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A B S T R A C T   

Plant-associated bacterial communities are important contributors towards plant health and productivity, and 
are increasingly acknowledged for having the potential to alter plants’ response to climate extremes, such as 
drought. Viticulture is generally conducted in areas that are prone to seasonal water deficit, and irrigation is the 
common way to counter this. In addition, soil conservation measures, such as cover cropping and no-tillage, are 
increasingly used. However, the effect of these management practices, in particular in viticulture, on soil bac-
terial communities remains unclear. Therefore, the objective was to examine the effect of irrigation and tillage on 
shaping soil bacterial communities associated with different grapevine cultivars, at different plant phenological 
stages. 

We conducted an experiment whereby we examined the soil bacterial community of three Vitis vinifera L. 
(grapevine) cultivars (two indigenous and one international, grown at different locations in the same vineyard) 
under different management practices (irrigated and non-irrigated, tillage and no-tillage). Since there is evidence 
that plant phenology can also affect soil microbial communities, we sampled soil at three different plant 
developmental stages (flowering, veraison and harvest). 

Soil bacterial communities primarily correlated with cultivar and location. At harvest we observed a link 
between bacterial communities and grape quality and yield measures and at all stages with soil physicochemical 
properties. A number of taxa were enriched in one or two cultivars, but these were generally in low abundance in 
our dataset. We also found an effect of plant phenology and management practices within each cultivar. For the 
two indigenous cultivars, soil bacterial communities at the flowering stage were most distinct, while for the 
international cultivar it was at the veraison stage. However, for all three cultivars, this effect differed by tillage 
treatment: bacterial communities in the tillage treatment varied by plant phenology, but in the no-tillage 
treatment less difference was observed, suggesting a buffering effect. While irrigation did lead to changes in 
bacterial communities, the effect was not as strong as that of the other factors. 

Our results show that soil bacterial communities in grapevines are shaped by both plant-associated effects (i.e. 
cultivar and plant phenological stage) and environmental variables (i.e. soil management and soil physico-
chemical properties), and importantly, that these factors have an interactive effect. Future research on soil 
bacterial communities in grapevines should take this variability into account, as well as focusing on its functional 
implications.   

1. Introduction 

Viticulture (grape cultivation) is one of the oldest know agricultural 
systems. Globally, approximately 7.4 million ha of agricultural land was 

used for viticulture in 2018, primarily used for the production of wine, 
but also for table grapes and raisins (OIV, 2019). Common agricultural 
practice in viticulture is a combination of tillage and irrigation several 
times a year. However, these practices are known to disturb the soil 
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ecosystem - affecting it both in terms of soil characteristics and soil 
microbial functioning (Hartman et al., 2018). This can indirectly affect 
many different facets of plant health, such as disease incidence and 
access to nutrients and water. Particularly important in an agricultural 
setting is that a diverse cover crop could lead to a decrease in pathogen 
loads (Guzmán et al., 2019; Vukicevish et al., 2017). For many wine 
growing regions, climate change is predicted to lead to an increase in 
water deficit, requiring large adaptations to maintain production 
(Santillán et al., 2019). 

To counter these issues, different management practices have been 
proposed and are increasingly employed. This includes the use of 
drought-resistant cultivars (Fraga et al., 2013) as well as different soil 
conservation measures, such as cover cropping and no-tillage. No-till 
management often includes a naturally developed vegetation (Guzmán 
et al., 2019) and can lead to reduced soil erosion, increased soil organic 
matter content and improved soil aggregate stability and water-holding 
capacity (Six and Paustian, 2014; Triplett and Dick, 2008), which could 
greatly benefit vineyards in periods of drought. 

Plant-associated soil microorganisms can offer substantial benefits to 
plants and are vital to plant health and productivity. This occurs both 
directly, through the actions of mutualists and pathogens, but also 
indirectly through changes in biogeochemical cycling. Bacterial com-
munities, as well as individual bacterial species, can alter a wide array of 
plant functional traits (Goh et al., 2013), including specific leaf area, 
nutrient uptake strategies and drought resistance (Friesen et al., 2011; 
Rolli et al., 2015) and resilience and resistance towards pathogen in-
vasions (Wei et al., 2015). Rhizosphere microbial communities are 
selected primarily through specific root exudates produced by the plant 
(Hartmann et al., 2009; Mendes et al., 2013) and can vary greatly be-
tween plant species (Berg and Smalla, 2009), but also at the cultivar 
level in a number of plant species (Jiang et al., 2017; Liu et al., 2019; 
Mendes et al., 2017), including grapevines (Berlanas et al., 2019; Mar-
asco et al., 2018). Furthermore, the interaction between plants and their 
microbiomes can vary both over time, and with different plant pheno-
logical stages (Wagner et al., 2016) as a result of changing root exuda-
tion patterns (Chaparro et al., 2014). 

Many studies have been conducted on the effect of different viti-
culture management practices on grapevine health, but less is known 
about how the microbial communities associated with the plants and soil 
are affected. Likar et al. (2017) showed that soil microbial diversity 
varied considerably between vineyards under conventional and 
ecological management, whereby tillage in particular has a strong effect 
on bacterial communities. Similarly, distinct bacterial communities 
were found with different agricultural practices (Vega-Avila et al., 2015) 
and soil management, more than seasonal and phenological changes, 
affected the abundance of culturable microorganisms (López-Piñeiro 
et al., 2013). 

While it is clear that both environmental, i.e. edaphics and man-
agement practices, and plant derived factors are important in shaping 
bacterial communities, the combined effects have not been studied well 
in viticulture. The objective of this study was therefore 1) to examine 
how irrigation and tillage shape bacterial communities associated with 
different grapevine cultivars at different plant phenological stages and 
2) to ascertain whether differences existed between cultivars, both in 
terms of these processes and in specific members of their bacterial 
communities, and whether we could link changes to grape quality and 
yield. 

2. Materials and methods 

2.1. Site description 

The experiment was conducted in 2017 at the Mallia winery com-
mercial vineyards (34◦48′58.1”N 32◦47′07.0′′E, 645 m) in Limassol, 
Cyprus. The vineyard has a dry microclimate of less than 30 mm of 
summer rainfall from June to August, with 30.0 ◦C average midday 

temperature and 30% air humidity during the summer months of on- 
vine ripening. Three grapevine cultivars Chardonnay, Maratheftiko 
and Xynisteri (all Vitis vinifera L.) were used at locations within 1 km of 
each other within the vineyard. Soils were calcaric leptic cambisols 
(FAO, 2014) with a soil texture of clay loam (Maratheftiko) or clay 
(Chardonnay and Xynisteri). Chardonnay occupied approximately 0.7 
ha, Maratheftiko approximately 0.6 ha, and Xynisteri approximately 2.6 
ha. 

Chardonnay is a globally-used white grape variety and sensitive to 
drought stress (Hatmi et al., 2015). Xynisteri (white grape) and Mar-
atheftiko (red grape) are both indigenous to Cyprus and known to be 
tolerant to drought stress (Chrysargyris et al., 2018; Tzortzakis et al., 
2020). All three cultivars were between 10 and 15 years old and own 
rooted. Vines were trained using a traditional bilateral ‘royat’ system 
with spacing of 1.5 m in north–south-orientated rows, 2.4 m between the 
rows, and a plant density of 2700 plants ha− 1. 

2.2. Experimental design and treatments 

For each cultivar there was a split-block design: in March 2017 each 
area was divided into four treatment subplots which were further 
divided into four replicate plots consisting of 5 vines. The treatments 
were tillage (T) and no-tillage (NT) crossed with irrigated (I) and non- 
irrigated (NI). The T treatment was bare soil, with tillage taking place 
twice through the examined growing period while the NT treatment 
consisted of naturally growing vegetation. Irrigation took place with a 
drip irrigation system at four time points throughout the growing sea-
son, starting at the end of May, after the first sampling point, to a 
volumetric water content of 20–30% as described previously (Chrys-
argyris et al., 2018). 

During the experiment common cultivation practices of fertilizer 
(20-10-10 N-P-K once a year and 0-0-30 every 3–4 years) and pesticide 
(sulfur and insecticides 3–4 times per year) applications were followed. 

2.3. Soil sampling, soil physicochemical properties and yield and grape 
quality 

Soil samples were collected at three different plant phenological 
stages: flowering, veraison (when the grapes start ripening) and harvest. 
For Chardonnay, this corresponded to mid-May, end-July and end- 
August respectively, while for Maratheftiko and Xynisteri this was 
mid-May, end-August and end-September respectively. Only NI soil 
samples were collected at the first sampling point, as at this time point 
the irrigation treatment had not yet been initiated. For the following two 
sampling points the full 2 water × 2 soil management treatments were 
sampled, resulting in a total of 132 samples. 

Soil samples were collected in the vicinity of plant roots from each 
replicate plot (of 5 plants) within each treatment at each sampling date 
by taking four soil cores (top-layer, 15–30 cm) with a clean corer (50 
mm diameter) or hoe, both washed and disinfected with 70% ethanol 
between sampling, and combining to make a single heterogeneous 
composite sample (approximately 3–4 kg). Soil samples were placed 
inside marked bags and transported to the laboratory in cooler boxes for 
storage at 4 ◦C and − 20 ◦C and processed within several days for mea-
surement of physicochemical properties and DNA extraction, 
respectively. 

Soil physicochemical properties were measured on the same bio-
logical samples used for bacterial community analysis using methods 
previously described (Carter and Gregorich, 2008; Stamatakis and 
Chrysargyris, 2017). Soil was air-dried and hand-sieved to pass a 2 mm 
mesh. Equivalent calcium carbonate (CaCO3) was determined using the 
calcimeter method. Electrical conductivity (EC) and pH were deter-
mined according to 1:1 soil to solution ratio, employing a portable pH/ 
EC-meter (HI 98130 HR, Hanna Instruments, USA). Soil potassium (K) 
and sodium (Na) were extracted with neutral ammonium acetate and 
were measured with a flame photometer (JENWAY, PEP-7 Jenway, 
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Dunmow, UK), and total nitrogen (N) was determined by means of 
Kjeldahl (BUCHI, Digest automat K-439 and Distillation Kjelflex K-360, 
Oldham, UK). Soil type (percentage of sand, silt and clay) was observed 
by hydrometer method with Bouyoucos scale and organic matter con-
tent was determined with the Walkley-Black volumetric method. Mean 
values per cultivar and plant phenological stage are presented in 
Table S1. 

At the final sampling time, yield and grape quality was evaluated for 
all replicates (from 2 plants per plot) per treatment and cultivar. Yield 
was measured as grape weight (kg per plant), mean cluster fresh weight 
(g) and number of clusters per plant. Grape quality was assessed by 
measuring total soluble solids (TSS; expressed in % sugars), pH, titrat-
able acidity (TA; expressed in % tartaric acid), ascorbic acid (AA; 
expressed in mg 100 mL− 1 grape juice), and total grape phenol (gallic 
acid equivalent - GAE 100 g− 1 fresh weight), anthocyanin (mg cyn-3-glu 
100 g− 1 fresh weight) and tannins (mg 100 mL− 1 grape juice). Methods 
were as in Chrysargyris et al. (2018). 

2.4. DNA extraction, sequencing and sequence data processing 

DNA was extracted using the PowerSoil DNA extraction kit (Qiagen) 
following the manufacturer’s instructions on a subsample of 0.5 g of soil. 
Approximately 50 mg of sterile sand (ø 0.1 mm, BioSpec Products, 
Bartlesville, USA) was added to improve yield. DNA was purified, pooled 
(with normalization based on 16S quantitative PCR) and sequenced at 
the University of Minnesota Genomics Center using a 2 × 250 bp MiSeq 
run (Illumina) on the V4 region of the 16S rRNA (515F–806R primer 
pair; Caporaso et al., 2011). 

Sequences were demultiplexed at the sequencing center and subse-
quently quality filtered using the QIIME2 v 2018.6 platform (Bolyen 
et al., 2018). Briefly, primer sequences were removed using the cutadapt 
plugin (Martin, 2011), and the DADA2 plugin (Callahan et al., 2016) 
was used to filter, infer sequence variants, identify chimeras, and merge 
paired-end reads. The resulting representative sequence variants (SVs) 
were aligned using MAFFT (Katoh and Standley, 2013) and used to 
generate a mid-point rooted phylogenetic tree in Fasttree (Price et al., 
2010). Taxonomic assignments were conducted using the RDP classifier 
v.2.10 (Wang et al., 2007). Full details and setting are presented in the 
supplementary materials. Forward and reverse sequencing reads 
without primer sequences were submitted to the European Nucleotide 
Archive under accession nr. PRJEB40549 (available at https://www.ebi. 
ac.uk/ena/data/view/PRJEB40549). 

2.5. Statistical analysis 

All statistical analyses were conducted in R version 3.5.1 (R Core 
Team, 2018). Prior to statistical analysis, non-bacterial and sequences of 
chloroplast and mitochondrial origin were removed. Samples were 
rarefied to 13,976 sequences per sample to take any differences in 
sequencing depth into account. Because we were interested in both 
differences between cultivars and within each cultivar, we used the full 
data set and data subsets from each cultivar. 

Observed SVs, Shannon diversity and Simpson measurements were 
calculated using the package Phyloseq (McMurdie and Holmes, 2013), 
and Faith’s phylogenetic distance was calculated using the packages 
picante (Kembel et al., 2010) and btools (Battaglia, 2020). ANOVA was 
conducted on each cultivar dataset to determine the effect of plant 
phenology and treatment on alpha diversity. 

Differences in bacterial β-diversity were examined using the package 
vegan v. 2.5–3 (Oksanen et al., 2018) in R. Principal coordinate analysis 
(PCoA) using Bray-Curtis dissimilarities was used to visualize differ-
ences in bacterial communities between cultivars and, within each 
cultivar, between different plant phenological stages and treatments. 
Significant differences were tested using permutational multivariate 
anova (PERMANOVA, Anderson et al., 2006) with 999 permutations, 
using the function adonis. Since PERMANOVA is sensitive to differences 

in dispersion between groups, function betadisper (and permutest.beta-
disper, using 999 permutations) was used to assess variability in bacte-
rial community structure between cultivars. To determine bacterial 
turnover per cultivar and treatment we calculated all pair-wise Bray- 
Curtis dissimilarities within each cultivar using the function distance in 
Phyloseq, and retained only those between consecutive plant pheno-
logical stages for each treatment replicate. Significant differences be-
tween treatment cultivar and plant phenological stage contrast were 
tested using anova with non-significant model terms removed. Con-
strained analysis of principal coordinates (CAP) was used to determine 
possible associations between bacterial community structure and soil 
physicochemical and plant measurements using function capscale. Since 
different measures were taken at different plant phenological stages, we 
conducted two separate analyses; one using soil physicochemical 
properties at all stages, and one using grape yield and quality data at 
harvest. Function anova.cca (using 999 permutations) was used to 
determine the significance of each measurement and axis of the capscale 
model. To determine whether differences existed in terms of soil phys-
icochemical measurements between cultivar locations principal 
component analysis (PCA) was conducted using vegan on all measures 
except soil type. Prior to analysis data were scaled to zero mean and unit 
variance. 

Taxonomy at the phylum level was visualized using Phyloseq for 
each cultivar and treatment combination. Quantitative differences in 
genera counts between different cultivars were assessed with package 
DESEQ2 in R (Love et al., 2014), using SVs that were merged to genera 
(and abundances summed) and subsequently filtered to remove those 
with a total abundance of <100 and occurrence in less than 5% of all 
samples. Any genera that did not differ significantly in at least one pair- 
wise comparison were removed from the final dataset. Mean abundance 
per cultivar of each genus in the DESEQ2 dataset was calculated in 
Phyloseq to compare quantitative differences to abundances. 

3. Results 

3.1. Effect of plant phenology and treatment on alpha-diversity within 
each cultivar 

Following quality filtering and rarefaction, a total number of 
1,872,784 reads distributed over 30,498 SVs remained in the dataset, 
with between 708 and 2881 SVs per sample. Of these SVs, the vast 
majority belonged to the rare fraction - 99.5% of all SVs had a relative 
abundance of 0.1% or less. 

Observed richness of SVs varied according to plant phenological 
stage, treatment and cultivar (Fig. 1a, b & c). In all three cultivars, the 
treatments showed an increase in observed SV richness at harvest, but 
the picture was more complex for the tillage treatments at harvest and 
all treatments at veraison. For the Chardonnay samples, observed rich-
ness differed significantly over the three phenological stages (ANOVA: F 
= 15.7, p < 0.001), between the different treatments (ANOVA: F = 3.3, p 
< 0.05) and their interaction (ANOVA: F = 4.2, p < 0.001) (Fig. 1a). 
Overall, richness increased at harvest, with the most pronounced effect 
in the NI-NT treatment. The changes in richness over time showed a 
similar pattern for all treatments, with an initial small decrease at 
veraison, followed by a small increase at harvest (Fig. 1d). An exception 
to this pattern was the I-NT treatment, which did not see an initial 
decline. In the Maratheftiko samples, the different treatments did not 
specifically lead to a change in richness (ANOVA: F = 1.4, p = n.s.), but 
there was a significant effect of plant phenology (ANOVA: F = 4.3, p <
0.05) and the interaction between the two (ANOVA: F = 6.2, p < 0.01) 
(Fig. 1b). Changes in observed richness relative to flowering showed a 
differentiation between the two soil treatments, with the T samples 
showing a decrease while the NT samples increased in richness over time 
(Fig. 1e). Differences in observed richness was marginally significant 
between the different phenological stages (ANOVA: F = 5.4, p < 0.05), 
treatments (ANOVA: F = 3.3, p < 0.05) and their interaction (ANOVA: F 
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= 3.1, p < 0.05) in the Xynisteri samples. Irrigation initially resulted in 
an increase in observed richness, irrespective of soil management, but at 
the final sampling time richness increased for all treatment, with the 
exception of the I-T treatment (Fig. 1c & f). Similar patterns to those of 
the observed SV richness were seen for Shannon and Simpsons indices 
and Faith’s Phylogenetic distance (data not shown). 

3.2. Beta-diversity and bacterial turnover 

A significant difference in the bacterial communities associated with 
each cultivar (PERMANOVA: R2 = 0.1, p < 0.001) was observed, with 
the main separation between Chardonnay and Maratheftiko, and 
Xynisteri in between the two (Fig. S1) and this factor had the largest 
effect size of all factors examined (Table S2). Although the Chardonnay 
and Xynisteri samples were more variable in their bacterial community 

composition than those of Maratheftiko, this difference was not signif-
icant (beta dispersion test: F = 0.19, p = 0.833). 

Within each cultivar, the effect of the different treatments and plant 
phenological stage differed significantly (Table 1, Fig. 2a & b). For all 
three cultivars, plant development stage and the interaction between 
plant phenology and soil management accounted for the highest amount 
of variability in bacterial community structure, while water manage-
ment accounted for the least amount of variability. This was apparent in 
the PCoA plots, where there was a clear differentiation, particularly in 
the T treatments. This was also reflected in turnover, where the NT-T 
treatments across all cultivars showed a high turnover (mean Bray 
Curtis dissimilarity = 0.62 vs 0.58, 0.55 and 0.57 for I-T, I-NT and NI-NT 
resp.; F = 8.30, p < 0.001), although this varied per cultivar (treatment: 
cultivar interaction, F = 4.44, p < 0.001). In addition, turnover of bac-
terial communities was dependent on plant phenology; it was 

Fig. 1. Observed richness of sequence variants per cultivar, plant phenological stage and treatment. The left panels show the observed richness values (median, 
quartiles) of a) Chardonnay, b), Maratheftiko and c) Xynisteri. The right panel show the change in observed richness (in %) relative to the value at flowering (before 
irrigation) for d) Chardonnay, e) Maratheftiko and f) Xynisteri. Treatments were as follows; I-NT = irrigated, no-tillage, I-T = irrigated, tillage, NI-NT = non-irrigated, 
no-tillage, NI-T = non-irrigated, tillage. At flowering only the non-irrigated plots were sampled.(For a colour figure, the reader if referred to the web version of 
this article) 
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significantly higher between flowering and veraison (mean Bray Curtis 
dissimilarity = 0.61) than between veraison and harvest (mean Bray 
Curtis dissimilarity = 0.57) for all cultivars (F = 9.21, p = 0.004). 

In the Chardonnay samples the veraison samples separated from the 
flowering and harvest samples in the first axis, while the flowering and 
veraison samples differed in axis 2. At both flowering and veraison, NT 
and T samples differed considerably in their bacterial communities, 
while at harvest it was more nuanced with a strong differentiation be-
tween I-NT and NI-T samples. In terms of bacterial community turnover, 
community composition changed more from flowering to veraison, than 
from veraison to harvest in the NT treatments, but this was not the case 
for the treatments, where turnover remained high (Fig. 3 left panel). 
Bacterial communities from the I and NI treatments differed signifi-
cantly for both main and interaction terms (Table 1), although these 
differences did not exhibit a clear pattern. In the Maratheftiko samples a 
similar pattern as for Chardonnay emerged, although it differed some-
what (Fig. 2c & d). Different communities were apparent, but here it 
occurred between flowering and the other two phenological stages, but 
again this was most evident in the T treatment. The T and NT samples 
differed from each other at flowering, but where more similar at the 
latter stages, with considerable overlap. Again, irrigation did not appear 
to affect bacterial communities as much, which was reflected in the 
PERMANOVA output (Table 1) where it was significant (both as main 
effect and in interactions) at the p < 0.05 level only. Bacterial turnover 
was lower in the T samples than those with NT, and here too change in 
bacterial communities differed between flowering-veraison and 
veraison-harvest in the NT samples (Fig. 3 middle panel). However, this 
difference was lower than observed in the Chardonnay samples. Finally, 
in the Xynisteri samples, the same pattern in β-diversity as in Mar-
atheftiko was observed, the bacterial communities at flowering were 
different to those at veraison and harvest, but only in the NT samples 
(Fig. 2d & e). Here too, bacterial communities differed between T and 
NT only at flowering and little effect of irrigation was observed. Turn-
over decreased from the first two stages to the final two stages, but for 
this cultivar this pattern was evident in both NT as T samples (Fig. 3 
right panel). In fact, the decrease in turnover was largest in the I-T 
samples. 

CAP analysis using the soil data also showed a clear separation to 
cultivar, with pH, EC, OM content, Na and K significantly affecting the 
model (Fig. 4a). pH (pseudo F = 2.4, p = 0.001) was negatively and EC 
(pseudo F = 1.5, p = 0.033), Na (pseudo F = 1.7, p = 0.005) and K 
(pseudo F = 1.7, p = 0.012) were positively related to the Maratheftiko. 
Soil OM content (pseudo F = 4.1, p = 0.001) was positively related with 
the Xynisteri samples and negatively with those of Chardonnay. Prin-
cipal component analysis of soil physicochemical properties showed a 
clear separation between the Maratheftiko sites and those of Char-
donnay and Xynisteri, but not between Chardonnay and Xynisteri 
(Fig. S2). The separation was driven by pH on the one hand, which was 
higher in the Chardonnay and Xynisteri sites, and higher levels of Na, N 
and K in the Maratheftiko sites. 

While overall the model using the harvest data was highly significant 
(pseudo F = 1.3, p = 0.001), and here too there was a clear separation to 

cultivar, the relationship with bacterial communities was not as clear 
and only four of the measures were significantly correlated with bac-
terial community composition (Fig. 4b). In terms of yield, only the 
number of clusters was significantly correlated (pseudo F = 1.4, p =
0.036), with a negative relationship with the Chardonnay samples. Total 
grape acidity (pseudo F = 1.6, p = 0.019) was positively linked with 
Chardonnay samples, and anthocyanin levels (pseudo F = 1.6, p =
0.023) positively with Maratheftiko, while total soluble solids was 
negatively correlated with Xynisteri bacterial communities (pseudo F =
1.8, p = 0.007). 

3.3. Taxonomic composition and variation per cultivar 

At the phylum level samples were dominated by Actinobacteria (38% 
on average across all samples), Proteobacteria (30%) and Acidobacteria 
(12%) – typical for soils world-wide (Delgado-Baquerizo et al., 2018) - 
and overall there was little variation in these values between the 
different cultivars, plant phenological stages and treatments (Fig. S3). 

While at a higher taxonomic level we did not observe differences, 
differential abundance analysis (DESEQ) showed significant differences 
between cultivars for various genera (Fig. 5a). However, of the 84 
genera that were significantly higher in one or a combination of two 
cultivars, only a few had a clear higher occurrence in a single cultivar, 
while the majority of genera were either more prevalent in two cultivars 
or showed only a slight increase. The Chardonnay samples showed a 
strong differential abundance of the genera Marihabitans, Propionispira 
and Rhodoligotrophos. The genera that associated most strongly with 
Maratheftiko were Jonquetella, Petrobacter, and Thiobacillus. The Mar-
atheftiko samples also were enriched with thermotolerant organisms, 
such as those from Thermomonospora. Finally, the genera Gp1, Hydro-
genophaga, Mucilaginibacter and Tumebacillus showed a strong preference 
for the Xynisteri samples. 

However, the genera that associated primarily with a single cultivar 
had a low overall abundance (Fig. 5b), while the genera with higher 
abundances, such as Arthrobacter, Gaiella, Gp16 and Skermanella, only 
showed a weak preference for one of the cultivars (or combination of 
cultivars). Four of the genera that showed a preference towards partic-
ular grapevine cultivars are known to contain members that have 
biocontrol and/or biofertilizing properties (Vacheron et al., 2013); 
Arthrobacter, with a high overall abundance, and Bradyrhizobium showed 
a slight preference for Chardonnay, while Bacillus was associated with 
samples of Maratheftiko and Xynisteri and Rhizobium with Xynisteri. 
However, none of these associations was particularly strong. 

4. Discussion 

We conducted this experiment to assess whether the grapevine soil 
microbiome was altered by different management practices (tillage vs 
no-tillage and irrigated vs non-irrigated) and plant phenology (flower-
ing, veraison, harvesting) of three grapevine cultivars, and observed 
clear differences in bacterial communities for all of these. 

The composition of the soil bacterial communities associated with 

Table 1 
PERMANOVA results per cultivar for samples at different plant phenological stages (flowering, veraison and harvest), soil management (no-tillage or tillage), water 
management (irrigated or non-irrigated) and their interactions.   

Chardonnay Maratheftiko Xynisteri 

F R2 p F R2 p F R2 p 

Plant phenology (PP)  2.87  0.12  0.001  1.78  0.09  0.001  1.50  0.07  0.002 
Soil management (SM)  2.78  0.06  0.001  2.30  0.06  0.001  2.18  0.05  0.001 
Water management (WM)  2.36  0.05  0.002  1.26  0.03  0.033  1.30  0.03  0.027 
PP:SM  2.19  0.09  0.001  1.20  0.06  0.021  1.53  0.07  0.001 
PP:WM  1.50  0.03  0.032  1.32  0.03  0.012  1.14  0.03  0.109 
SM:WM  1.25  0.03  0.093  1.12  0.03  0.133  1.30  0.03  0.028 
PP:SM:WM  1.17  0.02  0.161  1.01  0.03  0.408  1.07  0.03  0.207  
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the roots of the different grapevine cultivars showed the strongest dif-
ferentiation between cultivars. While for α-diversity there were no 
obvious difference between cultivars overall, there was an interactive 
effect between plant phenotype and cultivar. But the most obvious dif-
ferences were observed in terms of β-diversity, where the factor cultivar 
had the largest effect size and was therefore most able to explain vari-
ation in soil bacterial communities. CAP analysis identified that each 

community was linked to different soil physicochemicals and, at the 
final sampling point, to grape yield and quality. The bacterial commu-
nity associated with the Maratheftiko cultivar in particular was corre-
lated to many of the soil physicochemical properties we measured, and 
also showed a correlation with grape quality (but not yield) measures. 
This cultivar also presented a higher abundance of thermophilic genera 
and those capable of utilizing “alternative” energy sources, such as 

Fig. 2. Bacterial community structure using principal coordinate analysis of the Chardonnay (a and b), Maratheftiko (c and d) and Xynisteri (e and f) soil samples at 
different plant phenological stages (red = flowering, green = veraison and blue = harvest) separated per no tillage (a, c and e) and tillage (b, d and f), and per 
irrigated (circles) and non-irrigated (square) treatments. (For a colour figure, the reader if referred to the web version of this article) 
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heavy oil (Salinas et al., 2004) and sulfur (Tian et al., 2017). The other 
two cultivars were enriched with genera whose functioning was less 
clear, highlighting the lack of knowledge on both bacterial identity and 
functioning. Maratheftiko was the only red grape variety in our study, a 
potential reason for this separation, but since all three cultivars showed 
divergent communities, it seems likely that a more complex set of traits, 
inherent to cultivar identity played a role. Different cultivars of the same 
plant species can have profound effects on bacterial community 
composition (Jiang et al., 2017; Liu et al., 2019; Mendes et al., 2017), 
including in grapevines (Berlanas et al., 2019; Marasco et al., 2018). In 
addition, root exudates and morphology, in combination with soil fac-
tors, are known to exert a large influence on bacterial communities in 
soil (Berg and Smalla, 2009). These exudation patterns show consider-
able variability between different plant species and varieties (Inceoğlu 
et al., 2011) and can lead to distinct microbial populations (Jiang et al., 
2017; Oger et al., 2004). Interestingly, we also did not observe specific 
differences in bacterial communities between the two indigenous cul-
tivars, Maratheftiko and Xynisteri, and the international cultivar, even 
though Chardonnay is less drought tolerant and differs in terms of plant 
phenology, with grape ripening approximately a month earlier than the 
indigenous grape varieties. While indigenous grapevines are increas-
ingly being studied for, amongst others, their ability to tolerate drought 
(Theodorou et al., 2019; Tzortzakis et al., 2020), to date much less is 
known about their effects on bacterial communities. Campisano et al. 
(2015) observed that different root endophyte bacteria associate with 
wild vs domesticated grapevine, but to our knowledge no studies have 
specifically addressed this in soils. 

Besides differences in inherent plant properties, the differences we 
observed between cultivars could also be due to local biogeography, 

since the different cultivars were grown at different locations within the 
same vineyard resulting in confounding between location and cultivar. 
Edaphic variation at different geographical scales have been shown to be 
major determinants of soil and grape must microbial communities in 
vineyards (Bokulich et al., 2014; Burns et al., 2015; Zarraonaindia et al., 
2015). Although there was a clear difference in soil physicochemical 
properties between the Maratheftiko site and the Chardonnay and 
Xynisteri sites (Fig. S2), there was much less differences between the 
latter two, despite clear differences in bacterial communities between all 
three (Fig. S1). It therefore seems likely that both biogeography and 
inherent plant properties combine to determine soil bacterial commu-
nities (Mezzasalma et al., 2018), but is remains important to better 
understand this variation since it can have functional implications in 
terms plant health, and, in the case of grapevines, for downstream wine 
quality (Gilbert et al., 2014; Zarraonaindia et al., 2015). 

Differentiation between cultivars (and/or location) was apparent as 
the dominant factor in structuring bacterial communities, but it was not 
the only one, and we also observed trends in relation to plant phenology 
and management. In fact, for α- and β-diversity, and turnover (i.e. the 
change in bacterial community composition) there were clear differ-
ences based on plant phenology for all cultivars, but it was also highly 
dependent on soil management. In general, bacterial communities in the 
tillage treatments were more dissimilar than those in the no-tillage 
treatment. Tillage is known to have a large effect on bacterial commu-
nities (Hartman et al., 2018), and in vineyards it has been associated 
with reductions in soil carbon and nitrogen pools and aggregate stability 
(Belmonte et al., 2018; Pingel et al., 2019). In our experiment under-
story plants were allowed to develop naturally in the no-tillage treat-
ment and thus these treatments were in effect a combination of no- 

Fig. 3. Turnover of bacterial communities per cultivar and treatments over time. Turnover is represented as the Bray-Curtis dissimilarity of the pair-wise comparison 
between flowering to veraison and from veraison to harvest with higher values indicating that bacterial communities are more different to each other over the 
compared time points. Treatment codes are as follows: NI = non-irrigated, I = irrigated, NT = no-tillage, T = tillage. 
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tillage and cover cropping. Burns et al. (2016) studied bacterial com-
munities in vineyards across California under different management 
practices and found that cover cropping had a larger influence in 
shaping soil bacterial communities than the absence of tillage did. 
However, from our results we cannot distinguish the two, but our 
samples showed less variation with respects to plant phenology in the 
no-tillage treatment than it did under tillage and we hypothesize that the 
buffering effect of this treatment could be due to the known improve-
ment of soils measures such as functional microbial diversity, organic 
matter content, aggregate stability, or reduction in soil erosion in both 
cover cropping and no-tillage in vineyards (Belmonte et al., 2018; Capó- 
Bauçà et al., 2019; Goulet et al., 2004; Pingel et al., 2019; Ruiz-Col-
menero et al., 2013). 

The exudates produced by plant roots are known to differ depending 
on plant developmental stage, leading to distinct patterns of microbial 
community assembly (Chaparro et al., 2014). We observed a higher 
turnover of bacterial communities between flowering and veraison than 
between veraison and harvest under no-tillage soil management, and for 
Xynisteri, also for tillage. This, again, was somewhat dependent on soil 
management - for the Chardonnay and Xynisteri samples this was 
particularly true under tillage. Mobilization of N and C showed a distinct 
temporal pattern within grapevine root tissue (Zapata et al., 2004) and 
inter-annual variation was found to be a significant explanatory vari-
able, but not the main one, in explaining bulksoil and root zone bacterial 
communities in a large study on Merlot-associated bacterial commu-
nities (Zarraonaindia et al., 2015). However, as with variation between 

Fig. 4. Relationship between soil bacterial commu-
nities and soil physicochemical properties (a) and 
grape yield and quality (b) using constrained analysis 
of principal coordinates. For soil physicochemical the 
comparison include data from each plant phenolog-
ical stage, while for the grape yield and quality data 
is only from harvest time point. Variables that were 
significantly correlated with soil bacterial commu-
nities are in bold and underlined. (For a colour figure, 
the reader if referred to the web version of this 
article)   
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Fig. 5. Variation of individual genera per cultivar. Log2-fold change is shown for each pair wise comparison between different cultivars (a) and mean abundance of 
each corresponding genus for each cultivar (b). Genera that have members with known biocontrol and/or plant growth promoting properties are in bold. Culivars are 
as follows: C = Chardonnay, M = Maratheftiko and X = Xynisteri. 
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cultivars, the effect of plant phenotypic or temporal variability and 
grapevine associated soil bacterial communities has remained 
understudied. 

5. Conclusion 

To our knowledge this is the first study to examine Vitis vinifera 
bacterial communities using this combination of factors, in particular 
including different cultivars and plant developmental stages. Our results 
indicate that bacterial communities in grapevines are shaped by both 
plant-associated effects (i.e. cultivar and plant phenological stage) and 
environmental variables (i.e. soil management and soil physicochemical 
properties), and importantly, that these factors have an interactive ef-
fect. We recommend that future research on soil bacterial communities 
in grapevines take this variability into account, as well as its functional 
implications. 
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