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ABSTRACT

Weeklyvariation of viruses and heterotrophic nanadlellates and their potential
Impact on bacterioplankton in a Red Sea shallow ecosystem

Eman Ibrahim Sabbagh

Heterotrophic bacterioplankton plays a pivotal role in marine food webs and biogeochemical
cycling. However, their temporal dynamics and undedyfactors are still poorly understood in
many regions, including the tropical waters of the Red Sea. The main goal of the MS project was
to describe the seasonality and assess the impact of-dimpn controls (viruses and
heterotrophic nanoflagellates) imparallel to bottomup controls (substrate availability) on
coastal bacterioplanktormn a weekly basisTo that end, we monitored the abundance of the
different planktonic groups by flow cytometry together with a set of environmental variables
including tenperature, salinity, dissolved organic carbon (DOC) and nitrogen (DON) and
chlorophylla concentration. We analyzed a weekly dataset collected over 2017 at the surface
water of KAUST Harbor. The abundance of heterotrophic bacteria ranged fronto145%7 x
10°cells mtt, with that of autotrophichacteria4 to 14 fold less on average and presents1D*

to 1.19x10 cells mtt, while viruses ranged from 1.3010° to 1.59x 10’ particles mft and
heterotrophic nanoflagellates (HNF) ranged from 8x%210 to 1.63 x 10° cells mft. We
distinguished between five groups of heterotrophic bacteria depending on the relative nucleic
acid content, membrane state and cspecific metabolic activity, two groups $nechococcus

as well as three groups of viruses bdsn relative nucleic acid contefwe found unexpected

inverse relationship between viruses and HNFs. Based on a strong negative correhaion,
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results suggest that viruses controlled heterotrophic bacteria during summer until early winter
period. HNFsshowed a selective grazing behavior based their appiapreference to prey on
both high (HNA) and low nucleic acid bacteria (LNAJy. results demonstrates that tegown
control are key agents of heterotrophic bacterioplankton mortality and more immparthan
bottom-up control in governing heterotrophic bacterioplankton abundances in the coastal

tropical waters of the Red Sea.
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Chapter 1

Introduction

Heterotrophic prokaryotes (bacteria and archaea) represent the largest living biomass in
aquatic ecosystemfl], with concentrations typically ranging from“4d 2 Sgelisimft. With

archaea increasingly more important in deep layers, heterotrophic bacterioplankton channel
approximately 50% of primary production in the epipelagic layers, and therefore are the main

biological factor in the transformation and na@ralization of organic matter in marine systems

[2][3][4].

Besides temperature, inorganic and organic nutrient&ikability (bottomup controls) and
mortality due to protists grazing and viral lysis ({@gwn controls) ultimately determine the
stock and productivity of bacterioplankton communitigg[6][7]. The interplay between the 3
types of controls is complex, and little is known about the relative importance efiteypn and
bottom-up cmtrols from a temporal aspedi8][9]. While conventionally the seasonality of
heterotrophic bacterioplankton haveden studied from either the bottorup or the topdown

control perspective, only few studies have addressed both simultaneously in the REDFea

Viruses are the most abundant biological agent in the ocean, with a mean abundance of about
10’ particles mft[11]. Despite their high abundance, their tiny size (typical802nm) makes

them represent on average only 5% of the biomass contributed by prokarji?§fd1]. Marine
viruses have been known to be a key agent that structure the microbial aquatic ecosystem and
food webs[11]. Viral infection is one of the mosignificant factor that led to primary and

secondary producers 10$%3]. It has been reported that viruses with high nucleic acid content
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tend to infect heterotrophic bacteria, while smaller particles have an effect in phytoplankton
communities[14]. Nevertheless, viral infection can help move nutrients from lysed organisms
to a pool of particulate and dissolved organic matter through a path known as the viral shunt
[11]. This phenomenon recycles carbon back to the remainigobial populationg11] so

that it can be assimilated again by the microbial food WEK|. This interaction is important in
tropical ecosystems, where it could partially prevent sinking of nutrients to the deejpl&¢a

Indeed, viral lysis is a key t@mwn regulator that control bacterioplankton dynamids$].

Heterotrophic nanoflagellates (HNFs) are key consumers of bacterial production, as well as
other organisms (e.g cyanobacterig)7]. It transports organic material and nutrients from

primary producers to higher trophic levels through bact¢tia].

The abundance of viruses and the abundance of HNF are frequerdhgbtrcorrelated with
bacterioplankton abundances across marine ecosystdi®s However, other studies showed a
rather weak relationship betweenNF and bacterial abundance, proposing that HNF are not
the only factor that affects bacterial abundanjd&][20]. Some of the discrepancies may be due
to that fact that studies were conducted in different periods of an underlying seasonal

variability[14] or it could also be due to latitudinal chand@4].

Both bottomup (availability of resources) and t@jpwn (abundance of viruses and HNF)
controls are important regulators that could explain the dgma of heterotrophic
bacterioplankton communities. Slight changes in viral lysis and protists grazing activities could
influence bacterial abundance, metabolic state and distribufi2®)]. A recent study concluded

that in the global subtropical and tropical oceans, 40% and 60% of heterotrophic prokaryotic
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mortality is due to HNF grazing and viral lysis respecti@dly Comparably, a previous study

found that HNFgrazing and viral lysis can cause similar bacterial mortality [atds

The Red Sea is a landlocked, semtlosed basin uniquely characterized by one of the most
hottest and saline water bodies in the plarfjéb]. Few reports on the abundance of planktonic
microbes are available south dfie Gulf of Aqabd26][27], but our knowlede about the
seasonality of marine microbial populations in the Red Sea is still very limited. What we
currently know about the effect of toplown and bottomup controls of heterotrophic
bacterioplankton abundance in the Red Sea is limited to studiedhtnat addressed either tep
down or bottomup constraints in the Gulf of Agaba and the Gulf of A@28J[29]. But no

studies have addressed the effect of both sltaneously.

This MS thesis represents the first attempt to conduct a seakstudy of both bottorrup and
top-down controls on heterotrophic bacterioplankton in the Red Sea proper coastal
environment. Here we reported on weekly samplings conducted omeryear at a shallow site
north of Thuwal (KAUST Harbor). We evaluated the joint effect of environmental variables
[temperature, salinity, inorganic nutrients chlorophgll dissolved organic carbon (DOC) and
dissolved organic nitrogen (DON)] and the abamck of viruses and heterotrophic
nanoflagellates on bacterioplankton standing stock and population properties, as estimated by
flow cytometry. We hypothesized that bottommp (availability of resources) and taown (viral

lysis and HNF grazing) controte amportant factors regulating heterotrophic bacterioplankton

abundances and seasonal dynamics.
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Chapter 2

Materials and methods

2.1 Sampling site and sample collection

Surface water was collected weeldy roughly the same time(9:00;9:30 am)over one yar

from January 2017 until January 2018, from the Harbor of King Abdullah University of Science
and Technology (KAUST) located north of Thuwal, Saudi A2®§ial8.412' N39° 6.172' E,
Figure 2.1 We collected 9 L of seawater in acid washed polycarbonatboys. Immediately

prior to sampling we used a probe (YSI instruments, Professional Plus) to measure temperature

and salinity. Water was immediately taken to the Red Sea Research Center lab at KAUST for

subsequent analysis described below.

Hgure 2.1.(A), (B) and (C) Location of the sampling site in the central Red Sea, at the Harbor of

KAUST, Thuwal, Saudi Arabia.



17

2.2 Chlorophylla concentration

Chlorophylla was used as a proxy of phytoplankton biomass. 90 ml of seawater were
sequentiallyfiltered through three 47 mm polycarbonate filters of decreasing paige (20, 2

and 0.2 pm). Chlorophyl was extracted by sonicatinthe filters with 90% acetondor 5
minutes and subsequentlykept at £#C for 24 hours. The fluorescence of each sampds w
measured by a fluorometer (Turner design, Trilogy) calibrated with chlorophyll standard

(Anacystis nidulansSigma Aldrich).

2.3 Inorganic nutrients analysis

Aliquots of 15 mL were filtered through pmmbusted (470 °C for 5 h) glass fiber filter® gt

pm nominal pore size (Whatman GF/F) and storeeR&"C until further analysis. A segmented
flow analyzer was used to measurdtrate (NQ), nitrite (NQ) and phosphate (PO)
concentrations, following the methods mentioned [B0]. Sandards were preparedwith
nutrient-free seawater. Dissolved inorganic nitrogen (DIN) was estimated as the sum of nitrate

and nitrite concentrations (DIN = [ND+ [NQT]).

2.4 DOC and DOahalysis

Aliquots of 40 ml were filtered through preombusted (470 °C for 5 h) glass fiber filters of 0.7

pm nominal pore size (Whatman GF/F) for DOC and total dissolved nitrogen (TDN)
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determination. Filtered aliquots were acidified until pH2 Ibythe addition of 200 ul of §#PQ

85%) and stored at “IC until the analysis by higekmperature catalytic oxidation (HTCO) on a
Shimadzu TOOwith a total nitrogen (TN) uniReferene materials of deejsea carbon (42 45
>Y2ft*ahd 3lgo o > Y®)fanddow tarbon water ( H > Y 2 protided by D.A
Hansell (Univ. of Miami) were used to monitor the ultimate accuracy of DOC and TDN

measurements.

We calculated the concentrimin of DON by subtracting the dissolved inorganic nitrogen (DIN)

from the total dissolved nitrogen (TDN) concentratidDON=TDNDIN)

2.5 Flow cytometric analysis

All flow cytometric analyses were done using a BD FACSCanto Il flow cytometer following
protocols that were previously described[Bil]. FACSexpress (DenNovo Software) was used for
all postacquisition analysis. Fluorescenyuin beads (BD bioscience) were used as an internal
standard for the fluorescence and light scatter signals to convert microbial counts to abundance
and asa reference of size. Prior to analysis we measured the actual flow rate by weighting 1 ml

of Milli-Q water with beads solution before and after acquisition for 5 min{@as
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2.5.1 HNA and LNA heterotrophic bacteria

1800 pl of seawater were collected in 2 ml cryovials and fixed withd®f glutaraldehyde
plus paraformaldehyde to a final concentration of 10% and 0.5%, respectively. The sample was

incubated in the dark for 10 minutes and storedyatn ¢ /  dzy GAf | yI f @A A4

For the analysis, 400 pl of the thawed sample stained with 4 pl BRS3reen | (Molecular
Probes) was incubated in the dark for 10 minutes at room temperature and ran in the flow
cytometer at low flow rate after adding 10 pl of @l6eads mt solution. Two populations were

clearly distinguished according to their relatinacleic acid content: high (HNA) and low (LNA)

in green fluorescence (FITC) vs. side scatter (SSC) cytograms (Figure 2.2). Cell size was

calculated by converting SSC of HNA and LNA to size in relative to SSC of beads.

10 5

Beads
1033

HNA

107+

FITC-A

10 4

0
10 T T T
0 1 2 4
10 10 10 10 10
SSC-A

Figure 2.2Identification of two groups of heterotrophic bacteria (HNA and LNA) by flow
cytometry, according to their signature of nucleic acids content (green fluorescenceAFITC

against a proxy of size (side scatter, SSC) after staining with SYBR Green.
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2.5.2Liveand Dead heterotrophic bacteria

Live and Dead cells were identified based on their physical membrane statee Live cells
correspondto cells with an intact membrane, while tHeead cells correspondo cells with
damaged membrane. These groups were identified using rtheleic acid double staining
(NADS) method of Gasol and Moran (20[B3). 400 pl of fresh seawater were stained with 4 pl

of SYBR Green |, which stains the DNA of all cells in sample, and 4 pl of propidium iodide (PI),
which stains the cells with damaged membrane. Samples were incubatdee idark for 10
minutes at room temperature and ran in the flow cytometer at low flow rate after adding 10 pl

of 1 beads solution. Two main populations were distinguished according to their physical
membrane state by plotting green fluorescence (FITCyed fluorescence (Pre@Py55-A)

(Figure 2.3).
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10°5

Beads g

10’

FITC-A

10 o 0w 10
PerCP-Cy5-5-A
Figure 2.3ldentification of two groups of heterotrophic bacteriaiyeand Dead by flow
cytometry, determined by their position in a plot of green fluorescence (R)T&yainst red
fluorescance (PreCiy55-A) after a double staining with SYBR Green (that stains nucleic acids)
and propidium iodide (that enters cells that have lost the membrane potential). Therdfime,

cells have intact cell membranes, whideadcells have damaged cell ménanes.

2.5.3 Actively respiring heterotrophic bacteria

5-cyanoa2,3-ditolyl tetrazolium chloride (CTC) stain was used to identify and numerate actively
respiring cells (CTCf31]. 250 pl of fresh seawater stained with 28 ul CTC wecebated in

the dark for 90 minutes at room temperatuind ran in the flow cytometer at high flow rate
after adding 10 pl of 0Obeads solution. We detected CTC+ cells by plotting red fluorescence

(PreCRCy55-A) vs. orange fluorescence (RE (Figure (Figure 2.4).
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PerCP-Cy5-5-A
S

10° 10 10° 10 10*
PE-A

Figure 2.4ldentification by floncytometry of actively respiring heterotrophic bacteria (CTC +)
by plots of red fluorescence (PreCl55-A) against orange fluorescence {REafter a 90 min
incubation with the CTC reagent that interacts with the respiratory chain forming fluorescent

crydals.

2.5.4 Autotrophic bacteria (cyanobacteria)

Autotrophic bacteria were distinguished based on their natural pigment content. 600 pl
seawater were ran in the flow cytometer at high flow rate after adding 10 pl &fbEads
solution. Synechococcusvere identified in plots of red (chlorophyla, PreCFCy55-A)
fluorescence vs. orange fluorescence (phycoerythrinAPE-igure 4) and red (PreCy55-A)
fluorescence vs. SSC (not shown). Two grougyoéchococcusere occasionally distinguished
(Figure 2.5). In most of the samples only one group ®ynechococcusvere detected

(Synechococcug.1
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10°3

Beads
[

10°

10

PerCP-Cy5-5-A

10" #h

b

] Synechococcus 1

10° 10 10° 10° 10"
PE-A

Figure 2.51dentification ofSynechococcug/anobacteria by plots of red fluorescence

(chlorophylla, PreCRCy55-A) against orange fluorescence (phyaoghrin, PEA). Two groups

of Synechococcusere detected that differed in their pigment intensity.

2.5.5 Viruses

Viruses were distinguished based on their relative nucleic acid contents. Duplicate sample of
1500 pul of seawater were collected in 2 ml aorig and ixed with 30 ul of 25% glutaraldehyde
pre-filtered through 0.2 um Millipore polycarbonate filters. After incubating it for 10 min in the

dark, samples were frozen in liquid nitrogen and storedyan ¢ /  dzy GAf |yl f&aArao

For the analysis, 25 pl of the thawsdmple were diluted in 475 pl of TH#EDTA (TE). The TE
buffer had been previously diluted to 1x in M@ water at pH 8, autoclaved and filtered
through a 0.2 um Millipore polycarbonate filter. The sample was stained with 5 ul of SYBR

Greenl previouslydiluted to 100x inMilliv ¢+ § SNE Ay Odzol GSR Ay | yne/
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then left to cool for 5 minutes in the dark at room temperature and ran in the flow cytometer
for 60 seconds at low flow rate after adding 10 pl of beads solution. By plotting green
fluorescene (FITC) vs. side scatter (SSC) we detect threegrauips of free particles. V1
corresponds to low fluorescence viruses, V2 corresponds to medium fluorescence viruses, while
V3 corresponds to high fluorescence viruses (Fig 2.6). We prepared a contsihgy?26 pl of
autoclaved and 0.2 um Millipore polycarbonate filtered TE buffer and 5 pl of SYBR Green I. The

control was subtracted fromach sample after the analysis.

103

10°+

FITC-A

10 10 10 10 10

Figure 2.6ldentification of 3 viral populations by flow cytometry accordingdheir nucleic acid
content (green fluorescence, FFRJ against a proxy of size (site scatter, SSC) after staining with
SYBR Green I. V1 corresponds to viruses with low fluorescence, V2 corresponds to viruses with

medium fluorescence and V3 correspondsises with high fluorescence.
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2.5.6 Heterotrophic nanoflagellates

At each sampling, a duplicate of 4000 pl of seawater were collected in 5 ml cryovials and fixed
with 100 pl 25% final concentration glutaraldehyde, incubated for 10 minutes in the dark a

room temperature, frozen in liquid nitrogen and storedatn 6 /  dzy GAf | yI f @ 3AA 4 ®

For the analysis, 1000 pl of the thawed sample was stained with SYBR Green | diluted to 1x in
Mili-Q water, incubated for 10 minutes in the dark at room temperature andimathe flow
cytometer for 420 seconds at low flow rate after adding 10 pl df df0beads solution. By
plotting red fluorescence (Pre€R/55-A) vs. green fluorescence (FITC) we were able to detect
HNF and other groups of microorganisms such as phototooptanoflagellates (PhNF),
heterotrophic prokaryotes andSynechococcugsection 2.5.4) according to their relative

(chlorophylla, PreCRCy55-A) and orange (phycoerythrin, #§ fluorescence (Figure 2.7).
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4
103

10’

2
10—=

PerCP-Cy5-5-A

10—_.'

HeterotFébhic prokaryotes

0
10 ————r————rr ————rr
10° 10 10° 10° 10*
FITC-A

Figure 2.7Identification of heterdrophic nanoflagellates (HNF) by flow cytometry after
staining with SYBR Green |. The HNF are separated from other planktonic members such as
phototrophic nanoflagellates (PhNF), heterotrophic prokaryotes &ywechococcusom their
signature of nucleicad content (green fluorescence, FiALagainst chlorophyd (red

fluorescence, PerCRy55-A).
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Chapter 3

Results

3.1 Environmental variables

Weekly variations of temperature, salinity, total chlorophgll DOC, DON and inorganic
nutrients concentations at KAUST Harbor are shown in Figure 3.1.1. Temperature and salinity
(Fig 3.1.1 A and B) behaved very similarly during most of the year (Table 1). Temperature
reached maximum values during summad.@ °C, in Augustyvhereas the lowest values were
observed in January (21.9 °C). Thighest salinity was observed in Septembd©.(), with
lowest values (37.8 39.7) found from November through March and sporadic drops observed

in spring and summer.

Total chlorophylh concentration ranged from 0Qito 1.3 pg+, with maximum concentrations
consistently but intermittently observed between September and October (>agrt!, Figure

3.1.1 C). In the rest of the year, values averaged 8@21. Total chlorophyl showed a weak
positive correlation wh temperature, salinity and slightly higher with DOC concentration
(Tablel). The contribution of chlorophwylsizeclasses showed a noticeable seasonal pattern.
Microplankton ranged from %0 48%, nanoplankton ranged from 2 to 50% and picoplankton
ranged from 2 to 72% (Figure 3.1.2). Overall, micrand nanopicoplankton chlorophyt
contributions peaked during summer and spring (mean 27% and 30% respectively), while
picoplankton chlorophylh dominated during the rest of the year with a maximum contribat

of 72% in January.
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DOC concentration ranged from 86.8 152.20 pmol C . It gradually increased from spring
until late summer with the maximum value found in October (Figure 3.1.1 D). DON
concentration showed an increase from spring to summer, @&ithadditional peak in October,
and ranged from 14ito 18.66 umol N i, with two peaks in July and November (Figure 3.1.1 E).

DOC was positively correlated with temperature and DON (Table 1).

Inorganic nutrient concentrations showed different seasonatgras (Figure 3.1.1 F and G).
Nitrate (N@) ranged from 1.54 to 44.61 umol,lwith higher values generally found during
summer but also sporadically in winter and spring (Figure 3.1.1 F). Phosphat® (P&
usually limiting during the whole samplipgriod, but showed values higher than 8.amol f*
from February to May, followed by a decrease until feidmmer. Values varied little (0.07 +

0.04) for the rest of the sampled period (Figure 3.1.1 H).
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o0O®
-1 G
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® TotalChlorophyll a
DOC
DON
° ® Nitrate
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Figure 3.1.1Seasonal waability of environmental variables sampled weekly at KAUST Harbor

station. A: Temperature C); B: salinity; C: total chlorophgltoncentration (ug H); D: DOC

concentration (umol1); E: DON concentration (umd)j F: nitrate concentration (umdt) and

G: phosphate concentration (umof)l
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100% I micro-chlo
I nano-chlo
pico-chlo

Chlorophyll a
(%)

Date
Figure 3.1.2.Percent contribution of 3 size fractions to total chlorophgllpico (0.2-2um),

nano- (2-20 um) and micre(>20um).

3.2 Microbial dynamics

The total abundance oBynechococcu@he sum of the two populations as shown kigure
3.2.1) ranged from 1.08 10* to 1.19x 1P cells mf' and did not display any clear seasonal
pattern except for consistently low values (x40*cells mf') found in winter.Synechococcus 1
that have low (blorophyll a, PreCRCy55-A) and low (phycoerythrin, P&) fluorescence was
the most abundant population yeaound, ranging from 50 to 100% (Figure 3.2.2 A).
Synechococcuswas present only at the beginning (January to March) and the end (October to

Decenber) of the year, with a mean contribution of 33% from December through February.
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The total abundance of heterotrophic bacteriaverDead ranged from 1.6%0 6.17x 1@ cells

ml?, and showed a seasonal pattern with two relative peaks, the first onerubd in late

spring and the second one observed during winter (January 2017 and February 2018, Figure

3.2.1 B). The total abundance of (HNA+LNA) bacteria showed a similar pattern with values

ranging from 1.550 4.97 x 10° cells mt* (Figure 3.2.3 A). Mimum values were recorded

during summer and early fall. Bacterial abundance positively correlated to HNF abundance and

negatively correlated with total chlorophydland DOC (Table 1).
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Figure 3.2.1.Seasonal variability of total abundance (cettd!) of (Synechococcus %

Synechococcug PA) and heterotrophic bacterid_fvetDead (B) sampled at weekly intervals at

KAUST Harbor



32

HNA cells prevailed over their LNA counterparts for most of the year, with a maximum
contribution of HNA cells (94%igure 3.2.2 B)HNA tended to decrease along the sampled
period. The percentage dfivebacteria was always higher than 80% except a value of 70% in
January, reaching 95% occasionally but without any clear seasonal pattern (Figure 3.2.2 C).
Actively resping bacteria (CTC+) contributed between 5 to 48%ieécells, and displayed a

weak seasonality witmaximum values consistently but intermittently observed between May

Synechococcus 1

and October (10 to 50%igure 3.2.2 D).
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Figure 3.2.2Percent contribution bthe abundances of Aynechococcus(felative to the sum

of Synechococcusahd Synechococcug;2B: HNA bacteria (relative to the sum of HNA and LNA

bacteria); CLivebacteria (relative to the sum dfive and Deadbacteria) and D: CTC+ cells

(relativeto the Livebacteria).
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The total abundance of viruses ranged one order of magnitude, fromx.130to 1.59x 10’
particles mt, and displayed a strong seasonal pattern (Figure 3.2.3 B) with minima in winter
and fall (from January to April and from Oty to December) and maxima in summer (from
June to September). DOC and total chloropaydbncentration were positively correlated with
total viral abundance (Table 1). The abundance of heterotrophic fltegellates ranged from 86

to 163 cells mf, showed a conspicuous minimum in summer and winter (Figure 3.2.3 C). HNF
showed a positive correlation with total bacterial abundance and a negative correlation with

total viral abundance (Table 1).



Total viral abundance  Total bacterial abundance

HNF abundance

(cells/ml)

(cells/ml)

(cells/ml)

5.5e+5 | A
5.0e+5

4.5e+5
4.0e+5
3.5e+5
3.0e+5
2.5e+5
2.0e+5
1.5e+5

1.0e+5
20e+7 B

1.5e+7
1.0e+7
5.0e+6

0.0e+0
2,0e+3 C

1.5e+3
1.0e+3

5.0e+2

34

@ Total bacterial abundance
® Total viral abundance
L] ® Total HNF abundance

Date

Figure 3.2.3Seasonal variability of thabundances of A: total bacterial abundance (relative to

the sum of HNA antNA bacteria), B: total viruses (measE particles m) and C: HNFs (mean

° SE cells m) sampled at weekly intervals at KAUST Harbor station.

Figure 3.2.4 shows the percege of the three subgroups of viruses based on relative green

fluorescence as a surrogate of nucleic acid content (Fig. 2.6). V1 was the most abundant group,

ranging from 19 to 83% of the total counts. Its seasonality was very similar to total viral

abundance, with maximum contribution89 to 73%generally found in summer (from July to

September). V2 group contribution ranged from 15 to 74% with maximum values in spring and

fall and minimum in summer. V3 was the least abundant group, ranging from 1.2 toat¥Po
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showed no clear seasonal pattern. The total abundance of V1 showed a positive correlation

with DOC and total bacterial abundance (Table 1).

Figure 3.2.4.Seasonal variability of the percent contribution (%) of each of the three sub
groups ofviruses (V1, V2 and V3) classified according to their relative nucleic acid content (V1:

low, V2: medium and V3: high).

3.3 Relationships between toglown control and bacteria

Virusmediated bacterial mortality was noticeable for most of the year, ekdep the first
months (from February to April) in which the abundance of viruses was rather stablex(P063
to 7.72 x 1P particles mtt). However, viral abundance started to increase in parallel to the

decrease in bacterial abundance (from May to ®ember), followed by a decrease in viral



