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ABSTRACT: Viruses that infect phytoplankton are abundant in all regions of the global ocean.
Despite their ubiquity, little is understood regarding how biotic interactions can alter virus infec-
tion success as well as the fate of phytoplankton hosts. In previous work, the bacterially derived
compound 2-heptyl-4-quinolone (HHQ) has been shown to protect the cosmopolitan coccolitho-
phore Emiliania huxleyi from virus-induced mortality. The present study explores the potential
mechanisms through which protection is conferred. Using a suite of transmission electron micro-
scopy and physiological diagnostic staining techniques, we show that when E. huxleyi is exposed
to HHQ), viruses can gain entry into cells but viral replication and release is inhibited. These find-
ings are supported by a smaller burst size, as well as lower infectious and total virus production
when the host is treated with nanomolar concentrations of HHQ. Additionally, diagnostic staining
results indicate that programmed cell death markers commonly associated with viral infection are
not activated when infected E. huxleyi are exposed to HHQ. Together, these results suggest that
the ability of HHQ to inhibit infectious viral production protects the alga not from getting
infected, but from cell lysis. This work identifies a new mechanistic role of bacterial quorum sens-

ing molecules in mediating viral infections in marine microbial systems.
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1. INTRODUCTION

Viruses are the most numerous biological entities
in the marine environment at 10°° in total abundance
and account for approximately 10% infections every
second (Suttle 2005). Representing a major source of
mortality, viruses lyse approximately 20% of the
oceanic photosynthetic biomass daily, influencing
the composition of marine communities and oceanic
biogeochemical cycles (Suttle 2007). One well-known
host—virus pairing exists between the cosmopolitan
coccolithophore Emiliania huxleyi (Prymnesiophy-
ceae, Haptophyta) and its host-specific giant nucleo-
cytoplasmic double-stranded DNA (dsDNA) Cocco-
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lithovirus (E. huxleyi virus [EhV]) within the family
Phycodnaviridae (Bratbak et al. 1993, Wilson et al.
2002). Annual blooms of E. huxleyi cover thousands
of square kilometers of ocean surfaces (Holligan et
al. 1993, Paasche 2001) and are routinely terminated
by coccolithoviruses, resulting in both the cycling of
nutrients within the microbial loop as well as the pro-
duction of large aggregates that facilitate carbon
export (Laber et al. 2018). Given the fundamental
role of E. huxleyiin the oceanic carbon cycle, in both
atmospheric CO, uptake leading to primary produc-
tion (up to 20% of total fixed marine carbon) and
CO5~? removal via calcification (Zondervan et al.
2002, Read et al. 2013), understanding factors that
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govern infection dynamics and virus-induced mortal-
ity will help better parameterize carbon export mod-
eling efforts.

To date, significant research efforts have focused
on abiotic factors that influence the success of viral
infection of E. huxleyi, such as temperature (Ken-
drick et al. 2014), light (Thamatrakoln et al. 2019),
and nutrient concentration (Jacquet et al. 2002). Sim-
ilarly, biotic influences such as host density (Knowles
et al. 2020), host ploidy level (Frada et al. 2017), and
pro-viral signal-containing extracellular vesicles
(Schatz et al. 2021) have also been shown to modu-
late host-virus dynamics. Most recently, small mole-
cule chemical messengers secreted by host-associated
microbes have been found to mediate infection
dynamics (Pollara et al. 2021). For example, the bac-
terial quorum sensing signal 2-heptyl-4-quinolone
(HHQ), previously established for its role in bacterial
communication, allows E. huxleyi to evade virus-
induced cell lysis (Pollara et al. 2021). While these
findings present the first of its kind evidence that
bacteria are capable of directly interfering with viral
lysis of algal hosts, questions remain as to the mech-
anisms triggered by HHQ that allow the algal host to
evade virus-induced mortality.

Insights gained from both a metabolomic (Rosen-
wasser et al. 2014) and molecular (Ku et al. 2020,
Zhang et al. 2022) dissection of viral infection have
revealed the complexity of the co-evolutionary ‘arms
race' between E. huxleyi and EhV (Bidle & Vardi
2011). Infection by EhVs rapidly remodels the host's
metabolic network, redirecting resources to viral-
derived lipid biosynthesis (Rosenwasser et al. 2014),
accompanied by the shutdown of host genes and
the active expression of viral genes (Ku et al. 2020).
Availability of host-supplied resources such as nucleo-
tides is critical in early infection, as within 2 h post-
infection (hpi), viral genes involved in DNA repli-
cation and nucleotide metabolism are transcribed
(Ku et al. 2020). Over the course of infection, there
is a concerted orchestration of viral gene transcrip-
tion patterns whose seemingly all-or-none switch
in activity and temporal sequence progression may
be a viral strategy to optimize replication (Ku et al.
2020), suggesting events early in the viral transcrip-
tional trajectory are critical for host hijacking. This
infection window of crucial transitions between host
and viral gene expression patterning is on the order
of 2—-8 hpi and parallels exactly the temporal cessa-
tion of cell cycle progression in HHQ-exposed E.
huxleyi cells as evidenced by halted DNA replica-
tion (Pollara et al. 2021). Since viral infection and
HHAQ treatment remodel the ultrastructure and meta-

bolic landscape of algal host cells on overlapping
timescales upon onset of their application, HHQ-
derived protection may thwart key mechanistic way-
points tied to early viral-host infection dynamics.
Indeed, a 24 h delay of HHQ application to infected
cultures does not rescue cells from viral-mediated
demise (Pollara et al. 2021), indicating that HHQ
must trigger an immediate response in the eukary-
otic host to avoid death. Therefore, there are 2 pri-
mary mechanisms by which HHQ may protect E.
huxleyi from viral lysis. Firstly, HHQ-induced re-
programming of host cellular architecture may inter-
fere with the fundamental cellular processes exploited
by the virus to gain entry into the alga. Alternatively,
HHQ-induced physiological alterations may prevent
the replication, proliferation, or release of the virus
once infected. Delineating between these 2 potential
mechanisms is essential for modeling this multi-
kingdom interaction and would provide a framework
for how bacterial chemical messengers may be able
to manipulate viral success in the ocean.

Here, we elucidate the concentration of HHQ nec-
essary for protection against viral mortality and
demonstrate that HHQ is sufficient to protect the host
alga regardless of viral strain or titer. We then pro-
vide evidence that HHQ-mediated protection is not
the result of direct interaction between the alkyl-
quinolone with the virus; rather, HHQ induces a
time-dependent physiological change in the host
necessary for protection. While HHQ does not pre-
vent viral entry into host cells, the signal does inhibit
viral replication, viral release, and the production of
infectious virions compared to control cells. Given
that lytic viral infection is dependent on the subse-
quent induction of host programmed cell death
(PCD), which is triggered by the production of reac-
tive nitrogen and oxygen species (NO and ROS,
respectively) and concomitant activation of metacas-
pase activity, we examined diagnostic fluorescent
assays to measure indicators of cell stress and PCD in
HHQ-treated infected cultures. We provide evidence
that viruses infecting HHQ-treated cultures are seg-
regated into endo-lysosomal compartments and,
therefore, are not able to tightly control the host's
PCD machinery, likely leading to the observed loss of
EhV production and significantly lower burst size
compared to control cultures. In sum, this work adds
a rich new layer of complexity to the E. huxleyi-EhV
story by presenting evidence that chemical signaling
by bacteria is capable of directly interfering with
viral replication/release and algal host PCD trajec-
tory, which has implications for understanding viral
susceptibility in microbial-algal symbioses.
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2. MATERIALS AND METHODS
2.1. General cultivation conditions

Unless otherwise noted, all experiments were con-
ducted with axenic Emiliania huxleyi (CCMP2090,
non-lith forming; National Center for Marine Algae
and Microbiota). Algal cultures were grown in 0.2 pm
filtered, autoclaved seawater with f{/2 nutrients
added minus silica (Guillard 1975). Cultures were
maintained on a 14 h light (80 pmol photons m™2 s71):
10 h dark cycle at 18°C, with a salinity of 35. These
conditions are referred to hereafter as general cultur-
ing conditions. Strain purity was confirmed using
f/2 MM and /2 MB purity test broths and visually
confirmed by epifluorescence microscopy with DAPI
to detect bacterial contamination. Cultures were trans-
ferred weekly to maintain exponential growth.

The EhV strains used in this study (EhV 86 and
EhV 201) were previously isolated from E. huxleyi
blooms in the English Channel (Wilson et al. 2002,
Nissimov et al. 2012) and were obtained from the
laboratory of Dr. Kay Bidle, Rutgers University, New
Brunswick, NJ, USA. Virus strains were propagated
in exponentially growing cultures of E. huxleyi, as
previously described (Bidle et al. 2007). Briefly, upon
lysis of E. huxleyi, viral lysates were filtered through
a 0.45 or 0.8 pm syringe filter to remove cell debris
and stored in the dark at 4°C until used for subse-
quent infection experiments. In experiments with viral
lysates, lysates were used within 1 wk of filtration.

2.2. Cell enumeration

Cells of E. huxleyi were enumerated using a flow
cytometer (Guava, EasyCyte HT or BGHT) with spe-
cies-specific settings, including forward scatter, side
scatter, and red fluorescence (695/50 nm) emission
characteristics for evaluating chlorophyll intensity.
All samples were run live at 0.24 ul s7! for 3 min.

To enumerate the total viruses in a culture, undi-
luted samples were fixed at 1 % glutaraldehyde (ster-
ile filtered), diluted between 1:10 and 1:100 with fil-
tered sterile seawater or 1x phosphate-buffered saline
(PBS), stained with 1x SYBR Green, incubated for
10 min on a heat block at 80°C in the dark, and then
enumerated using the flow cytometer (Jacquet et al.
2002). Media-only (f/2-Si) blanks were processed in
parallel to correct for background noise. To enumer-
ate infectious (or active) virus, the most probable
number assay (MPN) was used (Jarvis et al. 2010).
For each MPN, aliquots from the experiment were

serially diluted 10 times in a stepwise fashion using a
10-fold dilution at each step. A 20 pl aliquot from
each dilution or undiluted sample was dispensed
into 6 replicate wells of a 96-well plate. To each well,
180 nl of axenic, exponentially growing E. huxleyi
CCMP2090 was added. Wells containing 200 pl of
E. huxleyi 2090 without virus addition served as
the controls. The plates were incubated under gen-
eral culturing conditions for 72 h before being read
either by a SpectraMax MZ2e or via the flow cyto-
meter for chlorophyll fluorescence as a proxy for cell
abundance. Clearance (denoting infection and sub-
sequent cell lysis) observed in wells on the plate was
compared with control wells containing no virus,
and MPN was calculated using the US Environmen-
tal Protection Agency's MPN calculator (https://
mostprobablenumbercalculator.epa.gov/mpnForm)
with a Cornish-Fisher limit of approximation type.

2.3. Experimental design

Several experiments using the general culturing
and enumeration conditions detailed above were
conducted to test E. huxleyi's susceptibility to viral
infection and mortality when exposed to HHQ. First,
an experiment was conducted to examine the dose
of HHQ that elicited complete viral protection as
indicated by lack of cell loss post-infection. Prior to
these experiments, EhV concentration in a stock of
viral lysate was enumerated using flow cytometry
to allow for dilution to a specific virus:host ratio in
each experiment. Exponential cultures of E. hux-
leyi at 1 x 10° cells ml™! were exposed to EhV 201
(1:1 virus:host ratio), concurrently with a final con-
centration of either 1, 10, or 100 ng ml-! HHQ or a
volumetric equivalent of DMSO in triplicate (never
exceeding 0.2% v/v). Previous work has demon-
strated no significant difference in E. huxleyi growth
in the presence of the final concentrations of DMSO
used in these experiments (Harvey et al. 2016, Pol-
lara et al. 2021). Cultures were sampled daily for
E. huxleyi cell abundance.

Second, the impact of HHQ-mediated protection
of E. huxleyi cells in relation to EhV strain and
virus:host ratios was examined. Triplicate exponen-
tial E. huxleyi cultures at 1 x 10° cells ml~! were
exposed to either EhV 201 or EhV 86 lysate at either
1:1 or 8:1 virus:host ratio, along with 100 ng ml™
HHQ. Treatments with volumetric equivalent con-
centrations of DMSO served as controls. E. huxleyi
cell abundance was monitored on the flow cytometer
up to 120 hpi.
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To examine the impact of pre-treating the virus
with HHQ, viral lysates from 2 strains (EhV 201 and
EhV 86) were either treated with 100 ng ml~! HHQ or
a volumetric equivalent of DMSO for 96 h in dura-
tion. Following viral lysate pre-treatment, triplicate
exponential E. huxleyi cultures at 1 x 10° cells ml™!
were exposed to the pre-treated viral lysate (1:1
virus:host ratio). All treatments were monitored for
120 hpi for E. huxleyi cell abundance and total viral
abundance.

2.4. Transmission electron microscopy and
ultrastructure analysis

Exponentially growing E. huxleyi cultures at 1 x
10° cells ml™' were simultaneously dosed with EhV
201 (at an 8:1 virus:host ratio) and either 100 ng ml~!
HHQ or a volumetric equivalent of DMSO. Cultures
were incubated under general culture conditions,
and 40 ml from all treatments were sampled every
24 h for E. huxleyi cell abundance and transmission
electron microscopy (TEM) analysis over 96 hpi.

Cells were prepared for TEM analysis by con-
centrating 40 ml of culture on a 0.4 pm, 25 mm
polycarbonate filter to 2 ml, then washing 3 times
with 0.2 M sodium cacodylate buffer, pH 7.2, and
resuspending concentrated cells in 2 ml of 0.2 M
sodium cacodylate buffer. Cells were fixed in 1 ml
aliquots in 2.5% glutaraldehyde in 0.2 M sodium
cacodylate buffer, pH 7.2, and kept at 4°C in the
dark. Both 1 ml fixed duplicate samples were com-
bined and further concentrated on a 0.45 pm
Corning SpinX (non-sterile) cellulose acetate col-
umn into a single sample with a final volume
ranging from 190-220 pl. Samples were kept in
the dark at 4°C and transported to the Electron
Microscopy Resource Laboratory at the University of
Pennsylvania for processing. Briefly, cells were post-
fixed in 2% osmium tetroxide for 1 h at room tem-
perature and rinsed in double-distilled H,O prior to
en bloc staining with 2% uranyl acetate. After de-
hydration through a graded ethanol series, the
cells were infiltrated and embedded in Embed-812
(Electron Microscopy Sciences). Thin sections were
stained with uranyl acetate and lead citrate and
examined with either the JEOL 1010 electron
microscope fitted with a Hamamatsu digital camera
and AMT Advantage NanoSprint500 software or a
JEOL JEM-1400 electron microscope fitted with
Gatan CCD camera and Gatan Digital Micrograph
(version 1.83.842) and TEM Center for JEM-1400
software (version 1.3.4.2698).

To detect the underlying ultrastructural impacts
of HHQ on E. huxleyi-EhV infection dynamics, the
morphology of E. huxleyi cells was examined at the
single cell level using the National Institutes of
Health ImageJ software with Fiji built-in software
tools (Schindelin et al. 2012). Approximately 30 cells
per treatment were randomly selected for analysis at
24, 48, and 72 hpi; cells at 96 hpi were not analyzed
due to a large extent of viral degradation in control
samples. Cells were assessed for the number of viri-
ons per cell and morphological parameters previ-
ously described as indicative of EhV infection, in-
cluding the percentage of cells with membrane
blebbing, compromised membranes, and observable
lipid bodies (Mackinder et al. 2009, Schatz et al.
2014, Liu et al. 2018).

2.5. Infection assays for diagnostic
fluorescent assays

In triplicate, 500 ml polycarbonate bottles contain-
ing E. huxleyi cultures at a concentration of 1 x 10°
cells ml™! were inoculated with an 8:1 virus:host ratio
4 h after the onset of the light period and 100 ng m1™
HHQ. Concurrent triplicate bottles were prepared
with both viral lysate and a volumetric equivalent of
DMSO. All treatments were incubated under general
culturing conditions for 120 hpi.

Cultures were harvested daily for E. huxleyi cell
counts, EhV enumeration, and a series of diagnostic
fluorescent assays used to measure indicators of cell
stress and PCD. Intracellular ROS production was
measured by staining 200 pl of culture with 5 pM
CM-H,DCFDA for 90 min in the dark at 18°C. NO
production was measured by staining 200 pl of cul-
ture with 5 pM DAF-FM Diacetate dye for 45 min in
the dark at 18°C. The concentration of dead cells was
measured by staining 200 pl of culture with 1 uM of
SYTOX™ Green dye for 10 min in the dark at 18°C.
Membrane blebbing was measured by staining 200 pl
of culture with 10 ptM of FM1-43FX dye for 30 min in
the dark at 18°C. Lysosome presence was measured
by staining 200 pl of culture with 1 pM of Lysosen-
sor™ Green DND-189 for 10 min in the dark at 18°C.
All diagnostic fluorescent assays were read on the
flow cytometer in 96-well plates with an excitation at
488 nm and emission at 512/18 nm. Fluorescent dye
assays were prepared in the following order: ROS,
NO, SYTOX, FM1-43FX, and Lysosome at each time-
point (0, 12, 24, 48, 72, 96 h).

For metacaspase assays, 25 ml cultures of
exponential-phase E. huxleyi between 1 and 2 x 10°
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cells ml~! received one of 4 treatments in triplicate:
DMSO only, 100 ng ml! HHQ, EhV 201 + DMSO or
EhV 201 + 100 ng ml™" HHQ. Cultures with virus
were inoculated with a 1:1 virus:host ratio and cells
were harvested daily for E. huxleyi cell counts and
metacaspase activity until the viral-infected cultures
dropped below 10° cells ml~!. Metacaspase activity
was measured by staining 1 ml cultures with 20 pM
CaspACE(™) FITC-VAD-FMK dye for 20 min in the
dark at 18°C. After staining, cells were washed once
with 750 nl of 1x PBS and concentrated on a 0.45 pm
nylon Spin-X column to a final volume of 400 pl. Con-
centrated samples were fixed in 2% formalin and
stored in the dark at 4°C for up to 1 wk. Metacaspase
activity was measured on the flow cytometer in 96-
well plates with an excitation at 488 nm and emission
at 512/18 nm.

The lack of NO production observed in our initial
round of diagnostic fluorescent assays prompted an
additional examination of the impact of viral abun-
dance and viral strain on NO production in DMSO-
and HHQ-treated cultures. In triplicate 20 ml boro-
silicate tubes, E. huxleyi cultures at

3. RESULTS

Our previous work demonstrated that Emiliania
huxleyi was protected from viral mortality when
exposed to 100 ng ml™* HHQ (Pollara et al. 2021 and
Fig. S1 in the Supplement at www.int-res.com/articles/
suppl/a089p075_supp.pdf). Here, we demonstrate that
this protection was only conferred when the alga was
exposed to 100 ng ml~! of HHQ (Fig. 1a). Lower con-
centrations of HHQ (e.g. 1 and 10 ng ml™?) resulted in
E. huxleyi cell lysis by EhV 201; however, when cells
were dosed at 100 ng ml~!, both treatments exhibited
static growth (i.e. no loss or gain of cell abundance).
Based on these results, a dose of 100 ng ml-! HHQ
was chosen as the concentration used in all sub-
sequent experiments.

Protection against viral mortality was similar across
2 strains of EhV examined and varying ratios of virus
to host tested (Fig. 1b). Similar to the dynamics
observed with EhV 201, when E. huxleyi was ex-
posed to EhV 86, cell abundance started to decline
significantly at 48 hpi relative to DMSO control (p =

a concentration of 1 x 10° cells ml™ 15 a B no virus
were inoculated with eral lysate (EhV ‘Ic 051 B +EhV 201
86 or EhV 201) at either 8:1 or 1:1 ;’
virus:host ratio 4 h after the onset of the %5 0.0
light period and 100 ng ml™' HHQ. ; P
Concurrent triplicate tubes were pre- ‘E 05
pared with both viral lysate and a volu- 9 _;,
metric equivalent of DMSO. All treat- o
ments were incubated under general -1.5 = = N ~
culturing conditions up to 120 h. NO o\&f" q&\ Q@ ofé
production was measured with DAF- * 0\'\° (\Q‘\ \@‘\
FM Diacetate dye as described above. ,;23“ &%0 Qg‘O\
x
— 1077b —— +DMSO
s = —e— +HHQ
2.6. Statistical analyses E 106- e +ERV 201 (1:1)

All statistical analyses were done ‘@ 1054 ===l sl R A0 L1 # R
using Prism 9 version 9.1.0 (GraphPad % ) sor +ENV201 (811)
Software). Experiments that were con- g 10%] +EnV 201 (_8:1) #HHQ
ducted to examine changes in either E. §< 1034 : :E:x :g 8:; + HHQ
huxleyi or virus abundance or E. hux- < )
leyi physiological activity over time W 1024+——F——T——T——T——T— <o +Ey Bai(B)

0 20 40 60 80 100 120 +EhV 86 (8:1) + HHQ

were compared using a repeated-
measures ANOVA with Sidak's multi-
ple comparison post hoc tests. Growth
rates were compared using a 1-way
ANOVA, with Tukey's HSD post hoc
analysis. Any p-values less than or
equal to 0.05 were considered statisti-
cally significant for all tests.

Hours Post Infection

Fig. 1. (a) Growth rates of axenic Emiliania huxleyi in response to different
concentrations of 2-heptyl-4-quinolone (HHQ) with and without E. huxleyi
virus (EhV) 201 (1:1 virus: host ratio) over 96 h. Asterisks indicate a significant
difference in growth rate from the +DMSO control. (b) Impact of 100 ng ml™!
HHQ on the growth rate of E. huxleyi depending on viral strain (EhV 86 and
EhV 201) and abundance. In both (a) and (b), means (+SD) are shown (n = 3);

SD bars may be too small to visualize
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0.02). A similar decline in abundance was not ob-
served in E. huxleyi cells infected with EhV 86 and
exposed to HHQ; rather, these cells maintained a
static cell abundance throughout the experiment.
Changing the virus-to-host ratio from 1:1 to 8:1 also
did not alter the protection dynamics of HHQ but did
influence how quickly viral mortality was induced.
Higher virus-to-host ratios resulted in higher E. hux-
leyi cell losses irrespective of EhV strain used.
Pre-exposure assays provided an opportunity to
evaluate the direct impact of HHQ on the infectivity
of the virus. No significant difference in mortality
was observed when E. huxleyi cells were infected
with viral lysate, from either strain, pre-exposed to
DMSO relative to HHQ (Fig. 2a,b). Moreover, pre-
treating viral lysate with HHQ and then infecting E.

a C
a EhV 201 3x107
< L
£ .. =
8 5 2x107-
o o
< 108 @
Y S 1x1074
X 10 =
_g >
m. 101 » T L T L T L T L] T * 1
0 20 40 60 80 100 120
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e',ée
¢
b d
—~ ... EhV86 4x1071
2] 1 —_
E E 3x1074
® 106+ 8.
?_’, 105_' [72) 2x107
ks c
> o
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.E >
m- 101 L T b T ¥ T b T

0 20 40 60 80 100 120

Hours Post Infection
—e— +DMSO &
- @ +EhV pretreated with DMSO 3¢

—&— + EhV pretreated with HHQ

Fig. 2. Cell abundance was quantified from non-infected and infected cultures
(1:1 virus: host ratio) where viral lysate from (a) EhV 201 and (b) EhV 86 was
treated with 100 ng ml! HHQ for 96 h prior to infection. Extracellular viral
counts from (c) EhV 201 and (d) EhV 86 infected E. huxleyi cultures at 96 hpi
(hours post infection) quantified by flow cytometry. No significant differences
(p £0.05) between extracellular viral abundances were observed at 96 hpi. For
all treatments, means (+SD) are shown (n = 3); SD bars may be too small to

visualize

huxleyi cells did not inhibit total viral production
(Fig. 2¢,d). Interestingly, HHQ did not confer protec-
tion of E. huxleyi if its addition was delayed to 24 hpi
(p = 0.0002); however, delaying HHQ addition for
1 and 4 hpi did not inhibit viral lysis of E. huxleyi
(Fig. S2). Based on these results, the remaining
experiments were conducted by exposing E. huxleyi
to virus and HHQ simultaneously at time zero.

TEM imaging showed that EhV 201 viral particles
were present in infected E. huxleyi cells in both the
presence and absence of HHQ (Fig. 3a—d). At 48 hpi,
control cells treated only with EhV 201 exhibited
viral particles enclosed in suspected early endo-
somes, as identified by the presence of membrane-
bound vesicles (Fig. 3a,b). In contrast, EhV 201 +
HHQ-treated cells showed cytoplasmic clearing and
endolysosomes formed upon the
fusion of late endosomes and lyso-
somes, identified by the many intralu-
minal vesicles, membrane cargo, and
enclosed granules with homogeneous
electron density (Fig. 3c). Over the
course of 72 h, there was no differ-
ence in the number of virions per cell
in the presence and absence of 100 ng
ml~! of HHQ (Fig. 3e). At 72 hpi, the
percentage of cells that exhibited bleb-
bing and compromised membranes
in EhV 201 + HHQ-treated cells was
reduced compared to cells exposed
only to EhV 201 (Fig. S3a—-d). Con-
versely, a larger percentage of cells

s were observed to have both thy-

lakoid and cytoplasm lipid bodies
in HHQ-exposed infected cells at
72 hpi compared to virus-only con-
trols (Fig. S3a-d).

As viruses were able to gain entry
into HHQ-exposed host cells, free-
virion abundance upon viral release
from the host was also examined. Total
viral abundance peaked at 5.1 x 107
viruses ml~! at 72 hpi in the absence of
&"’b HHQ, whereas total viral abundance
did not exceed 1.0 x 10° viruses ml™!
when the alga was exposed to HHQ
(Fig. 4a). Beginning at 24 hpi, sig-
nificant differences in total virus
abundance between the DMSO and
HHQ treatments were observed and
continued through the end of the ex-
periment (p = 0.002 or below). At
time zero and 96 hpi, infectious viral
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Fig. 3. Ultrastructure analysis of Emiliania huxleyi following infection with
EhV 201 (8:1 virus:host ratio) in the presence and absence of HHQ. Rep-
resentative transmission electron microscopy (TEM) images of E. huxleyi
exposed to (a,b) EhV 201 only, (c) EhV 201 and 100 ng ml™' HHQ, or (d)
100 ng ml™! HHQ only at 48 hpi. EhV 201 virions were identified by an
electron-dense core enveloped by a membrane. Early endosomes (EE,
black box in a) were identified by membrane-bound vesicles. (b) Higher
magnification of the boxed area depicting the early endosome in (a). Endo-
lysosomes (EL, red dashed outline in c) were identified by the many intra-
luminal vesicles, membrane-bound cargo, and fused lysosomes (L) denoted
by an electron-dense core with homogenous granularity. Arrows denote
viral particles. Additional subcellular structures include the chloroplast (C),
lipid droplet (LD), nucleus (N), and vacuole (V). Scale bars = 200 nm (a,c,d)
and 100 nm (b). (e) Quantification of EhV 201 virions in E. huxleyi cells
(n = 30 cells per treatment per time point) with and without HHQ imaged
by TEM between 24 and 72 hpi. Mean + SD is shown; no significant differ-
ences (p < 0.05) between intracellular viral abundances were observed in (e)

abundance was also enumerated. The
abundance of infectious viruses in-
creased several orders of magnitude
over the course of the experiment,
from 200 viruses ml™* at 0 h to 3.8 x 107
viruses ml~! at 96 hpi in infected cul-
tures treated with DMSO (Fig. 4b).
However, in the presence of HHQ, the
abundance of infectious viruses only
increased to approximately 1.8 x 10*
active viruses ml™!, 3 orders of magni-
tude lower than in the absence of HHQ.
These results revealed a large dis-
parity in the percent of active to total
viruses, with approximately 62% of
the total viruses being active in the ab-
sence of HHQ relative to only 1.3 % in
the presence of HHQ at 96 hpi. If we
assume viral exit is due entirely to cell
lysis, viral burst size from 48 to 96 hpi
was different between the 2 treat-
ments as well. When E. huxleyi was
exposed only to EhV 201, burst size
was 71 virions per host cell, compared
to a burst size of 8.5 virions per host
cell when E. huxleyi was exposed to
both EhV 201 and HHQ.

Across all diagnostic stains tested,
significant differences in cellular stress
biomarkers were found between in-
fected E. huxleyi cells in the presence
and absence of HHQ (Fig. 5). In the
absence of HHQ, the relative fluo-
rescence of NO in E. huxleyi cells
showed a rapid peak early in infec-
tion and then a rapid decline after
12 h (Fig. 5a). A similar peak was not
observed when infected E. huxleyi
cells were exposed to HHQ, with
the relative fluorescence significantly
lower (p < 0.001) than the DMSO con-
trol at all time points examined after
0 hpi. This pattern was observed
irrespective of the strain of EhV used
or virus:host ratio despite the magni-
tude of NO production scaling with
virus:host ratio (Fig. S4). The percent
of the infected E. huxleyi population
stained for ROS was generally not sig-
nificantly different when exposed to
HHQ (Fig. 5b) outside of the 72 hpi
time point (p = 0.021). Similarly, there
was no significant difference in the
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Fig. 4. Triplicate Emiliania huxleyi cultures were dosed simul-
taneously with EhV 201 (1:1 virus:host ratio) and 100 ng m1~!
HHQ or EhV 201 alone, and the (a) abundance of extracel-
lular viruses was measured every 24 h by flow cytometry
over 120 hpi. (b) Total number of infectious or active viral
particles was quantified using the most probable number
assay at the start of the experiment (0 hpi) and at 96 hpi in
both treatments. Mean + SD is shown. Asterisks indicate a
significant difference (p < 0.05) in growth rate from the
virus-only control

mean relative fluorescence between the 2 treatments
for metacaspase over the course of the infection
(Fig. 5c¢). For FM1-43FX (p = 0.002) and the popula-
tion of SYTOX-activated cells (p = 0.0008), signifi-
cantly lower signals were observed in infected E.
huxleyi cells in the presence of HHQ after 72 hpi
(Fig. 5d-f).

4. DISCUSSION
Previous work demonstrated that Emiliania huxleyi

exposure to the quorum sensing signal HHQ pro-
tected the algal host against viral lysis (Pollara et al.

2021); however, the mechanistic basis for this protec-
tion was unknown. The present study detailed the in-
fluence of HHQ on the efficacy of EhV infection in E.
huxleyi and expands on the potential ecological role
of bacterial chemical signals, like HHQ, in marine eco-
systems. The concentration of HHQ found to inhibit
viral-mediated cell lysis (100 ng ml~! or 410 nM) was
also the observed growth inhibitory (ICso) concentra-
tion for E. huxleyi strains (Harvey et al. 2016). Previ-
ous work also demonstrated that this ICs, concentra-
tion of HHQ had a significant impact on E. huxleyi
morphology, physiology, and the transcriptomic and
proteomic profiles of the alga, while exposure to
HHQ concentrations <100 ng ml~ ! had more minimal
impacts (Pollara et al. 2021). Together, these findings
indicate that a physiological restructuring of the alga
at the IC5y may play a critical role in viral protection.
While the concentration of HHQ in situ in marine
ecosystems is not well quantified (Pollara et al. 2021),
it is unlikely that the few bulk measurements avail-
able accurately represent the effective HHQ concen-
tration that an algal cell would experience in the
phycosphere (Seymour et al. 2017, Shibl et al. 2020).
Direct measurements of other metabolites (e.g. DMSP)
in a microbial phycosphere indicated that concentra-
tions were on the order of hundreds of mM, several
orders of magnitude higher than the concentrations
used here (Gao et al. 2020). Moreover, in situ meas-
urements of HHQ concentrations produced by the
human pathogen Pseudomonas aeruginosa range
from 5 to 25 pM depending on stage of growth (Dig-
gle et al. 2003), well above the ICs, determined here
(Harvey et al. 2016). Therefore, we hypothesize that
100 ng ml™* is both an ecologically relevant concen-
tration of HHQ that could be obtained in the phyco-
sphere by associated bacteria and a physiologically
relevant concentration capable of influencing the
success of viral dynamics in the field.

To examine if the effect of viral protection was
mediated by direct interaction between EhV and
HHQ, viral lysate was pretreated with HHQ for 96 h
and then used to infect exponentially growing E.
huxleyi cultures. No difference in viral infection
dynamics was noted, including the trajectory of algal
cell death and extracellular viral abundance 96 hpi,
suggesting that HHQ does not degrade or influence
EhVs directly. Rather, viral mortality evasion by HHQ
is indirect, likely through the physiological alteration
of the alga. Additionally, variability in the EhV strain
did not alter the protection that HHQ afforded
E. huxleyi. Comparison of EhV genomes has indi-
cated significant differences in putative genes that
influence the ecology and function of particular viral
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Fig. 5. Triplicate cultures of exponentially growing Emiliania huxleyi cells were infected with EhV 201 at an 8:1 virus:host ratio

(Fig. S1) and tracked for biochemical markers of cellular stress over the course of infection by flow cytometry. Infected cells

were assessed for the presence of (a) intracellular reactive nitrogen species (NO) assessed by DAF-FM Diacetate dye, (b)

intracellular reactive oxygen species (ROS) production measured by CM-H,DCFDA, (c) intracellular metacaspase activation
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strains (Nissimov et al. 2017), yet experiments herein
suggest that HHQ-mediated protection against EhV
was universal and triggered via fundamental changes
within the algal host. Finally, the magnitude of the
EhV inoculum dose did not alter HHQ-induced pro-
tection, indicating that the effects of HHQ are con-
ferred independent of the encounter rate dynamics
between EhV and host. Together, these findings con-
tinue to support the hypothesis that the influence of
HHQ on the physiology of the host results in protec-
tion against viral infection.

Successful viral infection requires that the virus
gain entry into, but also exit from, the host cell
(Mackinder et al. 2009). TEM visualization of in-
fected E. huxleyi cells clearly showed viral presence
in HHQ-treated cells at 24 hpi with no significant dif-
ference in the number of virions per infected cell
observed. It is hypothesized that EhVs gain entry into
E. huxleyi using C-type lectins to attach, enter, and
exit the cell via lipid rafts enriched with glycosphin-
golipids (Rose et al. 2014). Changes in the effective-
ness of EhVs to gain entry into a host would be
expressed in the percentage of the population
exhibiting compromised membranes or membrane
blebbing; however, no differences were observed in
these parameters with exposure to HHQ, reinforcing
the idea that HHQ does not prevent viruses from
entering an E. huxleyi cell.

Results described here indicate that viral exit is
compromised in HHQ-treated cells. In infected hosts
exposed to HHQ, significantly fewer total extracellular
viral particles were produced over the course of infec-
tion. Concomitantly, fewer infectious extracellular
viruses were released, resulting in smaller calculated
burst sizes. Various factors have been suggested to in-
fluence burst size, including nutrient content, temper-
ature, and light (Raven 2006, Shemi et al. 2016,
Thamatrakoln et al. 2019); however, the pool of avail-
able nucleotides needed for viral replication may ulti-
mately constrain burst size (Brown et al. 2006). Select
alkylquinolones are known to inhibit dihydroorotate
dehydrogenase (DHODH), a key rate-limiting enzyme
responsible for pyrimidine synthesis (Wu & Seyed-
sayamdost 2017). Moreover, inhibition of DHODH
has been shown to decrease nucleotide pools, disrupt
DNA replication, and accelerate genomic DNA le-
sions, thereby inducing intra-S-phase arrest in eu-
karyotes (Arnould et al. 2017, Fairus et al. 2017).
HHQ-treated E. huxleyi exhibits an altered DNA
damage response, including S-phase arrest (Pollara et
al. 2021), which could drive the decrease in viral pro-
duction observed. In addition, viral infection induces
remodeling of the host lipidome whereby viral mem-

brane recruitment of recently released viruses become
enriched in highly saturated triacylglycerols (TAGs)
within 24 hpi in parallel with the formation of lipid
droplets (Malitsky et al. 2016). An analysis of intact
released virions demonstrates further enrichment of
TAG:s relative to host cells and indicates that viruses
may exit (or bud) from the host via chemically distinct
subcellular lipid microdomains, suggesting a physio-
logical role for lipidome remodeling in enhancing viral
infectivity and longevity in seawater (Malitsky et al.
2016). In HHQ-treated infected cells, there was signif-
icantly less membrane activity, as seen by the diag-
nostic fluorescent data FM1-43FX relative to EhV-
only cells. Whether this disparity is due to reduced
membrane blebbing or viral endo-/exocytosis cannot
be determined from the present data. Furthermore,
differences in the percentage of total lipid bodies in
the cytoplasm observed in infected, HHQ-treated
cells agree with results from previous work that found
E. huxleyi exposure to HHQ induces cytoplasmic lipid
droplet formation within 24 h of treatment in the alga
(Pollara et al. 2021). What remains unknown is how
the potential remodeling of lipid classes within the
host due to HHQ exposure may impact viral exit or in-
fectivity once released into the surrounding water.
Together, these results indicate that viral replication
and/or host cell exit strategy may be compromised in
HHQ-treated E. huxleyi, accounting for the paucity in
extracellular virus, decreased infectivity, and reduced
burst size observed.

Finally, the ability of the virus to gain control of
host PCD activation pathways is critical in prevent-
ing the host from activating PCD prematurely as a
strategy to rid itself of the virus (Bidle & Falkowski
2004). During infection, EhVs actively manipulate
host metabolism, hijack cellular autophagy processes
(Schatz et al. 2014), induce the production of NO and
ROS, in turn triggering metacaspase activity that
induces PCD (Bidle et al. 2007, Vardi et al. 2012,
Bidle 2015). Consequently, host susceptibility or
resistance is thought to be mediated by the regula-
tion of PCD machinery, which is an essential compo-
nent of the viral replication strategy (Bidle 2016).
Quantification of physiological activities using diag-
nostic fluorescent probes suggested PCD and cellu-
lar death were suppressed in infected E. huxleyi
exposed to HHQ. One of the first stress signals
heralding the onset of the lytic cycle in natural E.
huxleyi populations due to the rapidity with which
the signal interacts with cellular constituents is NO, a
highly reactive gaseous free radical that can propa-
gate quickly through phytoplankton populations
leading to PCD activation (Bidle 2016). NO produc-
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tion occurs early in the trajectory of viral infection
and does not occur simultaneously with ROS accu-
mulation (Schieler et al. 2019). Here, we establish
statistically significant differences in intracellular
NO at 12 hpi, with DAF-FM Diacetate fluorescence
being ~2- to 3-fold higher in infected cultures without
HHQ. Moreover, NO induction was also dose-depen-
dent conditional on viral load. In plant models, NO is
a critical regulator of the proteolytic activity of meta-
caspases (Belenghi et al. 2007), and lower NO signal-
ing early in lytic infection in HHQ-treated cells may
indicate disruption of viral-mediated control of the
PCD signaling pathway.

Together, these findings suggest that HHQ expo-
sure stalls E. huxleyi mortality during viral infection
by inhibiting viral replication/release and the activa-
tion of PCD pathways. This phenomenon is similar,
regardless of EhV strain. Disruption of E. huxleyi
mortality could allow cell-associated bacteria to con-
tinue to benefit from coordinated nutrient exchange,
common between bacteria and phytoplankton (Cooper
& Smith 2015). As has been demonstrated (Suttle
2007), viral lysis of E. huxleyi could shunt nutrients to
the free-living or non-associated microbial assem-
blage at large, perhaps to the detriment of closely
associated bacteria within the phycosphere. Addi-
tionally, viral infection of E. huxleyi can alter the
metabolic profile of dissolved organic matter (DOM)
(Kuhlisch et al. 2021), potentially producing DOM that
is not desirable to closely phytoplankton-associated
bacteria. Finally, viral infection of E. huxleyi has been
implicated in enhancing carbon export through the
stimulation of marine aggregates (Laber et al. 2018).
Therefore, altering the trajectory of viral infection
could directly alter carbon cycling on larger scales.

The consequence of the chemical crosstalk be-
tween phytoplankton and bacteria in shaping carbon
and nutrient cycling represents the most significant
inter-organism association in marine ecosystems.
Collectively, these findings add a rich new layer of
complexity to the viral-host story by presenting evi-
dence for how bacterial communication signals pro-
voke physiological remodeling of the algal host,
resulting in viral resistance.
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