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Summary

Prasinophytes are widespread marine algae for
which responses to nutrient limitation and viral
infection are not well understood. We studied the
picoprasinophyte, Micromonas pusilla, grown under
phosphate-replete (0.65 + 0.07 d~') and 10-fold lower
(low)-phosphate (0.11 + 0.04 d~') conditions, and
infected by the phycodnavirus MpV-SP1. Expression
of 17% of Micromonas genes in uninfected cells
differed by >1.5-fold (q < 0.01) between nutrient
conditions, with genes for P-metabolism and the
uniquely-enriched Sel1-like repeat (SLR) family hav-
ing higher relative transcript abundances, while
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phospholipid-synthesis genes were lower in low-P
than P-replete. Approximately 70% (P-replete) and
30% (low-P) of cells were lysed 24 h post-infection,
and expression of <5.8% of host genes changed rela-
tive to uninfected treatments. Host genes for
CAZymes and glycolysis were activated by infection,
supporting importance in viral production, which was
significantly lower in slower growing (low-P) hosts.
All MpV-SP1 genes were expressed, and our ana-
lyses suggest responses to differing host-phosphate
backgrounds involve few viral genes, while the tem-
poral program of infection involves many more, and
is largely independent of host-phosphate back-
ground. Our study (i) identifies genes previously
unassociated with nutrient acclimation or viral infec-
tion, (ii) provides insights into the temporal program
of prasinovirus gene expression by hosts and
(iii) establishes cell biological aspects of an ecologi-
cally important host-prasinovirus system that differ
from other marine algal-virus systems.

Introduction

Members of the genus Micromonas are motile unicellular
prasinophytes that are among the most ecologically suc-
cessful marine eukaryotic picophytoplankton (<2 pm
diameter), see, e.g. (Worden and Not, 2008; Massana,
2011). Little is known about how biotic (e.g., viruses) and
abiotic (e.g., nutrients) factors influence growth and mor-
tality of members of this diverse genus. Of note, the first
virus isolated for a marine phytoplankter infects Micromo-
nas pusilla (Mayer and Taylor, 1979). Since then, mor-
phologically similar viruses infecting other M. pusilla
strains have been isolated and shown to be common
(Cottrell and Suttle, 1991, 1995). Between two and 10%
of Micromonas cells are estimated to be lysed per day in
the field (Cottrell and Suttle, 1995) and lysis can release
about 70 infective particles per cell (Waters and Chan,
1982). Viruses have also been isolated that infect other
Micromonas species (Maat et al., 2014; Baudoux et al.,
2015). Collectively, these viruses are termed prasino-
viruses and belong to a family of large double-stranded
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DNA viruses, the Phycodnaviridae (Chen and Suttle,
1996). Prasinoviruses that infect Bathycococcus and
Ostreococcus, which are close relatives of Micromonas,
have also been described (Bellec et al., 2009; Moreau
et al., 2010; Derelle et al., 2015). Analyses of marine
samples using various approaches, including metage-
nomic sequencing, have demonstrated that such prasino-
viruses are commonly present in surface ocean waters
(Culley et al., 2009; Monier et al., 2012).

Despite their widespread occurrence and apparent eco-
logical significance, the interactions of prasinoviruses with
their hosts have yet to be characterized at the molecular
level. The availability of genome sequences from several
Bathycoccus and Ostreococcus viruses (Moreau et al.,
2010; Derelle et al., 2015), as well as four Micromonas
viruses, including MpV-SP1 (Finke et al., 2017b) poise the
field for such studies. These prasinoviruses have similar
genome sizes and a core set of shared genes that includes
several host-derived auxiliary metabolic genes (AMGs)
(Monier et al.,, 2017), as well as a large pangenome.
Despite these considerable genomic resources, variation in
expression of viral genes during the lytic cycle remains
unexplored in prasinoviruses. The only expression study
thus far used gPCR to determine that copies of the MpV-
SP1 polB gene increased during the infection time course
while M. pusilla 18S rRNA copies decreased. These results
were interpreted as suggesting that an accumulation of viral
genomes occurred at the expense of host DNA synthesis
toward the end of the lytic cycle (Brown et al., 2007).

The Micromonas genus itself harbors considerable
diversity. Of the seven distinct Micromonas clades,
Clades A, B, and C (sensu Simmons et al., 2015) are
closely related and are represented by the genome-
sequenced species Micromonas commoda (RCC299).
Clades E1 and E2 branch adjacent to one another, with
E2 being a high latitude/polar species, Micromonas polaris
(Simmons et al., 2015; Simon et al., 2017). There is one
as yet uncultured group, Micromonas Clade _.IV (Worden,
2006). Clade D contains the genome-sequenced species
Micromonas pusilla (CCMP1545, Clade D sensu
Simmons et al., 2015) which can be infected by the MpV-
SP1 virus, the type species of the genus Prasinovirus
(King et al., 2012). The Micromonas clades show
extensive divergence (Guillou et al., 2004; élapeta et al.,
2006; Simmons et al., 2015), such that M. pusilla and
M. commoda share only 80% of their protein encoding
genes (Worden et al., 2009; van Baren et al., 2016). Not
surprisingly, viruses isolated against M. pusilla do not
infect members of the other Micromonas clades, and
infectivity appears to even be limited to specific strains
within Micromonas Clade D (Bellec et al., 2014; Baudoux
et al., 2015). The distribution and ecological importance of
the different Micromonas clades, alongside availability of
complete genome sequences for two species (van Baren
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et al., 2016), transcriptome assemblies for all but the
uncultured clade (Keeling et al., 2014), and genomes from
several viruses (Moreau et al., 2010; Finke et al., 2017b),
make the Micromonas/prasinovirus system both tractable
and environmentally relevant.

In many marine environments, abiotic factors, espe-
cially nutrient availability, play important roles in regulat-
ing phytoplankton growth and primary production rates
(Field et al., 1998). For example, in the Sargasso Sea
where Micromonas is observed at higher abundances in
winter and spring than summer, increased stratification
and phosphate limitation during summer are linked to
reduced contributions by eukaryotic phytoplankton and
dominance by the cyanobacterium Prochlorococcus
(Treusch et al., 2012). The extent of phosphate limitation
in both the Sargasso and Mediterranean Seas also
appears to manifest in gene content of cyanophages
(Sullivan et al., 2005), where phosphate-acquisition
related genes are enriched relative to those in cyano-
phages from the Pacific Ocean (Kelly et al., 2013). Fur-
ther, in a Prochlorococcus-cyanophage system,
transcript levels of P-transport-related phage genes are
elevated in P-starved hosts relative to P-replete hosts
(Zeng and Chisholm, 2012; Lin et al., 2016). In prasino-
viruses, both phosphate (Monier et al., 2012) and ammo-
nium transporters (Monier et al., 2017) have been
reported. Thus, it has been inferred that the virus
(or cyanophage) may induce increased host uptake of
the particular nutrient during infection. This has been
shown for a virally-encoded ammonium transporter
expressed and utilized by the host, Ostreococcus tauri,
during infection (Monier et al., 2017), but has not yet
been demonstrated for eukaryotic-virus phosphate trans-
porters. Rather, evidence for the influence of phosphate
in host-virus interaction is based on viruses being thought
to have relatively high phosphate requirements (Jover
et al., 2014), and the idea that phosphate availability
limits viral production, infection kinetics, and burst size,
as well as host growth rates (Gunnar Bratbak et al.,
1996; Wilson et al., 1996; Maat et al., 2014). Eukaryotic
host-virus dynamics under varying nutrient levels have
been studied in Clade C Micromonas LAC38 (Maat et al.,
2014; 2016b,c). The LAC38 strain has 100% 18S rRNA
identity to Micromonas Clade C strains and is phyloge-
netically closer to Clade A species M. commoda than to
Clade D species M. pusilla (as which LAC38 was origi-
nally misidentified). In the studies of Maat and col-
leagues, a prasinovirus of LAC38 exhibited a longer
latent period and lower viral production in hosts grown
under phosphate deplete conditions, relative to replete
conditions, similar to differences observed under varying
nitrogen availability (Maat and Brussaard, 2016).

The influence of nutrient availability on growth of
hosts and viral replication have yet to be examined
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alongside corresponding transcriptional responses in
marine eukaryotic phytoplankton-virus systems. Here, we
investigated the influence of phosphate availability on the
growth and transcriptomic responses of M. pusilla
(CCMP1545), in the presence or absence of infection by
the prasinovirus MpV-SP1. In addition to flow cytometric
analyses of virus and host populations, RNA-seq sam-
ples were collected 1.5, 3 and 12 hr after initiation of the
infection experiment and sequenced. The resulting tran-
scripts were mapped to the host and virus genomes and
differential expression was analyzed. The design of the
study allowed us to examine how relative transcript abun-
dances differed in both M. pusilla and the virus under
replete and low-phosphate conditions. Collectively, these
studies provide first insights into the transcriptional pro-
gram of a virus after infecting a eukaryotic picophyto-
plankton species.

Results and discussion
Host cell growth rates and viral infection dynamics

Micromonas exhibits marked synchronized differences in
gene expression profiles (Waltman et al., 2016), as well
as chlorophyll fluorescence and cell size, over the cell-
cycle when grown under a light:dark cycle (Jacquet et al.,
2001; DuRand et al., 2002; Cuvelier et al., 2017). Here,
experiments were performed under continuous light to
avoid the influence of cell-cycle synchronization, which
would differ in a growth-rate dependent manner between
our treatments. Further, little is known about how viral
entrance into the cell, and viral infection kinetics are influ-
enced by the host-cell-cycle phase. Hence, here, use of
unsynchronized cultures (i.e., continuous light) was
important for focusing on the effects of nutrient status on
hosts and viral infection, as done in other phytoplankton
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RNA-seq studies on nutrient limitation (see e.g., Bender
et al., 2014). Lack of synchronization was manifested in
M. pusilla population mean forward angle light scatter
(FALS, a rough indicator of cell size) being constant over
the RNA-seq time course (ending at T12) and cell abun-
dance increasing incrementally (Supporting Information
Fig. S1), unlike patterns observed for synchronized
M. commoda cells over a similar timeframe (Cuvelier
et al. 2017). Growth rates of M. pusilla over the 24-h
experimental period differed between P-replete condi-
tions (0.65 + 0.07 d~', ~one doubling every 24 h) and
slower growing low-P cells (0.11 + 0.04 da, p < 0.001;
Fig. 1A), reflecting an 83% reduction in growth rate
between the uninfected P-replete and low-P treatments.

Cells in treatments with added viruses died at both
levels of phosphate availability (as manifested by the
‘negative’ growth rates computed for infected cultures,
Fig. 1A), as expected. Viral particles were also enumer-
ated using flow cytometry and SybrGreen staining (Payet
and Suttle, 2008; Brussaard et al., 2010). These results
demonstrated that after 12 hours extracellular viral parti-
cles had increased by 79 + 36% in the P-replete condi-
tions from TO values and by 8 + 8% in the low-P
treatment. This difference persisted such that 24 h after
infection the number of viruses released in the P-replete
treatment was still higher than in the low-P treatment
(p < 0.01) (Fig. 1B). Further, while Micromonas abun-
dance during infection was not different between the
replete and low-P treatments at T12 (t-test; p = 0.86), at
T24 they were significantly lower in P-replete
(1.0 £ 0.1 x 10° mI™") than low-P (2.1 + 0.1 x 10° mI™";
t-test, p < 0.001).

In a prior study, chlorophyll-pigmented particles
observed during an algal viral lysis event that scattered
less light than the alga itself were inferred to be chloro-
plasts released from lysed host cells into the medium

Fig. 1. Growth of Micromonas pusilla and production
of viruses under experimental treatments measured
from biological triplicates.

A. Daily growth rate measured over 24 h of M. pusilla
cultures in replete (25 puM) and low (2.5 pM) P
medium under continuous light.

B. MpV-SP1 particles enumerated by flow cytometry
over the time course in infected M. pusilla cultures
acclimated to replete- and low-P conditions. Shown
are the mean and standard deviation of biological trip-
licates for each condition.
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(Brown and Bidle, 2014). This conclusion was made after
tests using various stains to distinguish intact hosts from
lysing hosts, and the much smaller particles, which were
presumed to be free chloroplasts (post lysis) in flow cyto-
metric analyses of infected cultures of Aureococcus ano-
phagefferens. Although the host genera Micromonas and
Aureococcus belong to different eukaryotic supergroups
(Adl et al., 2012), the virus isolates AaV and MpV-SP1
are both Nucleocytoplasmic Large DNA Viruses
(NCLDVs), and would be expected to cause cell lysis in a
similar manner (Moniruzzaman et al., 2014). Hence,
assuming that chlorophyll-pigmented particles with much
lower light scatter than M. pusilla cells also reflect free-
chloroplasts (and hence lysed cells, since each Micromo-
nas has one plastid) in the algal system understudy here,
we also estimated the proportion of lysed M. pusilla cells
by flow cytometry. The free-chloroplast analysis indicated
that at minimum 70% (P-replete) and 30% (low-P) of cells
had lysed by 24 h after infection (Supporting Information
Fig. S2), coinciding with the large increase in free virus
particles (again larger for P-replete) observed using direct
enumeration by SybrGreen staining and flow cytometry
(Fig. 1B). The free-chloroplast numbers were lower than
would be estimated based on the direct enumeration of
changes in cell abundance, possibly due to rapid degra-
dation of the free-chloroplasts (a degradation rate as yet
unknown). Nevertheless, this analysis supports general
trends on timing of reductions in algal cell abundance
(Supporting Information Fig. S1) and increases in extra-
cellular viral particle abundance (Fig. 1B). Overall, the
results demonstrated that cells in the P-replete treatment
produced more viral particles than the low-P treatment
(Fig. 1B).

The lower viral production observed for M. pusilla
cultures grown under reduced phosphate availability
could be due to specific P-limitation of viral replication or
to an indirect effect of host growth rate. Our results from
the M. pusilla/MpV-SP1 host-virus system are similar to
those from Clade C Micromonas strain LAC38 when
infected by the virus MpV-08T. The latter phycodnavirus
infects Micromonas Clade C, and potentially two Clade D
members (RCC498 and RCC629), but not other Clade D
members such as M. pusilla CCMP1545 (Martinez
Martinez et al., 2015). In the LAC38/MpV-08T system the
latent period was significantly longer in a phosphate-
starved, nitrogen-starved and N-/P-starved treatments,
and fewer viral particles (i.e., smaller burst size) were
released from host cells (Maat et al., 2014) as compared
to the replete infected control (batch experiments). In that
study, pre-experiment LAC38 cultures were grown in
semi-continuous mode, and exhibited similar growth
rates across the nutrient limitation treatments and the
control. However, unlike these pre-experiment cultures,
the growth rate of nutrient-limited cultures dropped
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dramatically, in a uniform manner across limited treat-
ments (62 = 16% lower than replete controls) once
moved into the batch mode for the viral infection experi-
ments. Likewise, when Clade C Micromonas strain
LAC38 was subjected to reduced light, the burst size of
MpV-08T was reduced and the latent period extended
(Maat et al., 2016c). Further, optimal viral replication
(i.e., shortest latent period and fastest viral production)
appears to occur at the temperature supporting maximum
host growth rate in Micromonas Clade E1 members
(Demory et al., 2017). Collectively, these studies point to
dependence of viral production and lysis rates on host
growth rate, or growth-rate-associated factors
(e.g., reduced numbers of ribosomal RNAs/translation
machinery), but independent of the rate-limiting growth
factor or the specific host-virus system understudy.

Gene expression of M. pusilla cells acclimated to
replete- and low-P conditions

We compared transcriptomes of uninfected M. pusilla cul-
tures in P-replete and low-P conditions to understand how
phosphate availability influences cellular responses at the
transcriptional level. Sequencing depth ranged from 46 to
78 million paired-end reads per sample (Table 1). Approxi-
mately 16.7% of the 9,870 protein-encoding genes in the
22 Mb M. pusilla genome showed differential expression
(>1.5 FC, g < 0.01), between the phosphate treatments
(Fig. 2). In low-P, 9.9% (979) of genes were more highly
expressed than in P-replete, based on relative transcript
abundance, while 6.8% (668) had lower expression
(Supporting Information Table S1). Thus, 83.3% of the tran-
scriptional program remained relatively stable between the
two phosphate availability levels. These results are consis-
tent with the level of transcriptional change in M. commoda
when cultures acclimated to replete versus phosphate-limit-
ing conditions are compared (Guo et al., 2018).

We next investigated a number of manually-annotated
pathways that have been implicated in phytoplankton
nutrient stress responses. Studies on P-starved marine
algae from different eukaryotic supergroups than Micro-
monas (Dyhrman et al., 2006, 2012; Orchard et al.,
2009; Wurch et al., 2014) and on non-marine plants and
chlorophyte algae (Schachtman et al., 1998; Grossman
and Aksoy, 2015), which are phylogenetically relatively
close to Micromonas, emphasize the importance of
phosphate in nucleic acids, membrane phospholipids
and key metabolic processes. Here, several genes
involved in phosphate transport, including three sodium-
dependent phosphate symporters, two genes involved
in polyphosphate accumulation and an unidentified ABC
transporter (JGI ID 3412) showed significantly higher
expression in low-P than P-replete conditions (Fig. 2).
Similarly, phosphate transporters increased in P-
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Table 1. Reads mapped to the host (M. pusilla CCMP1545) and
virus (MpV-SP1) genomes over the experimental time course

MpV-SP1 virus

Sample ID M. pusilla genome genome

P-Replete 50,126,193 + 1,150,141 n.d.
T1.5 hours

P-Replete 48,157,836 + 4,481,639 n.d.
T3 hours

P-Replete 46,595,625 + 3,700,142 n.d.
T12 hours

Infected 49,215,922 + 5,480,037 147,804 + 9,088
P-replete
T1.5 hours

Infected 54,449,275 + 2,953,263 341,875 + 26,667
P-replete
T3 hours

Infected 47,534,416 + 1,091,079 5,386,163 + 123,930
P-replete
T12 hours

Low-P 69,616,257 n.d.
T1.5 hours*

Low-P 49,164,231 + 1,338,041 n.d.
T3 hours

Low-P 55,488,577 + 8,168,380 n.d.
T12 hours

Infected low-P 49,109,379 + 2,169,170 644,112 + 12,479
T1.5 hours

Infected low-P 64,961,297 + 10,956,483 1,263,125 + 216,011
T3 hours

Infected low-P 50,190,309 + 6,856,493 3,254,363 + 832,675
T12 hours

Values shown represent the mean and standard deviation of biologi-
cal duplicates. *, no replication due to sample loss during sequenc-
ing; n.d., not detectable.

deficient as well as P-limited cultures of M. commoda
based on RNA-seq analyses (Whitney and Lomas,
2016; Guo et al., 2018), and in the green alga Tetrasel-
mis chui using gPCR (Chung et al., 2003). Interpretation
of metatranscriptomic studies of natural assemblages
(Caron et al., 2017) will rely on understanding the extent
to which these genes serve as absolute markers, or vary
depending on the ratio of available N:P and other
factors.

Land plants and bacteria (Minnikin et al., 1974;
Dérmann and Benning, 2002), as well as marine cyano-
bacteria, stramenopiles and haptophytes (Van Mooy
et al., 2009; Wurch et al., 2011), can substitute non-
phosphorus lipids, such as sulfolipids, for phospholipid
membranes when phosphorus is scarce. In P-limited che-
mostat conditions Clade C Micromonas strain LAC38
shows enrichment of non-phosphorus lipids relative to
phospholipids (Maat et al., 2016a), when compared to
replete conditions. Here, M. pusilla transcripts for three
genes involved in phospholipid synthesis (JGI IDs 6624,
6786 and 8316) were significantly lower in low-P than
P-replete, while phospholipase (responsible for phospho-
lipid degradation; JGI ID 8414) was higher (Fig. 2).
However, relative transcript abundances of M. pusilla
genes involved in galactolipid (DGD, JGI ID 437 and

MGD, JGI ID 4829) and sulfolipid (SQD7, JGI ID 699 and
SQD2, JGI ID 6144) synthesis did not change signifi-
cantly between the two phosphate conditions. Thus, the
reduction of phospholipid machinery maybe more associ-
ated to reduced turnover that accompanies slower
growth, than a massive change in lipid composition. Alter-
natively, other mechanisms for modulating synthesis
rates, and/or the sulfolipid pathway, might play a role that
obscures transcription level responses. For example,
post-transcriptional processes are important in eukary-
otes (Hanson and Coller, 2018), including Micromonas
as shown in both diel and P-limitation experiments (Walt-
man et al., 2016; Guo et al., 2018), and thus often do not
reflect changes at the protein level.

Other genes coding for proteins reported as being
activated under P-stress, such as alkaline phosphatase,
(e.g., JGI IDs 5187 and 5684 in M. pusilla) did not
change significantly between the low-P and P-replete
treatments. Finally, many of the other genes that
showed higher (329 of the 979 that changed) or lower
(185 of the 668 that changed) relative transcript abun-
dance under the low-P conditions relative to P-replete
have unknown functions. These genes may have impor-
tant roles in P-acquisition or as yet unknown aspects of
growth adjustment processes (see Supporting Informa-
tion Tables S1 and S2).

General gene expression and functional enrichment
analyses of infected and uninfected cells

We then examined changes in host gene transcript abun-
dances in infected cells and how they connected to the
differing phosphate supply levels (Supporting Information
Table S2). Here, we were only able to work with dupli-
cates for the RNA-seq analysis, and thus had reduced
statistical power, potentially obscuring some changes. At
a global level, pairwise comparisons between all treat-
ments and time points through T12 showed that P-
availability had a stronger impact on M. pusilla gene
expression than did viral infection (Fig. 3A). On average
372 + 326 M. pusilla genes had differentially expressed
transcripts (3.8 + 3.3% of genes in the genome, g < 0.01
and >1.5 fold change) between infected and uninfected
cells for the same time point and the same P treatment.
This is markedly lower than the 1741 + 365 genes that
showed differential expression between the uninfected
low-P and P-replete treatments for the same time point.
These findings may stem from dominance of the RNA-
seq signal by transcripts from healthy, uninfected host
cells. Alternatively, the distribution of our time points may
have caused us to ‘miss’ the peak expression of genes
influenced by infection. It is also possible however that
the impact of viral infection on the overall host gene
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Fig. 2. Differential gene expression in M. pusilla grown under
low- and replete-phosphate availability. The volcano plot showing
fold-changes in transcript abundances for individual M. pusilla
genes that are significantly (g < 0.01) enriched (red) or depleted
(blue) in the low-P treatment compared to the P-replete treatment
for uninfected cultures. Data from T1.5 and T3 were analyzed
together for the low-P, and these time points were also combined
for the replete-P since these cultures were grown under continu-
ous light and therefore should be replicates for the uninfected
cultures. This allowed us to compare quadruplicated transcrip-
tomes of the low-P to the high-P treatments surmounting statisti-
cal issues created by sample loss in sequencing that resulted in
only having duplicates from these time points. Larger and
coloured circles (see legend) highlight representative genes
encoding proteins from selected functionally annotated groups.
The vertical grey line shows where g = 0.01 with points to the
right of the line having g < 0.01 and points to the left of the line
having g > 0.01. The horizontal dashed grey lines show fold-
changes more or less than 1.5 (0.58 log2 FC). Numbers on the
right side are locus tag as in JGI for differentially expressed
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expression is small relative to factors that control cell rep-
lication under different growth rates or nutrient conditions.

Functional enrichment analysis identified biological
processes affected by phosphate availability in unin-
fected M. pusilla cells. Genes from five KOG classes
were significantly enriched under P-replete conditions rel-
ative to low-P, specifically genes involved in translation,
ribosomal structure and biogenesis, transport and metab-
olism of nucleotides and amino acids, RNA processing
and modification, and finally, nuclear structure (Fig. 3B
and Supporting Information Table S3). These reflect cel-
lular modifications required to accomplish the faster
growth rates seen in P-replete relative to low-P. In con-
trast, under low-P, genes for post-transcriptional modifi-
cations, signal transduction mechanisms, defense
mechanisms or intracellular trafficking, secretion and
vesicular transport were enriched (Fig. 3C). Those with
the strongest enrichment signal belonged to the post-
translational modification, protein turnover, chaperones
KOG class which includes proteins with Sell-like repeat
(SLR) domains (Supplementary table S3). These SLR
domain-containing proteins are unique to Micromonas
and this gene family is greatly expanded in Clade D
(M. pusilla) relative to Clade A (M. commoda) (van Baren
et al., 2016). Twenty-nine out of the 80 SLR proteins in
the M. pusilla genome (van Baren et al., 2016) showed
increased relative transcript abundance with fold-
changes > 4 in the low-P treatment. SLR gene activation
has been observed under endoplasmic reticulum-stress-
inducing conditions in other eukaryotes (Mittl and
Schneider-Brachert, 2007), and one SLR protein controls
extracellular matrix deposition during cell division in yeast
(Oh et al., 2017), but otherwise their functions are not
known. Ours is the first report of SLR transcriptional
responses in phytoplankton and provides targets for future

genes mentioned in the main text.

investigation of how cells modulate and modify division in
response to changes in nutrients or potential stress factors.
Overall, a number of the differentially enriched categories
in replete and low-P cells are consistent with cellular modi-
fications associated with changes in growth rate. Several
of the specific host machinery components that showed
enrichment would also influence viral replication rates,
likely increasing them under the high growth conditions.

Comparison of infected and uninfected treatments
showed significant enrichment of host genes in the KOG
class for carbohydrate transport and metabolism at the
final RNA-seq time point, T12, when cells were clearly
infected (12 genes, Figs 1 and 3D and Supporting Infor-
mation Table S3). The glycolysis pathway is the central
pathway of carbohydrate metabolism, and here two
genes annotated as FBPA-2 and GAPDH-4 showed sig-
nificant enrichment (JGI 5173 and 4276 respectively)
as did a phosphoglycerate mutase (JGI 422), two
pyruvate kinases (JGI 9357 and JGI 9370) and a
3-phosphoglycerate kinase (JGI 8039) (Supporting Infor-
mation Table S4). Consistent with increased expression
of these glycolysis genes, two CAZymes, from different
glycosyltransferase families (GT4/GT5 and GT25: JGI
1639 and 4373 respectively), were also among genes
with significantly higher relative transcript abundance
12 h after infection. Host glycolysis is considered essen-
tial for virus production and in some cases, specifically
in some mammals when infected by viruses, appears to
be enhanced by the infection (see review in Sanchez
and Lagunoff, 2015). Upregulation of glycolysis occurs
during the early phase of viral infection in the hapto-
phyte alga Emiliania huxleyi (Rosenwasser et al., 2014)
— highlighting a potential similarity between two algal-
virus systems involving hosts from distant algal
lineages.
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Fig. 3. Global changes in M. pusilla gene relative transcript abun-
dances under different phosphate conditions and infection states.

A. Heat map showing the Jensen-Shannon (JS) distances of tran-
scriptomes across all conditions with biological duplicates collapsed.
Samples labelled + SP1 indicate those with the virus MpV-SP1
added at TO. The dendrogram (right) shows JS distances analyzing
pattern of gene expression between treatments.

B and C. Host genes in significantly enriched KOG classes based on
functional enrichment analysis (T1.5 and T3 analyzed together) for the
uninfected cells in replete-P and low-P conditions respectively.

D. One KOG class was significantly enriched in infected host cells at
T12, whereas at time points T1.5 and T3 no significant gene enrich-
ments were observed and the infection was clearly in very early stages
(Fig. 1). In (B, C, and D), only the host genes which showed significant
(g <0.01 and FC > 1.5) differential expression are displayed in the
pie charts. The pie chart sizes are proportional to the number of genes
included (total of 96, 112 and 12 genes in B, C and D respectively).

Once again, many other genes encoding proteins of
unknown function had enriched (133 of the 431 that
changed) or depleted transcript abundances (32 of the
145 that changed) in infected cells relative to control
(i.e., uninfected) cells at T12. These uncharacterized
genes likely have important roles in the general cellular
responses to viral infection.

Genome-wide MpV-SP1 transcription

We also mapped the RNA-seq data to the genome of the
173-kb MpV-SP1 virus (Finke et al., 2017b) which

contains 242 predicted protein-encoding genes. Frag-
ments per kilobase per million mapped reads (FPKM)
values were generated for all genes at each of the three
time points in the replete and low-P treatments
(Supporting Information Table S5). Overall, 99.9% of the
virus genome sequence recruited transcripts at T12. The
0.1% that did not recruit reads was at the extremities of
the genome, which is comprised of inverted terminal
repeats. Transcripts from all 242 viral genes were
detected in both the P-replete and low-P treatments.
Ninety-three% of the nucleotides in the MpV-SP1 virus
genome had previously been incorporated in gene
models (GenBank accession PRINA47589). The remain-
ing 7% presumably corresponded to intergenic space,
such that intergenic regions ranged from 1 to 724 bp
(average 50 + 91 bp). We observed that at T12, 4% of
the transcript bases that aligned to the MpV-SP1 viral
genome corresponded to intergenic regions, indicating that
coding domain sequences had previously been underesti-
mated. Based on our estimates the coding proportion of
the MpV-SP1 genome is 95.99%, bringing this compact
prasinovirus genome in line with other prasinoviruses,
such as the Ostreococcus viruses (Derelle et al., 2015).

The proportion of viral transcripts increased in relation
to the total mMRNA pool over time in both phosphate treat-
ments (Supporting Information Fig. S3). As mentioned
above, Micromonas cellular abundances in the two treat-
ments did not differ at T12, but proportionally more reads
mapped to the virus in the P-replete treatment
(10.18 £ 0.69% of the overall lllumina reads) than in the
low-P treatment (6.04 + 0.01%). Most probable number
(MPN) assays were not performed, however, the host-cell
density and the viral particle ratios were similar in both
phosphate treatments, therefore host-virus encounter
rates should be consistent between the different treat-
ments. The lower proportion of virus:host reads in the
low-P treatment could indicate that fewer cells were
infected. However, it could also stem from lower host
transcriptional activity (in low-P than P-replete), as indi-
cated by our host RNA-seq enrichment analysis (Fig. 3B
and C), in an equal number of infected cells, resulting in
overall lower viral replication and proliferation in the low-
P treatment.

MpV-SP1 expression program during infection of
M. pusilla under differing P availabilities

The 50 most highly expressed viral genes were the same
in both phosphate conditions (see Supporting Information
Table S5) and most encode proteins of unknown function
(80% lack Pfam domains). For those with functional
annotations, six encode proteins that are likely involved
in viral machinery for gene expression (RNAse lIl, gen-
eral/initiation and elongation transcription factors and
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mRNA capping enzyme) and four are probably involved
in DNA replication (exonuclease, DNA polymerase IV,
DNA ligase and helicase) (Table 2).

To investigate the possibility that some viral genes
may be differentially transcribed by hosts grown under the
two P-availability levels, we compared whole-genome viral
expression profiles for each time point in low- and P-replete
conditions. Of 242 predicted genes in the MpV-SP1
genome, 8 (T1.5), 9 (T3) and 8 (T12) were differentially
expressed when comparing infection of low-P with P-replete
acclimated host cells at each time point (Fig. 4). Most of
these transcripts encoded proteins of unknown function.
The exceptions were MPXG_00046 (helicase/NTPase) for
which the relative transcript abundance was higher at T1.5
(1.9-fold change) under low-P, and MPXG_00234 (heli-
case) with a lower relative transcript abundance at T12
under low-P than P-replete. In addition, two of the eight
capsid proteins (MPXG_00091 and MPXG_00148) had
higher relative transcript abundances at T12 (4.6 and 2.0
fold change respectively) under low-P, consistent with the
timing of large increases in free viral particles during the
experiment. MPXG_00004 was the only viral gene that
showed significant expressional differences at more than
one time point (two-fold higher expression under low-P at
T3 and T12; also enriched at T1.5, but not significantly),
when comparing low-P and P-replete conditions. The func-
tion of the 692 aa protein encoded by MPXG_00004 is not
known and this protein is not present in other prasino-
viruses sequenced to date.

It is unclear whether some MpV-SP1 genes with
unknown functions that were differentially expressed
between replete- and low-P treatments have roles associ-
ated with P-acquisition or management, such as
MPXG_00004. The only other whole transcriptome study
focusing on viral expression under different phosphate
conditions is on Prochlorococcus NATL2A and its cya-
nophage P-SSM2 (Lin et al., 2016). This study showed
just two differentially expressed genes; both were up-
regulated under P starvation and are annotated as being
involved in P-transport (the high-affinity phosphate-

Host-virus interactions under varied nutrients 2905

binding protein PSTS associated to a pho box-containing
gene). Several prasinoviruses also encode phosphate
transporters, specifically PHO4, which has been postu-
lated to play a role in enhancing phosphate uptake by
the host (Monier et al., 2012). However, MpV-SP1 does
not encode this prasinophyte-derived phosphate trans-
porter. MpV-SP1 was isolated off the southern coast of
California (Cottrell and Suttle, 1991), an environment that
is typically not considered P-limited, thus there is no a
priori reason to expect that MpV-SP1 has adaptations
that are specifically designed to deal with low-P.

More generally, a combination of lab and field studies,
have suggested that viral production levels are limited
when P-availability is low. Correlation analyses between
phosphate concentration and viral abundance suggest of a
strong link between these parameters (Finke et al., 2017a).
Moreover, reduced burst size and a delayed lytic cycle
have now been demonstrated under P depletion and nitro-
gen depletion for the prasinovirus that infects Clade C
Micromonas strain LAC38 (Maat et al., 2014). Additionally,
here we observe lower MpV-SP1 production by Clade D
M. pusilla in the low-P treatment than in P-replete and in a
different style of study, E. huxleyi lysis rates in nature
appear to be higher in P-replete environments (Bratbak
et al., 1996). However, the evolution of marine viruses,
including MpV-SP1, are shaped by myriad factors, includ-
ing the host genome, host dynamics and local environmen-
tal parameters that influence host growth and viral
production. In turn, these presumably influence the reten-
tion of horizontally acquired genes in viruses and overall
adaptation processes. Proteins that may provide viruses a
selective advantage under P-limitation could be part of the
pangenome (such as PHO4) of viruses that infect
M. pusilla and these virus genotypes show differential dis-
tributions suggestive either of selection of viral genotypes
in connection to environmental conditions (Finke et al.,
2017b) or subtle differences in host strains present. How-
ever, differences in viral production associated with P-
limited growth observed here (and in prior studies) are
immutably intertwined with host growth rates, because they

Table 2. Members of the top-50 most expressed viral genes for which there is a known function

gene ID putative function functional category FPKM average + SD in P-replete
MPXG_00122 DNA polymerase IV DNA replication 133,556 + 30,454
MPXG_00082 mRNA guanylyltransferase Transcription 76,072 + 16,724
MPXG_00105 DNA ligase DNA replication 29,998 + 5,719
MPXG_00186 Exonuclease DNA replication, Recombination 26,681 + 5,269
MPXG_00059 DNA helicase DNA replication 24,500 + 3,307
MPXG_00202 transcription elongation factor Transcription 24,426 + 6,630
MPXG_00068 TATA-box binding protein Transcription 21,652 + 5,007
MPXG_00079 transcription initiation factor Transcription 18,609 + 3,424
MPXG_00080 Transcription factor OCT-1 Transcription 15,955 + 5,125
MPXG_00057 RNAse Il Transcription 9,357 + 1,744

Expression levels are based on FPKM values averaged over all time points. See Supplementary table S5 for overall viral expression data in both

P treatments.
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Fig. 4. Viral gene expression for infected cultures of P-replete (x-axis) and low-P (y-axis) acclimated Micromonas. Scatter plots represent FPKM
for transcripts mapped to MpV-SP1 at (A) 1.5 h, (B) 3 h and (C) 12 h post-infection. Viral genes showing significant changes in relative transcript
abundance between the two P treatments are denoted (blue), the ones with known function are labelled.

are also significantly different. Importantly, changes
observed by RNA-seq in host machinery involved in tran-
scription, ribosome biogenesis and translation, associated
with the (different) treatments, point to the underlying cell
biology that modulates host growth as the driver behind dif-
ferences in viral production levels. In environments where
phosphate availability differs to the extent of being nearly
unavailable to the host, such as for Prochlorococcus in
stratified Sargasso Sea conditions (Coleman and
Chisholm, 2010), the limiting factor itself (phosphate) may
play a greater role. Hence, the importance of phosphate
availability in shaping viral evolution should be considered
in a context-dependent manner.

While phosphate availability appeared to have a limited
influence on expression of MpV-SP1 genes, there were
strong temporal differences in the viral expressional profile.
Forty-seven genes (19.4% of genes) were differentially
expressed between at least two time points, under P-replete
conditions (Fig. 5A). Fewer viral genes (14) showed differ-
ential expression under low-P (Fig. 5B), while the expres-
sion of 12 genes changed among time points under both P
availability levels (Fig. 5, bold names). The transcript abun-
dances for each of these genes revealed a strong temporal
pattern over the course of the infection cycle, corresponding
to T1.5 (Early), T3 (Intermediate) or T12 (Late), when
expression was highest (Fig. 5). The gene MPXG-00072,
which contains a thioredoxin domain, was an exception in
that under P-replete conditions transcripts were detected at
T1.5 and T12, but not at T3 (Fig. 5A). As above, the function of
the majority of these genes is unknown. In the Early expressed
cluster (green in Fig. 5A), two genes putatively code for pro-
teins involved in DNA replication, including a DNA polymerase
(MPXG_00122); two genes code for RING-containing domain
proteins involved in protein synthesis, modification and degra-
dation (MPXG_00070 and MPXG_00150), and one codes for
transcription elongation factor SIl (MPXG_00202). The Late
expressed gene cluster (red in Fig. 5A) included two of eight
genes coding for capsid proteins, which are essential for the

assembly of new viral particles; other genes related to protein
metabolism (MPXG_00003, MPXG_00107, MPXG_00230
and MPXG_00241) were also highly expressed in the Late
cluster.

Temporal expression dynamics of the phycodnavirus
PBCV-1, which infects the fresh water chlorophyte alga
Chlorella variabilis (Etten et al., 1991) have been examined
over a short time course (Yanai-Balser et al., 2010). While
the temporal sampling of our experiment is very different
from this prior study, global analysis of PBCV-1 expression
using microarrays showed a temporal transcription pattern
that also delineated into Early and Late expressed genes
(Yanai-Balser et al., 2010). In another study, a subset of
PBCV-1 genes were detected in the RNA-seq expression
data as early as 7 minutes after infection (i.e., inoculation
with the virus), and all viral genes were detected in RNA-
seq data after 1 hour when sampling of the experiment was
terminated (Blanc et al., 2014). Differences in timeframes
examined, multiplicity of infections (MOI) and host-virus
encounter rates, between our study and the C. variabilis
infection experiments (Yanai-Balser et al., 2010; Blanc
et al., 2014) limit possibilities for direct comparisons. How-
ever, as seen here, genes involved in replication, transcrip-
tion and protein synthesis, modification and degradation,
tended to show expression early, whereas genes related to
viral structure (i.e., capsids) were expressed late.

Finally, differentially expressed viral genes in both P
treatments tended to show the same temporal pattern of
expression over the course of infection. For example,
MPXG-00080, -00081 and -00200 had higher relative
transcript abundances at T3, and MPXG-00125 was
expressed early under both P-treatments. Identification of
these temporal patterns will help future functional studies
that involve either direct experimentation or comparison
to other host-viral systems, as understanding of transcrip-
tion and assembly of viral components deepens. Our
results should facilitate analysis of metatranscriptomic
studies that encounter viral infection events.
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Fig. 5. Viral genes that were differentially expressed (q < 0.01 and
FC > 1.5) between at least two time points in host cells acclimated to
(A) P-replete and (B) low-P conditions (along with expression from P-
replete for comparison). The log, transformed Z-score (deviation from
the mean transcript level across all time points and treatments for
each respective gene) is shown with the direction of change indicated
for negative (blue) or positive (red) for each gene across time points.
For several genes no expression was detected (white) at one of the
two earlier time points. Dendrograms of the hierarchical cluster analy-
sis are shown on the left, with vertical bars (coloured) representing
supported clusters (AU > 95%). Genes with asterisks were not signifi-
cantly expressed in P-replete but shown in panel B to compare with
low-P. Y-axis numbers are the gene locus tag as in NCBI and have
the prefix MPXG_00 (followed by the number shown on y-axis).

Conclusion

Surface waters in the world oceans are predicted to become
more stratified in the future, and consequently have lower
nutrient availability (Behrenfeld et al., 2006; Capotondi et al.,
2012). Hence, many algae may experience even wider
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fluctuations in nutrients, or more extreme nutrient limitation, in
addition to the natural variations in nutrient availability that
occur in today’s marine ecosystems. Our results show that
M. pusilla responds to P-deficiency through a specific and
multi-faceted transcriptional makeover that allows it to main-
tain growth, albeit at a lower rate. We show that M. pusilla
induces genes involved in high-affinity phosphate uptake,
allocation of cellular P to polyphosphate, and phospholipid
degradation that as a whole enhance acquisition of extracel-
lular phosphorus and decrease cellular P demand. Impor-
tantly, we also report transcriptional changes in a unique set
of genes that encode proteins with SLR-like domains. This
protein family is greatly expanded in M. pusilla compared
to members of other Micromonas clades and more distant
prasinophytes, and therefore may reflect a species-specific
adaptation to optimizing growth or competing under low-
phosphate or other limiting nutrient conditions.

Marine host-virus-nutrient interactions are still under-
studied and to our knowledge this is the first study to
characterize gene expression patterns of both a eukary-
otic alga and its infecting virus, under differing nutrient
conditions. The expression of genes encoded in the
M. pusilla nuclear genome appears to be more strongly
influenced by nutrient availability than by viral infection,
at least under the environmentally relevant population
infection percentages examined here. In contrast to the
infected host gene profiles, transcription of MpV-SP1
genes showed a strong temporal program and only a few
viral genes (most of unknown function) exhibited differen-
tial expression under the two phosphate conditions or dif-
ferent host growth rates induced by nutrient availability in
our study. While these factors are immutably intertwined
when the treatment (in this case low-P) induces massive
changes in the population growth rate, our RNA-seq ana-
lyses, combined with results on viral production by N-
and P-limited hosts (versus replete), suggest it is the cell
biology behind modulation of host growth rate, rather
than nutrient availability itself, that drives differences in
viral production. Further, a primary host response to
infection among known function gene transcripts appears
to be enhancement of glycolysis, as also observed in
animal-virus model systems and the haptophyte alga
E. huxleyi when infected by EhV (Rosenwasser et al.,
2014; Sanchez and Lagunoff, 2015; Gonzalez Plaza
et al., 2016). Notably, the strong signal for manipulation
of host lipid metabolism observed during EhV infection
(Rosenwasser et al., 2014) was not evident in our study.
This underscores differences between strategies of evo-
lutionarily distinct viral lineages, and the importance of
characterizing relevant representative models for the
broad array of marine host-virus systems. Collectively,
our studies provide molecular-level insight into marine
prasinoviruses that will facilitate future lab and field stud-
ies on infection dynamics and host-virus interactions.
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Experimental procedures
Culturing and one-step infection experiment

Micromonas pusilla CCMP1545 (i.e. UTEX 991, Plymouth
27) was obtained from the Provasoli-Guillard National
Center for Marine Algae and Microbiota (NCMA, East
Boothbay, ME). Axenic cultures were grown in SESAWT,
an artificial seawater medium (Cottrell and Suttle, 1991)
based on ESAW (Harrison et al., 1980) that is modified by
the addition of 5 mM Tris-HCI (pH 7.8) and selenium
(10 nM). Cultures of M. pusilla were incubated at 19°C
under continuous light at 232 ymol quanta m™2 s™'. The
experiment was set up to compare M. pusilla cells grown
under replete conditions (P-replete) and conditions
approaching limitation (low-P). Conditions under which
phosphate was low or replete were established by altering
the phosphate concentration (2.5 pM or 25 uM KoHPO4
respectively) and dilution (20% and 90% of umax respec-
tively) of the cultures. Different growth rates were achieved
by growing the cells in semi-continuous cultures, using
daily dilution with fresh media (between 8 and 11 am and
within 1 h from the previous day’s dilution) for > 15 gener-
ations prior to the experiment start, following Suttle and
Harrison (1986). The umax Was calculated based on the
average specific growth rate of M. pusilla cultures in expo-
nential phase during preliminary experiments (0.76 d~', or
1.1 divisions per day). Preliminary experiments with batch
cultures showed that 2.5 pM phosphate limited cell yield;
whereas, 25 pM did not (data not shown).

On the day of the infection experiment, the low-P and P-
replete cultures were diluted 50:50 with fresh medium and
each split into six sub-cultures: three uninfected and three
infected biological replicates. The MpV-SP1 stock used to
inoculate experiments was prepared in 2.5 pM phosphate
SESAWT media and filtered through a 0.45 um HVLP
47 mm filter (Whatman) prior to use. The target MOI was
approximately 10, with the goal of infecting 100% of the
cells in the viral treatments. The volume of viral lysate
added represented ~3.7% of the liquid volume of the
Micromonas cultures. The abundance of M. pusilla cells
at the time of viral addition was 4.0 + 0.2 x 10° and
3.6 £ 0.9 x 10° mI™! for the low-P and P-replete treat-
ments respectively, based on flow cytometry counts (see
Supporting Information Fig. S1). In the preliminary experi-
ment ran with the same conditions, all replicates for both
viral treatments had visually cleared by 48 hours.

Flow cytometry

Flow cytometry samples were collected at 0 h, 1.5 h, 3 h,
6 h, 12 h and 24 h and immediately fixed by adding 10 pl
of 25% 0.45 um filtered EM-grade glutaraldehyde to
490 pl of culture, incubating for 15 min at 4°C, and then
flash freezing samples in liquid nitrogen. Samples were

then stored at —80°C until analysis on a FACSCalibur
(Becton-Dickinson, Franklin Lakes, New Jersey) after
staining with SYBR Green for enumeration of viral parti-
cles (Payet and Suttle, 2008; Brussaard et al., 2010). The
instrument was run at a nominal flow rate of 50 pl min.

RNA sampling and extraction

Cells from control (no virus added) and infected cultures
were harvested 1.5, 3 and 12 h after viruses were added.
At each time point samples for RNA extraction were col-
lected by removing approximately 55 ml of culture in trip-
licate, gently filtering (34—48 kPa) through a 0.8 um pore
size 47 mm diameter Supor 800 filter (Pall Scientific, Port
Washington, NY, USA) and immediately flash freezing
in liquid nitrogen before storing at -80°C. RNA was
extracted as described in (Duanmu et al., 2014). RNA
integrity was evaluated on a 2100 Bioanalyzer (Agilent,
Santa Clara, CA, USA) and quantity determined on a
Qubit fluorometer (Thermo Fisher Scientific).

Transcriptome sequencing

Viral genes are expressed by the transcription machinery of
host cells when they are infected, and host mRNA therefore
contains transcripts of viral origin. Poly-adenylated RNA
was isolated from 5 pg total RNA, extracted from each of
two biological replicates, using the Dynabeads mRNA isola-
tion kit (Thermo Fisher Scientific). The mRNA was purified,
fragmented, reverse-transcribed and cDNA libraries pre-
pared and sequenced as described in (Duanmu et al.,
2014). Paired-end reads of 150 bp were generated using
sequencing on the lllumina HiSeq platform. Between
46,506,281 and 78,703,685 reads were obtained per sam-
ple (average 56,375,249 per sample). Fewer reads
(~9,000,000) were obtained for one biological replicate (the
control low-P at T1.5 h, i.e., no virus added) with the RNA-
seq and this sample was therefore excluded from the differ-
ential expression analysis. All data has been deposited in
the SRA under NCBI BioProject PRINA422663.

Differential expression analysis and hierarchical
clustering

The experiments were performed and sequenced in tripli-
cate; however, a robotic mishap resulted in sample
destruction such that only duplicates could be analyzed for
each treatment. Thus, RNA-seq from biological duplicates
for each condition and time point (N = 24) were analyzed.
The Tuxedo suite was used by first aligning reads to the
respective genomes with gene models version of July
1, 2016 (M. pusilla and MpV-SP1 genomes, accessions
NZ_ACCP01000000 and PRJNA47589 respectively)
using TopHat version 1.4.0 (Trapnell et al., 2009) with
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parameters -r 27 —mate-std-dev 100 —max-intron-length
10000 —min-intron-length 20 -library-type fr-firststrand.
Gene level expression estimates in units of FPKM were
calculated with Cuffnorm 2.2.1 (Trapnell et al., 2012) using
quartile normalization (-library-norm-method quartile). For
each sample, the number of host reads per gene was nor-
malized among all libraries based on the total number of
host-mapped reads in that sample. For each sample, the
number of viral reads per gene was normalized based on
the total number of viral mapped reads in that sample. Dif-
ferentially expressed genes were identified using Cuffdiff
2.2.1 (Trapnell et al., 2013) to test the significant changes
in relative transcript abundances between treatments from
both the host and virus. All g-values provided have been
False Discovery Rate (FDR)-corrected. The expression
ratio between conditions for gene abundances was nor-
malized as a log, fold-change value. Q-values < 0.01 and
fold-change values > 1.5 (i.e. 0.585 log, fold-change)
were both used to reflect statistically significant differences
between low- and P-replete (T1.5 and T3 pooled together
to increase statistical power from duplicates to quadrupli-
cates) or between infected and non-infected host gene
transcription, and between time points within P-treatments
for viral gene transcription.

Cluster analyses, statistical computing and heat map
visualization of viral gene expression profiles for genes
showing significant differential expression between time
points (T1.5 vs. T3, T3 vs. T12, T1.5 vs.T12) were per-
formed as described in (Duanmu et al., 2014).

Finally, complete linkage hierarchical cluster analysis was
performed on the Z scored transformed time series expres-
sion using the Pearson correlation as the distance matrix.
We used pvclust (Suzuki and Shimodaira, 2006) for asses-
sing the uncertainty in hierarchical cluster analysis where
Approximatively Unbiased (AU) p-values are calculated via
multiscale bootstrap resampling. Clusters strongly sup-
ported by the expression data (AU > 0.95) were identified.

Read counts and enrichment analysis

To compare the number of sequence reads assigned to
viral or M. pusilla genomic features, we used HTSeq
using a modified gff file comprising genome annotation
information (Worden et al., 2009; van Baren et al., 2016)
of the host and the virus (Anders et al., 2014). For the
reads mapping to the virus genome, we assessed the
percentage of nucleotides aligned to genes or intergenic
regions using the Picard command line tool RnaSeg-
Metrics (http://broadinstitute.github.io/picard). Enrichment
of KOG classes by differentially expressed genes was
performed using gene set enrichment analysis (GSEA)
(Subramanian et al., 2005). KOG classes with up-
regulated genes are displayed in supplementary tables
and considered significantly enriched when FDR < 0.05.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher's web-site:

Fig. S1. Flow cytometric quantification and characterization
of the alga M. pusilla.

A. M. pusilla exhibited unsynchronized division under contin-
uous light, as expected, and as manifested by the linear
increase in cell numbers (as opposed to punctuated jumps’
in cell numbers reflected by synchronized M. commoda cul-
tures, see Cuvelier et al., 2017). In both P-treatments cells
increased relatively constantly, in a linear manner over time,
relative change from TO, but more so in the replete cultures
(demonstrating faster growth of replete cells than those in
the low phosphate treatment). Note that growth rate of the P-
replete culture slowed between T12 and T24 relative to that
between TO and T12 or the pre-experiment culture, poten-
tially due to the amount of fresh-medium added at the start
being inadequate for the cell concentration used; this time
point was not used for expression analyses.

B. Cell size (represented as bead-normalized mean forward
angle light scatter, FALS) is constant throughout the experi-
ment period from TO to T12 and does not exhibit the diel var-
iations that are observed during light:dark synchronized
Micromonas cell division (see Jacquet et al., 2001; Duanmu
et al., 2014; Cuvelier et al., 2017). Cells acclimated to low P
conditions exhibit higher FALS than P-replete due to the fact
that slower growing cells are larger (fewer cells divide and a
greater proportion are suspended in G2/larger cell size) than
for faster growing cells, at least based on studies of light-
limited growth (Cuvelier et al., 2017). The increased FALS at
T24 for the replete treatment is consistent with the observed
reduction in growth rate that occurred between T12 and T24.
Fig. S2. Flow cytometric quantification and characterization
of the M. pusilla free-chloroplasts.

Fig. S3. Distribution of reads mapped on the MpV-SP1
genome. The plain bar is the number of reads mapped to
the MpV-SP1 genome and the faint bar is the percentage of
the total reads that map to the MpV-SP1 genome. T-tests
between levels of P show significance for each time point
(*, above P replete bars represent significance for compari-
sons with low P).

Table S1. List of Micromonas nuclear encoded genes show-
ing significant differences (g < 0.01 and FC>1.5) in pairwise
normalized FPKM comparisons between P-replete and low-
P conditions (quadriplicates for each condition with T1.5 and
T3 pooled together). The SLR genes are in bold.

Table S2. Upper quartile normalized FPKM for the Micromo-
nas nuclear genome encoded genes. Values represent the
average of biological duplicates in all phosphate treatments
and time points for uninfected and infected cells.

Table S3. Reports of the enrichment analyses for different
conditions showing significantly differentially expressed gene
sets for all analyses displayed in Fig. 3.

Table S4. List of Micromonas nuclear encoded genes show-
ing significant differences (g < 0.01 and FC > 1.5) in pair-
wise normalized FPKM comparisons between uninfected
and infected cells (T12).

Table S5. Upper quartile normalized FPKM for the MpV-SP1
viral genome encoded genes. Values represent the average
of biological duplicates in all phosphate treatments and time
points for infected cells.
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