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Abstract

Man-made reservoirs which receive substantial mpéiterrestrial organic matter are
characterized by physiologically diverse and didtivacterial communities. Here we
examined bacterial community structure using lllkaMiSeq sequencing of 16S rRNA
genes and evaluated the potential role of virus@sfiuencing them in two productive
freshwater reservoirs namely, Villerest and Grah@€entral France). Two dimensional non-
metric multidimensional scaling analyses indicéteat bacterial communities in both
reservoirs were structurally different in time aphce, with Villerest harboring more diverse
communities than Grangent reservoir. The bacteaaimunities in both reservoirs were
dominated byhgcl clade(Actinobacteria) andlimnohabitangBetaproteobacteria) which are
known to have adaptive life strategies towardsdopn mechanisms and resource utilization.
In Villerest, thermal stratification of water columvhich resulted in temporary anoxia
especially during summer promoted the occurren@okygenic phototrophic and
methanotrophic bacteria. Overall, low bacteriahniess which was linked to viral lytic
infection possibly suggests that a relatively smathber of highly active bacterial
populations sustained high bacterial activity amdl\abundances. Weighted UniFrac analysis
indicated that a minimum threshold viral infectimd virus-to-bacteria ratio (serve as a
proxy) of 10% and 10, respectively, is require@sxert its impact on phylogenetic structure of
bacterial community. Therefore depending on thelkewf viral infection we suggest that
viruses at times can prevail over other trophitoprdown factors in shaping and structuring

bacterial communities in such man-made artifiaieshwater systems.

Keywords
freshwater reservoirs, bacterial community, viyaid, 16S rRNA sequences, lllumina
sequencing, microbial ecology
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I ntroduction

Hydroelectric reservoirs represent up to 25% ofditea used for human water supply systems
(irrigation, drinking water, energy generation tmd are identified as potentially important
sources of greenhouse gas emissions (Kosten22H); Barros et al. 2011). When compared
to natural lakes, these man-made lakes are coersdidethave different physical, chemical and
biological characteristics, high disturbance fregues with rapid, often irregular and large
changes in water level and water column stabilfe(zel, 1990). Reservoirs often receive
substantial amounts of anthropogenic (terrestinm@ijits from their surrounding catchment
area. These interventions affect not only the waitality but also create unique habitats,
enabling a broad and diverse community of bacté&rdgon to thrive, which can have
implications on the functioning of the ecosysteiiifserefore assessing the bacterial diversity
and its interactions with environmental factorsnscial to determine their ecological and
biogeochemical roles in reservoir systems.

Generally high concentrations of organic mattaeservoirs tend to support higher
standing stock of bacteria due to their increaged/h rate and activity. Bacteria inhabiting
in reservoir systems are highly dynamic and divéciieos et al. 2014; Yu et al. 2014; Zhang
et al. 2015), therefore in such systems bacteoianounity structure can be expected to vary
in accordance with the prevailing environmentaldibans with time and space. Compared to
bottom up control (i.e. resources), knowledge @nrttodulation of biotic factors especially
by viruses in the control of bacterial communiigscarce, owing to the lack of appropriate
tools to explore biological interactions. Bottom{agtors are known to have variable impact
on different bacterial communities, but still thet effect is largely dependent on mortality
forces such as viral lysis or protistan grazingh(fe et al. 2009; Pradeep Ram et al. 2016a).
Although many studies have underlined the impoeasfdncluding viruses as one of the
potential factors influencing bacterial communitgusture in freshwaters (Berdjeb et al.
2011; Lliros et al. 2014) relatively fewer investigpns have been conducted in complex
reservoir systems (Weinbauer et al. 2007, Pradeep &d Sime-Ngando 2008

Top-down control by viruses is believed to be muwwst-specific and thus acts more
on the community composition than size structurthefbacterial community. Studies have
indicated that viruses can exert control on thetroospetitive and numerically dominant
bacteria, thus preventing them from displacing cetimg taxa (Thingstad and Lignell 1997).
Several lines of evidence have shown viruses ttralothe abundance of rare organisms

through selective mortality (Bouvier and del Giargi007; Pradeep Ram and Sime-Ngando
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2008), although their net influence on bacteriahownities has been variable (Schwalbach et
al. 2004) or limited (Jardillier et al. 2005; BezHjet al. 2011).

Since these man-made lake ecosystems are chazadtby nutrient rich conditions,
such systems could serve as potential environnfienfghages to attack microbes. It has been
reported in reservoirs that phage lysis is resga$or up to 62% of bacterial mortality,
which can contribute to recycling of carbon andieuats through viral shunt (Pradeep Ram et
al. 2016b). The impact of viruses on bacterial camity dynamics is less studied compared
to effects of nutrient availability. It is still efear whether the influence of viruses on
bacterial community is similar across differenfina@ systems. Henceforth, in the light of
previously conducted studies in reservoir systemeshypothesize that phage-host dynamics
and interactions should largely influence patterhisacterial community composition and
diversity.

In the present study, two man-made lakes, nameip@ant and Villerest reservoirs
which are situated across a major river (Loire, t@drfrrance) were used as model systems to
evaluate viral impact on bacterial community stuoetin time and space. The main objectives
of our study are 1) to characterize differencesaoterial community composition and
dynamics (richness and composition) at a finernaxaic scale using lllumina MiSeq
sequencing of 16S rRNA amplicons over space ane éind 2) to evaluate the potential
impact of viral lysis on these bacterial commusitiResults from the present study would add
to the growing knowledge of linking bacterial commity structure to the functioning of these

man-made artificial ecosystems.

Materials and methods

Site description and sampling

The Grangent and Villerest reservoirs were crebyedams built in 1957 and 1984
respectively across the Loire River for the purpofsgenerating electricity by hydroelectric
plants. Both reservoirs are located in the samgrg@bical region (Central France) with
Villerest reservoir situated at a distance of 70dawnstream of Grangent reservoir (see
Sabart et al. 2009 for map and study locationsin@ation of detailed hydrological and
morphometric characteristics of the study resesvaie presented ihable 1. These thermally
stratified reservoirs experience fluctuation inevdevels (up to 15 meters) due to release of
water for the purpose of summertime irrigation afwb to prevent deoxygenation in the

deeper waters. Due to the large catchment aréaréservoirs receive high inputs of organic



125  matter from the terrestrial sources which annualymote toxic bloom forming freshwater
126  bacteriaMicrocystis aeuroginosaspecially during summer.

127 The sampling was carried out in Grangent (20 A8l July and 5 October) and

128  Villerest (7 May, 30 July and 26 October) in 20&&yering three distinct seasons namely,
129  spring, summer and autumn respectively. Triplicedter samples were collected from

130  Villerest (45°55'N, 4°02’E) and Grangent (45°2718E) reservoirs using Van Dorn bottle
131 (10 L capacity) at three different depths namebylimnion (0.5 m below the surface),

132 metalimnion (7 m below the surface), and hypolimnib m above the sediments). The

133  collected water samples were immediately pre-seeémough a 150 um pore size nylon
134  filter to exclude predatory metazoan zooplanktos tren transferred to sterile containers.
135  The samples were transported to laboratory ingefated boxes and processed immediately
136  upon arrival.

137

138  Physico-chemical analyses

139  Secchi measurements (Zs) were used to estimasuftetic depth (Zeu) according to the
140 relationship: Zeu = 2.42Zs (Wetzel and Likens 1998ater temperature was measured

141  directly with a field thermometer and dissolved gay concentration was determined by the
142 Winkler method (Carpenter, 1965). The pH was detethwith a standard pH probe (pH
143 1000L, VWR, UK). Total organic carbon were deteretrby high temperature catalytic

144  oxidation method (680°C) using a TOC analyzer (Shiru TOC-V CPN, Japan) (Lgnborg
145 and Sgndergaard 2009) and total nitrogen usingahee analyzer with an attached measuring
146  unit (Mahaffey et al. 2008) with values reporteteatorrection with instrument blank.

147

148  DNA Extraction

149  Bacteria from the lake water samples (200 ml) veetected onto 0.2um white

150 polycarbonate membrane filters (Sartorius, Germantrjplicates by applying gentle

151  vacuum. Total community DNA was then extracted fifdtars using Fast DNA spin kit for
152  soil (MP Biomedicals, Germany) by using two consieubead-beating steps, first, for 40 s,
153  followed by a second bead beating for 60 s to gisadditional, previously un-lysed cells.
154  Remaining steps were followed as per manufactupessocol. Yield and quality of the

155  extracted DNA samples were checked on 0.8% agaedsand extracted genomic DNA was
156  quantified, checked for purity at A260/280 nm bynNBrop spectrophotometer (Thermo
157  Scientific, USA.). The DNA was stored at —20 °Cilfurther processing.

158
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PCR Amplification of 16SrRNA gene and Sequencing

PCR amplification was carried out to amplify V3—-@dnserved regions of bacterial 16S
rRNA gene sequences in triplicate using the 16SARBNne specific primers (forward primer
5-CTTTCCCTACACGACGCTCTTCCGATCTACGGRAGGCAGCAG-and reverse's
GGAGTTCAGACGTGTGCTCTTCCGATCTTACCAGGGTATCTAATCCT B(Liu et al.
2007). These primers include the lllumina adapterisang nucleotide sequences (underlined

segment) as well as V3-V4-specific sequences pioduwn amplicon of 460 bp in length.

The libraries for 16S rRNA were prepared accordmgrocedure as detailed in Keshri et al.
(2017). Negative PCR controls were also run usinlg-id water instead of template DNA to
confirm that there was no contamination of the esdsjor extraction protocolriplicate
amplicons from respective samples were pooled hageh order to decrease the PCR bias
led by stochastic fluctuations in amplificationieiéncies (Polz and Cavanaugh 1998) and
sequenced (paired-end at a length of 300 nuclepiideach direction) on the lllumina MiSeq
platform at the INRA, Toulouse, France. Poolind>@fR amplicons has been done in samples
obtained from aquatic systems (Pascault et al. 201t al. 2017) without significantly
influencing lllumina based sequencing data (Kenretdyl. 2014). Sequence data which were
received as .fastq files was submitted to the Mati€enter for Biotechnology Sequence

Read Archive under Bio Project accession numbeNAR9I5988.

Sequence data analysis

Sequence processing was performed using mothwraeft version 1.39.1 (Schloss et al.
2009). The paired-end MiSeq lllumina reads fromXBesamples were aligned and converted
to contigs yielding 693,384 reads. Sequence arsabfseach combined single fasta file was
processed using the mothur MiSeq SOP accesse@ddtbecember 2016 (Kozich et al.
2013). The high quality of sequences were filtarsithg following parameters; base quality
score> 20, deltag=6, match=1, mismatch= -1, gapopenane2gapextend = -1. Sequences
having ambiguous characters and homopolymers |adhger8 bp were removed. High-
guality sequences were aligned against the mo#msion of SILVA bacterial reference
sequences (Pruesse et al. 2007), pre clusterederds and singletons removed and OTUs
were defined at 97% identity. After normalizing tin@mber of sequences in each sample
based on rarefied or subsampled data i.e. the mmimumber of remaining sequences
(6,569) in any of the samples); rarefaction wasgpmed on each sample to assess sampling
adequacy, using a 100 sequence increment. Alpleaisitiy was assessed by calculating the

richness Chaol estimator, Shannon diversity, amhi®ss indices. The Shannon index is the
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parametric diversity measure commonly used to cbarae species diversity in a community
which combines estimates of richness (total nunab@TUs) and evenness (relative
abundance). Beta diversity (variation in commusttyicture between samples) is determined
using the same subsampling approach with an iftebaccounts for proportional
abundances of both shared and non-shared OTUsgiMui€layton 2005). Non-metric
multidimensional scaling (NMDS) based on Bray-aidistance matrix was used to visualize
the similarity between samples. Similarity amongteaal community structure was assessed

using Sorensen’s coefficient for occurrence daggéndre and Legendre 1998).

Bacterial and viral abundances

Samples (1 ml each) for enumeration of bacteridharal abundances were fixed with
paraformaldehyde (0.5% final concentration) and keplark at 4°C for 30 minutes.
Following fixation, the samples were immediatelgged through FACS Calibur flow
cytometer (Becton Dickinson, Franklin Lake, NJ, U®uipped with an air-cooled laser
providing 15 mW at 488 nm with the standard fiket-up (Brussaard et al. 2010). Briefly the
extracted samples were diluted in 008 filtered TE buffer (10 mM Tris—HCl and 1 mM
EDTA, pH 8), and stained with SYBR Green | (10,00 dilution of commercial stock,
Molecular Probes, Oregon, USA). Since dilution atter samples with TE buffer depends on
thein situviral and bacterial abundances, and sensitivithefflow cytometer, validity check
and standardization was carried out before proogedith counts. This methodology has
been previously validated and adopted for repotbacterial and viral counts in these
reservoir systems (Pradeep Ram et al., 2016b)mikire was incubated for 5 min at
ambient temperature, heated for 10 min at 80°@endark, and cooled for 5 min at room
temperature prior to analysis. Bacteria and virab#sring in fluorescence intensity were
detected by their signature in a side scatter gegseien fluorescence (530 nm wave- length,
fluorescence channel 1 of the instrument) plot. Fdgtemetry list modes were analyzed
using CellQuest Pro software (BD Biosciences, S@e JCA, USA,; version 4.0). A blank

was routinely examined to control for contaminatadrthe equipment and reagents.

Viral lyticinfection

Viral lytic infection was inferred from the frequenof visibly infected cells (FVIC)
according to Pradeep Ram and Sime-Ngando (2008jeBal cells contained in 8 ml of
glutaraldehyde fixed water samples (final conceiunal%) were collected on copper

electron microscope grids (400-mesh, carbon-cdabechvar film) by ultracentrifugation
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(Beckman coulter SW 40 Ti Swing-Out-Rotor at 70 @apfor 20 minutes at 4°C). Each grid
was stained at room temperature (ca. 20°C) for@@hsUranyl acetate (2 % w/w, pH = 4),
rinsed twice with 0.02 um-filtered distilled watend dried on a filter paper. Grids were
examined using a JEOL 1200Ex transmission electionoscope (TEM) operated at 80kV at
a magnification of 20,000 to 60,000x to distingugtween bacterial cells with and without
intracellular viruses. A bacterium was considergdated when at least five viruses,
identified by their shape and size, were clearfjble inside the host cell. At least 400-600
bacterial cells were inspected per grid to deteenki¥IC Supplementary material, Figure
S1). Because mature phages are visible only latkdnrtfection cycle, FVIC counts were
converted to the frequency of infected cells (RlSIhg the equation FIC = 9.524 FVIC —
3.256 (Weinbauer et al. 2002).

Statistical analysis

Differences in physicochemical and biological valés between the reservoirs were tested by
one-way analysis of variance (ANOVA). We used twaywANOVA to test the potential
effects of seasons and depths on the variabilitiientargeted biological variables.
Interactions terms were always included in theys®a. Since the data were log-transformed
to satisfy the requirements of normality and honme&ggy of variance necessary for parametric
statistics, potential relationships between thdistlienvironmental and microbial variables
were tested by Pearson correlations analysis (&ismtistica 13 software package (Statsoft,
Dell Software, Tulsa, OK, USA). Bacterial communitymposition in both the reservoirs in
different seasons altogether were compared usimgipa adonis function (Martinez 2017)
under devtools package in RStudio, with Bray sirijanethod and Bonferroni corrected p
value. Differences in bacterial phylogenetic conijpas in relation to the variation in viral
parameters (infection rate and viral to bactefmiredlance) were assessed using weighted

UniFrac distance metric (Lozupone et al. 2006) gisithdata combined.

Results

Limnological characteristics of thereservoirs

The physico-chemical and microbial characteristic&rangent and Villerest during the
studied months at different depths are showhahble 2. During the sampled seasons, the
euphotic depth (Zeu) was never found to exceedndrban for Grangent and Villerest,

respectively. Water temperature and dissolved axygacentrations were typical of the
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sampled season$dble 2). Clear differences in the vertical structurehad tvater column
with consistent thermal stratification and formatif anoxia in the bottom waters during
summer were evident, similar to our previous rep(fPradeep Ram et al. 2009; 2016b).
Overall pH ranged between 7.2 and 9.3. The conaimirof potentially limiting inorganic
nutrients, notably dissolved reactive phosphatmoith the reservoirs was well above the
threshold concentration (>15 [i§FQ,-P) to induce any kind of limitation for bacterial
growth (Pradeep Ram et al. 2009; 2016b). Totalrmogaarbon was significantly (p < 0.005)
higher in Villerest (range = 6.4 to 9.5 mt) compared to Grangent (range =5.1 to 7.6 Mg |
with both lakes showing highest values in sum(ii@ble 2). Unlike organic carbon, total
nitrogen did not show any significant differencesvieen the reservoirs; however bottom
waters showed significantly higher (p < 0.01) conications than surface waters. Viral and
bacterial abundances in Villerest were significahigher (p < 0.001) than Grangent, which
was eventually reflected in virus to bacteria r@ii@R) (Table 2). Like abundances, the
frequency of viral infected bacterial cells alstieeted higher infection in Villerest (mean =
18.8%) compared to Grangent (mean = 12.1%). TwoAN®VA indicated that FIC
exhibited strong variability (p < 0.0001) with deptand seasons and significant interaction (p
< 0.04) between depths and seasons were obs@rabte 3).

Sequence processing and analysis

The paired-end sequencing of 16S rRNA gene prodadethl of 655,779 raw sequences
which after quality filtering, singletons and chirme@emoval yielded 310,220 effective
sequences from Grangent and Villerest reservoitts eyier 6,500 sequences in each library.
These effective sequences were normalized fordudhalysis of diversity indices. Overall
the effective sequences were clustered into 1,508at 97% similarity. Rarefaction curves
for the samples reached saturation, which indicttatisequencing depth was sufficient to
cover the whole bacterial diversitgupplementary material, Figure S2). The Good’s
coverage values at the 3% dissimilarity level w@8e100% among all samples indicating that

the libraries could represent most of the speci¢be natural habitat.

Bacterioplankton Community Diversity and its Taxonomical Distribution

Between the lakes, Villerest recorded higher nunatb@TUs (range = 206-400) than
Grangent (range = 107-29@)able 4). For all the samples, ANOVA indicated that Villste
harbored significantly higher estimates of sped@mess (Chao, p < 0.02) and diversity

(Shannon, p < 0.008), suggesting that the formgpatied more diverse bacterial population
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at the sampled months and depths. In the resepsmrsficant difference (p < 0.003) in the
number of observed OTUs between epilimnion and liywdon could be a consequence of
prevailing environmental conditions. The bactesiacies were most evenly distributed in the
epilimnion of Villerest in spring with the highestenness index of 0.74, whereas in Grangent
the highest dominance of particular species wasrebd in the hypolimnion during autumn
with an index of 0.59.Table 4).

The bacterial community of the reservoirs Grangent Villerest comprised 22
different phyla along with unclassified bacteriggmmbers with varying abundance at different
depths and seasons. Among these 22 phyla, 20 eeveded in both lakes and only one
phylum, namely Latescibacteria and Gracilibactemas exclusive to Grangent and Villerest
reservoirs, respectively. The bacterial phyla wargely represented by Actinobacteria,
Proteobacteria and Bacteroidetes, which coveree than 98% of the total sequences in
both reservoirs. Actinobactengas the most abundant phylum covering 21.9% to%7.1
sequences across the different depths, followddrbieobacteria which accounted for 17.6%
to 55.1% of the total sequences. Actinobacterieewenst abundant in all the individual
samples except in hypolimnion samples of Villedzging summer and autumn where
Proteobacteriavere the most abundant. The sequences from thevogsewere classified into
41 classes, 82 orders, 172 families and 297 geAédass level, the analyzed reservoirs
presented bacterial community composition whidlyscal of freshwater bacterial groups
(Supplementary material, Figure S3). Taxonomical affiliations showed Actinobacteria
(range: 18.3%-51.3%), Betaproteobacteria (rang@0382.1%), Acidimicrobiia (range:
6.1%-17.0%), Sphingobacteriia (range: 5.2%-17.08%phaproteobacteria (range: 1.9-14.3%)
and Flavobacteriia (range: 0.4%-14.7%) as the sigtrabundant bacterial classes recovered
in each reservoir.

It was observed th&trankiales was the most abundant order (35.5%talf to
sequences) in all the individual samples. The sgcoost abundant order was
Acidimicrobialesfollowed byBurkholderiales, Sphingobacteriales, Flavobactesial
Methylophilales, Micrococcales, Cytophagales, Sgbimonadales, Methylococcales,
Rhizobiales, and Nitrosomonadal&sifplementary material, Figure S4). Genus could not
be assigned to 19.3% and 21% of the total sequemc&sangent and Villerest, respectively,
which underlines the hitherto untapped bacteria ity in these lakes. Out of 293 observed
genera, only 125 could account for more than 0.01%equences and 11 could represent for
more than 1% of total sequences. Both reservonlsibd common genera with 113 and 26

genera exclusive to Villerest and Grangent, respalgt The two most abundant genera in
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Grangent and Villerest belonged to Actinobactdrgd| clades(27.6% of sequencesgnd
CL500-29 marine groufil1.9% of sequenceslhe temporal changes of abundant genera
varied at specific depth in both reservoifgy( 1A and B). Another notable feature in this
study is the marked presence of sequences belotgythg generdlethlyloteneran the
bottom waters (autumn) of Grangent and the presehloethMethylobacteriaand
Methlyloteneran Villerest when temporary anoxia occurred dughermal stratification in
the bottom waters during summer.

Differences in bacterial community was demonstraégtivo dimensional NMDS
analyses based on bray-curtis dissimilarity scesss = 0.162r= 0.79) Fig. 2). Similarity
among bacterial communities between the reserwdirsseasons and depths were assessed
on the basis of Sorensens’s similarity coefficiSupplementary material, Figure S5).

Core microbiome of both reservoirs was constitiitgd OTUs fgcl clade Planktophila
clade CL500-29 marine groufediminibacteriumwhich were present with relative
abundance more than 1% in all the samples of Graragel Villerest. However an additional
OTU was observed separately in both the reserasiggrt of the core microbiome (another

OTU fromhgcl cladein Grangent and OTU representinignnohabitansn Villerest).

Viral effect on bacterial diversity and composition

Overall, viral lytic infection was negatively colaged (p < 0.05) to bacterial diversity indexes
such as bacterial species richness<R.54), OTUs (R= 0.61) and species diversity(R
0.32). Furthermore, the total richness as assdgsadmber of species per sample was
significantly higher (p < 0.001) in Villerest whichsplayed higher mortality rates than
Grangent. Permutation procedure analysis usingvisgradonis function revealed distinct
differences in bacterial community composition wiglservoir and seasonBaple 5).
Irrespective of the depths and seasons, pairwstardie matrices from the weighted UniFrac
analysis supported the claim that bacterial phytetje composition showed significant
variability (p < 0.001) in samples which were gred@ased on threshold viral infection rates
(FIC = below10% and abovel0%) and virus-bactetia (¢ BR = below10 and above 10)
(Table6).

Discussion

This study is one among the few conducted in teatpdreshwater reservoirs (Villerest and

Grangent) with an aim of characterizing bacterahmunity composition and diversity on a
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fine taxonomic level and evaluating the potentid rof viruses to influence them. Two
dimensional NMDS analysis suggested that the hat@mmunities in both reservoirs were
structurally different from each other in time apmhce, with Villerest harboring more diverse
communities than Grangent reservoir. The varialesaict of viruses on bacterial
communities was evident when they were potentlaiked to bacterial diversity indices.
Furthermore, weighted UniFrac analysis also inéiddhat a minimum threshold viral
infection and virus-to-bacteria ratio of 10% andré&fpectively is required to exert its impact

on bacterial community structure.

Bacterial community composition

In both reservoir systems, next generation lllunivi8eq sequencing analysis revealed the
existence of a typical freshwater bacterial comrnyugfctinobacteria, Proteobacteria and
Bacteroidetes), as reported from numerous fresmggtgems (Lliros et al. 2014; Zhang et al.
2015; Avila et al. 2017). Members of Actinobactenainly belonging to genusycl clade
represented the majority of the total sequenc&ramgent (22%) and Villerest (17.8%)
which is higher than those obtained in freshwatke$ from the same geographical region
(Keshri et al. 2017). The numerical dominance eéflivinghgcl clade comprising of
different tribes are previously known to occupyesay ecological niches in freshwater
systems (Ghylin et al. 2014; Llir6s et al. 2014ytken and Beman 2016). Despite its high
abundances in the studied reservoirs, this cladeeth small seasonal variations when
compared to other freshwater groups, similar teolzions made in other freshwater
systems (Allgaier and Grossart 2006, Salcher &(dl0). Previous reports suggest that the
members ohgcl clade are characterized by slower growth rateshvare indicative of
oligotrophic lifestyles and also known to possessegal genes that likely provide a
competitive advantage when scavenging for enewryypon, nitrogen and phosphorus in
freshwater habitats (Ghylin et al. 2014). Moreovkee, large presence bfclcladein our
reservoirs and elsewhere could be related to tttetiat they have been qualified as defense
specialists due to their small cell size and calll\structure which protects them from
protistan grazing (Jezbera et al. 2006).

Among the Proteobacteria, the class Betaproteot@ciemprising mainly the genera
LimnohabitansandPolynucleobactewas the most abundant followed by class Alpha-,
Gamma- and Deltaproteobacteria. The adaptabili§edéproteobacteria to outgrow other
bacterial groups under nutrient relaxed conditimade this bacterial class one of the most

dynamic, dominant and important groups in varigeshwater environments (Salcher et al.
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2013; Keshri et al. 2017). Memberslafimnohabitansbelonging to the R-BT cluster of
family Comamonadaceae are known to contribute puvaportionally to total
bacterioplankton biomass. Their ability to effidigrutilize algal derived substrates to sustain
high growth makes them one of the important playetke carbon flow to plankton grazer
food chain (Simek et al. 2010). However their opyaistic lifestyle with resource
specialization makes them highly vulnerable to ptiedh (Salcher 2014). The significant
presence of free living bactefolynucleobacte(family Burkholderiaceae) belonging to
BET Il tribe in both reservoirs are suggestiveldit adaptation to heterogeneous
combination of allochthonous (terrestrial) and abtbonous (aquatic) organic carbon
compounds that are likely to occur in these watdggbera et al. 2012; Llirés et al. 2014).
The variability ofFlavobacteriumwith sampled months and depth in both the reseswauld
be related to the concentration of organic carb@hiaorganic nutrients, as they have been
previously reported to appear during episodesgti bacterial production, emphasizing that
resource availability is an important driver foeithsuccession in such eutrophic lakes
(Kirchman 2002; Eiler and Bertilsson 2007).

Seasonality induced changes in physico-chemicalignain the water column
especially during the period of summer stratificatresulted in stark distinction in the
distribution and emergence of certain bacteriogiamicommunities between epilimnion and
hypolimnion in both reservoirs. In Villerest, stfaation and oxygen depletion in
hypolimnion promoted the appearance of unusualiep®t anoxygenic phototrophs
(Rhodoferax, Brevundimonasind methylotrophdethylobacter,Methyloteneyavhich are
important for carbon and nutrient cycling. Althoudjght is a primary requisite for growth
and activity of aerobic anoxygenic phototrophictbae, their significant presence in the dark
hypolimnion is less clear. However reports sugtestthey can remain viable for a limited
period of time and are capable of significant gtowhen exposed to favorable conditions
(Koblizek 2015).

Viral impact on bacterial community structure

Numerous studies have highlighted the importandaefjuality and quantity of organic
matter to influence bacterial community compositionl diversity in reservoir systems
(Llirés et al. 2014; Yu et al. 2014; lliev et aD27). Therefore, under nutrient enriched
conditions the rapid growth of opportunistic baigtlegroups could eventually be checked by
viral lysis, since viral production is linked tolenced growth conditions of the host

community. Therefore viruses through their host#mity can ultimately impact community
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size and diversity (Auguet et al. 2009; Sandad. €089; Storesund et al. 2015). In this
study, significant correlation of bacterial speaiebness with lytic viral infection
corroborates our hypothesis that viruses couldesasva potential top-down factor influencing
bacterial community composition. Our data suggeststhe decrease in bacterial richness
with viral abundance and lytic infection contradithe specific prediction of “killing the
winner hypothesis” which presumes that viral lyghsuld sustain high bacterial richness
(Thingstad and Lignell 1997). Low bacterial richeéisked to high viral abundance has been
reported from marine environments when a relatigetall number of highly active bacterial
populations were found to sustain high bacteriiVatg and also high viral abundances
(Winter et al. 2005). Several possible mechanismh ss resistance, decay, and masking of
receptors or viral adsorption can allow some pdpria to become more dominant.
Moreover a longer latent period of viruses can cedvacterial species richness by increasing
the risks that viruses in the host cells will biéeki by grazing.

Significant differences in bacterial community pbygnetic structure were observed in
samples when the frequency of viral infected baadteells and virus to bacteria ratio was
above a threshold of 10% and 10 respectively. 8hahges in bacterial community in
relation to viral abundances and their infecticlesavith time and space in both the reservoirs
were suggestive of viral effects on host bactewmhmunity. We propose that both viral lysis
and virus to bacteria ratio could be a good praxg aneasure of top-down control of host
bacterial community. Viral infection rates of mahan 10% have previously been found to
have antagonistic effects on the bacterial carbetabolism through preferential lysis of
active cells in reservoir (Pradeep Ram et al. 2D460d freshwater systems (Pradeep Ram et
al. 2015). Studies from a deep-silled fjord ecamys{Norway) have also suggest bacterial
diversity to be top-down controlled by viruses undenditions of higher bacterial viral lysis
(virus to bacterial ratio > 10) (Storesund et 8l12), thus reflecting our main conclusion.
However more studies are required to test our ctairthe variable impact of viral lysis on
bacterial communities in other aquatic systems wditiering trophic levels. Viral lysis can
either directly influence bacterial community sture by lysing certain members of bacterial
community or impact it indirectly through the wt#ition of viral lysate by non-infected cells.
Thus, viral infection does not seem to have an legffect on all species in a bacterial
community. In the light of our above findings, teexists a possibility that both viral
infection and bacterial community structure caresately respond to some individual

external or environmental factor(s) rather thansés driving bacterial communities.
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464 Although nutrients have largely been viewed to Imeagor environmental factor

465  controlling bacterial community, our findings prdes insight on the potential role of viruses
466  in influencing bacterial community structure. Swtfanges in bacterial community structure
467  driven by viral lysis can eventually alter the alebacterial carbon metabolism which is

468  essentially linked to the functioning of aquatistgyns. Results from the present investigation
469  not only lends growing support to increasing evaenof viral impact on bacterial

470 community structure from aquatic environments (Beuand del Giorgio 2007; Chow et al.
471  2014; Keshri et al. 2017), but also advances odetstanding in the microbial ecology of

472  these man-made lakes.

473
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Figure Legends
Fig 1. Taxonomical distribution of major bacterg@nera with seasons and depths in

Grangent (A) and Villerest (B) reservoirs basedtmnrelative abundances obtained from 16S

rRNA gene sequencing analysis of DNA. Remainingegemre presented as others.

Fig 2. Non-metric multidimensional scaling plotshafcterioplankton communities from

investigated reservoirs (stress = 0.£6; 0.79).
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Table 1. Hydrological and morphometric characteristic&sohngent and Villerest reservoirs

Characteristic Grangent Villerest
Altitude (m) 420 315
Trophic status Eutrophic Hyper-eutrophic
Maximum depth (m) 50 45
Maximum length (km) 21 40
Maximum width (m) 400 900
Water circulation holomictic holomictic
Water residence time (months) 1 3
Surface area (ha) 365 3000
Storage capacity (10° m®) 57.4 128
Water shed area (km?) 3850 6520
Catchment/lake arearatio 1055 217
Sedimentation rate (cm yr™) 2.0 3.4

Source: Sabart et al. (2009) and author’s compifati
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Table 2. Mean (SD) environmental characteristics of theawablumn of Grangent and Villerest reservoirs.

25

Lake Seasons Depth Temp DO pH TOC TN Viruses Bacteria VBR FIC
(m) (°C) (mg ") mgr)  (mgr)  (x10virus (x 1¢F cells mM) (%)
like particles
mi™)
Spring 0.5 143+0.2 11.2+04 73+02 5430.12+0.2 0.7+0.1 25+0.1 28+0.2 19.6+0.9
5 124+0.2 108+04 76 +03 53+02 18 0.7+0.1 2.7+0.2 26+1.3 9.1+08
40 58+0.1 8.1+03 73 +01 51+03 162 0.7+0.1 2.1+0.2 3.3+04 82%07
E Summer 05 203+0.2 7305 78+02 7.7+08.8+0.1 5.9+0.3 2.8+0.3 21.1+09 27.2&1.
I(JDJ 5 202+03 7.0+04 77+03 76+02 0820 20%0.2 20+0.1 10.0+0.5 12.6+0.9
<ZE 40 6.6 £0.1 ND 75+02 72+03 13z%0.1 181 1.2+0.1 150+09 7504
% Autumn 0.5 156+0.1 6.2+04 7601 7.0+£025+0.2 0.8 £0.05 1.2+0.2 6.7+04 13.7%0.
5 157+0.2 6.0+03 83+02 65+03 1420 0.8+0.03 11+0.2 73+£03 7.2+05
40 72+01 04+01 78+02 52+04 19%0 11%0.1 1.3+0.2 84+05 53%02
Spring 0.5 134+0.2 102+06 7.6+03 6.430.16+0.2 22.3+2.3 29.2+15 76+03 14B%*
5 121+0.2 84+04 76+01 6802 1620 492+21 29.1+1.2 16.9+09 26013
40 11.7+0.1 75+05 72+01 72+03 183 27915 26.3+2.3 106+08 17.0+1.1
E Summer 05 239+0.2 133+05 93+03 8.850.08+0.1 17.3+1.2 21.4+21 8.1+03 126&
ﬁ 5 205+0.2 98+04 83+02 89+06 12%0 233+23 22.1+1.9 105+0.8 13.0+x0.5
;ll 40 12.7+0.1 ND 71+01 79 +02 19+02 .01615 16.2+1.2 10.0+0.9 125+0.7
= Autumn 0.5 17.2+0.2 7.0+03 74+02 78+085+001 122+1.9 16.4+£1.2 74+05 75%0
5 171+0.1 6.0+x02 75+02 81+02 0.8@0 109+1.4 152+1.5 72+04 9.0x04
40 156+0.2 59+03 75+01 95+x04 202 16.4+1.2 20.3+1.4 8.1+0.3 11.5+0.6

Temp: water temperature, DO: dissolved oxygen, TOtal organic carbon, TN: total nitrogen, VBR:u4rto bacteria ratio, FIC: frequency of infectelisce

ND : not detecte
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Table 3. Two-way ANOVA values for the effects odsens and depths on viruses, bacteria, virus tet@catio and frequency of infected
cells in Grangent and Villerest Reservoir. Degr@feseedom are 2, 2, 4, and 18 for A, B, AB andegrrespectivelyF, F ratio and,

probability.
GRANGENT
Source Viruses Virus to Bacteriaratio  geency of infected cells
F P F P F P
Seasons (A) 17.88 0.0001 57.64 0.0001 20.57 0.0001
Depths (B) 4.86 0.018 4.99 0.016 76.74 .00a1
Interactions (A x B) 450.03 0.0001 8809. 0.0001 40.67 0.0001

VILLEREST
Source Viruses Virus to Bacteriaratio  geency of infected cells
F P F P F P
Seasons (A) 25.67 0.0001 11.25 0.0001 25.70 0.0001
Depths (B) 76.4 0.003 10.00 0.001 6.66 .009
Interactions (A x B) 994.49 0.0001 0.32 0.0001 67.01 0.0001




Table 4. Bacterial diversity indices along the vertical eatolumn of Grangent and Villerest.
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Lake Seasons Depth (m)  Goods Coverage OTUs Chao nn&handex Shannon evenness
Spring 0.5 0.99 193 256 3.38 0.64
5 0.99 182 257 3.60 0.69
40 0.99 198 231 3.64 0.69
Summer 0.5 1.00 107 107 3.38 0.72
GRANGENT 5 0.99 211 238 3.71 0.69
40 0.99 273 309 3.98 0.71
Autumn 0.5 0.99 246 294 3.74 0.68
5 0.98 293 428 3.82 0.67
40 0.98 280 391 3.34 0.59
Spring 0.5 0.99 308 372 4.22 0.74
5 0.99 265 332 4.03 0.72
40 0.99 314 374 3.98 0.69
Summer 0.5 0.99 206 250 3.60 0.68
VILLEREST 5 0.99 266 312 3.84 0.69
40 0.98 388 457 4.09 0.69
Autumn 0.5 0.99 393 458 4.28 0.72
5 0.99 400 447 4.31 0.72
40 0.98 400 498 4.37 0.73
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Table 5. Pairwise Adonis on Bray-Curtis dissimilarities shog the differences in bacterial community struetbetween the reservoirs in different seasons

Test for differences between lakes and sampling dates R P
Grangent versus Villerest (Global) 0.11 0.03
Spring versus Summer 0.24 0.003
Summer versus Autumn 0.16 0.147

Spring versus Autumn 0.25 0.015




Table 6. Weighted UniFrac analysis of lakes exhibitingiahale viral infection and virus to bacteria ratio.

UniFrac WScore p

Viral infection rate at above and below the thrddh@lue of 10% 0.53 0.001

Virus to bacteria ratio at above and below theghodd value of 10 0.46 0.001
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