table 1.

Sample Collection and Preparation
A total of 25 samples were obtained: six soil samples for each
vintage (2017, 2018, and 2019), three Malbec wine samples from

'Instituto  Nacional de Tecnologia Agropecuaria (INTA) databe. Sistema
de Informacién y Gestién Agrometeoroldgica. http://siga2.inta.gov.ar/#/data
(Accessed June 14, 2020).

each vintage (2017 and 2019), and one mixed must sample from
the 2018 vintage.

Soil Samples
Soil samples were collected from three vines in the same row,
taken adjacent to each vine (within a 40-cm radius) at 20-30 cm
depth, and skipping three plants between each collection. The
process was repeated on two other rows, with one row in between.
The samples were randomly mixed, obtaining two biological
triplicates for each vintage (n = 6 for each vintage).
Approximately 150-250 g of soil was placed in sterile
stomacher bags (Nasco WHIRL-PAK®, United States), which
were labeled and divided for chemical and microbiological
analysis and stored separately to avoid cross contamination. Once
in the laboratory, samples were stored at —20°C until processing.

Wine Samples

The wine samples for the 2017 and 2019 vintages consisted of
grape must (24 h after destemming and crushing), fermentation
stage one (FS1, day six of the fermentation process, i.e., alcoholic
fermentation in development) and fermentation stage two (FS2,
day 13 of the fermentation process, i.e., alcoholic fermentation
finished) of the Malbec variety. The final wine had 13.4 and 13.8%
ethanol respectively, with total SO, 50 mg/L each. Additionally,
pH and L-acid malic was evaluated for each sample studied. On
the other hand, for the 2018 vintage, the winemakers reported
a great loss in productivity during the months prior to harvest
(which will be addressed in later sections), resulting in insufficient
yield to produce wines of each variety. Consequently, only one
grape must sample could be obtained, comprised of a mixture
of the varieties Pinot Noir, Chardonnay, Sauvignon, and Malbec;
this must was used as a base for the sparkling wine that the winery
routinely produces.

DNA Extraction

DNA from soil samples was extracted with the FastDNA Spin
Kit for Soil (MP Biomedicals, LLC, Solon, OH, United States),
following the supplier’s instructions. Regarding the wine samples,
since the DNA extraction process was more challenging, the
protocol had to be modified to obtain quality genomic DNA and
to accomplish the quality and integrity criteria established for
NGS techniques. Briefly, an aliquot of 35 mL of each wine sample
was centrifuged for 15 min at 8,000 rpm, and the pellets were
washed twice with Tris-EDTA buffer (TE) (20: 2 mM) and then
resuspended in PBS. Then, 1 mL was added to an Eppendorf tube
with glass beads, with the following lysis conditions: MT Lysis
Buffer, two cycles of 1:30 min in a bead beater, and incubation of
2 min on ice between each cycle.

The DNA obtained was visualized on a 1% agarose gel, stained
with ethidium bromide (0.5 mg/mL), to check for integrity. In
addition, absorbances at 260, 280, and 230 nm (NanoDrop® ND-
1000 Thermo Fisher Scientific) were measured as an additional
quality parameter to determine the total DNA concentrations and
260/280 and 260/230 absorbance ratios of each sample. Those
that exceeded a concentration of 20 ng/uL and had a 260/280
ratio in the range of 1.7-2.1 and a 260/230 ratio in the range of
1.5-2.1 were selected.
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TABLE 1 | Chemical and texture characterization of the Saldungaray’s soil from the three consecutive vintages analyzed (2017, 2018, and 2019).

Methodology Identification 2017 Soil quality 2018 Soil quality 2019 Soil quality
Potentiometric pH 1:2.5 water A7.83+0.15 Slightly alkaline A7.57 + 0.40 Slightly alkaline £8.27 +0.12  Moderately alkaline
(IRAM—SAGPyA 29574)
Conductimetric (IRAM-SAGPyA  Electric conductivity 0.90 + 0.20 Not saline 0.60 +0.10 Not saline 0.87 + 0.31 Not saline
29579) (dS/m)
Calculation (IRAM-SAGPyA Water saturation (% v/w) 46.67 4+ 0.58 - 47.00 £+ 1.00 - 47.00 £+ 0.00 -
29578: 2009)
Standard environmental Organic carbon (% w/w) 0.82 £0.07 - 1.00 £0.25 - 0.85 + 0.05 -
quality—Soil quality
(IRAM-SAGPyA 29571- 3:
2016)
Calculation (according to Read Organic material (% w/w) 1.42 £0.12 Very poor 1.72 £ 0.44 Poor 1.46 £ 0.09 Very poor
J W, Ridgell R H (1921))
Modified Kjeldahl method Organic nitrogen (% w/w)  0.08 £+ 0.01 Very poor 0.09 £+ 0.02 Very poor 0.08 + 0.00 Very poor
(IRAM-SAGPyA 29572:2019)
Calculation Relation C/N (s/u) 9.87 +1.46 - 10.53 + 0.60 - 10.00 + 0.61 -
Bray Kurtz method Assimilable phosphorus 6.23 + 1.46 Low 11.63 +6.73 Low 6.93 + 0.40 Low
(IRAM-SAGPyYA 29570-1:2010) (% w/w)
Extractable sulfur (S-SO4) 14.10 + 4.23 Medium 8.73 +£2.93 Low 11.50 + 4.48 Medium
(opm)
Texture Soil texture determination Clay < 2 pum (% w/w) 20.27 + 2.31
characterization (IRAM-SAGyP 29581)
Total slime 2-50 pm (% w/w) 31.43 + 1.14
Very fine sand-1 50-100 pm (% w/w) 15.80 £2.23
Fine sand 100-250 pm (% w/w) 1017 £1.22
Medium sand 250-500 um (% w/w) 0.50 £0.10
Gross sand 500-1000 pm (% w/w) 0.37 £0.12
Very gross sand 1-2 mm (% w/w) 0.13 £ 0.06

Statistical analysis was performed for each parameter (Kruskal-Wallis with Mann Whitney tests) and significant differences are indicated with different letters (p < 0.05).

Sequencing

A NGS technique (amplicon sequencing) was used to identify
partial sequences of the 16S rRNA gene of bacteria. The genomic
DNA samples were sent to Macrogen Korea (Seoul, Rep. of
Korea), where the amplicon libraries were prepared (Herculase
II Fusion DNA Polymerase Nextera XT Index Kit V2). The
hypervariable region V3-V4 of the 16S rRNA gene, obtained
using primers Bakt _341F: 5-CCTACGGGNGGCWGCAG-3
and Bakt_805R: 5-GACTACHVGGGTATCTAATCC-3/, were
sequenced by Illumina (MiSeq). Sequences paired-end with
301 bp of length were obtained. The sequence data was deposited
at NCBI (bioproject PRINA742427).

Sequence Analysis

Raw sequences fastq files were demultiplexed, chimeric sequences
were filtered, and sequence ends were treated to remove low-
quality regions, using QIIME2 (Callahan et al, 2016). Also,
mitochondrial and chloroplast DNA were filtered (McDonald
et al., 2012a,b). The OTUs table was obtained using DADA2
(Callahan et al., 2016). The fidelity in the reading depth was
evaluated by means of rarefaction curves (qiime diversity alpha-
rarefaction of QIIME2). The variation across samples was
normalized by rarefying to 780 reading depths to performance
alfa (richness and Shannon index) and beta (Bray Curtis
distances estimation) diversity without bias. Statistical analysis
was performed using PERMANOVA (test pseudo-F) for beta

diversity and a non-parametric Kruskal-Wallis test (Kruskal and
Wallis, 1952) for alpha diversity.

For taxonomic analysis, the database Greengenes (v13) was
used (DeSantis et al., 2006; McDonald et al., 2012a,b), and
the setting of the classifier training was performed using our
primers, sequences, and tables obtained previously. This process
was performed on QIIME2 using “q2-feature-classifier” plugin
(Pedregosa et al., 2011; Bokulich et al, 2018) and “qiime
feature-classifier classify-sklearn”. Venn diagrams were built
from presence/absence matrices and the graphics from these
results were designed using Corel Draw 2020 software.

RESULTS

The Region Often Suffers Harsh Climatic

Events

The temperatures in the study area, both minimum and
maximum, varied significantly between the vegetative periods
analyzed (Figure 1). At the beginning of the 2016-2017 vegetative
period the maximum temperatures were lower than in the
following years, with a hotter summer (p < 0.05). On the other
hand, at the beginning of 2018 the minimum temperatures
were slightly but significantly higher compared to the other
periods, while for November 2017 (spring), a markedly lower
temperature was recorded (p < 0.05), including an unseasonable
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frost. According to reports by the Saldungaray winery, this
event had a vastly negative impact on the fruits that were
in the process of growth/ripening, resulting in a loss of
grape production, which prevented the individual elaboration
of the different varietals (Malbec, Chardonnay, Pinot Noir,
and Sauvignon).

Regarding ground water availability, from the hydrological
balances built for the decade, we observed a pattern in which
there is a recovery time, usually during the beginning of the
vegetative period (April), even to the point of hydric excess,
followed by a more or less extended period of ground water
depletion, then water deficit (drought) until harvest time. This
pattern was noticeable throughout the decade (Supplementary
Figure 2) with the exception of the vegetative years 2012-2013
and 2013-2014, in which rainfall exceeded evapotranspiration in
late summer. For the years studied, the longest drought period
was 2016-2017, which began with the depletion of reserves
in mid-July (winter) 2016, followed by a long period of water
deficit from early November (mid-spring) until March 2017 (late
summer). Conversely, at the beginning of the vegetative year
2017-2018, a great ground water surplus was registered followed
an atypically abundant rainfall in April, which sustained the
ground water reserve until mid-September (early spring). Finally,
the vegetative period from 2018 to 2019 was characterized by less
drastic differences in rainfall and evapotranspiration, resulting

in a less pronounced period of water deficit (Figures 1B-D).
These frequent water shortages led to lower yields, especially in
the period 2015-2017. The year of lowest production was 2018,
as a consequence of the unseasonable frost already mentioned
(Supplementary Figure 2). Within the decade, 2016 was the
worst year for the whole country, due to severe drought,
partially recovered in 2017, and a remarkable recovery in
2018 (International Organisation of Vine and Wine (OIV), 2020).

A Very Low Organic Carbon and Nitrogen
Content, and a Slight Raising in pH,
Characterized the Vineyard Soil Through

the Years

The soil type in the Malbec plot was characterized as loamy,
according to the relative proportions of lime, clay, and sand
(USDA soil texture diagram). The physicochemical analysis
showed an increase in the pH during the 2019 vintage (8.27),
compared to the 2017 (7.83) and 2018 (7.57) vintages (p < 0.05),
all in the range corresponding to mild-moderate/moderately
alkaline soils, while the rest of the parameters analyzed remain
without statistical differences. All the soil samples showed a poor
to very poor organic material, carbon and nitrogen contents.
Further details of soil physicochemical characteristics are shown
in Table 1.
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Bacterial Diversity

Through the massive sequencing by Illumina (MiSeq) of the
V3-V4 gene of the 16S rRNA gene, a total of 3924181 reads
were obtained, with a high number of readings per sample
(from 200087 to 113591). After depuration of the sequences
(see section “Sequence Analysis” in “Materials and Methods”),
the operative taxonomic units (OTU) were estimated for each
sample, obtaining from 8,521 to 16,891 OTUs for the soil
samples, and from 780 to 5,346 OTUs for the wine samples.
The sequencing depth was evaluated through the analysis of the
rarefaction curves, which showed a plateau that would indicate
that an adequate sequencing depth was reached to perform the
subsequent analyses (Supplementary Figure 3).

The microbial diversity analysis showed that the internal
richness was approximately 3 times lower (Figure 2A) in the wine
samples than in the soil samples, while the Shannon index was 2
times lower (Figure 2B) throughout the years 2017, 2018, and
2019 (p < 0.05). Figure 2C shows a differential distribution on
PCoA graphics for the soil-2017 sample, which would indicate
a difference in the bacterial diversity with respect to the soil
samples for the 2018 and 2019 vintages (p < 0.05). These two
groups also exhibit significant differences regarding the wine
samples (p < 0.05).

The Soil Bacterial Community Structure
Showed Annual Variations

The Actinobacteria and Proteobacteria were the dominant phyla
(Figure 3A), and their frequency significantly changed thorough
the sampling time. These phyla accounted for almost 60% of
the total soil bacterial communities. The Proteobacteria were
more abundant than the Actinobacteria in 2017 (34.1 and 29.5%,
respectively); they decreased significantly in 2018 and increased
slightly in 2019 (p < 0.05). The relative abundance of the
Actinobacteria showed a significant increase between 2017 and
2018 (29.5-38.6%), slightly decreasing in 2019 (33.4%) (p < 0.05).

Other less abundant phyla found included Chloroflexi,
Planctomycetes, Firmicutes, Acidobacteria, Cyanobacteria, and
Saccharibacteria (TM7). Among them, only Planctomycetes
showed significant variations, increasing through the years
from 5.5% in 2017 to 10.4% in 2019 (p < 0.05). On the
other hand, the OTUs assigned to the phyla Verrucomicrobia,
Gemmatimonadetes, and Bacteroidetes, often found in soil
samples, were only present in some of the samples, or did not
reach the minimum relative abundance (0.5%) required to be
included in the analysis (Figure 3A). Although the 16S primers
targeted mostly bacteria, archaeal sequences were also detected
in soil samples from the three vintages (Crenarchaeota up to
0.38% and Euryarchaeota up to 0.14%). We assumed that the
detection level of Archaea was artificially reduced due to the
primers bias, thus, these OTUs were excluded for the analysis
(Takahashi et al., 2014).

No archaeal sequences were detected in wine samples, and the
role that these taxonomic groups could play in the winemaking
process remains unknown.

At the order level, the taxonomic groups with the highest
relative abundance in the soil samples were the Actinomycetales
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FIGURE 2 | Bacterial diversity estimation at the Saldungaray vineyard for the
years 2017, 2018, and 2019. For the soil (SL) and wine samples, Alpha
diversity was estimated based on richness (A) and the Shannon index (B).
Different letters indicate statistical differences (p < 0.05). There was not
enough data for the 2018 wine sample, therefore statistics remain
non-determinate (n.d.). Principal coordinate analysis (PCoA) was performed to
analyze the beta diversity at the Saldungaray vineyard based on Bray Curtis
distances (C).

(21-25.7%), followed by the Rhizobiales (16-20.4%) and the
Acidimicrobiales (6.7-10%). The significant increase in the
Actinobacteria between 2017 and 2018 could be explained
by the increase of the relative abundance of the orders
Actinomycetales, which decreased again in 2019 (p < 0.05),
and Acidimicrobiales, whose increase remain in 2019 (p < 0.05).
In addition, the orders Rhizobiales, Rhodospirillales, and
Sphingomonadales, belonging to the Proteobacteria, seem to
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FIGURE 3 | Bacterial community structure of soil (SL) and wine samples from the Saldungaray vineyard, at the phylum level (A); the most abundant groups are
shown at the order level (B). Only OTUs exhibiting a relative abundance > 0.5% are shown. In addition, the “others” category includes minority (<0.5%) OTUs.

be the main contributors to the reduction of this phylum
between 2017 and 2018, and its partial recovery in 2019
(Figure 3B). The more complex nature of these orders, with
several identifled genera behaving differently across vintages
(Figure 4B), could explain that these variations did not show
statistical significance.

At the genus level, the number of OTUs from soil samples
that could not be classified (unclassified group) was considerably
high, around 80% (Figure 4A). The most dominant genera
in these samples remain unclassified, belonging mainly to the
Actinomycetales, particularly to the families Streptomycetaceae,
Nakamurellaceae, and Microbacteriaceae, and their frequency did
not change with the vintage year (Supplementary Figure 4).
Of the genera belonging to the Actinomycetales that could be
identified the most abundant was Solwaraspora, which increased
from 1.5% in 2017 to 2.5% in 2018, and decreased to 1,6% in 2019;

followed by Streptomyces, which was also more abundant in 2018
(2%), among others (Figure 4B).

A greater number of Proteobacteria than Actinobacteria
OTUs could be identified to the genus level, mainly Rhizobiales
(Rhodoplanes, Balneimonas, Rhizobium, and Methylobacterium),
among others (Figure 4A); this could be attributed to a bias in
the primers used.

The Wine Microbiota Shows an Increase

in the Relative Abundance of Acetic Acid
Bacteria

Through the taxonomic identification of OTUs, we could assert
that at the phylum level, Proteobacteria and Actinobacteria were
the most abundant groups (except for the FS2-2019 sample, in
which Actinobacteria were not recorded) (Figure 3A). These
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phyla accounted for almost 70-80% of the total bacterial
community in the wine samples. Firmicutes is a relevant phylum
in wine samples because it includes the order Lactobacillales -a
technologically important group in wine, and it was abundant
in the must samples 2018 (19.58%), and 2019 (16.43%), and in
the FS2-2019 (25.36%) sample. However, from the estimation
of bacterial diversity (Figure 3B) it is apparent that the
Lactobacillales were absent from almost every sample, except
for wine samples of 2017 vintage, in which they were recorded
at a low relative abundance (1% or less). Moreover, at the
order level, the most relevant groups were Actinomycetales
(18-36%), Rhodospirillales (10-29%, and 45% for Must-2018),
and Rhizobiales (7-27%, and 1.5% for Must-2018). Other relevant
orders were the Sphingomonadales (14-21%, 4.35% Must-2018,
but absent for Must-2019 and FS2-2019) and Clostridiales
(1.5-5%, and 14-17% for Must 2018 and FS2-2019).

For wine samples, the number of OTUs that could not
be classified (unclassified group) at the genus level increased

considerably, up to 40-60% (Figure 4B). A high relative
abundance was observed for the Acetobacteraceae family in
all wine samples, particularly for the samples FS2-2019 (29%)
and Must 2018 (45%); among this family we identified the
genera Swaminathania, Acetobacter, and Roseomonas, acetic
acid bacteria (AAB) which are potentially detrimental bacteria
that may cause spoilage in wine (Supplementary Figure 4).
In contrast, the only genus of lactic acid bacteria (LAB),
detected exclusively in 2017 wine samples, was Streptococcus.
Other relevant groups found were Sphingomonas in 2017 (15-
21%) and 2018 (4%) wine samples, and Methylobacterium
in 2017 (4-5%) and 2019 (9-12%, 1.8% for Must 2019)
wine samples.

Additionally, the evolution of the winemaking process was
also studied through the L-malic acid consumption and pH
variations for 2017 and 2019 wine samples (Table 2). The 2018
wine sample was not considered because it was derived from a
composite must containing several varieties, given that there was
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no Malbec vinification that year (see section “Wine Samples” in
“Materials and Methods”). The initial L-malic acid concentration
in must was higher in 2017 than in 2019, and so was the
consumption (55% in 2017 vs. 40% in 2019). On the other hand,
the pH decreased over time for 2017 wine samples, while for 2019
wine samples it was fluctuating.

Shifts in Soil and Wine Microbiota
Diversity Compared Through the Years

To evaluate the presence of bacterial taxonomic groups specific
to a vintage year, the taxa identified were compared at the order
level (Figure 5) and at genus level (Supplementary Figure 5).
Venn diagrams were built at the order level to study the evolution
of the taxonomic groups between the samples, which showed
a core of microorganisms that persist throughout the years
studied, consisting of 14 orders for the soil samples and 9 for
the wine samples (Figure 5B). Those microorganisms that were
recorded exclusively in each type of sample were also highlighted.
For the soil, the number of specific taxonomic groups was
variable, although it increased toward 2019: 2 were recorded
for the year 2017 (Anaerolineales and SNR1031), 1 for the soil
2018 (Desulfomonadales), and 4 for the soil 2019 (Chroococcales,
Phycisphaerales, Pedosphaerales, and GCA004). Conversely, a
decrease in diversity was evidenced for wine samples, where
we detected 6 unique orders in 2017 wine (Lactobacillales,
Rickettsiales, Solibacterales, Flavobacteriales, Cytophagales, and
Burkholderiales), 1 in 2018 (Deinococcales) and none in 2019.

Considering that the soil represents a substantial reservoir
of biological diversity, special attention was paid to the
microorganisms that were shared between these groups. We
noticed that there is also a core of 6 orders that remain constant
between soil and wine, during the three consecutive years, while
for the years 2018 and 2019, the Caulobacterales were added,
which in 2017 had only been present in soil samples (Figure 5A).
On the other hand, the diversity of specific orders in soil samples
increased from 11 (2017) to 16 (2019), whereas in wine samples
it decreased from 10 (2017) to 2 (2019). The Clostridiales and the
Enterobacteriales were the only specific orders found in the wine
samples over the three consecutive years, while at the same time
being absent from the soil samples.

DISCUSSION

The Taxonomic Structure of Soil
Microbial Communities Might Reflect
Adaptations to Drought and Low Organic
Carbon and Nitrogen Content

The Saldungaray winery is located in the southwest of
Buenos Aires Province, currently considered as an emerging
wine-producing region in Argentina. Although the semi-arid
climate characteristic of the region is favorable in many senses
for grapevine culture, the Argentine arid diagonal possesses other
less desirable features, due to the action of opposing anticyclonic
flows in the Southern hemisphere, as well as the influence of
planet-wide phenomena such as El Nifio Southern Oscillation.

TABLE 2 | L-malic acid concentrations and pH evolution in the samples studied.

L-malic acid (gL~ 1) pH
Must 2017 1.57 £0.15 3.80
FS1 2017 1.08 £ 0.15 3.88
FS2 2017 0.70 + 0.08 3.94
Must 2019 1.27 £0.03 3.88
FS1 2019 0.88 + 0.05 3.78
FS2 2019 0.77 £ 0.05 3.89

This results not only in cyclic periods of moderate to severe
droughts, recorded since 1970 (Casado and Campo, 2019), but
also in extreme weather events like hailstorms, frosts, severe
thunderstorms and even the occasional tornado (Campo et al.,
2009). A direct consequence of this climate is the unpredictable
nature of groundwater availability, which in turn affects harvest
yields in several of the most economically important crops
in the province, namely wheat, maize, sunflower, and soy
(Brescia et al., 1998).

During the years of our study, there were two climatic events
of relevance. First and foremost, the drought that had begun in
2015 and extended until the 2017 harvest, and then the punctual
event of the two unseasonable spring frosts in November 2017,
which resulted in catastrophic yield losses for the 2018 harvest.
Vintners reported that the frost fan was insufficient to prevent
the damage caused by the extremely low temperature, so cold in
fact that the water froze as soon as it left the irrigation sprinklers.
Several frost events, albeit on a larger scale, occurred recently in
France, in April (also during spring) 2021, affecting many French
wine regions. The damage is still under evaluation and depends
on the location of the plots, the local climatic conditions and even
the early development of the buds.

Both the growth and health of crops and productivity are
related to the associated microbiota. The dynamic interactions
between grapevines and microorganisms can be modified because
of climate factors or soil parameters, soil management practices,
and plant age, among others (Vega-Avila et al., 2015; Bonfante
et al., 2018; Berlanas et al., 2019; Vink et al., 2021).

This work is the first to study the bacterial diversity of the
soil from a Malbec cultivar and the wine over three consecutive
vintages (2017, 2018, and 2019) of a vineyard located in
this strategic region. Other authors evaluated the diversity of
microbial communities associated with conventionally managed
vineyards in traditional winemaking regions that also suffer
from water shortage in Argentina. They found the phyla
Proteobacteria and Actinobacteria among the main taxonomic
groups identified, although the Proteobacteria were in higher
proportion (Vega-Avila et al., 2015; Oyuela Aguilar et al., 2020).
Our results show the dominance of the same phyla across
all samples, along with other less abundant phyla, which are
typical for soils world-wide (Delgado-Baquerizo et al., 2018).
The 2017 vintage, corresponding to the driest vegetative year,
shows a slightly higher relative abundance of Proteobacteria,
followed by a shift in the dominance of Actinobacteria, mostly
Actinomycetales y Acidimicrobiales, in 2018 and 2019. The most
obvious differences were observed in terms of beta diversity that
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grouped apart the samples from 2017. Other studies have also
reported the prevalence of sequences ascribed to Actinobacteria
in vineyard soils, some of them with an unusually high frequency
(Novello et al., 2017; Vink et al., 2021). Many members of this
phylum, particularly Actinomycetales, have slow growth rates,
low nutritional requirements, and high affinity for complex
molecules; furthermore, some of them have stress-resistance
structures like thick cell walls or endospore formation capacity
(Santos-Medellin et al., 2017). These combined features allow
them to persist under drought or further stress conditions, such
as the low availability of organic carbon in the vineyard soil
under study. Several works have recorded significant enrichment
in Actinobacteria in soil, rhizosphere and root-endophytes during
droughts for different plants, and across a range of environments
(Bouskill et al., 2013; Taketani et al., 2014; Chodak et al., 2015;
Naylor et al., 2017).

Naylor et al. (2017) showed that drought provokes conserved
shifts in bacterial community composition leading to a
conservative response across a broad range of plant species.
These results are somewhat consistent with ours, not only in
the enrichment in Actinobacteria, but also in the observed core
of soil microorganisms, conserved across the vintage years. This
core includes various microorganisms, belonging to different
phyla, although largely dominated by drought indicators.
These were mostly Actinobacteria, (mostly Actinomycetales,
that were the most abundant, including Streptomycetaceae, and
Acidimicrobiales), and some members of Proteobacteria (mostly

Alphaproteobacteria including Rhizobiales and Rhodospirillales)
that can benefit nitrogen fixation, and could promote plant
growth under drought or heat stress (Abd El-Daim et al., 2014;
Taketani et al., 2014; Chodak et al., 2015; Naylor et al., 2017;
Wipf et al., 2021).

We hypothesize that, whereas the microbiota from the soil
may be well adapted to fluctuating and usually poor groundwater
levels, and thus not much affected by the water deficit prior to
the 2018 harvest, the above-ground microbiota, more exposed to
climatic variations, was indeed affected by the punctual event, the
frost that caused not only the lowest yield in the decade, but also
a loss of microbial diversity in wine.

The Wine Microbiota Is Less Diverse
Over the Years, Enriched in AAB, and
Scarce in LAB

The wine microbiota profiles are affected by the grapevine,
including vintages (Oyuela Aguilar et al., 2020) and cultivar
(Bokulich et al., 2014; Pinto et al, 2015; Wang et al.,, 2021).
Alpha and beta diversities showed that the bacterial community
of the wine samples was less diverse compared to the soil
samples. Our results show that the contribution of soil bacteria
to the structure of the wine microbial communities remains
mostly unchanged over the vintage years, with a core of six
to seven orders, which includes potentially detrimental AAB.
This could imply that some external factor has forced the soil
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microbiota to adapt to new conditions and that these conditions
were less and less compatible with the conditions or adaptations
necessary for these microorganisms to proliferate in the wine.
Methylobacterium was one of the four genera that we detected
in 2017 in both soil and wine samples, and incidentally the only
one shared between the 2019 soil and wine samples. These are
endophytic bacteria that have been consistently isolated from
wine samples and even cultured, although their specific role is yet
to be understood (Bokulich et al., 2016). Although the soil serves
as a primary reservoir for potential vine-associated bacteria, the
other microbes absent in the soil and present in the wine could
come from other sources, namely plant leaves, roots, vine trunk
bark, and the winery setting (Bokulich et al., 2013; Zarraonaindia
et al., 2015; Vitulo et al., 2019).

We detected LAB in all 2017 wine samples, but that was not
the case for the 2019 samples even though we were able to obtain
isolates of LAB after successive enrichment cultures from the
2019 samples (data not shown). We believe that LAB might have
been in extremely low concentrations in the 2019 samples and the
lack of detection might be due to a limitation in the sequencing
technique employed.

During the fermentation process that involves the production
of wine, a reduced microbial diversity is expected since only
a select group of microorganisms will have the ability or
adaptations necessary to survive the adverse conditions of wine
(low pH, high temperature, deficiency of nutrients, presence of
SO,, and high% ethanol). LABs are a group of great oenological
and technological relevance because they are microorganisms
that lead the fermentation processes, some of the most
important species in wine being Lactiplantibacillus plantarum
and Oenococcus oeni, widely recognized for leading malolactic
fermentation (Lonvaud-Funel, 1999; Lerm et al., 2011; Valdes la
Hens et al., 2015; Bravo-Ferrada et al., 2016; Brizuela et al., 2017).

Members of the Acetobacteraceae family could have come
from the soil since, although they were found in a low relative
abundance, they are one of the groups of bacteria colonizing
the wine samples throughout the three years studied and
during all the fermentation stages. Conversely, the absence of
the Lactobacillales order in the soil could indicate that this
niche would not be acting as a biological reservoir for this
microbiological group.

The high relative abundance of the Acetobacteraceae family
and the scarcity of LAB detected in the wine samples could
be related to the already mentioned slowdown in MLF
throughout the years, since the process is dependent on the
strains and the concentration of LAB, while also sensitive
to different concentrations of ethanol (Brizuela et al., 2017).
L-malic acid consumption is desirable to be as high as possible,
reaching a final concentration of less than 0.5 gL ™! (Bravo-
Ferrada et al., 2016; Brizuela et al., 2017). Given that the
last stage of fermentation of wine 2017 (FS2) studied reached
a consumption of around 55% and a value greater than 0.5
gL™! of L-malic acid, we could assume that this process
was ongoing at the time of sampling. However, wine 2019
(FS2) had only 40% consumption as well as concentration
of L-malic acid higher than 0.5 gL™!. We could attribute
this low consumption of L-malic acid to those LAB that we
could not detect but we were able to culture. Moreover, some

non-Saccharomyces yeasts are also able to consume L-malic acid
(Balmaseda et al., 2018).

In conclusion, we believe that our work provides valuable
information for vintners in areas of comparable climatic
conditions. We showed that the soil microbiota is largely
adapted to these challenging conditions and can withstand
even prolonged droughts. Since ground water deficit impacts
on vineyard productivity, proper provisions regarding water
management can help mitigate some of these effects. Moreover,
it was evident that it was the punctual phenomenon of the
unseasonal frost that most gravely affected productivity, but it
also altered the presence and abundance of some of the soil
bacterial groups that had been present hitherto. The microbial
structure of the bacterial community of the wine seems to be also
affected by climatic factors. This is relevant from the point of
view of definition of terroir in the productive area, monitoring
of microbiota under stressful conditions, and microbial ecology
in general. Recent interactions with the vineyard owners have
resulted in them adapting their practices according to the
information provided by our technical reports regarding the
bacterial composition of wine in the 2017 and 2019 vintages.
They have eliminated the cold soaking prior to the fermentation
process in order to shorten it and prevent proliferation of AAB.
This is an encouraging example of a beneficial synergy between
research and productivity. We hope to further assist the sector
by expanding our understanding of the soil and wine microbiota,
and the factors affecting this community.
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