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Chapter 7

Abstract

The flux of photosynthetic carbon (C) through the viral shuntaffects nutrient cycling,
system respiration, and food web dynamics. Yet, little is known about large-scale
biogeographical patterns in the functioning of the viral shunt in marine systems. In
the summer of 2009, we examined both the production and loss rates (i.e., grazing
and viral lysis) of autotrophic as well as prokaryotic microbial populations along a
north-south latitudinal gradient in the Northeast Atlantic Ocean. The upper water
column located between 30 and 63°N was characterized by a strong temperature-
induced vertical stratification, with oligotrophic regions extending to 45°N. Here
we present the flow of C through the different components of the microbial food
web in order to consider how these latitudinal changes affected the overall role of
the viral shunt. Our results demonstrate that 33 and 80% of the photosynthetically
fixed C moved through the viral shunt into the dead particulate and dissolved
matter pool in the north and south, respectively, indicating a more prominent role
of viruses in marine nutrient cycles than theorized previously by Wilhelm and
Suttle in 1999. The flux of C was reduced 2-fold in the north, as a consequence
of lower viral-induced morality of both phytoplankton and bacteria. Our results
suggest that future shifts in the regional climate of the ocean surface layer are likely
to increase the role of the viral shunt in marine microbial food webs, which may
reduce the transfer of matter and energy up the food chain and thus affect the

capacity of the North Atlantic to act as a long-term sink for CO,.
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Organic carbon flux through the viral shunt

Introduction

Viruses are the smallest and most abundant biological entities on Earth. Perhaps
nowhere is their importance better illustrated than in the world’s oceans. A single
milliliter of surface seawater contains on average 10° viruses and most of these
viruses infect the numerically dominant hosts, i.e., microbial prokaryotes (bacteria
and archaea) and photoautotrophic eukaryotes (Suttle 2007). Viral lysis of microbes
diverts energy and biomass away from the classical food web towards microbial-
mediated recycling and the dissolved organic matter (DOM) pool (Middelboe and
Lyck 2002; Lonborg et al. 2013; Buchan et al. 2014). In this manner, the ‘viral
shunt’ reduces the transfer of carbon and nutrients to higher trophic levels, while
at the same time enhancing the recycling of potentially growth-limiting nutrients
(Fuhrman 1999; Wilhelm and Suttle 1999). Through the use of theoretical models
and poorly constrained rates, it was estimated that between 6 and 26% of the
photosynthetically fixed carbon (PFC) is shunted to the DOM pool by the activity
of viruses. However, until recently, our ability to confirm these figures and thus
understand the true magnitude for the role of viruses in marine biogeochemical
cycles has been restricted by a lack of quantitative measurements of viral lysis in
marine phytoplankton populations (Weitz and Wilhelm 2012).

During the summer shipboard expedition of STRATIPHYT (Changes in vertical
stratification and its impacts on phytoplankton communities) (Figure 1), the
production and loss rates (i.e., grazing and viral lysis) of both autotrophic and
prokaryotic microbial populations were examined along a latitudinal gradient in
the Northeast Atlantic Ocean. This provided the possibility to model the flux of
organic carbon (C) through the marine food web using measured values obtained
from the same water. The Northeast Atlantic Ocean was characterized by a strong
temperature-induced vertical stratification resulting in oligotrophic conditions in
the upper 50 - 100 m at latitudes south of 45°N, whereas towards the north, nutrient
limitation slightly relaxed in the upper 50 m surface layer (Mojica et al. 2015b). Dual
measurements of viral lysis and grazing rates were obtained for all phytoplankton
groups, except for Prochlorococcus HL which was largely absent from the sampled
depths (Moyjica et al. 2015a). Overall, rates of virus-induced mortality and grazing
of phytoplankton were comparable. However, the relative share of viral lysis was
highest at low and mid latitudes while phytoplankton mortality was dominated
by microzooplankton grazing at higher latitudes (> 56°N). Total phytoplankton

mortality (virus plus grazer-mediated) was comparable to the gross growth rates,
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demonstrating high turnover rates of phytoplankton populations (Mojica et al.
2015a). For heterotrophic prokaryote populations, viral lysis was the dominate
mortality factor (Mojica and Brussaard submitted).
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Figure 1. Bathymetric map of the Northeast Atlantic Ocean depicting station locations and PO,
concentrations (uM) in the surface mixed layer during the summer 2009 (17 July - 9 August), using Ocean
Data View (Schlitzer 2002).

Here we present the flux of C through the different components of the microbial
food web along a stratified latitudinal gradient in order to consider (1) the effect of
trophic state, on the overall relevance of the viral shunt, and (2) compare our results
to the more theorized steady state model by Wilhelm and Suttle (1999).

Methods

Phytoplankton (< 20 pum diameter), prokaryotes and viruses were enumerated
using a Becton-Dickinson FACSCalibur flow cytometer (FCM) equipped with
an air-cooled Argon laser with an excitation wavelength of 488 nm (15 mW).
Phytoplankton were enumerated according to Marie et al. (2005) and bacteria and
viruses according to Marie et al. (1999) and Brussaard et al. (2010), respectively,
with modifications according to Mojica et al. (2014). Phytoplankton were
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differentiated based on their auto-fluorescence properties using bivariate scatter
plots of either orange (i.e., phycoerythrin, present in prokaryotic Synechococcus
spp.) or red fluorescence (i.e., chlorophyll a, present in all phytoplankton) against
side scatter. Average cell size for phytoplankton subpopulations were determined
by size-fractionation of whole water by sequential gravity filtration. Viruses and
prokaryotes were discriminated using the nucleic acid-specific SYBR Green I
and side scatter characteristics. Phytoplankton community composition and
abundances were described previously by Mojica et al. (2015b).

Phytoplankton growth and loss rates used to calculate organic C-flux originate
from Mojica et al. (in review), with the exception of mesozooplankton grazing (this
study). Briefly, growth, viral lysis and microzooplankton (< 200 um) grazing rates of
the different photoautotrophic groups were determined using the modified dilution
assay (Kimmance and Brussaard 2010). Experiments were conducted onboard,
using water samples obtained from those depths where Chl a autofluorescence
was maximal. The microzooplankton grazing rate (M_) was estimated from
the regression coefficient of the apparent growth rate versus fraction of natural
seawater for the 0.45 um series (i.e., removing grazers). The combined rate of viral-
induced lysis and microzooplankton grazing (M, .) was estimated from a similar
regression of the 30 kDa series (i.e, viruses and grazer removed). Viral lysis rate
(M,) was then determined as the difference between the combined mortality rate
and the microzooplankton grazing rate. Phytoplankton gross growth rate (Moo
in the absence of mortality) was derived from the y-intercept of the 30 kDa series

regression, and phytoplankton gross production (P, cells I'* d'!) was calculated

0SS

asP =P x(e"), where P is phytoplankton abundance, tis time (d) and wis p

gross gross”

Phytoplankton net growth rate (u_, d') was defined as the difference between
Hyoe and total mortality rate, and phytoplankton net production (P, cells I d™')
calculated according to the previous equation, where y is p_ . Total mortality rate
in cells (TMM), was then calculated by subtracting P, from P___. Virus mediated
mortality (VMM) and grazing mediated mortality (GMM) was calculated as VMM
= (M,/M,,)*TMM and GMM = (M_/M, )*TMM, respectively. To convert P
to gross primary production (C 1! d*), cells were converted to C using conversion
factors of 237 fg C um™ (Worden et al. 2004) and 196.5 fg C pym™ (Garrison et al.

2000) for pico- and nano-sized phytoplankton, respectively, assuming spherical

gross

diameters equivalent to the average cell size determined from size fractionation. To
obtain total photosynthetically fixed carbon (PFC), we added 20% for respiration
(Langdon 1993, Lopez-Sandoval et al. 2014) and a standard 20% for excretion
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(Teira et al. 2003). However, in order to maintain steady-state in the model with
respect to net production in the north, excretion was increased to 28%.

Mesozooplankton were collected using a 300 pm vertical net with a 0.35 m?
opening and grazing rates were determined using the gut fluorescence approach
in combination with HPLC pigment analysis (Baars and Oosterhuis 1984).
Mesozooplankton were dominated by copepods (95+7% of total counts), with
Acartiaclausiiand Calanus finmarchicus comprising49% and 26% of the community,
respectively. Mesozooplankton grazing of phytoplankton was considered negligible
(<0.1%) in the south and on average 0.64+0.5% of Chl a in the north. To convert to
C,a C:Chl a ratio of 50 was applied (Brown et al. 1999), this value was shown to give
good agreement between carbon estimated from HPLC and FCM analysis (Mojica
etal. 2015b). Due to dominance of pico-sized phytoplankton (95% of total), low net
primary production and low mesozooplankton grazing rates, sinking was assumed
negligible (Jackson 2001; Richardson and Jackson 2007) Although there is evidence
ofviral-induced mortality for marine zooplankton (Garzaand Suttle 1995; Nagasaki
et al. 1995; Drake and Dobbs 2005; Massana et al. 2007), actual rates of loss are
still largely unknown (current estimates are < 5% of production for copepods)
and therefore are not included in the model. The remaining mesozooplankton
production was assumed to be ingested by higher trophic levels with 20% of the
ingested carbon being transferred to the DOC pool (Jumars et al. 1989) (Table 1).
Heterotrophic prokaryotic abundance, viral mediated mortality and grazing data
are reported in Mojica et al. (submitted). In short, heterotrophic prokaryotic
production was determined from leucine incorporation rates according to Simon
and Azam (1989) and corrected for loss due to viral lysis and grazing (Mojica et al.
submitted; assuming the rate of mortality in the samples was equivalent to those
measured by the mortality assays and 30% of carbon grazed was retained on filter).
Protistian grazing rates of prokaryotes were determined using fluorescently labeled
natural prokaryotes (FLP) according to the procedure described by Sherr and Sherr
(1987). Protist mediated mortality (PMM) was calculated as PMM = PA x (e"-1)
where PA is prokaryote abundance, t is time (d), and r is the grazing rate obtained
from FLP experiments. Viral production (VP) was determined according to Winget
etal. (2005). Lytic viral mediated mortality (VMM) was calculated by dividing lytic
virus production by a burst size of according to estimates for oligotrophic regions
of the ocean (Parada et al. 2006). A conversion factor of 12.4 fg C cell! was used for
heterotrophic bacteria (Fukuda et al. 1998). In order to maintain steady-state in the
model with respect to heterotrophic prokaryotic production, net C production was
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balanced as loss through excretion (Stoderegger and Herndl 1998, 2001), which
were 4 and 16% for the south and north, respectively.

For the zooplankton, literature values were used for the growth efficiencies and
fraction of C shunted to dead particulate and dissolved matter (P/DOC) pool
(Table 1). Alternative modes of grazer-associated release include “sloppy feeding’,
excretion, and egestion and dissolution of fecal pellets. It is estimated that around
50% of the food ingested by microzooplankton is lost to respiration, which is
consistent with a growth efficiency of around 30% (Calbet and Landry 2004).
Twenty percent of the carbon intake by microzooplankton was considered to be
partitioned to the P/DOC pool due to the combination of direct excretion (max 9%;
Taylor et al. 1985) and rapid dissolution of small fecal pellets (Turner 2002; Buck
et al. 2005), while sloppy feeding by microzooplankton was considered negligible
(Moller et al. 2003; Moller 2005; Saba et al. 2011). We assume that all available
microzooplankton biomass is grazed by mesozooplankton, with 24% of ingested
C lost to DOC (3% by sloppy feeding, 12% excretion and 9% fecal pellet DOC
released within in the euphotic zone; Moller et al. 2003; Urban-Rich et al. 2004;
Moller 2005; Saba et al. 2011) and mesozooplankton gross growth efficiency was
0.25 (Straile 1997).
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Table 1. Measured variables and model parameters applied in steady state C-flux model presented in Figure
2and 3.

Variables

a Phytoplankton C production

a, Phytoplankton C lysed

ag, Phytoplankton C grazed by microzooplankton
a, Phytoplankton C grazed by mesozooplankton
B Bacterial C production

B, Bacterial C lysed

Bs Bacterial C grazed by microzooplankton

Y Microzooplankton C production

Yq Microzooplankton C grazed

6 Mesozooplankton C production

n Higher trophic level C production

P/DOC  Dissolved organic carbon from all sources and particulate cell debris C resulting from viral lysis

Parameters References
a, Phytoplankton C lost to excretion’ 0.2  (Teira et al. 2003)
B, Bacterial C lost to excretion’ 0.04  (Stoderegger and Herndl 1998;

Stoderegger and Herndl 2001;
Kawasaki and Benner 2006)

GGE, Gross growth rate efficiency of 0.3 (Straile 1997; Calbet and Landry
microzooplankton 2004)

o Fraction of C cycled to the P/DOC pool from 0.2 (Taylor et al. 1985; Turner 2002;
microzooplankton activity Buck et al. 2005)

GGE, Gross growth rate efficiency of mesozooplankton  0.25  (Straile 1997)

@, Fraction of C cycled to P/DOC pool from 0.24  (Moller et al. 2003; Urban-Rich et al.
excretion, pellet dissolution and sloppy feeding 2004; Moller 2005; Saba et al. 2011)
of mesozooplankton

GGE,_  Gross growth rate efficiency of higher trophic 0.15 (Houde 1989)
levels

@, Fraction of C cycled to P/DOC pool from higher ~ 0.2 (Jumars et al. 1989)
trophic levels

* to force steady state values differ in northern region

Results

The upper surface waters of the Northeast Atlantic Ocean along the meridional
transect between 30 - 63°N were characterized by strong temperature-induced
vertical stratification. The southern half of the transect (< 45°N) was distinguished
by oligotrophic surface waters (i.e., Chl a < 0.7 ug1" and NO, <0.13 and PO <
0.03 uM; Polovina et al. 2008; van de Poll et al. 2013) (Figure 1). In the northern half
(46 - 63°N). In the north, inorganic nutrients and Chl a concentrations increased
within the ML to average 1.30+0.60 puM, 0.14+0.04 uM and 1.1+0.3 ug I''for NO,,
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PO, and Chl g, respectively. Consequently, the distribution and composition of
microbial communities varied between these two regions (Mojica et al. 2015b;

Mojica and Brussaard submitted) and accordingly regions are presented separately

here.
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Figure 2. Flow diagram of steady state carbon flux model through a pelagic food web. See Table 1 for more
explanation of variables, parameters and symbols. Carbon lost to respiration is included but not explicitly
illustrated.

PEC in the oligotrophic south averaged 10.6 ug C1" d!, while in the north PFC was
about 4-fold higher (47.2 pg C1' d*) as aresult of 2-fold higher total phytoplankton
biomass (larger contribution of nanoeukaryotic phytoplankton (Figure 2 and 3)
(Mojica et al. 2015b). Viral lysis was the dominate loss factor for phytoplankton
C in the south with an average 3.7 pg C 1" d! being shunted into the P/DOM
pool compared to 2.7 ug C I'* d! being grazed (Table 1, Figure 3a). In the north,
microzooplankton grazing C-flux was higher than viral lysis, accounting for
11.5 pg CI'* d* of PFC loss compared to 9.9 ug C 1"* d! being lysed (Figure 3b).
Heterotrophic prokaryotic production was 9.0 ug C 1! d™! in the south, with 4.8 ug
C1* d! lost to viral lysis and 3.8 ug C 1" d! being grazed by microzooplankton.
In the north, production was only slightly higher at 10.4 ug C I'' d! and viral lysis
remained the dominate loss factor, with 5.7 uC 1" d"' being shunted to the P/DOC
pool compared to 3.0 ug C 1" d! being transferred to microzooplankton.
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Figure 3. Carbon flow (ug C 1" d!) through a pelagic food web in steady state for both the (A) southern (30
- 45°N) and (B) northern region (45 - 63°N) region of the Northeast Atlantic Ocean during the summer
STRATIPHYT cruise. See Table 1 for explanation of variables, parameters and symbols, and Figure 2 for
equations. Carbon lost to respiration is included but not explicitly illustrated.

Total microzooplankton production and the contribution by microzooplankton
to the P/DOM pool was ~ 2-fold higher in the south compared to the north (i.e.,
2.0 and 1.3 ug C 1" d* compared to 4.4 and 2.9 ug C 1* d*) (Figure 3a and b).
DOC release by mesozooplankton was 0.1 and 0.4 pg C 1! d* for the south and
north, respectively. The P/DOC contribution from higher trophic levels was then
0.04 (taken as zero) and 0.06 (taken as 0.1) pg C 1! d! for the south and north
respectively, assuming all zooplankton production was consumed.
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Discussion

The steady state assumption of our model was supported in the southern region,
with 100% and 95% of the phytoplankton and prokaryotic heterotrophic cellular
production being lost through the combined mortality of grazing and viral lysis
(Figure 3a; excluding respiration and excretion). However, the north demonstrated
a net production of 14% and 16% for phytoplankton and bacteria, respectively,
when steady state was not enforced via increasing excretion. Nevertheless, values
of excretion remained within the range reported in literature (Stoderegger and
Herndl 1998; Stoderegger and Herndl 2001; Kawasaki and Benner 2006) and
confer with evidence that rates increase with productivity (Baines and Pace 1991).
The ratios of prokaryotic heterotrophic production to primary production (HP:PP)
in our study (0.85 and 0.22 for south and north, respectively) are relatively high
(Ducklow 1999). However, they are comparable to HP:PP reported for the North
Atlantic by Hoppe et al. (2002) (0.01 - 0.83), who found also the highest values in
subtropical regions. HP:PP is dependent upon the conversion efficiency and the
degree of recycling and therefore can theoretically exceed 1.0 when recycling is
intense (Ducklow et al. 2002). The source of dissolved and dead particulate dead
matter, whether through passive diffusion across phytoplankton cell membranes,
actively excreted, released from sloppy feeding, diffused from fecal pellets or
released from viral lysis, affects both the chemical composition and bioavailability
(Middelboe and Jorgensen 2006; Kirchman et al. 2013; Lenborg et al. 2013). Taking
into considering dominance of viral lysis as a loss factor for both heterotrophic
and autotrophic production within the oligotrophic region (thus prokaryotic
C-demand is not restricted to excretion and DOC released from grazing activity)
and recent evidence for a diverse array of enzymatic capabilities within bacteria
in subtrophic regions (Arnosti et al. 2011), together may help explain why open
ocean areas can have bacterial carbon demands that exceed primary production
estimates. Furthermore, the steady-state model does not account for excretion by
standing stock populations which would also be utilized to support the bacterial
carbon demand.

The recognition for the importance of the ‘viral shunt’ to nutrient cycles and energy
flow in the ocean was supported through the use of (mostly) theoretical models
(Fuhrman 1992; Wilhelm and Suttle 1999). Simultaneous measurements of growth
and loss rate rates for phytoplankton as well as heterotrophic bacteria provide an

ideal dataset to further substantiate the role of the viral shunt in marine systems.
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Our study confirms the relevance of the viral shunt for diverting energy and biomass
away from the classical grazer-mediated food web towards microbial-mediated
recycling and the dissolved organic matter pool (Figure 4). More importantly, our
data show that the percentage of PFC in stratified waters which was recycled back to
the P/DOC pool by viral lysis, 33 and 80% (Figure 4), was substantially higher than
the previous estimates of 6 - 26% (Wilhelm and Suttle 1999). These former estimates
consisted of a 2 - 10% contribution of PFC from the viral-induced mortality of
phytoplankton and 3 - 15% from heterotrophic bacteria. Our data show higher
values for both groups, i.e., 35 and 45% for the southern and 21 and 12% for the
northern phytoplankton and heterotrophic prokaryotes, respectively (Figure 4),
with the strongest increase in flux of PFC from phytoplankton lysis. Considering
that the mortality of zooplankton due to viral infection was not accounted for here
(Garza and Suttle 1995; Nagasaki et al. 1995; Drake and Dobbs 2005; Massana et
al. 2007), these values likely still represent an underestimate. Overall, our results
indicate that during summer stratification in the northeastern Atlantic Ocean the
viral shunt plays a significant role in marine food web dynamics, particularly in
the oligotrophic region.

20/35 R
” P/DOC
3521 Viral shunt
Phytoplankton > . 80/33 >
100
A A A A
2524 45/12 416
Y 2
- 36/6 : :
0/0.2 Microzooplankton | Heterotrophic bacteria
" 3> 12/6
< Mesozooplankton

111

\4

Higher trophic levels 0/0

Figure 4. The C-flux for the pelagic food web for both the oligotrophic south (red) and the northern region
(blue) of the Northeast Atlantic Ocean cruise transect. Fluxes are indicated as percentage of total
photosynthetically fixed carbon (100%). The percentage of photosynthetically fixed carbon flowing through
the viral shunt is indicated in large bold print. All carbon is assumed to be eventually respired, with negligible
loss due to export. This steady state model also assumes that all carbon in the P/DOC pool is bioavailable to
heterotrophic prokaryotes.
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Due to deep water formation, the North Atlantic is key to ocean circulation and
global climate (Sabine et al. 2004). Several studies predict that global warming
will result in a stronger temperature-induced vertical stratification and subsequent
oligotrophication in the North Atlantic Ocean (Sarmiento 2004; Polovina et
al. 2008). Consequently, changes in phytoplankton community structure are
anticipated, e.g. enhanced dominance of smaller-sized phytoplankton (Mojica
et al. in press) and northward expansion of (sub)tropical photoautotrophs such
as the cyanobacterium Prochlorococcus spp. (expanding up to 50°N in the year
2100; Flombaum et al. 2013). The C-flux model presented here indicates that
this will enhance the role of the microbial loop due to an amplified viral shunt,
increased microzooplankton grazing on heterotrophic prokaryotes and tighter
coupling between P/DOC and heterotrophic production. The partitioning of
photosynthetic C through the different pathways (i.e., grazing versus cell lysis)
has important implications for ecosystem function as each pathway differentially
affects the structure and functioning of pelagic microbial food webs. Grazing
transfers matter to higher trophic levels, thereby increasing the overall efficiency
and carrying capacity of the ecosystem. In addition, the production of fecal pellets
by mesozooplankton in the open ocean is responsible for much of the carbon
transported out of the euphotic zone into the deeper ocean (Ducklow et al. 2001).
A more prominent role of the viral shunt in the northern North Atlantic Ocean
would thus markedly reduce biological C-export into the ocean’s interior in one of
the key areas of global C-sequestration, and reduce the potential for it to function

as a long-term sink for anthropogenic carbon dioxide.
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