Chapter 6

Heterotrophic prokaryotic
growth and loss rates along

a latitudinal gradient in

the Northeast Atlantic Ocean

Kristina D. A. Mojica', and Corina P. D. Brussaard"*

'Department of Biological Oceanography, Royal Netherlands Institute for Sea Research
(NIOZ), P.O. Box 59, 1790 AB Den Burg, Texel, The Netherlands

*Department of Aquatic Microbiology, Institute for Biodiversity and Ecosystem Dynamics
(IBED), University of Amsterdam, P.O. Box 94248, 1090 GE Amsterdam, The Netherlands



Chapter 6

Abstract

The production and mortality of prokaryotes were assessed over a latitudinal
gradient in the North Atlantic Ocean during summer stratification. Heterotrophic
production was uncoupled from phytoplankton biomass and closely tied to
nutrient availability suggesting nutrient limitation played an important role in
regulating host production dynamics. Viruses were the dominate mortality factor
regulating prokaryotic losses in the surface waters of the Northeast Atlantic Ocean.
Wherein, lytic viral production was the favored life strategy for prokaryotic viruses
in the mixed layer, independent of system trophic status, with rates ranging from
0.9 to 57.0 x10° viruses I'' d'. Lytic VP in the surface waters was correlated to
heterotrophic production and the nitrogen to phosphorus ratio. Lysogeny was
important only within the deep chlorophyll maximum layer of oligotrophic
stations wherein prophage induction decreased hyperbolically from 16.0 to 0.2 x10°
viruses I'' d! with latitude and Chl a. Our results suggest that inorganic nutrient
limitation is an important factor regulating heterotrophic prokaryotic production,
viral life strategy selection and lytic viral production in the North Atlantic Ocean.
Moreover, the ratio of total mortality to heterotrophic production decreased over
the latitudinal gradient signifying a gradual change from a system regulated by
high turnover in regions of strong stratification to net heterotrophic production
with reduced stratification.
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Introduction

Prokaryotic viruses are abundant, diverse and pervasive components of marine
systems (Suttle 2005; Angly et al. 2006). Viral lysis of microbes shunts matter
and energy towards the particulate and dissolved organic matter pools and away
from higher trophic levels and thus influences the structure of microbial food
webs (Fuhrman 1999; Wilhelm and Suttle 1999). In addition, viral lysis releases
cellular material rich in phosphorus and nitrogen compounds, providing substrate
for heterotrophic prokaryotes, enhancing respiration and nutrient regeneration
and stimulating primary production (Middelboe et al. 1996; Gobler et al. 1997;
Middelboe and Jorgensen 2006; Sheik et al. 2014). The viral shunt thus plays an
integral role in biogeochemical cycles of the ocean (Fuhrman 1999; Wilhelm and
Suttle 1999; Brussaard et al. 2008).

Viral replication in prokaryotes largely occurs by either Iytic or lysogenic infection,
and the relative importance of these varies throughout the ocean (Payet and Suttle
2013). In the lytic cycle, viral replication proceeds immediately after infection and
terminates with the lysis of the host, releasing viral progeny and host cell content into
the surrounding water. Conversely, during lysogenic infection, the genetic material
of temperate phages (prophage) is stably incorporated into the host genome, and the
host continues to live and reproduce normally, transmitting the prophage vertically
to daughter cells during each subsequent cell division. Hosts of temperate phages
may benefit from association with lysogens, through protection against infection
from homologous phages and through advantageous traits encoded in viral genomes
(Chibani-Chennoufi et al. 2004; Weinbauer 2004; Gama et al. 2013). The few studies
that have examined both viral life strategies, suggest that the relative importance of
lysogenic and lytic infection is related to trophic status of the system, which has lead
to the theory that lysogeny represents a survival strategy under conditions of low host
productivity and abundance (Payet and Suttle 2013; Mojica and Brussaard 2014).
Bottom up resource availability of dissolved organic carbon (DOC) is thought to
be the primary factor regulating the activity of heterotrophic prokaryotes in much
of the world’s oceans (Kirchman 1990; Carlson and Ducklow 1996; Church et al.
2000). Although DOC regulates heterotrophic prokaryotic activity, studies indicate
that in oligotrophic regions heterotrophic prokaryotic growth can be limited by
N and/or P (Cotner et al. 1997; Rivkin and Anderson 1997; Mills et al. 2008).
Therefore, heterotrophic prokaryotic biomass and activity may be related to the
nutrient supply and thus to water column stability (Gasol et al. 2009).
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The North Atlantic Ocean is key to ocean circulation and stores about 23% of
the global ocean anthropogenic CO, (Sabine et al. 2004). The northeastern basin
provides a meridional gradient in stratification, with permanent stratification
in the subtropics and seasonal stratification in the temperate zones (Talley et al.
2011; Jurado et al. 2012a). Vertical stratification suppresses turbulence and reduces
the mixed layer depth, and restricts the flow of nutrients from depth. Strong and
prolonged stratification often leads to oligotrophication of surface waters as nutrient
become depleted due to utilization (Behrenfeld et al. 2006; Huisman et al. 2006;
Hoegh-Guldberg and Bruno 2010). Moreover, as a consequence of global warming,
oligotrophicareas (i.e., defined as areas below 0.07 pg Chl1?) are expected to expand
in the future (Polovina et al. 2008). Therefore, the Northeast Atlantic provides an
ideal area to study the relative contribution of lytic and lysogenic viral infection in
a system governed by seasonal stratification.

Here we assess (1) viral induced mortality of prokaryotes relative to grazing over a
latitudinal gradient across the North Atlantic Ocean during summer stratification,
(2) the proportion of lytic and lysogenic viral infection and (3) discuss the results

in terms implications for carbon cycling.

Materials and Methods

Sampling and physicochemical parameters

In July-August of 2009, 32 stations were sampled along a latitudinal gradient in
the Northeast Atlantic Ocean during the shipboard expedition of STRATIPHYT
which took place onboard othe R/V Pelagia (Fig. 1). Along the transect, the water
column was stratified with relatively consistent and shallow mixed layer (ML)
depths ranging from 18 - 46 m (Jurado et al. 2012b). Water samples for dissolved
inorganic nutrients, bacterial and viral abundances were collected from at least
10 separate depths at each station using 24 plastic samplers (General Oceanics
type Go-Flow, 10 liter) mounted on an ultra-clean (trace-metal free) system
consisting of a fully titanium sampler frame equipped with CTD (Seabird 9+;
standard conductivity, temperature and pressure sensors) and auxiliary sensors for
chlorophyllautofluorescence (Chelsea Aquatracka MKIII), light transmission (Wet-
Labs C-star) and photosynthetic active radiation (PAR; Satlantic). Samples were
collected inside a 6 m clean container. Data from the chlorophyll autofluorescence

sensor were calibrated against HPLC data according to van de Poll et al. (2013) (van
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de Poll et al. 2013). At 16 stations along the cruise transect (Fig. 1), samples for
heterotrophic prokaryote production, virus mediated mortality and protist grazing
of prokaryotes were collected from the mixed layer (ML) and, where present, the
deep-chlorophyll maximum (DCM; defined by the presence of a subsurface peak
in the vertical profile of Chl a autofluorescence).

Methods and data for temperature eddy diffusivity (K ), euphotic depth (Z, ), and
dissolved inorganic nutrients have been discussed previously (Jurado et al. 2012b;
Mojica et al. 2015). In short, K (referred to here as the vertical mixing coefficient)
was derived from temperature and conductivity microstructure profiles measured
using a SCAMP (Self Contained Autonomous Microprofiler), deployed at 14
stations and down to 100 m depth. For the additional stations and depths, data
were interpolated using the spatial kriging function ‘krig’ executed in R using the
‘fields’ package (Furrer et al. 2012). Interpolated K values were bounded below by
the minimum value measured; the upper values were left unbounded. This resulted
in estimated K values which preserved the qualitative pattern and range of values
reported by Jurado et al. (Jurado et al. 2012b). Brunt-Vaisila frequency (N?), was
used to quantify the strength of stratification and was determined from CTD data
processed with SBE Seabird software according to the Fofonoff adiabatic leveling
method (Bray and Fofonoft 1981).
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Figure 1. North-south gradient across the Northeast Atlantic Ocean. Bathymetric map depicting stations
sampled during the summer STRATIPHYT. Mortality assays to determine viral lysis and microzooplankton
grazing rates were performed at stations indicated by the red. Figure was prepared using Ocean Data View
version 4 (Schlitzer 2002).
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Samples for dissolved inorganic phosphate (PO,”), ammonium (NH,"),
nitrate (NO,), and nitrite (NO,) were gently filtered through 0.2 um pore size
polysulfone Acrodisk filters (32 mm, Pall Inc.), after which samples were stored at
-20°C until analysis. Dissolved inorganic nutrients were analyzed onboard using
a Bran+Luebbe Quaatro AutoAnalyzer for dissolved orthophosphate (PO,*)
(Murphy and Riley 1962), inorganic nitrogen (nitrate + nitrite: NO,) (Grasshoff
1983) and ammonium (NH,*) (Koroleff 1969; Helder and de Vries 1979). Detection
limits were 0.10 uM for NO, 0.028 uM for PO,* and 0.09 uM for NH,*. The ratio
of nitrogen to phosphorus (N:P) was then calculated as the sum of NO_and NH *
divided by PO,”. For the individual nutrients, the flux at the euphotic zone depth
(Z, N) was calculated according to ¢(Z_ ) = -K (z)(0N/9z)|,_, where N represents
the individual nutrient and z stands for depth. Z_ was calculated based on the light
attenuation coefficient (K,) and was defined as the depth at which irradiance was
0.1% of the surface value.

Microbial abundances

Prokaryotes and viruses were enumerated using Becton-Dickinson FACSCalibur
flow cytometer (FCM) equipped with an air-cooled Argon laser with an excitation
wavelength 0f488 nm (15 mW) according to Marie et al. (1999), with modifications
according to Mojicaetal. (2014). Briefly, samples were fixed with 25% glutaraldehyde
(EM-grade, Sigma-Aldrich, Netherlands) at a final concentration of 0.5% for 15 -
30 min at 4°C, flash frozen and stored at -80°C until analysis. Thawed samples were
diluted using TE buffer, pH 8.2 (10 mM Tris-HCL, 1 mM EDTA; Roche, Germany).
Prokaryote samples were stained in the dark at room temperature for 15 min using
SYBR Green I at a final concentration of 1 x 10 of the commercial stock. Virus
samples were stained by heating in the dark at 80°C for 10 min in the presence of the
nucleic acid-specific green fluorescence dye SYBR Green I ata final concentration of
0.5 x 10" of the commercial stock concentration (Life Technologies, Netherlands).
Trigger for analysis was set on green fluorescence and the obtained list-mode files
were analyzed using the freeware CYTOWIN (Vaulot 1989).

Heterotrophic nanoflagellates (HNF) were enumerated by epifluorescence
microscopy. Briefly, 20 ml of seawater was fixed to a 1% final concentration (10%
workingstock, Sigma Aldrich) and filtered onto 0.2 um black polycarbonate filter (25
mm, Whatman). Samples were then stained using 4’6-diamidino-2-phenylindole
dihydrochloride (DAPI) (5 mg ml”, Sigma-Aldrich) at a final concentration of 1 pg
ml” and stored at -20°C. A minimum of 75 fields and 100 HNF in total were then
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counted using a Zeiss Axiophot epifluorescence microscope equipped with BP 365,
FT395 and LP397 excitation filters.

Viral mediated mortality

Viral production (VP) was determined according to Winget et al. (2005). At in
situ temperature and under low light conditions, a 600 ml whole seawater sample
was reduced to approximately 100 ml by recirculation over a 0.22 pm-pore-size
polyether sulfone membrane (PES) tangential flow filter (Vivaflow 50; Sartorius
stedim biotech) at a filtrate discharge rate of 40 ml min™. Five hundred milliliters of
virus-free water (generated by 30-kDa ultrafiltration Vivaflow 200, PES membrane;
Sartorius stedim biotech) was then added and the washing procedure was repeated
an additional 2 times. On the final flush, the volume was reduced a final time
to approximately 50 ml and the filter was slowly back-flushed to obtain the 50
ml volume remaining in the system. The sample was then topped up with virus-
free water (500 ml) and aliquoted into six 50 ml polycarbonate Greiner tubes.
Triplicate samples were used to determine lytic VP, and triplicates for prophage
induction using Mytomycin C (Sigma-Aldrich; 1 ug ml™ final concentration) (Paul
and Weinbauer 2010). Untreated whole seawater was also aliquoted into three 50
ml polycarbonate tubes in order to provide an estimate of PP_ . One milliliter
subsamples for viral and prokaryotic abundance were taken at the start of the
incubation (T,), after which the samples were incubated in darkness at in situ
temperature and sub-sampled every 3 h for a total of 12 - 24 h.

Production rate of new viruses was determined for each replicate from the slope
of a first-order regression of viral concentration over time (Wilhelm et al. 2002).
Prophage induction was calculated as the difference between virus counts in
unamended samples (lytic VP) and virus counts in those to which Mitomycin C
was added. The in situ VP rate was determined by correcting the experimental VP
rate by the prokaryotic loss factor (Winget et al. 2005). Estimates for daily virus-
mediated mortality (VMM) expressed in cells I'* d! were calculated by dividing
lytic VP by a burst size of 20 (Parada et al. 2006). Estimates of VMM, in terms of
organic carbon released by viral lysis, were obtained by multiplying the VMM by
the oceanic bacterial carbon conversion factor of 12.4 fg cell! (Fukuda et al. 1998).

Protist mediated mortality

Protistian grazing rates of prokaryotes were determined using fluorescently labeled
natural bacteria (FLP) according to the procedure described by Sherr and Sherr

179




Chapter 6

(1987). One liter natural whole water samples (polycarbonate bottles) were given
FLP at approximately 10% of the natural concentration (FLP stock contained 5 x
107 ml*, stored at -20°C until use). Immediately after addition, a 20 ml subsample
(T,) was then taken and fixed with 10% glutaraldehyde (1% final concentration;
EM-grade, Sigma-Aldrich, Netherlands). The sample was then filtered onto a 0.2
um pore-size black polycarbonate filter (25 mm, Whatman) and stored at -20°C
until analysis. The incubation bottles were closed such that no air was trapped
inside, mounted on a slow rotating (0.5 rpm) plankton wheel, and incubated under
in situ light and temperature. After 24 h incubation, a 20 ml subsample was taken
and treated as previously described. The estimation of grazing rates (d"') were
determined as the natural log of the abundance of FLP in the T,, sample divided
by the abundance of FLP in the T sample. Protist mediated mortality (PMM) was
calculated as PMM = PA x (e"-1), where PA_ is the abundance of protists and r
equals the grazing rate obtained from FLP experiments.

Heterotrophic prokaryotic production

Heterotrophic prokaryotic production was determined from leucine incorporation
rates (PP ) according to Simon and Azam (1989). Ten-milliliter seawater samples
were taken in triplicate. One sample was used as a control to which 0.5 ml
formaldehyde (37%; Sigma-Aldrich) was added in order to kill the prokaryotes.
Thirty pl [3H]leucine (specific activity, 139 Ci mmol’; Amersham) was added to
each sample, equivalent to 50 microCurie per vial, and incubated in the dark at
in situ temperature for 2 h. Samples were then fixed with 0.5 ml formaldehyde
(37%; Sigma-Aldrich) and filtered onto 0.2 pm polycarbonate filters (25 mm,
Whatman). Filters were washed twice by addition of 5% chilled trichloroacetic
acid (TCA) for 5 min and then transferred to scintillation vials and stored at -80°C
until analysis. Prior to analysis, 8 ml of scintillation cocktail (Filter-Count LCS
cocktail; PerkinElmer) was added and left for 6 h. Samples were analyzed on a
LKB WALLAC 1211 Rackbeta liquid scintillation counter. PP, in terms of organic
carbon produced was calculated assuming a carbon to protein ration of 0.86 and
an isotope dilution factor of 2 (Simon and Azam 1989). Heterotrophic prokaryotic
biomass production was converted to cell concentrations by dividing by the average
carbon content of oceanic bacteria of 12.4 fg C cell! (Fukuda et al. 1998).

PP is presumed to measure ‘gross production’ as the incubation period is short
relative to prokaryotic growth and mortality (i.e., a day or longer) (Kirchman
2001). However, taking into account that generally no steps are taken to exclude
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mortality, it is likely that losses are incorporated into the PP, measurements.
Heterotrophic prokaryotic production has been shown to be reduced up to 2-fold
in the presence of viruses compared to incubations without viruses (Middelboe
2000). Net prokaryotic production (PP ) determined by the increase in prokaryote
abundance in unamended seawater over time was higher than the PP, in more than
half of the total paired samples (Table S1). One possibility is that PP, could have
been underestimated, as incubations were carried out in the dark, due to significant
contributions of photoheterotrophs (i.e., aerobic anoxygenic phototrophs (AAP)
or proteorhodopsin (PR) containing bacteria to prokaryotic abundance (Michelou
et al. 2007; Campbell et al. 2008; Gomez-Consarnau et al. 2010). However, in all
cases, rates of VMM and PMM were higher than PP, (Table S1) and therefore it
is more likely that PP, represented net production. In order to account for this we
calculated gross production (PP ) by correcting for losses due to viral lysis and
grazing (assuming the rate of mortality in the samples was equivalent to those
measured by the mortality assays and a 30% growth efficiency for grazing, i.e., 30%
of carbon grazed was retained on filter) (Fenchel and Finlay 1983; Straile 1997).
Therefore, PPgrOSS = PP +lytic VMM+ [(0.3) x PMM]. Total available carbon (TAC)
was then calculated as the sum of prokaryotic standing stock (PA) and production,
i.e.,, PP, for minimal TAC (TAC . ) and PPgrOSS for maximal TAC (TAC_ ).

Statistical analysis

Statistical analysis was performed using the R statistical software (R Development
Core Team 2012). Potential relationships between microbial abundances,
production, mortality and environmental parameters were examined by Spearman
rank correlation coefficients. Probability values were adjusted with Holm correction
of multiple hypothesis testing using the corr.p function of psych (Revelle 2014).
Analysis was performed on data as a whole (n = 25), but also separately according
to depth layers; ML (n = 20) and DCM (n = 5).
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Table 1. Location, physicochemical characteristics and Chl a autofluorescence of water sampled in the North
Atlantic for heterotrophic prokaryotic production, viral production and grazing experiments. Abbreviations
for depth layer are mixed layer (ML) and deep chlorophyll maximum (DCM).

Station Latitude Longitude Depth Depth Z = Temperature Salinity NO, PO,> NH Chla

(N) (E) (m) Layer (m)  (°O) ©M) (M) (M) (ugl)
3 32825  -14589 15 ML 138 228 369 005 000 008 003
60 DCM 18.1 365 007 000 006 024
5 34720 -14258 15 ML 119 223 367 000 001 010  0.04
85 DCM 16.1 363 000 003 016 028
7 36526 -13.934 15 ML 84 206 362 000 000 006 004
9 38424 -13586 15 ML 111 211 364 004 002 006 005
75  DCM 14.9 361 132 013 018 029
1 40528 -13191 15 ML 9 198 360 000 00l 006 0.06
13 42337 -12884 15 ML 99 187 358 005 003 000 004
47 DCM 14.7 358 009 005 000 055
15 44283 -12605 15 ML 122 184 358 005 003 006 005
60 DCM 14.4 358 205 017 007 062
16 45917 -12363 10 ML 86 169 356 0.0 004 004 051
18 47569  -12.110 25 ML 88 166 357 007 005 011 046
19 49382 -11829 15 ML 115 158 355  L15 012 031 022
19 49382 -11.829 30 ML 15.7 355 129 016 039 030
21 51000  -11.567 15 ML 115 159 355  L15 015 039 023
25 58002 -16516 10 ML 43 135 353 LI8 011 009 145
27 59499 -18.067 20 ML 41 14.0 352 208 018 019 109
29 60.684  -19339 10 ML 49 131 353 200 019 017 094
30 61715  -20489 15 ML 48 131 352 138 015 033 108
32 62.800  -21.736 10 ML 38 1238 353 152 014 064 121
Results
Study site

Temperature, salinity and density showed clear vertical and latitudinal gradients
(Table 1, Fig. S1A-C). In accordance with strong vertical stratification, the upper
water column was characterized by low K and relatively high N* (Fig. S1D, E and
Table S2). Moreover, the southern region (30 - 45°N; stations 3 - 15) was classified
as oligotrophic based on ML concentrations of NO, < 0.13 uM and PO,” < 0.03
uM (van de Poll et al. 2013), and Chl a < 0.07 pg 1"* (Polovina et al. 2008). In the
northern half (46 - 63°N; stations 16 - 32), inorganic nutrient concentrations within
the ML were on average 1.4+0.8 uM NO, and 0.14+0.06 uM PO_*, with highest
concentrations north of 58°N (stations 25 - 32). In the ML, significant correlations
were found between N:P and NH *, NO, (positive) and Z_ PO, (negative; Table
§3). Chl a in the ML was in turn positively correlated to N:P (and NH,*, NO,
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and negatively with Z_PO; Table S3) and average Chl a concentration increased
to a maxima of 1.1+£0.3 ug 1" in the north (Table 1 and Fig. S1J). In the DCM
(oligotrophic southern stations), K . increased significantly with latitude (positively
related to NO, and PO,”), and N* was negatively related to NO,, Z, NO, and N:P
(Table S4. Fig. SID). N:P in the DCM was positively associated with NO, and
Z,NO,. Chl a in the DCM increased significantly with latitude (positively related
to K, NO, and PO,*) from 0.24 at station 3 to 0.62 ug 1" at station 15 (Table 1 and
S4, Fig. S1J).

Microbial abundances

Prokaryotic abundance (PA) in the ML was on average 6.4+1.5 x10® prokaryote
I until 58°N, above which concentrations increased to 22+0.8 x10® 1" (Fig. 2A).
Similar to their numerically dominate hosts, viral abundances (VA) were also
lowest in the ML of oligotrophic south (average 8.0+2.9 x10°1"; Fig. 2B), however,
VA increased earlier (~45°N) and remained relatively stable until 63°N with an
average abundance of 24+0.9 x10° I'". The average virus to prokaryote ratio (VPR)
in the ML increased from 13%5 in the most southern section of the transect to
26£9 midway through before declining again to 14+7 in the most northern stations
(Table 2). HNF abundances in the ML were lowest in the most southern stations
(< 40°N, averaging 3.5+1.0 x 10° I'"). Highest abundances of 16 x10°> were found
near the DCM of stations 11 - 18 (40 - 47°N). North of this region, HNF in the ML
averaged 9.6+£2.3 x10° 1.
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Figure 2. Biogeographical distributions of (A) prokaryotes (x10° 1), (B) viruses (x10" 1"), and (C)
heterotrophic nanoflagellates (x10° 1') across the Northeast Atlantic Ocean obtained during the
STRATIPHYT cruise. Black dots indicate sampling points. Graphs were prepared with Ocean Data View
version 4 (Schlitzer 2002).

PA inthe ML was significantly correlated to Chla (Table S5). The positive correlation
to NO, and negative correlation to Z PO, was most likely an indirect effect due to
the high correlation of these variables with Chl a (Table S3 and S4). Viral abundance
(VA) was tightly associated to their numerically dominate hosts (PA) (Table S5 and
S6). However contrary to PA, VA in the ML was positively correlated to latitude and
negatively with temperature and salinity (Table S5). VPR in the ML was inversely
correlated to Chl g, explaining the relationship with Z, PO, NH/* and N:P that
were each associated to Chl a (Table S3 and S5).
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Table 2. Heterotrophic nanoflagellates (HNF) abundance, prokaryotic abundance (PA), viral abundance
(VA) and virus to prokaryote ratio (VPR) in stratified waters along a south-north transect in the Northeast
Atlantic. Abbreviations for depth layer are mixed layer (ML) and deep chlorophyll maximum (DCM). n.d.
= not determined.

Station  Latitude Longitude Depth Depth HNF PA VA VPR
(°N) (°E) (m) Layer (x10°1")  (x10°1")  (x10°17")

3 32.825 -14.589 15 ML 52 7.2 5.6 8
60 DCM 3.8 11.2 10.5 9
5 34.720 -14.258 15 ML 3.0 7.7 7.4 10
85 DCM 9.7 7.8 13.3 17
36.526 -13.934 15 ML 35 6.7 7.6 11
38.424 -13.586 15 ML 3.0 4.4 7.4 17
75 DCM 8.0 5.5 12.8 23
11 40.528 -13.191 15 ML 8.4 8.2 14.1 17
13 42.337 -12.884 15 ML 6.9 3.0 12.7 43
47 DCM 16.0 12.2 21.3 18
15 44.283 -12.605 15 ML 5.8 9.0 16.5 18
60 DCM 15.8 9.9 14.7 15
16 45917 -12.363 10 ML 14.2 17.2 35.1 20
18 47.569 -12.110 25 ML 8.8 10.6 27.6 26
19 49.382 -11.829 15 ML n.d. 5.7 31.1 55
19 49.382 -11.829 30 ML n.d. 55 14.9 27
21 51.000 -11.567 15 ML 8.6 8.4 25.5 30
25 58.002 -16.516 10 ML 7.5 18.7 23.5 13
27 59.499 -18.067 20 ML 9.7 15.7 255 16
29 60.684 -19.339 10 ML 6.6 12.9 16.5 13
30 61.715 -20.489 15 ML n.d. 28.1 28.4 10
32 62.800 -21.736 10 ML 11.7 31.9 39 7

Within the DCM in the oligotrophic southern region, PA, VA and HNF abundances
were higher compared to the upper ML, with 8.6+2.1 x10® prokaryotes 1, 13+0.4
x10° viruses ! and 6.5+2.3 x10° HNF I"' (Fig. 2). As for the ML, VA in the DCM
was also positively correlated to PA. PA and VA were positively associated with
the Z_ PO, and negatively with NH,* (Table S6). VPR in the DCM was similar
to the ratios in the ML (2-sample ¢ test; a = 0.05, p = 0.17). However, VPR in the
DCM was positively related to N* and inversely related to Z, NO, and N:P (Table
S6). HNF abundance was not found to have a significant correlation to any of the
environmental or biological parameters measured (Table S5 and S6).

Heterotrophic prokaryotic production

In the ML, PP, averaged 1.0+0.4 x10° cells I d or 1.3 + 0.5 pgC I d"* south of
45°N (Stn 3 - 15) and increased 2-fold (2.4+1.4 x108 cells 1! d'!) in the north (Table
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S1). PP, varied significantly with latitude and was positively associated with PO *
concentrations (Table S5). PPgmss in the ML averaged 5.8+2.0x 10% cells ' d"! (or 7.2
ug C1't d?) for the southern stations and was 1.4-fold higher in the northern region
(8.4+4.8x10%cellsI" d"' or 10.4+6.0 ug C1" d") (Table S1). PP was significantly
correlated to N:P (Table S5). In the DCM, PP, and PP__ were not significantly
different from the surface waters of the same region and were on average 1.3+0.6
x10%and 8.4+5.0 x10°cells I d"', respectively (Table S1). Within this layer, PP, and
PP_ . were significantly correlated to PA, Z, PO, and to each other, and negatively
to NH,* (Table S6).

Prokaryotic mortality

Lytic VP in the ML increased from 0.6+0.4 x10' viruses I' d! in the oligotrophic
south to 1.4£1.7 x10' viruses I'* d* in the north, corresponding to a greater than
2-fold increase in VMM from 3.2+1.9 to 7.0+8.7 x10% cell lysed I'' d! (Fig. 3A, Table
3). Lytic VP was positively correlated to PP, and N:P (Table S5). Mitomycin C
inducible prophages were only detected in a few ML samples (i.e., Stn 11, 15, 19
and 25) and rates varied from 0.1 to 1.0 x10" viruses 1 d* (Fig. 3B). The prophage
induction in the ML was, nonetheless, significantly correlated to Z NO, (Table S5).
On average, PPM in the ML increased 1.6-fold between the southern oligotrophic
region (2.2+1.0 x10%) and the north (3.6+3.5 x10% cells "' d') (Table 3), which was
largely due to differences in PA (Fig. 2A) and not the actual HNF grazing rates (i.e.,
0.4+0.2 d! in the south to 0.3£0.2 d™' in the north; Fig. 3C). The HNF grazing rate
in the ML was positively correlated to temperature and inversely to latitude, PP,
and VA (with PP and VA positively related to latitude; Table S5).
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Figure 3. Average mortality rates of prokaryotes by (A) lytic viral production, (B) inducible prophages and
(C) grazing measured over the Northeast Atlantic during the STRATIPHYT cruise. Error bars represent
standard error (N = 3).

Lytic VP and VMM did not significantly vary between the ML and DCM of
oligotrophic regions, i.e., 0.8+£0.6 x10" viruses 1! d'and VMM of 3.8+3.1 x10®
cells lysed 1! d, respectively (Fig. 3A, Table 3). In the DCM, lytic VP was not only
correlated to PP___ but also to PP, PA, and VA. Inducible prophages were detected
within all DCM samples and were found to be significantly related to latitude and Chl
a, whereby the rates declined hyperbolically from 16.0 to 0.2 x10° viruses ! d! with
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increasing latitude and Chl a concentrations (Fig. 3B, Table S6). HNF grazing rates in
the DCM (average of 0.4+0.1 d') were also comparable to rates in the ML, however
the resulting PMM in the DCM (3.1+0.8 x108 cell ' d!) were higher (comparable to
the ML losses in the north; Table 3). HNF grazing rates in the DCM were inversely
correlated to lytic VP, VA and PA, whereby PA was directly linked to VA. PPM was
positively tied to VPR and N? (and factors associated to these 2 factors; Table S6).

Table 3. Prokaryotic standing stock (SS; pg 1), production (PPngS) and loss rates (virus mediated, VMM,
and grazing mediated, PMM, mortality) in organic carbon (ug 1" d') and in terms of percentage of total
available carbon (TAC __; determined as the sum of SS and PPgmss), Total mortality is abbreviated as TM.
n.d. = not determined.

Station Depth $$ PP VMM PMM TM:PP_ TAC % %

Layer TAC., TAC, u
3 ML 9.0 11.2 8.6 2.8 1.0 20.1 42.5 13.7

DCM 13.9 16.6 10.4 5.2 0.9 30.6 34.0 17.0
5 ML 9.6 7.1 2.6 5.2 1.1 16.6 15.5 31.1

DCM 9.7 5.6 1.8 3.8 1.0 15.3 11.9 24.9
7 ML 8.3 n.d. 3.8 2.3 n.d. n.d. n.d. n.d.
9 ML 5.4 7.6 4.6 2.7 1.0 13.0 35.1 21.0

DCM 6.8 4.6 2.1 2.4 1.0 114 18.8 20.5
11 ML 10.2 7.6 4.2 2.8 0.9 17.8 239 15.9
13 ML 3.7 4.2 1.7 1.2 0.7 7.9 22.1 14.8

DCM 15.1 12.0 7.2 4.2 1.0 27.1 26.6 15.3
15 ML 11.2 5.5 2.2 2.1 0.8 16.7 13.0 12.5

DCM 12.2 6.1 2.3 3.4 0.9 18.3 12.5 18.7
16 ML 21.4 7.1 3.8 0.0 0.5 28.5 13.3 0.0
18 ML 13.2 6.8 0.6 4.5 0.8 20.0 2.9 22.6
19 ML 7.0 3.9 0.9 2.4 0.8 10.9 8.0 21.7
19 ML 6.8 4.7 1.8 1.9 0.8 11.5 15.7 16.8
21 ML 10.4 21.5 18.7 3.3 1.0 31.9 58.6 10.5
25 ML 23.2 13.5 6.5 4.7 0.8 36.7 17.6 12.8
27 ML 19.4 11.3 6.0 n.d. n.d. 30.8 19.6 0.0
29 ML 15.9 14.4 7.1 4.0 0.8 30.3 23.2 13.1
30 ML 34.8 n.d. 6.5 144 n.d. n.d. n.d. n.d.
32 ML 39.5 n.d. 355 n.d. n.d. n.d. n.d. n.d.

Averaged overall, PMM was nearly 2-fold lower at 2.8 x10° cells I d! compared
to that of VMM at 5.2 x10® cells I'' d' (Table 3). Comparing mortality factors
as a function of latitude revealed that VMM was, in most cases, the dominant
regulating factor (Fig. 4). Total mortality (TM) (viral lysis plus grazing) ranged
from 0.2 to 2.9 x10° cells I'' d', and was on average slightly lower than PP __(i.e,
average TM:PP

T0SS

of ~0.9; Fig. 5A). However, the discrepancy between TM and

gross
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PP_ . increased significantly with latitude in the ML (Fig. 5B; Table S5), indicating
net heterotrophic production in the surface waters at higher latitudes.

© ML
100.0+ = DCM
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Figure 4. The contribution of viral lysis to prokaryote mortality. Ratio of viral-mediated mortality (VMM)
to protist-mediated mortality (PMM) as function of latitude. Rates were determined using FLP and virus

reduction experiments performed during the STRATIPHYT cruise. Dotted line indicates a 1:1 relationship
of viral lysis to grazing.

TAC in the ML ranged from a minimum of 5 - 27 (TAC_, ) to a maximum of 8 - 37
ug CI'd"' (TAC__ ). Onaverage TAC_ _ was 1.5 times higher than TAC . TAC
increased 1.6-fold between the oligotrophic south and the north, corresponding to
average values increasing from 15.3+4.3 to 25.1+9.7 ug C1*. TAC concentrations in
the DCM of oligotrophic stations were slightly higher with TAC _ 0f20.6+8.1 ug C
I"* (Table 3). The percentage of TAC___lost (i.e., viral lysis plus grazing), sometimes
exceeded 100% (up to203%), which is due to thelack of consideration of production
which can be grazed and lysed during measurement. Therefore, the usage of TAC
can lead to unrealistic losses in total available carbon. Using TAC__, the percentage
lost ranged from 13 - 69% with an average of 39%. The percentage of TAC__ lysed
was highest in the ML of the southern oligotrophic region, i.e., 25£11 as compared
to 20£17% in the north. In contrast, TAC__ grazed in the ML decreased from
18+7 in south to 1249 in the north. TAC__ lysed and grazed in the DCM were
comparable to the ML of the same region, i.e., 21+10 and 19+4 %.
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Figure 5. The relationship between total mortality and gross growth of heterotrophic prokaryotes measured
over the Northeast Atlantic during the STRATIPHYT cruise. (A) Relationship between the total mortality
(grazing + viral lysis) and PPgm (in cells I'" d'), and (B) Ratio of total mortality to PPgmss of heterotrophic

55
prokaryotes as function of latitude. Dotted lines indicate a 1:1 relationship, and the solid line is a linear
regression through the data. Crosses mark the center of overlapping points which are then plotted on either

side of the mark..

Discussion

The strong positive correlation between VA and PA has been reported previously
for the North Atlantic Ocean and confers with evidence that the majority of viruses
in the ocean infect the numerically dominant prokaryotic hosts (Suttle 2007).
Viruses are dependent on their host to provide the necessary energy, resources
and machinery required for viral replication. Consequently, factors regulating the
abundance and physiology of their hosts, as well as their production and removal
are also important in governing virus dynamics (Mojica and Brussaard 2014). VA
was positively correlated with PP, suggesting that host physiology and generation
time may have been important factor regulating virus abundance during our study
period (Proctor et al. 1993; Moebus 1996; Middelboe 2000). In fact, lytic VP in
both the ML and DCM were significantly correlated to heterotrophic prokaryotic

190



Latitudinal gradient in prokaryotic mortality

production. Furthermore, lytic VP in the ML was positively correlated to N:P
which may suggest that the availability of the inorganic nutrients affected viral
production, most likely via nutrient-limited host physiology (Moebus 1996; Motegi
and Nagata 2007).

Indeed, heterotrophic prokaryotic production was uncoupled from phytoplankton
biomass (Chl a) and instead linked to nutrient availability (i.e., PP, to PO,” and
PP_ . to N:P). Several studies indicated that in oligotrophic regions of the North
Atlantic Ocean heterotrophic prokaryotes can be limited by the availability of
inorganic nutrients (Cotner et al. 1997; Rivkin and Anderson 1997; Mills et al.
2008). The dominance and relatively high abundance (up to 2 x10* cells I') of
pico-sized phytoplankton present during our study period (Mojica et al. 2015)
could have efficiently competed for inorganic nutrients and thereby increased the
potential for limitation. Alternatively, the nutrient limitation of phytoplankton can
affect both the quantity and quality of DOM released, and thus the efficiency with
which it can be utilized (Obernosterer and Herndl 1995; Gardes et al. 2012). In
the marine environment, trends in prevalence of lysogeny across different systems
suggests that it may represent a survival strategy to endure conditions of low host
productivity and abundance (Williamson et al. 2002; Weinbauer et al. 2003; Payet
and Suttle 2013). We found no direct correlation between lysogeny, inorganic
nutrient concentrations, PA or heterotrophic prokaryotic production. However,
correlations presented here were to total community abundance and production,
and thus correlations may be obscured if induction sensitive host-phage systems
were not dominant members of the prokaryotic community. Inducible prophages
were only detected at 4 stations within the ML of our study period, with a positive
correlation to Z NO,. The reason for this connection remains unclear due the
lack of association in the ML between Z  NO, and other variables measured. An
alternative explanation for the lack of inducible prophages in the surface ML may
be prolonged exposure to high levels of solar radiation (particularly UV), which
can induce lysogens and result in a reduced phophage yield from Mitomycin C
addition (Wilcox and Fuhrman 1994; Weinbauer and Suttle 1999). In contrast,
inducible prophages were detected within the DCM of every southern station
tested and was negatively correlated to Chl a (this study). Chl a is an indication of
phytoplankton biomass but is not necessarily indicative of numerical abundance
(as small phytoplankton contribute relatively less to biomass compared to larger
phytoplankton). Pico-sized Prochlorococcus spp. were dominant in the DCM (93%),
with abundances decreasing with latitude (Mojica et al. 2015). Consequently,
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competition for inorganic nutrients between autotrophic and heterotrophic
prokaryotes may have pushed nutrient limitation to a point at which lytic viral
production could no longer be effectively sustained and consequently triggered
a switch to lysogenic infection. This hypothesis is supported by evidence that
inorganic nutrients may at times be an important factor modulating lysogeny in
natural heterotrophic populations (Williamson et al. 2002; Motegi and Nagata
2007). However, further research is required to better understand the role that
inorganic nutrient availability plays in regulating viral life strategy selection in
natural heteroptrophic prokaryotic host populations.

In general, heterotrophic production, abundances and mortality in the ML was
higher for the northern region than the south. However, PMM did not increase
uniformly with PP, and VMM, implying that grazing pressure was reduced in
the north. Indeed, correlation analysis showed a significant inverse relationship
between HNF grazing rates and latitude and a positive correlation to temperature.
This supports evidence that warming will increase bacterial losses due to protist
grazing (Sarmento et al. 2010). Alternatively top-down control of protists may
have been higher in the northern region (Rychert et al. 2014). Strong top-down
control of bacterivores could also explain the lack of correlation between HNF
and other measured parameters. Accordingly, predation of protist would relax
competition between HNF and viruses for bacterial prey, which would account
for the negative correlations of HNF grazing rate with VA, and PMM with VBR.
This suggests that viral-induced mortality may also have played a regulatory role
by controlling prokaryotic prey density and/or by infecting HNF (Garza and
Suttle 1995; Nagasaki et al. 1995; Massana et al. 2007). More research is needed
specifically studying the different forcing factors for HNF distribution and activity
before decisive conclusions can be drawn. In any case, the lower grazing losses
in the northern region do clarify the lack of correlation found between PP, and
PP_ . in the ML. Following the hypothesis for a regulatory role of viral-induced
mortality in controlling prokaryotic prey density (as indicated through the inverse
correlation of HNF grazing with VA and lytic VP), would also explain the higher PA
in the DCM despite comparable PP, between the DCM and the ML. The counter
argument that organic resources in the DCM are limited is argued against by the
higher phytoplankton abundance and Chl a concentration in the DCM compared
to the ML.
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Contribution to total mortality and consequences for carbon cycling

Overall, VMM was the dominant loss factor regulating prokaryotic populations in
the surface waters of the Northeast Atlantic Ocean along a latitudinal gradient in
stratification during the summer of 2009. Averaged over all stations and depths,
25% of the TAC was cycled back into the water column by viral activity compared to
14% entering the food web by grazing, emphasizing the role of viruses as important
drivers for carbon cycling in the Northeast Atlantic. Moreover, VMM and PMM
varied with trophic status, i.e., both were higher in the north compared to the
oligotrophic southern region (2.1 and 1.6-fold, respectively). However, the ratio of
TM to PP decreased over the latitudinal gradient (due to the reduced grazing
pressure in the north), thereby representing a gradual change from a system
regulated by high turnover in regions of strong stratification to net heterotrophic
production with reduced stratification.

Several studies predict that global warming will result in stronger temperature
stratification in the North Atlantic Ocean (Sarmiento 2004; Polovina et al. 2008)
and thus reduce total availability of photosynthetic carbon at higher latitudes. Our
results indicate that in summer this may also lead to a reduction in heterotrophic
prokaryote production at these higher latitudes, i.e., as the system moves away from
net heterotrophic production towards a steady-state situation where production is
balanced by loss. The relative contributions of the different pathways (i.e., grazing
versus viral lysis) is likely to remain consistent, with viral lysis cycling more of the
organic carbon back into the water column than is being transferred to higher

trophic levels by grazers.
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Supporting information

Table S1. Prokaryotic production (PP) determined by leucine incorporation (PP,) and net production from
whole water incubations (PPnet) with rates of viral mediated mortality (VMM) and protist mediated
mortality (PMM). PP is PP, corrected for losses (assuming a 30% growth efficiency for grazing). All units
are in x10® cells "' d"!. n.d. = not determined.

Station Depth Layer PP PP VMM PMM PP

L net gross

3 ML 0.6 0.1 6.9 2.2 9.0
DCM 2.1 0.2 8.4 4.2 13.4

5 ML 0.7 5.4 2.1 4.2 5.7
DCM 0.9 0.1 1.5 3.1 4.5

ML n.d. 5.4 3.1 1.9 n.d.

ML 0.9 0.3 3.7 2.2 6.1

DCM 0.7 2.6 1.7 1.9 3.7

11 ML 1.1 1.3 34 2.3 6.1
13 ML 1.3 2.0 14 0.9 34
DCM 1.5 1.2 5.8 3.4 9.7

15 ML 1.5 5.3 1.7 1.7 4.4
DCM 1.1 0.8 1.8 2.8 4.9

16 ML 2.7 2.5 3.1 0.0 5.7
18 ML 2.5 4.8 0.5 3.7 5.5
19 ML 1.1 9.4 0.7 1.9 3.1
19 ML 1.2 4.8 1.5 1.6 3.8
21 ML 0.4 1.0 15.0 2.7 17.3
25 ML 3.0 7.8 5.2 3.8 10.9
27 ML 4.3 0.2 4.9 n.d. 9.1
29 ML 3.7 2.1 5.7 3.2 11.6
30 ML n.d. 4.5 5.2 11.6 n.d.
32 ML n.d. 0.6 28.7 n.d. n.d.
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Table S2. Brunt-Viisild frequency (N?), vertical mixing coefficient (K,) and nutrient flux of PO,* and NO
at the depth of the euphotic zone for water sampled in the North Atlantic for heterotrophic prokaryotic
production, viral production and grazing experiments. Abbreviations for depth layer are mixed layer (ML)
and deep chlorophyll maximum (DCM). NA indicates that data were not available.

Station Latitude Longitude Depth Depth N’ LogK, Z,PO, Z,NO,

(°N) (°E) (m) Layer (x10°rad’s’) (m?s') (mmolm?d') (mmolm?Zd")

3 32.825 -14.589 15 ML NA -1.8 -0.013 -0.013
60 DCM NA -4.7

5 34.720 -14258 15 ML 4.7 -2.5 -0.003 0.148
85 DCM 14.2 -5.0

36.526 -13.934 15 ML 6.6 -3.4 0.012 0.017

9 38.424 -13586 15 ML 3.2 -3.2 0.002 0.011
75 DCM NA -5.1

11 40.528 -13.191 15 ML 2.5 -3.1 0.008 0.011

13 42.337 -12.884 15 ML 1.1 -3.0 0.003 0.018
47 DCM 22.0 -4.8

15 44.283 -12.605 15 ML 4.8 -2.6 -0.025 -0.149
60 DCM 12.9 -4.7

16 45917 -12.363 10 ML NA -2.7 0.064 0.890

18 47.569 -12.110 25 ML NA -3.1 0.068 0.755

19 49.382 -11.829 15 ML 4.8 -2.6 0.003 0.401

19 49.382 -11.829 30 ML 2.5 -3.7 0.003 0.401

21 51.000 -11.567 15 ML NA -2.5 0.090 1.217

25 58.002 -16.516 10 ML NA -2.8 0.208 4.094

27 59.499 -18.067 20 ML 4.0 -3.8 0.064 0.487

29 60.684 -19.339 10 ML 4.4 -2.8 2.015 34.966

30 61.715 -20.489 15 ML NA -3.3 0.159 1.163

32 62.800 -21.736 10 ML 2.1 -4.1 0.024 0.199
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Table S5. Spearman rank correlation coefficients (above the diagonal) and p-vlaues (below diagonal) for
abundances and mortality rates of microbial populations with biological and environmental parameters in
the ML. Abbreviations are for vertical mixing coefficient (K,), Brunt-Viisild frequency (N?), nutrient flux
into the euphotic zone ( Z_*), prokaryote (PA), viral (VA), virus to prokaryote ratio (VPR), heterotrophic
nanaoflagellate abundance (HNF), prokaryotic production determined by leucine incorporation (PP,) and
with correction for loses (PP ), viral production (VP), protist mediated mortality (PMM), and the ratio of

gross
total mortality (TM) to PP__. n.s. indicates non-significance at a = 0.05

gross”

PA VA VPR HNF PP PP, Lytic Prophage Grazing PMM TM:PP

gross

VP induction rate
Latitude n.s. 0.93 n.s. n.s. 1.00 ns. ns. n.s. -0.89 n.s. -0.81
Temperature ns. -0.93 n.s. ns. -1.00 n.s. 1. n.s. 0.89 n.s. 0.81
Salinity ns. -0.78 n.s. ns. -0.94 ns. ns. n.s. n.s. n.s. 0.90
K, n.s. n.s. n.s. n.s. n.s. ns. n.s. n.s. n.s. n.s. n.s.
N2 n.s. n.s. n.s. n.s. n.s. ns. n.s. n.s. n.s. n.s. n.s.
Z, PO, -0.77 ns. 077 n.s. n.s. ns. ns. n.s. ns.  -0.89 n.s.
Z NO, n.s. n.s. n.s. n.s. n.s. ns. n.s. 0.85 n.s. n.s. n.s.
P043' n.s. n.s. n.s. n.s. 0.89 ns. n.s. n.s. n.s. n.s. -0.84
NH,* n.s. ns. -0.88 n.s. n.s. ns. 1. n.s. ns. 088 n.s.
NO, 0.75 n.s. n.s. n.s. n.s. ns. 1n.s. n.s. ns. 084 n.s.
NO3' n.s. n.s. n.s. n.s. 0.84 ns. n.s. n.s. n.s. n.s. -0.79
N:P n.s. ns.  -0.94 n.s. ns. 0.77 0.83 n.s. ns. 089 n.s.
Chla 0.77 ns. -0.77 n.s. n.s. ns. 1n.s. n.s. ns.  0.89 n.s.
PA - 0.75 n.s. n.s. n.s. ns. n.s. n.s. n.s. n.s. n.s.
VA 0.03 n.s. n.s. 0.93 n.s. n.s. n.s. -0.99 n.s. n.s.
VBR 1.00 1.00 - n.s. n.s. ns. n.s. n.s. ns. -0.94 -0.75
HNF 1.00 1.00 1.00 n.s. n.s. ns. n.s. n.s. n.s. n.s.
PP, 1.00  0.00 1.00 1.00 ns. 1. n.s. -0.89 n.s. -0.81
gross 1.00 1.00 1.00 1.00 0.94 n.s. n.s. n.s. n.s.
Lytic VP 100 100 034 100 100 o.00 [ ns.  ns ns ns.
Prophage 100 100 100 100 100 100 1.00 - ns.  ns. ns.
induction
Grazing rate 0.09 000 1.00 1.00 0.00 1.00 1.00 1.00 n.s.
PMM 1.00 1.00 0.00 1.00 1.00 0.34 1.00 1.00 1.00
TM:PP 1.00 042 0.03 075 0.00 1.00 1.00 1.00 0.50

gross
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Table S6. Spearman rank correlation coefficients (above the diagonal) and p-vlaues (below diagonal) for
abundances and mortality rates of microbial populations with biological and environmental parameters in
the DCM. Abbreviations are for vertical mixing coefficient (K,), Brunt-Viisila frequency (N?), nutrient flux
into the euphotic zone ( Z_*), prokaryote (PA), viral (VA), virus to prokaryote ratio (VPR), heterotrophic
nanaoflagellate abundance (HNF), prokaryotic production determined by leucine incorporation (PP,) and

with correction for loses (PP
total mortality (TM) to PP

gross

gross”

), viral production (VP), protist mediated mortality (PMM), and the ratio of
n.s. indicates non-significance at a = 0.05 and NA indicates insufficient data

PA VA VPR HNF PP PP, Lytic Prophage Grazing PMM TM:PP,

VP induction rate
Latitude n.s. n.s. n.s. n.s. n.s. ns. ns. -1.00 n.s. n.s. n.s.
Temperature n.s. n.s. n.s. n.s. n.s. n.s. 1. 1.00 n.s. n.s. n.s.
Salinity n.s. n.s. n.s. n.s. n.s. ns. ns. 1.00 n.s. n.s. n.s.
K, n.s. n.s. n.s. n.s. n.s. ns. ns. -1.00 n.s. n.s. n.s.
N2 n.s. n.s. 1.00 n.s. n.s. ns. n.s. n.s. n.s. 1.00 n.s.
Z, PO, 1.00  1.00 n.s. n.s. 1.00 1.00 1.00 n.s. -1.00 n.s. n.s.
Z, NO, n.s. ns.  -1.00 n.s. n.s. ns. n.s. n.s. ns.  -1.00 n.s.
P043' n.s. n.s. n.s. n.s. n.s. ns. n.s. -1.00 n.s. n.s. n.s.
NH,* -1.00  -1.00 n.s. ns. -1.00 -1.00 -1.00 n.s. 1.00 n.s. n.s.
NO, n.s. ns.  -1.00 n.s. n.s. ns. 1. n.s. ns.  -1.00 n.s.
NO3' n.s. n.s. n.s. n.s. n.s. ns. n.s. -1.00 n.s. n.s. n.s.
N:P n.s. ns. -1.00 n.s. n.s. ns. 1. n.s. ns.  -1.00 n.s.
Chla n.s. n.s. n.s. n.s. n.s. ns. s -1.00 n.s. n.s. n.s.
PA B 0 s ons 100 100 100 ns. <100 ns. ns.
VA 0.00 n.s. n.s. 1.00 1.00 1.00 n.s. -1.00 n.s. n.s.
VBR 1.00 1.00 - n.s. n.s. ns. n.s. n.s. n.s. 1.00 n.s.
HNF 1.00 1.00 1.00 n.s. n.s. n.s. n.s. NA
PP, 0.00  0.00 1.00 1.00 n.s. -1.00 n.s. n.s.
gross 0.00 0.00 1.00 1.00 n.s. -1.00 n.s. n.s.
Lytic VP 000 000 100 100 000 000 [N ns.  -100  ns. ns.
Prophage 100 100 100 1.00 100 100 1.00 - ns.  ns. ns.

induction

Grazing rate 0.00 000 1.00 1.00 0.00 0.00 0.00 1.00 n.s.

PMM 1.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00

TM:PP 1.00 1.00 1.00 NA 1.00 1.00 1.00 1.00 1.00

gross
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Figure S1. Latitudinal and depth distribution of (A) temperature (°C), (B) salinity, (C) density (kg m?~), (D)
log(K,) (m?s™), (E) Brunt-Viiséld frequency, N* (x10* rad®s?), (F) inorganic phosphate (uM), (G) nitrate
(M), (H) nitrite (uM), (I) ammonia (uM) and (J) Chl a autofluorescence (pg Chl a I'') measured during
STRATIPHYT. Black dots indicate sampling points. Figure panels were prepared using Ocean Data View
version 4 (Schlitzer 2002).
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