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ABSTRACT

Flowing surface waters (rivers, creeks, streams) are integrators of biological, chemical and physical processes occurring in a
catchment and they link catchment land cover from the headwaters to the outlet. The dynamics of human and animal
pathogens in catchments have been widely studied in a large variety of contexts allowing the optimization of disease risk
reduction. In parallel, there is an emerging awareness that crop pathogens might also be disseminated via surface waters
especially when they are used for irrigation. However, there are no studies on the extent to which potential plant pathogens are
present - nor about their dynamics - along the full course of a catchment. We do not know if they are confined to regions close
to crops or if they are present throughout a catchment. Here we have compared the seasonal dynamics of populations of the
Pseudomonas syringae (Psy) and the Soft Rot Pectobacteriaceae (SRP) species complexes along a 270 km stretch of the Durance
River from the upstream alpine reaches to the downstream agricultural production areas at the confluence with the Rhone River
at Avignon. Among 168 samples collected at 21 sites in fall, winter, spring and summer of 2016 and 2017, Psy strains were
detected at all sampling sites and in 156 of the samples at population densities up to 10° bacteria L. In contrast, SRP strains
were detected in 98 of the samples, mostly from the southern part of the river, at population densities that did not exceed 3 x
10* bacteria L. Among the aquatic parameters that were characterized at each sampling site (total culturable bacteria,
temperature, conductivity, concentrations of dissolved organic carbon (DOC), POs*, NH.*, NO, and NO3), temperature was the
only factor that explained a significant amount of the variability in population size for both species complexes. Psy densities
decreased with increasing temperature whereas SRP densities increased with increasing temperature. River-borne populations
of SRP were composed mainly of Pectobacterium versatile and P. aquaticum that have little known epidemiological importance.
Only a few strains of Pectobacterium and Dickeya species reputed for their epidemiological impact were observed. In contrast,
Psy populations at all sites were dominated by a genetic lineage of phylogroup 2 known from other studies for its broad host
range and its geographic and habitat ubiquity. These results suggest that strains of SRP with pathogenic potential to plants
have lower competence for saprophytic survival (in freshwaters) than do potentially pathogenic strains of Psy and that their
presence in river water is probably much more dependent on specific vegetative sources than are pathogenic strains of Psy.
Nevertheless, their vegetative sources have not yet been identified. We discuss how to incorporate knowledge of the abundance
and diversity of these two groups of plant pathogens in river water into a strategy for anticipating risk for disease outbreaks on

crops in a catchment.
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INTRODUCTION

Surface waters are vital components of agro-systems. They provide water for irrigation and industrial processing of foods as well
as being important for other uses such as for drinking, generation of electricity, recreation and navigation. Lakes and rivers are
defining features of landscape topography and they influence the fertility and humidity of soils in their proximity. Flowing
surface waters (rivers, creeks, streams) are physical links between agricultural production fields and other land covers both up-
and down-stream as they transport particles and various chemicals that enter rivers along their paths from source to sink. In this
light, the paucity of information about plant pathogens in surface waters is remarkable. The available data on plant pathogens
in surface waters concern some bacterial plant pathogens (24), the so-called water molds and a few other fungi published prior
to a 20-year hiatus in studies of the aquatic phases of plant pathogen ecology (53).

The paucity of information about plant pathogens in surface waters is in stark contrast with the abundance of reports on the
presence and dynamics of human and animal pathogens in these habitats (51). The abundant data on human and animal
pathogens in river catchments has led to models of the dynamics of the populations of these microorganisms along the course
of rivers. These models are used to assess where water poses risks for human health and where and when to optimize
interventions to reduce these risks (46; 51). With sufficient knowledge bases, similar applications would be possible for plant
health including assessing where use of river water for irrigation poses the greatest risk of plant diseases, conceiving
interventions to reduce the risk, and orienting surveillance of river water quality to validate the efficiency of those interventions.
Nevertheless, there are additional challenges to assessing the sources and dynamics of plant pathogens in river water. Firstly,
there is the daunting question of where to start given that the list of plant pathogens possibly in river water is very long.
Secondly, due to the saprophytic capacities of many plant pathogens, there are likely to be multiple, diffuse sources of these
microorganismsin landscapes rather than discrete sources that can be surmised. Therefore, data are needed all along the course
of a river to give models the power to infer sources. Finally, as for human and animal pathogens, data are needed on the regular
occurrence of plant pathogens in river water to assure that observations are not anecdotal and that the organism is sufficiently
frequent to foster the modeling of its dynamics. In this light, the Pseudomonas syringae (Psy) and the Soft Rot Pectobacteriaceae
(SRPs) species complexes stand out in terms of multiple previous reports of their presence in surface waters (10; 11; 17; 29;

31; 36; 39; 41).
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Here, we have mapped the abundance of two groups of plant pathogenic bacteria in a 270 km stretch of the Durance River,
several tributaries and a canal in Southern France. Situated in a Mediterranean fruit and vegetable production region, the
Durance River drains over 14000 km? of which 20% is agricultural production (2). This river has been exploited since the 1100's
forirrigation, milling, navigation, drinking water, mining of sediment, generation of electricity and recreation. This has involved
the creation of canals and dams, restructuration of banks and dredging of sediments leading to changes in flow rates (2). Land
use and ground cover in the Durance River catchment are influenced by the topography of the basin with recreation, pastures
and nature reserves mostly in the mountainous zone from its source to the Lake Serre Pongon reservoir (that retains 1.2 billion
m? and is the second largest reservoir in Europe). Downstream of the lake crop cultivation and large urban zones dominate (2).
This river basin is in a typically Mediterranean region. Therefore, it is subjected to the vicissitudes of climate leading to
landslides, flooding and droughts that alter the flow and particle content of the river and that complement the seasonal water
discharge dynamics that are mostly influenced by snowmelt.

The objective of this work was to compare the abundance and reoccurrence across seasons of two groups of plant pathogenic
bacteria - the Pseudomonas syringae and the Soft Rot Pectobacteriaceae (SRPs) species complexes - along the stretch of the
Durance River from alpine regions to the agricultural production region where the Durance joins the Rhone River at Avignon.
These two plant species complexes are classified within different orders of the gamma-Proteobacteria, the Pseudomonadale
order for P. syringae and the Enterobacterale order for the SRP. Furthermore, they differ in the mechanisms by which they cause
disease. While the SRP secrete a large cocktail of plant cell wall degrading enzyme to destroy the plant cell and recover nutrients,
P. syringae's main virulence weapon is a type Il secretion system known to inject a battery of effector proteins into plant cells
that collectively allow suppression of plant defenses and gain of access to nutrients (27; 41). Pseudomonas syringae is a species
complex composed of numerous phylogroups (PG) and clades (5) with a few having recognized taxonomic status as species. In
studies that quantify its abundance in the environment (30; 37; 42; 48) members of this complex are identified based on
phylogenetic affiliation according to a partial nucleotide sequence of the citrate synthase housekeeping gene (cts). Sequence
analysis based on this portion of the cts gene allows strain identification and placement in the context of the phylogeny that
accounts for the broadest scope of genetic diversity of this group (5). Strains in the P. syringae group are present in fresh waters
and have been isolated previously from sources and tributaries of the Durance River (37). However, their abundance along the

full course of the Durance River and across seasons has not been assessed. Species of the SRP complex can be quantitatively
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isolated from environmental sources on a medium that reveals their capacity to degrade pectin (3) and they can be identified
based on phylogenetic affiliation according to partial sequences of the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase A(gapA) (9). The occurrence of species representing the SRPs throughout the Durance River has been reported
recently but not quantitatively (3). Nevertheless, this first report suggests that, despite the capacity of SRPs to proliferate as a
saprophyte on decaying plant material making it likely for them to be ubiquitous in rivers (17; 21; 41; 44), the SRPs seem to
be markedly different in their population dynamics in river water compared to the ubiquitous P. syringae group. Here, we have
compared the spatial and temporal dynamics of the populations of these two groups of bacteria to identify the environmental
factors and adaptive features that could distinguish them in terms of their capacity to establish reservoirs in river water and

especially in rivers used for irrigation of crops.

RESULTS

Populations of P. syringae and SRP species complexes are present throughout the Durance River catchment but differ
in size and frequency of occurrence

Bacterial population sizes were evaluated for 21 sites throughout the Durance River catchment (Tab. 1, Fig. 1). Strains in the P.
syringae complex (referred to collectively from here on as Psy) were detected at all sampling sites and almost all dates
throughout the catchment at population densities up to 10° bacteria L (Fig. 1). Population densities of this bacterial group
were below the detection threshold (10 - 40 bacteria L") in only 12 (7%) of the 168 water samples analyzed in this study. In
contrast, members of the SRP species complex (referred to collectively from here on as SRP) were less frequently detected than
Psy and were most often detected at the sites in the southern-most end of the catchment but rarely in the northernmost reaches
of the catchment. SRP population densities were under the detection threshold in 70 (42%) of the samples. SRP and Psy co-
occurred in 87 (52%) of the samples. When there was co-occurrence of SRP and Psy, SRP population densities were equal to or
exceeded those of Psy in 25% (22) of those samples by up to about one order of magnitude; Psy population densities exceeded
those of SRP in 75% (65) of those samples by up to nearly four orders of magnitude (Supp. Fig. 1).

Among the different sampling dates and sites, total culturable populations ranged from 10° to 5 x 107 bacteria L (Supp. Tab.
1). Although there was an overall positive trend in the correlation between the densities of total culturable bacterial populations

and those of Psy or SRP, the statistical significance (at the 5% level) of the correlation depended on the geographic situation
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according to the three basins of the catchment (delimited in Fig. 1). In the upper, northernmost basin, densities of Psy and SRP
were each significantly correlated with total population densities (R = 0.275 and 0.222 for Psy and SRP respectively; p = 0.009
and 0.038, respectively). In the southernmost, lower basin the population densities of neither bacterial group were significantly
correlated with total population density (R = 0.187 and 0.052 for Psy and SRP respectively; p = 0.304 and 0.779, respectively).
The middle basin differentiated Psy from SRP where total population densities were significantly correlated with Psy densities
(R=0.340, p = 0.018) but not with SRP densities (R = 0.245, p = 0.094). These results suggest that the factors that influence
the densities of Psy and SRP populations are likely to be somewhat different from each other and not completely correlated

with the factors influencing the abundance of total culturable bacteria.

Among variables describing the physical-chemical conditions of river water, temperature has the greatest predictive
power for population sizes of Psy and SRP with inverse effects on these two species complexes.

Seven variables describing the physical-chemical characteristics of the water at each sampling time and according to the
geographical context of the site (altitude, longitude and latitude) were measured. Temperature, conductivity and dissolved
organic carbon (DOC) concentration were measured in 2016 and 2017 and, in addition, concentrations of PO+*, NH4*, NO, and
NOs were determined in 2017. The ranges of values for these variables are presented in Fig. 2 and are indicative of an alpine
catchment with increasing influence of human activities and agriculture as altitude decreases. Variables for water conditions
assessed in 2017 had varying degrees of inter-correlations (Tab. 2). Therefore, to assess the influence of the ensemble of the
physical-chemical properties on bacterial population size, we used Principle Component Analysis (PCA) to construct composite
factors that accounted for the importance of each of the seven individual physical-chemical variables determined in 2017 for
the overall variability of water conditions (Tab 3).

The PCA led to the construction of seven composite factors (F1 - F7) for the 79 observations in 2017, each based on a complete
set of observations for all water variables. Water temperature contributed ca. 10% to 30% of the variability of six of the factors
and the other water variables contributed to the same extent of variability for four or fewer of the factors (Tab. 3A). A multiple
regression of the population sizes of either Psy, SRP or total mesophilic bacteria against all seven factors revealed a significant
contribution of F1, F2 and F4 to the variability of Psy population sizes; a significant contribution of F1, F3 and F6 to the variability

of SRP population sizes; and a significant contribution of F1 and F2 to the variability of total bacterial population sizes
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throughout the catchment and across seasons in 2017 (Tab. 4). To identify the water variables that contributed the most to the
variability of Psy, SRP and total bacterial populations, we ranked the contribution of each water variable for each F(Tab 3A) and
calculated the cumulative contribution to the variability of each F with decreasing rank. For F1, F3, F4 and F6, three water
variables explained at least 80% of the variability of the factors; and for F2, four water variables explained at least 80% of the
variability of each factor (here, we refer to these as the “top explanatory variables"). Among the top explanatory variables, only
temperature was common to all the F that had significant effects in the regressions (i.e., F1, F2, F3, F4 and F6). For the F that
were significant for Psy populations, conductivity and the concentration of NH4* were common to two factors (F2, F4); likewise
for SRP the concentration of NO3 was common to two factors (F1, F6). Otherwise, there were no other top explanatory variables
that were consistently common to the significant Ffactors.

In light of the dominant correlation of water temperature with the size of Psy, SRP and total bacterial populations, we
determined to what extent this variable alone could explain the variability in population size. Simple linear regressions of
bacterial population size vs temperature revealed that temperature alone significantly explained about 20-40% of the variability
of the population sizes of Psy and SRP in 2017 (R? = 0.187, p = 0.000 for Psy; R? = 0.393, p = 0.000 for SRP). When both
2016 and 2017 were considered together, temperature explained about 25-35% of the variability of the sizes of these bacterial
populations (R? = 0.249, p = 0.000 for Psy; R? = 0.360, p = 0.000 for SRP). In contrast, temperature alone had no significant
explanatory power for the variability of total bacterial population sizes in 2017 (R* = 0.018, p = 0.223) and explained only 5%
of the variability of total bacterial populations when 2016 and 2017 sampling campaigns were considered together (R? =
0.050, p = 0.004).

Whereas temperature explained about the same amount of variability of Psy and SRP population sizes, it had inverse effects on
population size (Fig. 2). For both Psy and SRP, a change of 10°C was associated with roughly a change in population size by a
factor of 10. In the case of Psy, populations increased with decreasing temperature; in the case of SRP, populations decreased
with decreasing temperature within the range of temperatures observed in this study. The regression for SRP population sizes
predicts that populations would be below the detection level when water temperatures are less than 7°C (Fig. 2). In this study,
there were 55 observations where water temperature was colder than 7°C. For these 55 cases, SRP populations were below the

detection level for 37 cases whereas Psy populations were detected for all of these cases.
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The overriding correlation of temperature with densities of Psy and SRP populations might be due in part to the effect of the
wide range of temperatures that are accounted for when data were pooled from sites across the three basins (Fig. 1) spanning
altitudes from 39 m to 2090 m (Tab. 1). Pooling data from sampling sites across the three basins might also mask local effects
of other water variables that are affected by increasing anthropogenic activities along the land use from the source to the delta
of the Durance River catchment. Therefore, we assessed the correlations of bacterial populations with water variables for each
of the three basins separately (basin attribution is indicated in Tab. 1). The mean temperature of the water in the upper basin
during the sampling campaigns was about 7 °C cooler than that of the middle and lower basins (Fig. 3). Nevertheless,
population densities of SRP were positively and significantly (p < 0.05) correlated with temperature in each of the three basins
(Fig. 3). Likewise, population densities of Psy were negatively correlated with temperature in each of the three basins;
correlations were significant at the 5% level for the upper and middle basins and at the 10% level for the lower basin. Among
the top explanatory variables identified above via PCA, NH,* concentrations were significantly and positively correlated with
Psy population densities in the middle and lower basins in spite of the similar concentrations of this compound across the three
basins (Fig.3). Although NO5 concentrations were identified in PCA as one of the top explanatory water variables for SRP
densities, there were no significant correlations at the 5% level in any of the three basins. In the PCA, neither conductivity nor
DOC were identified as important explanatory factors for the variability of bacterial populations. Nevertheless, conductivity was
positively correlated (p < 0.05) with densities of Psy in the upper basin and in the lower basin. These basins were markedly
different in the range of conductivity values observed. In the middle basin, where the range of conductivity was similar to that
of the lower basin, this variable was negatively correlated (p < 0.05) with SRP densities but had no significant correlation with
Psy densities. DOC was positively correlated (p < 0.05) with Psy densities in the upper basin and with SRP densities in the
middle basin but not elsewhere.

The correlations of total population sizes with water conditions were in marked contrast to those for Psy and SRP populations.
When assessed according to the individual basins, there were no consistent correlations of total populations with any water
variables in a basin with the exception of NO5 concentrations (Fig. 3). Total bacterial population densities were positively

correlated with NO3 concentrations in both the upper and lower basins.
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Populations of P. syringae and SRP species complexes in the Durance River catchment are composed of both pandemic
and endemic genotypes representing bacterial groups with and without known pathogenic potential

As previously reported (3), the 582 SRP strains isolated from the catchment and identified at species level based on MLST
analysis were composed of Pectobacterium (94% of SRP strains from the Durance catchment) and Dickeya (6%) species.
Pectobacterium populations were dominated by species that have no reported epidemiological importance including P.
versatile (known to be associated with a wide range of plants) and P. aquaticum (not known to be pathogenic) constituting 47%
and 40%, respectively, of the Pectobacterium strains isolated (3). In contrast, important Pectobacterium pathogens described
on crop such as P. atrosepticum or P. brasiliense were rarely detected or absent. For Dickeya populations (6% of the SRP
population), D. oryzae (pathogenic mainly on monocots but also on potato) constituted 72% of the Dickeya isolates. Among the
few Dickeya strains, all belong to species of known epidemiological importance including D. oryzae, D. fangzhongdai, D. solani,
D. dianthicola, and D. dadantii.(3).

For Psy, identification was based on phylogroups (PG) and haplotypes within PGs. For these PGs and haplotypes we could then
associate them with likely epidemiological behaviors based on previous descriptions. Phylogenetic characterization was
conducted for 5436 colonies isolated here that were putative Psy. For these colonies, based on criteria described in material
and methods, 2628 could be attributed to known phylogroups of Psy based on comparison with a 388 bp segment of the cts
gene for 910 strains in the reference data set, and were used to study Psy diversity. The strains that were not attributed to known
phylogroups of P. syringae might indeed be within the P. syringae complex but they were not included in the analyses here
because of current taxonomic uncertainties. Strains were identified as belonging to PG01 (9.34 % of all strains), PG02 (45.04
%), PGO3 (0.16 %), PGO4 (1.30 %), PGO7 (13.68 %), PGO9 (8.00 %), PG10(11.60 %), PG12(0.05 %), PG13(10.12 %) and PG15
(0.57 %). Unlike SRP species where only P. versatile was distributed throughout the catchment and other species were mostly
in the southern part of the catchment (3), six PGs of Psy (PGO1, 02, 7, 9, 10 and 13) were detected at 19-21 of the 211 sampling
sites. The other PGs that each constituted only about 1% or less of the Psy population were found at fewer sites (at 13 sites for
PG04 and PGO15; two sites for PGO3 and PG12).

The 2628 strains of Psy represented 291 different cts sequences (referred to here as haplotypes). Nearly half (128) of these
haplotypes appeared endemic and were found at only one of the 21 sampling sites (Fig. 4). Nevertheless, these rare haplotypes

only accounted for 5% (154 strains) of the 2628 strains assigned to known PG. Overall, 18 haplotypes accounted for 50% of
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these strains and each were detected at 15 or more sampling sites. Among these haplotypes, one (referred to here as DD.1) was
detected at all 21 sampling sites and represented 10% of all of the strains attributed to known PG in this study. Among
individual samples, the fraction of the total population of Psy that was constituted by DD.1 was very consistent and showed a
strong positive correlation between the size of the Psy population and that of DD.1 (Spearman Rank correlation coefficient =
0.917, p = 0.000).

We found that haplotype DD.1 corresponds to a cts haplotype of PGO2 (in the PGO2b clade ) that is very widespread when
compared to previous reports (35; 37). This cts haplotype was the same (100% identity of the 388 bp segment. The cts sequence
is listed among the amplicon sequence variants in Supp. Tab. 2) as the dominant Psy haplotype found among the 236 strains
isolated from river headwaters sampled in the US (Montana and Wyoming), Europe (mostly France and ltaly) and New Zealand,
representing 39 of the water strains and being the only haplotype found on all three continents and at 11 of the 13 sites
sampled (37). When compared to reference strains in the study of headwaters by Morris and colleagues (37), the haplotype
that dominated in headwaters is also the same as the haplotype of 15 reference strains from crops used in that study. These
included the type strain of P. syringae pv. syringae (CFBP1392) isolated from lilac in the UK in 1950 (14), strains 601 and
CFBP1906 of P. syringae pv. aptata isolated from sugar beetin Japanin 1966 (47) and in France in 1979 (16), respectively, and
strains involved in an epidemic of bacterial blight of cantaloupe that was described to have emerged in France as of 1993 (34)
(strains CC0001, CC0037, CC0125, CC0354, CC0440, CC0441, CC0457 ). Additional strains in this haplotype were identified
in a subsequent study on host range of Psy (35) showing that strains with the same cts haplotype as DD.1 were involved in
diseases of apricot in France (strain 414, according to strain names indicated by Morris and colleagues (35)), of cantaloupe and
squash in New Zealand (CFBP 1788, ICMP 3390, ICMP 7501), and of sugar beets in the Netherlands (CFBP 2471 and CFBP

2507)and Serbia (P004 - P102). By comparing the 388 bp cts sequence of haplotype DD.1 to the full GenBank database (BLAST

search, https://www.ncbi.nlm.nih.gov/) we also found 100% identity with strains from a freshwater lake in Virginia (strains
CLCO7, CLC10(42)), from freshly fallen snow collected at a high altitude meteorological observatory in Switzerland (JFJ-0007,
JFJ-0043 (48)), from blighted leaves of pea in Japan (H5E3 (47)) and from home garden philodendrons (several 1ZB1 and 1ZB2
strains (20)) as documented examples that expand the sites and substrates of isolation compared to the information described

earlierin this paragraph.
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Discussion

Although there have been previous reports of P. syringae and Soft Rot Pectobacteriaceae complexes in surface waters (37; 49)
here we have made comparisons of their prevalence and abundance across a range of sites representing the diverse
environmental conditions across a catchment. This comparison is intended to lead us to identify what typifies each system and
what trends are shared. In our effort to make quantitative comparisons of the two groups of bacteria, we faced an initial
challenge due to the difference in magnitude of the number of isolates we could collect for each group of bacteria. In a previous
study, we verified that differences in abundance were not due to differences in isolation efficiency of the two media used in this
work (40). Whereas the hundreds of SRP collected could be characterized as individual strains (sequencing of single or multiple
housekeeping genes or full genomes), the thousands of Psy isolates encountered led us to adopt a high-throughput MiSeq
sequencing strategy of amplicons of a single housekeeping gene on the basis of Psy-like colonies isolated on KBC growing
media. By overcoming this technical challenge, we have shown that for both bacterial species complexes there are genetically
diverse populations present throughout the full expanse of the Durance River catchment from near its source - across varying
topography, altitude and land use - to the delta where it converges with the Rhone River. Among the SRP, Pectobacterium spp.
were the most frequently encountered representatives with P. versatile being present throughout the catchment (3). Psy
populations were dominated by a cts haplotype that accounts for 10% of populations at all sites and sampling dates. The
structure of Psy populations in the Durance River catchment is similar to that of Listeria monocytogenes in surface waters lakes,
rivers, ponds) along the Central California Coast that is dominated overall by a clonal line that constituted 27% of the 1200
strains isolated from these waters (15). However, the specific clonal dominating L. monocytogenes populations in waters or
other environmental reservoirs differed among the different geographic locations studied (15). In contrast, we observed that
Psy populations in distant geographical locations are dominated by the same haplotype that is dominating the Durance River
populations overall (37), thus illustrating the efficiency of Psy dissemination and the overriding capacity for the DD.1 haplotype

to dominate Psy populations.

Populations of Psy were detectable at nearly all sites and all seasons during the two years of sampling whereas SRP populations
were frequently below the detection threshold and especially in the upper basin of the catchment where they could not be
detected in more than half of the samples. In light of the marked saprophytic capacity of many of the soft rotting bacteria (41)

and numerous reports of their presence in surface waters (49) it could be considered surprising that we did not detect SRP more
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frequently than Psy. However, our observations suggest that temperature adaptation has a critical role in the ecology of the Psy
and SRP species complexes. Our observations also reinforce the idea that Psy is particularly well adapted to freshwater habitats
as well as the various other habitats and substrates (plants, precipitation, litter) that are linked via the dissemination of P.
syringae through the hydrological cycle (36). In contrast, SRP are likely to be more dependent on proximity of and seasonality
of external plant sources (49). In comparison, for Listeria monocytogenes that has saprophytic as well as human pathogenic
potential (15), the relative importance of anthropogenic vs. natural sources for populations in rivers is unknown. Its saprophytic
capacity could allow for establishment of “natural” reservoirs but it could also be leaked into rivers from anthropogenic sources.
Both cases beckon the need for further research to find environmental sources to improve the understanding of disease

epidemiology.

Although it is likely that there is run-off of these two groups of bacteria into the Durance River from vegetation, we observed
that water temperature is strongly correlated with the densities of the populations of Psy and SRP in river water: population
densities were positively correlated with temperature for SRP and negatively correlated with temperature for Psy. Temperature
was correlated with altitude of the site - and this could reflect differences in land use and vegetation type along the banks of
the rivers. Nevertheless, the trend with temperature observed throughout the entire Durance catchment was also observed
within each of the three basins (upper, middle and lower) when considered separately. This further strengthens the hypothesis
that temperature is a critical factor and not simply a reflection of its correlation with other gradients across the entire catchment.
Temperature seems to influence the abundance of these two groups of bacteria whatever the context of the basin and the
associated sources of bacteria that the river encounters as it crosses different land uses from pastures, to fruit tree production
and to vegetable crops with their varying anthropogenic characteristics. The influence of temperature on Psy and SRP appears
to be much stronger than on the total culturable bacterial population. This is probably due to differences among the component
species in their sensitivity to environmental factors. When they were detected, Psy populations constituted only 10° % to less
than 4% of the total bacterial population and SRP constituted only 10° % to less than 0.7% of the total population. Therefore, it
is reasonable to assume that the perceptible effect of environmental factors on total populations is strongly influenced by the
major species components rather than by Psy and SRP. Indeed, the bacterial assemblages in Durance river water are highly
diverse when assessed by metagenomics that target 165 rDNA (40). The diversity of total bacteria suggests that there is not only

a range of environmental tolerances among the bacteria in the river system that makes it difficult to identify overriding
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correlations with environmental factors, but that there are also opportunities for competition and antagonistic interactions.
However, when there were significant correlations between densities of total bacterial populations and those of Psy or SRP, they
were positive suggesting that increasing densities of bacteria that co-occur with Psy or SRP in river water were not detrimental
to the populations of these latter two groups of bacteria. Such positive correlations between Psy and total bacteria in water were
also observed in a previous study in the Durance catchment(31). Furthermore, a metagenomic analysis of samples from three
sites along the Durance catchment representing the upper-, mid- and lower basins (40) showed the same trend for the
Pseudomonas genus as we observed for the P. syringae complex suggesting that P. syringae might be representative of the

genus as a whole in terms of its population dynamics in river water.

A remarkable observation for both Psy and SRP is that river water contains a diversity of populations of these groups of bacteria
beyond what is known to be associated with disease on crops. This raises the intriguing question of the origin of these bacteria
in river water. For example, river water harbors genetic groups of Psy and SRP with no known epidemiological importance -
PG10 and PG13 for Psy (5) and P. aquaticum and P. quasiaquaticum for SRP (4; 39; 43). Some strains of Psy PG10 and PG13
have been found in association with plants (6), but the vast part of their diversity has been found in water elsewhere (5). The
recently discovered P. aquaticum and P. quasiaquaticum found in the Durance catchment have been reported only from aquatic
environments. Perhaps it is autochthonous in water but the low prevalence of SRP in water suggests it has other yet-to-be-
discovered habitats that serve as sources for populations in the river. Notably, P. aquaticum was found mostly in the lower half
of the Durance catchment with an important occurrence on a limited number of sites suggesting its requirement for either very
specific conditions or its association with a limited number of sources. This is in contrast to P. versatile, known to be associated

with a wide range of plant species (crops and oramentals, for example), that was detected throughout the catchment.

River water also contained strains that are likely to be of epidemiological importance - but not necessarily in the Durance River
catchment or on crops. We detected P. peruviense (3), a species that has only been reported at high altitudes in South America
as a pathogen of potato (50). Its presence in the Durance River suggests that it has a natural but previously unknown ubiquity
in the environment or that there was a rare and unrecognized dissemination event from South America. The presence of a few
strains of P. atrosepticum, a species mostly recorded on potato (3), also raises the question of its origin - either from disease on
the very small surface of potato crops in the Durance catchment or the association of this bacterium with wild solanaceous plants

or a few brassicas (49). Other plant sources are unlikely for this species in light of its very narrow host range (28; 49).
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Furthermore, we wonder if the presence in river water of D. oryzae (3), known to be a pathogen of rice but also pathogenic on
potato, maize and several other crops (19), might have its origin in disease on the small amount of regional potato crop or an
association with wild grasses that has yet to be described. For Psy, its population is dominated by a ubiquitous subgroup of
PGO2 (here named cts-haplotype DD.1) that has been associated with numerous crop disease epidemics. Nevertheless, the
epidemics linked to the DD.1 haplotype of Psy have occurred mostly outside of the Durance River basin with the closest known
epidemic in Southwestern France (34). For another haplotype in PGO2 closely related to DD.1 , quasi-clonal lines from
epidemics of cantaloupe blightin southwestern France, from snowfall in the French Vercors Massif and from a pristine creek on
the south island of New Zealand have been identified (32) supporting the hypothesis that long distance movement of bacteria
- even between the northern and southern hemispheres - does occur. Hence, there are indeed mechanisms for long distance

movement - most likely via the atmosphere - that can link rivers with cropped fields elsewhere.

To understand the potential epidemiological significance of the presence of diverse Psy and SRP throughout the Durance
catchment, we need to identify the processes that have contributed to this state of the microbiology of river water. We wonder
if the assemblages of Psy and SRP populations in river water are the result of rivers being simply collectors of bacteria from the
local landscape (from run-off, for example) and from more distant sources (via rain and snowfall, for example). If run-off is the
main process leading to the abundance and diversity of Psy and SRP in river water, it would be very important to identify all of
the potential sources including prairies, pastures and wild plant stands in addition to known crop hosts for disease. It is also
important to consider if Psy and SRP simply survive or if there is multiplication and diversification. Interestingly, pathogenicity
tests with D. dianthicola-like strains isolated from river water in Finland revealed that water-bome strains were more aggressive
than strains of D. dianthicola isolated from potato (25). Furthermore, D. aquatica isolated in Finnish rivers were later found to
be aggressive on acidic fruits such as tomato or cucumber (10). The lack of xylanases and xylose degradation pathways in D.
aquatica could reflect adaptation to aquatic charophyte hosts which, in contrast to land plants, do not contain xyloglucans. This
suggests that water-borne species have experienced some selective pressures that lead to adaptations that could, in turn, be

useful in causing disease to crops.

Our results point to the need to clarify the role of temperature in influencing population densities of Psy and SRP. The
differential effect of temperature on population sizes of Psy and SRP could be due to effects on growth and/or die-off - both

processes being important in structuring the gene pool of these populations. In laboratory tests of growth of SRP strains
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inoculated into filter- and autoclave-sterilized river water, 100-fold increases in populations of Dickeya and Pectobacterium
strains were observed over 10 days at 20°c. However, at 8°C growth was lower for Pectobacterium and die-off was observed for
Dickeya (3). This implies that, under natural conditions, there are stresses caused by a fluctuating environment that maintain
SRP populations at low levels. However, the nature of these stresses is not clear from our work. For Psy, a previous study
suggested that populations in rivers did not necessarily multiply (31). The authors of that study noted that the similarities in
population structure between rain, snow melt and headwaters in France could be attributed to effective transportation of Psy
strains with snow melt and rain water infiltrating through the soil of subalpine grasslands. However, in a study of headwaters
in France, the USA and New Zealand it was observed that about half of the populations at the headwater sites were composed
of cts haplotypes that were unique to the region from which they were sampled (43% for New Zealand headwaters, 67% for USA
headwaters and 70% for French headwaters) (37), implying the existence of a local diversification process. Preliminary
laboratory experiments show that growth in river water is possible (Berge, unpublished) thereby suggesting that this could

contribute to diversification.

A critical epidemiological aspect of the regular occurrence of Psy and SRP in the Durance River catchment is the potential of
river-borne bacteria to cause disease to crops irrigated with river water. This concern brings to the forefront the questions of
how to assess the epidemiological potential of river-borne bacteria and how to anticipate disease outbreaks. The
epidemiological potential of Psy and SRP strains in river water could be addressed via pathogenicity tests such as those
conducted for the D. dianthicola-like and D. aquatica strains isolated from river water in Finland (25). However, in the case of
Psy, the choice of pertinent hosts to test against strains in the dominant DD.1 haplotype is complicated by its variable and
potentially broad host range (35). To anticipate disease outbreaks, data on epidemiological potential needs to be set in the
context of rate of exposure of crop plants and the local environmental conditions. Exposure of plants due to irrigation with river
water could be estimated. For the main departments of France that irrigate with water from the Durance River catchment (Alpes
de Haute Provence, Hautes Alpes and Vaucluse) there are > 55000 ha of agriculture that could be irrigated including fruits and
vegetables, pastures and cereals (8). In the case of lettuce - a vegetable crop produced in abundance in the Durance River
catchment - plants require a total of about 30 mm (30 L m?) in the few days following planting (about a week) and about 5 or
6 subsequent irrigations of about 15 mm each during the 2 to 3 months of culture afterwards for a total of about 110 mm (110

L m?) during the life cycle of the plant (26). For a lettuce field planted at a density of 150000 plants ha and a mean bacterial
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population density of 10° Psy or SRP L of river water, each plant on average could potentially be in contact with more than 10
bacteria belonging to the Psy or SRP species complex from water during the first few days after planting and about 10* Psy or
SRP bacteria throughout the period of culture due to irrigation. Ata first glance, this might seem to be cause for alarm. However,
the fate of these bacteria is unknown. We do not know if they survive, if they are physiologically competent, or if they are
compatible with the crop hosts they encounter. We should keep in mind that only a fraction of the Psy or SRP strains - or perhaps
none at all - that contact the plants via irrigation will have pathogenic potential for the crop that they encounter. Overall, this
speculation points out why it is important to have quantitative data on bacterial population size that allows for estimations of

exposure - and that go beyond the uncertainties of risk assessment based simply on presence and prevalence.

Historical epidemiological information for the Durance River catthment does not point to Psy and SRP as re-occurring pathogens
of crops in this region - with the exception of bacterial canker of apricot (38) and leaf spot of lettuce (1), both caused by Psy. This
could suggest that the range of environmental conditions, the historical land use and the intensity of agriculture up to present
are within the spectrum of conditions that do not generally favor epidemics by Psy or SRP. It could also suggest that the bacteria
present in the two species complexes studied here are not well adapted to the cultivated crops cultivated in the Durance River
catchment. In light of these observations, we can make recommendations for a first approach to developing indicators to survey
for estimating the risk posed by river-borne populations of Psy and SRP. These indicators would account for total population
sizes of Psy and SRP (or the dominant genetic lines), for water temperature and for the various chemical conditions in each of
the three basins that we determined to be correlated with Psy and SRP population densities. Risk alerts could be developed to
express the deviation from the trends we observed here. Disease risk could also be evaluated for any major changes in
agricultural land use that can be anticipated - such as changes in the geographic ranges of certain crops or the introduction of
new crops into the region. This would require assessment of their sensitivity to diseases caused by Psy and SRP in the

environmental conditions associated with the anticipated changes.

This work raises the general question of how river water reflects the diversity of plant-associated microorganisms beyond what
is reflected by populations associated with crops or other vegetation. We raise the critical question of how this diversity be used
for anticipating disease emergence and the need to elucidate the underlying processes that connect these populations to
epidemics. These processes would indeed be targets for management. Integrating nonagricultural reservoirs of plant

pathogens - such as river water - into a more comprehensive vision of pathogen ecology and life history could improve
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forecasting disease risk and anticipating epidemics in the face of changes in land use and climate. Although various bacteria
and fungi have been detected in irrigation water (24; 53), some of these might be present only when inoculum reservoirs in
diseased plants are nearby and they might not be able to persist in river water. To develop such an integrative approach, it will
be important to distinguish pathogens with the capacity to thrive in environmental reservoirs vs. those whose presence in the
environment represents transient residues from agriculture. This approach would open new directions in disease surveillance
that would allow for anticipation on larger scales of space and time and could foster better adaptation of land use in the face of

changing climate.

Experimental Procedures

Sample collection and handling. Water was collected from 21 sites representing the three hydrological sections of the Durance
catchment (23), of which 8 were along the main course of the river, 11 were from 9 different tributaries that flow into the main
river, and 2 were from a major man-made canal (Tab. 1). This canal is a managed distributary of the Durance River and its
floodway inlet is located in Mallemort, FR (43.73267° N, 5.18599° E). Water was collected at each site at 8 dates to represent
four seasons across two years. Sampling campaigns were conducted in 2016 on 1-17 Feb., 13-19 May, 24-28 Aug. and 18-21
Nov; and in 2017 on 3-8 Feb., 4-6 June, 21-25 Aug. and 8-13 Nov. These dates will be referred to, respectively, as Winter-16,
Spring-16, Summer-16, Fall-16, Winter-17, Spring-17, Summer-17 and Fall-17.

Surface water was collected at several meters distance from the banks at each site with a 12-L bucket attached to a rope. For all
sampling dates, each site was represented by a single bulk sample, resulting in 168 water samples (hereafter referred to as
"main experiment"). In Fall-17, triplicate samples at three different times in the day were collected at sites R02 and RO8 to
assess representativeness of the bulk samples (hereafter referred to as “variability experiment"). The bucket was rinsed twice
with water from the sample site before each sample was collected. About 1.5 L of water was collected into sterile plastic bottles
from the bucket. With the water remaining in the bucket, temperature and electrical conductivity were measured using a Multi
Probe System (YSI 556 MPS, YSI, Yellow Springs, USA) and water turbidity was measured using a EUTECH Instruments turbidity
meter (TN100, Paisley, Scotland). Samples were maintained in a cooler (ca. 15°C) for no more than 24 h until further processing
for chemical and microbiological analyses. To prepare samples for microbiological analyses, 500 mL were filtered across 0.2

um porosity cellulose acetate filters (Sartorius, 11107-47-ACN, Goettingen, Germany). The bacteria retained on the filter were
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suspended in 1 mL of sterile distilled water. This suspension, concentrated by a factor of 500 compared to the original sample,
was immediately used for subsequent bacterial isolation and quantification. The filtrate was collected for nutrient and dissolved
organic carbon analysis as detailed elsewhere (3).-Methods for determination of the concentration of DOC, nitrates, nitrites,

ammonium, ortho-phosphates, and total dissolved nitrogen and phosphorus were as previously described (3).

Quantification of total culturable bacteria. The concentrated suspension was dilution-plated on 10% tryptic soy agar (37).

Plates were incubated at ambient temperature (18 to 25°C) for 2 to 4 days when total plate counts were recorded.

Isolation and quantification of Soft Rot Pectobacteriaceae. The bacterial suspensions were serially diluted in water and
plated on crystal violet pectate (CVP) medium plates, a semi-selective medium containing pectin that is widely used for the
isolation of pectinolytic Pectobacterium and Dickeya (13; 18). Plates were incubated at 28°C for 2 days and the number of
colonies forming deep pits in the CVP medium typical of Pectobacteriaceae were recorded. For each treated sample, up to 30
pit-forming colonies were purified on CVP medium and further streaked on LB medium for conservation. Qualitative description
of the purified strains has been published recently (3). In the present paper, we evaluated the quantity of recovered SRP by
counting the deep pits formed on plates and analyzed these data with regard to other variables measured in the course of this

study.

Isolation and quantification of bacteria in the P. syringae complex. The concentrated suspension was dilution-plated as
previously described (37) on King's medium B supplemented with cephalexin, boric acid and cycloheximide (referred to as KBC
medium). Two to three replicates of each dilution were plated to assure that when possible at least 30 colonies suspected to be
P. syringae (“putative” P. syringae based on colony traits) could be isolated for each site at each date. After 3 to 7 days incubation
of KBC plates at room temperature (~20-25°C) the numbers of putative P. syringae colonies were recorded. Based on our
previous work with the diversity of the P. syringae complex (5), few phenotypic traits are reliable for screening colonies to hone
in specifically on P. syringae. Non-putative colonies were eliminated according to pigmentation, pin-point colony size and
ornate or crusty colony appearance. From the remaining, 30 or more putative colonies (or all putative colonies if there were

fewer than 30) were randomly selected for each sample and streaked onto a plate of King's medium B (22) to increase the
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number of bacterial cells per colony for further characterization but not to purify strains. Each isolate was then introduced into
the well of 96-well plate (i.e. initial plates) previously loaded with 150 pl of demineralized water kept at 4°C until being
identified on the basis of high-throughput MiSeq sequencing of a fragment of the cts (citrate synthase) gene and bioinformatic
analysis (described below). The sizes of the populations of P. syringae in each water sample were calculated by adjusting the
number of putative P. syringae colonies per each sample according to the percentage that were identified as bona fide members

of the P. syringae complex (5) through the MiSeq sequencing approach (cf. Supp. Tab. 1and 3.).

Preparation of the material for MiSeq sequencing including, putative P. syringae isolates, replicates and controls.
Among the 5436 isolates introduced into the well of 96-well plates (i.e. initial plates) a total of 537 isolates were introduced
twice, i.e. into the well of two different 96-well PCR plates, which were further analyzed as replicates to assess the reproducibility
of bacterial identification through MiSeq sequencing approach. In addition, each of the initial 96-well PCR plate contained at
least one replicate of five different types of controls. Pure colonies of a known P. syringae (CC94, phylogroup 02 [PG02]) and
Pseudomonas tolaasi (CFBP2068) strains were separately introduced into 80 wells of the initial plates (i.e. 160 wells total).
Respectively, these two types of positive controls were used to assess the efficiency and repeatability of P. syringae identification,
and the level of biological or sequencing/bioinformatics contamination across wells. Three types of negative controls were also
included in the analysis. A total of 80 and 414 wells were filled only with ultrapure water or PCR mix, respectively (see below),

while 142 wells were left empty during the cts PCR amplification (described below).

Amplicon production, preparation of MiSeq libraries and sequencing. The resulting 6769 wells were subjected to PCR
amplification targeting a 388 pb fragment (primers excluded) of the cts (citrate synthase) gene. PCR was performed on groups
of four plates, using one of twenty specifically designed forward primers, and a single common reverse primer (cf. Supp. Tab.
4). Each forward and reverse primers was composed of the binding site for cts gene amplification, and of an adapter used in the
further steps of MiSeq library preparation for adding the lllumina indexes. In addition, each forward primerincluded a different
6 nucleotide tag in order to be able to assign output sequences to each initial bacterial isolate during the bioinformatics
analyses. The PCR mix was composed of 3.4 ul of 5X Q5 reaction buffer (New England Biolabs), 0.14 ul of 25 mM dNTPs

(Promega), 0.68 pl of 10uM of each of the forward and reverse primer, 0.17 pl of Q5 hot start HF DNA polymerase (New England
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Biolabs), and was adjusted to a final volume of 15 pl with ultrapure water, to which 2ul of the initial material (i.e. isolates,
replicates or controls) was added. After a 30 min 98°C activation period of the Taq polymerase, DNA fragments were amplified
following 30 cycles of denaturation (10 s at 98°C), annealing (30 s at 55°C) and extension (30 s at 72°C). After a final extension
time of 2 min at 72°C, DNA amplicons were stored at -20°C until use. After PCR amplification, four groups of 20 PCR plates
were pooled each into a single plate. To this end, 5 pl of the identical well of each of 20 plates were mixed together. The four
resulting plates (i.e. pooled plates) were sent to GeT-PlaGe core facility (INRAE, Toulouse, France) where the final MiSeq libraries

were prepared. The libraries were run using an lllumina MiSeq pair-end 2*250 pb sequencing technology.

Bio-informatic processing of raw sequences. Raw sequences were processed in R (version 4.0.3)(45) with the FASTA program

version 36.3.8h (https:/fasta.bioch.virginia.edu/fasta_www?2/fasta_list2.shtml), and the packages ShortRead, DADA2 and

ggplot2 (7; 33; 52). The amplicon and MiSeq library preparation strategy resulted in both forward and reverse reads being
present in the R1 and R2 files associated with each well of the pooled plates. Reads pairs were labelled as forward and reverse
complement based on the comparison of their sequence with the one of a reference P.syringae strain (CVB0016, phylogroup
02 [PGO2]; Supp. Tab. 5). Then, read pairs with e-value >= 10" were removed. Paired reads were sorted such as to include
forward and reverse complement reads in final R1 and R2 fastq files, respectively. All reads were demultiplexed using the tags
included in the forward primers (cf. Supp. Tab. 4) in order to separate and assign raw sequences to each well of the initial plates.
Only sequences that contained exactly matching tags were kept. Reads that were too short, relatively to the required
length for merging R1 and R2 reads with an adequate overlap (i.e. 25), were removed. Then, tags and cts primer
sequences were removed. The quality of sorted and demultiplexed reads was checked and plotted. Reads were not trimmed as
the observed error rates were similar to the estimated ones, and as the expected overlap length between the paired forward
and reverse reads was relatively short (i.e. 25). Reads that included at least one unidentified nucleotide or which sequence
matched the phiX genome were discarded. Then, the Amplicon Sequence Variants (ASVs) were inferred, paired reads were

merged, the sequence table was constructed and chimeras were removed.

Identification of Amplicon Sequence Variants (ASVs)
ASVs were identified through a blastn+ with the sequence of 910 reference, mostly P. syringae, strains (cf. Supp. Tab. 5) using

the FROGS Affiliation OTU (12) available on the Genotoul-Sigenae Galaxy server (https://vm-galaxy-prod.toulouse.inra.fr/). The

P. syringae and Soft Rot Pectobacteriaceae in the Durance River catchment / Morris et al [ p.20


https://fasta.bioch.virginia.edu/fasta_www2/fasta_list2.shtml
https://vm-galaxy-prod.toulouse.inra.fr/
https://doi.org/10.1101/2022.09.06.506731
http://creativecommons.org/licenses/by-nc-nd/4.0/

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.06.506731; this version posted September 7, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

ASVs which percentage identity with the closest reference strains was lower than 98.2% were removed. This value corresponds

to the similarity threshold determined previously for accurate clade affiliations within the P. syringae species complex (5).

Verification of controls, filters of ASV, and analysis of replicates

A sequence of the expected strain (either P. syringae CC94 or P. tolaasi CFBP 2068) was identified in 156 out of the 160 wells
corresponding to positive controls. No sequence was detected in 3 positive control wells. Some ASVs were identified non-
expectedly in one positive control well, and 54 negative control wells, with copies number ranging from 1 to 389. Therefore, a
conservative approach was taken whereby each ASV was considered as positively detected in the wells of the initial plates, and
thus assigned to the corresponding 5436 isolates, if the copy number was higher than 400. This resulted in the final
identification of 291 P. syringae ASV (Supp. Tab 2), which copy number ranged from 400 to 11055 in each initial well where it
was detected (hereafter referred as haplotypes). Out of the 537 isolates that were included as duplicates in the initial plates,
392 (73%) yielded in similar results. Specifically, no P. syringae haplotype was detected for each of the duplicates of 154
isolates, and a sequence identified as being a bona fide member of the P. syringae species complex was detected for the
duplicates of 238 isolates. The remaining 145 isolates corresponded to cases where a P. syringae haplotype was detected for
one duplicate but notin the other. Hence, the MiSeq isolate identification approach described here might have led to an under-
estimation of the number of P. syringae colonies in water samples, but could not have led to the wrong identification (i.e. false

positive) of a colony as bona fide member of the P. syringae species complex.

Statistical analyses.

The representativeness of single bulk water samples was determined through the analysis of the variability in total Psy and SRP
population sizes based on triplicates of water samples taken at three different times of the same day in Fall 2017 at two sites
(R02 and RO8, Supp. Tab. 3). The analysis was conducted for each site in R (version 4.1.1) with a linear regression using the
log1o transformed total number of Psy and SRP colonies per L of water as response variable. The assumption of normality was
verified using a Shapiro test (p > 0.62 for site R02 and p = 0.67 for site R08 for Psy; and p > 0.36 for site R02 and p = 0.49 for

site RO8 for SRP). The variability in population size for both organisms across sampling times within a day (Supp. Fig. 2) was
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non-significant for both sites (p=0.32 for site R02, p = 0.2 for site R08 for Psy; and p=0.19 for site R02, p = 0.32 for site R08

for SRP).

Statistical analyses of total P. syringae population size across the Durance catchment (cf. Supp. Tab. 1) and of associated water
chemical characteristics (cf. Supp. Tab. 6) were conducted with modules in the Statistica 10 package (StatSoft www.statsoft.fr,
accessed 27 Aug 2019). This included the characterization of water variables via Principle Component Analysis leading to the
construction of composite Principle Component Factors and calculation of the correlations among water variables according to
Spearman’s Rank correlation. This statistical package was also used to calculate parameters of regressions of the observed values
of bacterial population sizes at each site and date (expressed as logo bacteria L") against single water variables or composite

Principle Component factors. Significant effects were reported if p-values were < 0.05.
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658  Table 1. Sampling sites in the Durance River catchment.
659

Latitude e Distance from main river (km):

Site code? Basin® oN op Altitude (m) upstream from downstream from Description
confluence divergence
Carpentras  Canal, a  managed
C01a Lower 43.756378 5.150282 106 - 5 distributary of Durance River, near Logis
Neuf village
Carpentras  Canal, a  managed
C0Tb Lower 43.820640 | 5.082083 98 - 15 distributary of Durance River, near Les

Taillades village

Main course of the river, historically
RO Upper 45.024096 | 6.564294 1813 0 - called Clarée River, at this location
named "Pont de la Souchére”

Main course of the river, historically

RO2 Upper 44924983 6.67987 1363 0 - called Clarée River, at this location
named "Pont des amoureux”
RO3 Upper 44.704668 6.60111 907 0 - Durance River near St. Crépin village
RO4 Upper | 44550722 | 6.484659 790 0 Durance River at Embrun ity, the
entrance to Serre Poncon Lake
Durance River at "Archidiacre” site, not
ROS5 Middle 44475576 | 6.112166 620 0 - far downstream from the Serre-Pongon
Dam.
R06 Middle | 44212041 | 5939179 459 0 Durance River, at « Plan de fa Baume»
village near Sisteron
RO7 Middle 43.804113 5.825458 291 0 - Durance River at Manosque
RO8 Lower 43.667174 5.490215 188 0 - Durance River near Pertuis
A tributary of the main river, historically
101 Upper | 44924603 | 6679891 1363 at confluence called Durance River, at this location
named “Pont des amoureux” and
upstream of this confluence
Guisane River, a tributary of the
102 Upper 45.015400 | 6.459957 1659 20 - Durance river, not far from the “Col du

Lautaret”
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Ailefroide Stream near Pelvoux village,
tributary of the Gyr river

Guil Stream, a tributary of Durance
104 Upper 44.681169 | 6.696794 1066 9 - River, site near the place named “La
Maison du Roi",

Riou Mounal Creek, tributary of Ubaye
River, site near the "Col de Vars"

Ubaye River, a tributary of Durance
T05b Upper 44.514918 6.75597 1443 50 - River, site near Saint-Paul-Sur-Ubaye
village

Ubaye River, a tributary of Durance
River, site near Le Martinet village, just
upstream of its entrance into Serre
Poncon Lake

Buéch River, a tributary of Durance river,
site near Sisteron

Bléone River, tributary of Durance River,
upstream of a small dam

Verdon River, tributary of Durance River,
site at Vinon-sur Verdon

Grand Anguillon River, tributary of
709 Lower 43.884328 4.892864 39 5 - Durance River, site at Noves where the
river becomes a canal

103 Upper 44.877228 6.47717 1294 12

T05a Upper 44.536205 6.703007 2090 35

T05¢ Upper 44.397539 6.480858 968 11

106 Middle 44.201151 5.928711 459 1

107 Middle 44.042293 6.040222 438 4

108 Middel 43.728389 5.816048 274 6

660  °The codes for the sites indicate where water was collected from the main course of the river (R), a tributary flowing into the main course of the river (T) or a canal used to
661 distribute water from the main course of the river for agricultural and other uses (C).

662  °The three basins are depicted in Figure 1.
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Table 2. Spearman rank correlations (and associated p-values) among variables describing physical-chemical
conditions of water collected at 8 dates at each of 21 sites throughout the Durance River catchment. Significant

correlations (p < 0.05) are in bold face.

Dissolved
Temperature | Conductivity organic PO,* (pgl") | NHs*(pgl') | NO; (pgL?)
variable °C (pS) carbon
(mgL")
Conductivity (uS) 0.011
(0.921)
Dissolved organic cabon 0.428 0.160
(mgl") (0.000) (0.157)
POs* (ugl™) 0.183 -0.002 -0.039
(0.098) (0.987) (0.732)
NH4* (ugl™) -0.142 0.155 0.119 -0.002
(0.200) (0.162) (0.294) (0.984)
NO; (gl") 0.426 0.128 0.257 0.195 -0.138
(0.000) (0.250) (0.022) (0.079) (0.215)
NOy (ugl") 0.161 0.404 0.575 -0.151 0.116( 0.402
(0.147) (0.000) (0.000) (0.174) 0.296) (0.000)
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Table 3. Description of composite factors (F) from Principal Component Analysis of seven variables of the physical-
chemical conditions of water collected at 8 dates at each of 21 sites throughout the Durance River catchment in terms
of (A) the contribution of each individual variable to the variability within each F and (B) the correlation of each water

variable with each F.

A. Contribution of each water variable to the variability within each F

variable F1 F2 F3 F4 F5 Fé6 F7

Temperature °C 0.165 0.117 0.136 0.121 0.005 0.357 0.098
Conductivity (uS) 0.045 0.234 0.025 0.618 0.000 0.008 0.070
Dissolved organic cabon (mgL") 0.312 0.000 0.098 0.083 0.146 0.002 0.359
PO.* (ugl™) 0.007 0.104 0.570 0.002 0.233 0.080 0.003
NH4* (ugL™) 0.008 0.357 0.038 0.144 0.066 0.384 0.003
NO; (uglL™) 0.140 0.125 0.108 0.004 0.533 0.032 0.058
NOy (ugl") 0.323 0.064 0.024 0.027 0.017 0.137 0.409
B. Correlation between the water variable and each F

Temperature °C -0.566 0.421 0.382 -0.315 -0.060 -0.471 -0.178
Conductivity (pS) -0.296 -0.594 -0.163 -0.711 -0.011 0.072 0.150
Dissolved organic carbon (mgL™") -0.778 0.003 0.324 0.260 0.323 0.038 0.341
PO.* (ugl™) -0.116 0.396 -0.781 -0.042 0.409 -0.223 0.030
NH* (ugl™) -0.127 -0.734 -0.203 0.344 -0.217 -0.488 0.029
NO; (ugL™) -0.522 0.435 -0.340 0.057 -0.617 0.140 0.137
NO; (uglL™) -0.792 -0.310 -0.160 0.149 0.111 0.291 -0.363
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13 Table 4. Parameters from the multiple regression of population sizes of Psy or SRP (expressed as logio bacteria L) vs seven
14 composite factors (F) from Principal Component Analysis (c.f. Tab. 3). Significant values are in bold face.

" Dependent variable: logqg Psy L Dependent variable: logqo SRP L Dependent variable: logso Total L™
R=0.541,R2=0.293 R=0.628,R?=0.394 R=0.491,R?=0.241
p-valueegression = 0.000 p-valueregression = 0.000 p-valueegression = 0.004
F Slope (b) p-value Slope (b) p-value Slope (b) p-value
1 0.183 0.034 -0.583 0.000 -0.125 0.000
2 -0.352 0.000 0.046 0.594 -0.103 0.010
3 -0.092 0.422 0.265 0.011 0.012 0.792
4 0.380 0.005 -0.152 0.195 0.016 0.768
5 -0.021 0.882 -0.156 0.213 0.088 0.124
6 0.201 0.183 -0.293 0.031 0.008 0.892
7 0.214 0.304 -0.338 0.072 0.036 0.673
16
17
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Figure 1. Population densities (logqo bacteria L") of Pseudomonas syringae and Soft Rot Pectobacteriaceae (SRP) in water in the
Durance River basin at eight sites in the main river (R), eleven sites in tributaries (T) and two sites in irrigation canals (C) in four
seasons in each of 2016 and 2017. All values for population density are based on culturable bacteria isolated from single
samples at each date and site except for values for sites R02 and RO8 in 2017 that were means of triplicate samples. Error bars
for those values represent the standard error. The map portrays the sampling sites along the full expanse of the Durance River
basin from its most northern reaches in the Hautes Alpes department southward through the departments of Alpes d'Haute
Provence and Vaucluse. The black contours of the map represent the three hydrological sections of the river basin (23).
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Figure 2. Correlation of Pseudomonas
syringae (Psy), Soft Rot Pectobacteriaceae
(SRP) and total mesophilic (Total) bacterial
population densities with water conditions in
the three basins of the Durance River
catchment. The left-hand panel indicates the
water conditions (box plots including a
presentation of all data values) in the three
basins (as depicted in Fig. 1) (upper in blue,
middle in green and lower in grey). The right
hand panel indicates whether the values of the
Spearman Rank correlation between the water
conditions and each of the bacterial
population densities were positive (+) or
negative (-), and if they were significant
according to p < 0.05 (red background) or
0.05 > p < 0.10 (pink background). Grey
backgrounds indicate that p > 0.10 for this
statistical test.
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Figure 3. The relationship of bacterial population sizes with water temperature in the Durance River catchment. Water
temperature accounted for about 30% of the variability in population size of Psy (solid symbols) (R? = 0.277, pregresson = 0.000)
and SRP (open symbols) (R? = 0.317, pregession = 0.000) according to linear regressions for data from both 2016 and 2017
combined. The linear regressions are represented by a solid line for Psy (Logqo Psy L = 4.248 - 0.100 x °C) and a dotted line
for SRP (Log1o SRP L™ = 0.346 - 0.136 x °C).
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61  Figure 4. Frequency of occurrence of the 291 haplotypes of P. syringae throughout the Durance River basin. Only one haplotype
62  of P. syringae (DD.1) was detected at all 21 sampling sites whereas 128 haplotypes were detected at only 1 site during the two

63  yearsof sampling.
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Supplementary Information

Supplementary Table 1: Population sizes of bacteria in the Durance river, tributaries and canals

Supplementary Table 2: Description of amplicon sequence variants.

Supplementary Table 3: Variability of population sizes of bacteria at two sampling site along the Durance river.
Supplementary Table 4: Primers used for NGS for P. syringae

Supplementary Table 5: Cts sequences of reference strains of Pseudomonas syringae used in this study

Supplementary Table 6: Values for water physical-chemistry variables.

Supplementary Figure 1: Relationship between population densities of Pseudomonas syringae and Soft Rot
Pectobacteriaceae (SRP) species complexes in Durance River

Supplementary Figure 2: Variability in densities of Pseudomonas syringae and Soft Rot Pectobacteriaceae (SRP) at three

sampling times within the same day at two sites along the Durance River catchment.
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