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Abstract: There is significant lack of information on the presence of plant pathogens in aquifer, in-
creasingly used for irrigation during last decades and considered mostly free of them. In this work,
we report the presence of bacteria from the Pseudomonas syringae complex (referred as PsyC) includ-
ing phytopathogenic bacteria, in groundwater of Avignon, France. Their concentration was variable
and inversely correlated with water electrical conductivity. Their mean abundance were hundred
times lower than in the river Durance, connected with the aquifer but surprisingly, their genetic
structure were more homogeneous. Moreover, most strains (97 %) from groundwater were tested
as potentially pathogenic on plants, when in the river they were only 71 %. Determinants of this low
diversity and high aggressiveness remain to be identified. We conclude that aquifers must be con-
sidered potential plant pathogenic reservoirs even if more surveys are needed to understand the
real impact on crops during irrigation. These results could be included in prediction models and
new approaches to disease forecasting and surveillance and could lead to adaptation of agricultural
practices.
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1. Introduction

Groundwater is the main freshwater reservoir on Earth, representing 98 % of fresh-
water outside of glaciers [1]. Agriculture is the largest consumer of freshwater being re-
sponsible for 69 % of all withdrawals in the world, mainly for irrigation of food crops [2]
(p- 27). Use of groundwater for irrigation is increasing with agriculture intensification [3]
and climate change, in particular in southern Europe [4] (p. 334). The quality of water in
aquifer often referred to organic, chemical or microbial pollutions linked to human activ-
ity and to the risk associated with several water-borne human diseases [5, 6]. There is a
significant lack of information on the presence of plant pathogens in aquifer, the current
knowledge being to consider the risk negligible [7]. In fact, groundwater has received little
attention from this perspective and we decided to evaluate the possibility that these wa-
ters harbor plant pathogens.

The region of Avignon is located southern France in a Mediterranean climate where
vegetable and fruit crops are highly dependent on irrigation. The Avignon alluvial
groundwater situated near the surface is directly linked to Durance and Rhone rivers and
is used for irrigation. The PsyC is an emblematic bacterial model of environmental plant
pathogens, isolated from many substrates and more particularly from components of the
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freshwater cycle [8, 9]. Using genomic and phylogenetic approaches [10] demonstrated
that crop pathogens from the PsyC emerged from freshwater populations.

In this paper, we report evidence for the presence of plant pathogenic bacteria from
the PsyC in groundwater of Avignon, at various places and dates. Even if their abundance
was lower than in the surface water, most strains from groundwater belong to the most
aggressively group of the PsyC (the phylogroup PG02). Therefore, aquifers must be con-
sidered as potential plant pathogenic reservoirs, especially when used for crop irrigation.

2. Materials and Methods
2.1. Groundwater situation and characteristics.

The groundwater studied is situated at Avignon city, in the south-eastern part of
France (Figure 1 (a)). The area over the groundwater is a cultivated alluvial plain extend-
ing between the Rhone and Durance rivers. The agricultural lands occupy 30 % of the total
surface while the urban area of the city, which has grown significantly in recent decades,
is the dominant land use today. This phreatic aquifer is characterized by rapid flow of
several meters per day, directed roughly from east to west (Figure 1 (b)). A silty layer, 1 -
4 m thick, covers the aquifer with a variable thickness that increases towards the conflu-
ence of the Durance and the Rhone rivers. The underlying geology contains sedimentary
materials (silt, sand and gravel) of quaternary age. The bedrock of these alluvium for-
mations is mainly composed of Miocene marns. From the seven sites of sampling, six has
been described by Nofal et al. [11] and were chosen to explore groundwater, the last being
situated in river Durance upstream the groundwater (Figure 1 (b)). (see details of site char-
acteristics in sup Table S1).
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Figure 1. Characteristics of the sampling area. (a) Geographical situation of groundwater; (b)
Groundwater main characteristics and sites of sampling (e), six of them, n°07, 10, 22, 30, 33 & 37
were used to sample groundwater, the last (n°02) to sample river Durance. The flow of groundwater
is rapid and directed roughly from east to west (black arrows); (c) Percentage of successful isolation
of strains of the P. syringae complex (PsyC). Bar charts with different letters above are significantly
different (Fisher Exact Test; p < 0.001).

2.2. Sampling and analysis of water

Sampling campaign was carried out during the 2011-2012 years. Twenty-six samples
were collected in Avignon groundwater using disinfected immersed pump and pipes and
five samples were obtain by throwing a bucket in the river Durance. From 2 to 6 L were
collected in clean zipped plastic bags, transported back to the laboratory at 4°C for further
analyses. At each sampling, the level of groundwater was measured, and some physico-
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chemical parameters such as temperature, pH, electrical conductivity and some ions con-
centrations, were determined according to the methods of Rousset ef al. [13] (see details
on samples in Sup Table S2).

2.3. Isolation and characterization of bacterial population

Water subsamples (1.00 to 5.68 L) were filter-concentrated under vacuum from 800
to 2000 times and bacteria desorbed by washing filters with 2.5 or 5 ml of sterile water (see
details in sup-Table S2). Concentrate suspensions were diluted and plated on the semi-
selective medium KBC, to enumerate and isolate putative strains of the P. syringae Com-
plex (PsyC). KBC is modified from King B medium [14] and contains cycloheximide,
cephalexin and boric acid [15]. We determined the number of culturable bacteria by plat-
ing dilutions on 10 % Tryptic Soy Agar (TSA), a non-selective medium. The putative col-
onies of PsyC obtained on KBC plates were purified and stored in 20 % glycerol at - 80 °C.
Classification of strains in the PsyC was confirmed by phylogenetic analysis of the cts
housekeeping gene following [16]. Test of triggering an hypersensitive response (HR) on
tobacco was performed for all strains, following Morris et al. [17]. It indicates the poten-
tially pathogenicity of strains on plants. Richness and Shannon-Weaver diversity indexes
of PsyC populations in ground and river Durance water were calculated.

3. Results
3.1. The P. syringae complex was detected in 46 % of groundwater samples

We sampled Avignon groundwater at five dates during one year. To be representa-
tive of the different situations of groundwater according to Nofal et al. [11], six sites were
chosen among 43 possible sites where there is access to groundwater (Figure 1 (b)). Sites
n°30, 33 & 37, surrounded by planted grassland, are located in the upstream part of the
groundwater table, rather far from both rivers Durance and Rhone. The fluctuation of
their levels depends mainly on irrigation. Sites n°07 & 10 under wild grassland and vege-
table crops respectively, are very close to the Durance river and under its influence and
site n°22 is located downstream of the groundwater, near the river confluence in a urban
zone. Water from the Durance river was sampled at site n°02 located upstream of the
groundwater to represent the surface water. We were able to isolate PsyC strains from
groundwater at each sampling date (not systematically in all sites), except in September
2011 (sup Table 52).The detection thresholds for PsyC were respectively 2 CFU.L! of
groundwater and 5 CFU.L of river water. Compared to the river water where we isolated
PsyC strains at all dates, the frequency of successful isolations of PsyC from groundwater
samples was significantly lower than in the surface river water (Figure 1 (c)).

3.2. Water physico-chemical characteristics partially determine density of P. syringae complex
population in groundwater

Densities of PsyC populations were significantly less in groundwater than in river
water (Figure 2 (a)) even if highly variable (Figure 2 (b)). In fact, PsyC abundance was
often the lowest in groundwater as expected. However, the opposite situation could also
occur occasionally, as exemplified in November 2011 (Figure 2 (b) and sup Table S2).
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Figure 2. : Bacterial concentrations in ground and river Durance water. (a) Mean abundances (ex-
pressed in log) of bacteria from the P. syringae complex (PsyC) and culturable bacteria in river water
and in groundwater. Mean + standard deviation, bar charts with different letters above are signifi-
cantly different (T-test, p <0.001). (b) Abundances of PsyC (expressed in log) in samples depending
on site and date. Absence of value is due to the absence of detection of PsyC except for sites n°07 &
10 sampled only in November 2011 and February 2012.

15th march 2011

Regarding hydrochemical properties, the concentrations of PsyC in water were in-
versely correlated (Pearson test, p < 0.01) with conductivity values as previously shown
in stream water by Monteil et al. [18] (Sup Table S3). The pH and dominant anions and
cations were correlated with conductivity. These variables reflects the differences in geo-
logical substratum of the groundwater. Sites n°30, 33 & 37 situated at the eastern part of
the studied area had the highest conductivity and the lowest pH values, site n°22 from the
western part had an intermediate value of conductivity and sites n°07 & 10 near the Du-
rance, and river water itself (n°02) had the lowest conductivity values. These variables
explained 27 % of PsyC densities variations. We observed a correlation between the per-
centage of dissolved oxygen and the bacterial concentrations. A lowest oxygen content in
water could be an indication of captivity of the groundwater isolated from the surface,
coherent with a lowest number of bacteria coming from the surface, but this correlation
was non-significant. Most of the variability remains unexplained and is probably multi-
factorial. PsyC and culturable bacteria densities were also significantly correlated (R? =42
%) (Sup Table S3) and we can assume that generic mechanisms such as filtration, preda-
tion, or starvation influence abundances of populations, whatever the species. In a survey
during the year 2016 and 2017, Morris et al. [19] found that PsyC densities were correlated
to culturable bacteria densities only in the upper and middle Durance basins of the Du-
rance catchment and surprisingly not in the lower basin where our site is located. It sug-
gests that the factors that influence the densities of PsyC and total culturable bacteria may
vary in time. In contrast with the regularly present populations of PsyC in river water [18],
in groundwater the presence and variability of PsyC densities is difficult to predict. Our
results could reflect the lack of method sensitive enough to measure the size of PsyC pop-
ulations when they are very small. Using ultrafiltration device [20] that allow filtering 30
liters of water in less than one hour, could help to study these populations accurately.

3.3. The population of P. syringae complex was less diverse in groundwater than in river water.

We isolated and purified 148 strains of PsyC, 104 from groundwater and 44 from
water from Durance river for which phenotypic and genotypic information is reported in
sup Table 54. The PsyC is very diverse, including probably more than 20 bacterial species
among which only 14 have been formerly described. In our study, we have used the
framework proposed by Berge et al. [16] for a clear, simple and reliable classification of
PsyC strains based on the phylogeny of partial cts gene sequences. Following this frame-
work, we were able to affiliate the 148 strains into 10 clades from 7 phylogroups (sup Table
54). Given the stochasticity of the PsyC detection in groundwater, we combined data from
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groundwater on one side and river data on the other side, whatever site and date. Abun-
dances (Colony Forming Unit per liter (CFU.L)) of each clade were determined in each
sample by combining clade % and PsyC abundance (Sup Table S5). Abundances of clades
in samples were cumulated giving the global clade abundances in both groundwater and
river water (Figure 3 (a)).
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Figure 3. : Diversity and pathogenicity of strains of the P. syringae complex (PsyC) isolated from
ground and Durance river water. (a) Distribution of PsyC phylogroups in groundwater and river
Durance. Percentages of each subgroup in PsyC population are indicated (see Sup Table 54 & S5).
Bar charts with different letters above have a significantly different distribution among phylogroups
(Fisher Exact Test; p <0.001). (b) Diversity indexes of PsyC populations in ground and river Durance
water. (c) Percentage of the PsyC population triggering an hypersensitive response (HR) on tobacco
indicating the potentially pathogenicity on plants. The height of the bar chart represents the mean
size of the population. Percentages with different letters are significantly different (Fisher Exact Test,
p <0.001).

The results show that groundwater harbored 5 clades from 4 phylogroups but the
PsyC population was highly dominated by phylogroup PG02, representing 96.2 %, sub-
divided into clade PG02d (69.1 %) and clade PG02b (27.1 %) (Figure 3 (a); sup Table S5).
In contrast, river water harbored 8 clades from 5 phylogroups, none of them dominating
the populations. Phylogroups PG09, PG02 and PGO07 represented 34, 32 and 27 % of PsyC
population from the river, respectively (Figure 3 (a)). Regardless the population size,
based on isolated PsyC strains, Morris et al. [19] found also various phylogroups in river
Durance catchment, the most abundant being PG02 (45 %), PG07 (14 %), PG10 (12 %),
PG13 (10 %) without one dominating as in groundwater. They described a widespread
haplotype named DD.1 (a lineage into the PG02b clade) present in all sites and represent-
ing 10 % of all PsyC strains they isolated. In this study, haplotype DD.1 was isolated from
groundwater (4.8 % of isolated strains) and river Durance (6.8 % of isolated strains) that
confirms its ubiquity (Sup Table S6). The diversity indexes were lower in groundwater
than in river water and more particularly the evenness Shannon-weaver index (Figure 3
(b)). In terms of population size, PG02b and PG02d were not markedly different in
groundwater (respectively 36 and 100 CFU.L') compared to river water (resp 64 and 144
CFU.L") (sup Table S5 ). Phylogroup PG02 is dominant in groundwater. It is known to be
frequent in cultivated and non-cultivated areas [17]. Clades PG02b is considered as the
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“true” P. syringae species and PG02d is a very close species not yet named [16, 22]. To-
gether these clades contain mostly plant pathogenic strains producing syringomicin-like
toxins, and able to nucleate ice [16]. Three other clade/phylogroups were also present in
groundwater but at very low frequency (<1 %) including PG07 which corresponds to the
species P. viridiflava being an environmental plant pathogenic bacteria with pectinolytic
acivity, PGO08 close to PG07, PG09a and PGO09b that are potentially pathogenic, but have
never been isolated from diseased plants [16]. In river water, in addition to PG02b, 2d,
07a, 09a and 09b, we found PG01a that corresponds to the pathogenic group of P. syringae
pv tomato and PG02c a non-pathogenic group (named “SZ30” by Diallo et al. [23]) close
to P. congelans. Moreover, we isolated PG10a and PG15 (sup Table S4), two groups that
have never been isolated from diseased plants, the last being reported for the first time by
Morris et al. [19]

3.4. Phytopathogenic strains of phylogroup 2 dominated the population of the P. syringae
complex in groundwater.

Pathogenic potential of strains was assessed via induction of a Hypersensitive Reac-
tion (HR) on tobacco. In both groundwater and river water, the majority of strains induced
an HR on tobacco and so are considered potentially pathogenic on plants. Surprisingly,
the percentage of the PsyC population producing an HR was significantly higher in
groundwater (93 %) than in river water (66 %) (Figure 3 (c)). However, taking into account
the size of the PsyC population, abundance of potentially pathogenic PsyC was five time
higher in river water than in groundwater (Figure 3 (c)). Groundwater seems to be a res-
ervoir of plant pathogenic PsyC, but it harbors a lower concentration of this bacterial
group on average, than river water. However, it can occasionally contain a high concen-
tration of phytopathogenic bacteria as in November 2011 (Sup Table 52 & 54).

4. Discussion

Future investigations are needed to understand why populations of P. syringae com-
plex are different in groundwater and river. Groundwater recharge can involve various
processes [11]. Firstly, the Durance river feeds the aquifer by horizontal flow and we could
hypothesize in that case, that populations of the PsyC are homogeneously transferred
from river to groundwater. Sampling effort at sites close to the river such as n°10 & 07
(Figure 1) could validate this hypothesis. A second way that groundwater is recharged
occurs mainly in the summer via flood irrigation used by farmers on their hay meadows
and orchards, mainly in agricultural area, such as at sites n°30, 33, 37. Water used for irri-
gating comes from the Durance river and is distributed by a complex network of irrigation
canals. Populations of the PsyC from the river could be then modified by canalization
transport, and more likely by the contact with cultivated plants, leaf litter and transport
through the soil. Monteil et al. [18, 24] have shown that in subalpine grasslands, leaf litter
was an important source of very diverse PsyC populations. These populations were effec-
tively transported with water infiltrating through the soil. In addition, in lab experiments
they showed that percolation could have different efficiencies for different strains of PsyC
and that indigenous soil populations of PsyC possibly contribute to the populations of
bacteria transferred through the column of soil. Consequently, populations of PsyC trans-
ferred in the Avignon aquifer through flood irrigation could be a mix between those from
river, litter, plants and soil, with these mixed populations filtered by soil depending on its
characteristics. That could explain the low diversity in groundwater. Sampling leaf litter,
plants, soil and irrigating water in meadows over the groundwater and testing the transfer
of the PsyC bacteria from these different sources through column of soil sampled at the
same site could help to clarify this hypothesis. A third recharge source is the rain. Monteil
et al. [25] estimated that 70 % of rain samples collected near Avignon contain populations
of PsyC with an average size of 734 CFU.L-! that could contribute strains to the water table.
However only 78 % of the PsyC strains collected from rain in that study induced an HR
on tobacco. This is lower frequency than we observed in groundwater (93 %). Therefore
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the main effect of rain is likely to act as a carrier of populations, from litter, plants and soil
to the water table in the same way as irrigation.

Another hypothesis to explain the differences in population densities in ground and
river water is that differences in water parameters favor the domination of groundwater
populations by phylogroup PG02. In a preliminary experiment, we found that pure strains
of PG02 inoculated into sterilized water sampled from Avignon groundwater have a bet-
ter fitness than pure strains of PGO07 that is one of the most abundant phylogroup in river
water. In sterilized river water their fitnesses were similar and lower than in groundwater
for PG02 (data not shown). We could hypothesize that there is an interaction between
physiology and/or genetic expression of PG02 strains and physical, chemical or organic
water parameters. Temperature could be one of them, being less fluctuating in ground-
water (14 to 19 °C) than in river (5 to 19 °c) (sup Table S2). The quantity and nature of
water organic substrates could also be involved. Groundwater is a very oligotrophic en-
vironment containing low levels of organic substrates [13]. River water carries various
substances in particular in areas subjected to anthropogenic influences such as agriculture
and waste water [26] that could limit specifically the survival of PG02. Biologic parameters
are also involved in the regulation of aquatic bacterial populations. Predation and compe-
tition have a huge impact on populations [27] and could have a role to play. It is necessary
to pursue further to test the survival of strains isolated from groundwater both in ground
and river water at various temperatures.

5. Conclusions

Our results highlight the presence of PsyC populations dominated by plant patho-
genic strains of phylogroup PG02 in alluvial Avignon groundwater. The size of these pop-
ulations was rather low compared to that of the river water. Most of time, using ground-
water for crop irrigation remains probably safer than irrigating with river water. How-
ever, abundances of P. syringae were quite variable and unpredictable and occasionally
abundances were comparable to that of river water. Overall, groundwater is clearly a res-
ervoir of P. syringae complex.

The way that plant pathogenic bacteria enter groundwater is probably complex: it
could originate from river through underground infiltrations or from surface water
through irrigation or rain. Their presence could originate also from pathogens colonizing
plants on the top of aquifers, washed away by rain or irrigation water and carried from
surface to groundwater. The physiological state of strains and their characteristics such as
biofilm production or surface properties, will determine their capacity to pass across soil
or geological substrates and to survive in stressed conditions such as oligotrophy, toxic
organic substrates, competitors or predators. The dominance of PsyC PG02d and PG02b
clades in groundwater is probably linked to their adaptation to these kind of conditions.
Future research is needed to explore their ecology in this compartment and will lead to
understanding and quantifying fluxes, sources and fluctuations of these pathogens and
their impacts on health of irrigated crops.

Understanding the sources and reservoirs of crop pathogens is crucial for developing
methods to reduce their impact on crop production. These data are part of the knowledge
about the ecology of plant pathogens that will be required for anticipation and response
to plant disease emergence, in the context of global change. It could be included in pre-
diction models and in new approaches to disease forecasting and surveillance and lead to
adaptation of agricultural practices.

Supplementary Materials: The following supporting information can be downloaded at the website
of this paper posted on Preprints.org.).

Table_S1: Main Characteristics of sampling sites used in the study. The geographical situation of
sites are represented on Figure 1 (b). Water for physico-chemical analysis was sampling together
with the sampling for microbiological studies, and analyses were done following Nofal et al. [11].
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Table_S2: Characteristics of water samples taken from groundwater of Avignon from March 2011
to February 2012.

Table_S3: Correlation matrix of bacterial abundances, water temperature, pH, conductivity and ma-
jor ions. Coefficient of correlations in bold were significant (Pearson test, * : 0.01< p < 0.05; ** : 0.001
<p<0.01;**: p<0.001).

Table_S4: Phenotypic and genotypic information on strains of the P. syringae Complex (PsyC) iso-
lated from groundwater and river.

Table_S5: Calculation of abundance of P. syringae Complex (PsyC) phylogroups and clades in sam-
ples from groundwater and river, based on total number of culturable strains of the PsyC on KBC
(see Table S2) and assignation of strains to phylogroups (see Table S4). Only values from successful
samples were used. For samples where PsyC was not detected, abundances of PG and clades were
considered as nul.

Table_S6: Number of base differences per site between partial sequence of the cts gene of strains
affiliated to the PG02b isolated in this study, and that of the CFBP1392 reference strain for DD.1
haplotype described by Morris et al. [19].
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