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ABSTRACT

Collectively known as phytoplankton, photosynthetic microbes form the base of the marine food web, and account for up
to half of the primary production on Earth. Haptophytes are key components of this phytoplankton community, playing
important roles both as primary producers and as mixotrophs that graze on bacteria and protists. Viruses influence the
ecology and diversity of phytoplankton in the ocean, with the majority of microalgae—virus interactions described as
‘boom and bust” dynamics, which are characteristic of acute virus—host systems. Most haptophytes are, however, part
of highly diverse communities and occur at low densities, decreasing their chance of being infected by viruses with high
host specificity. Viruses infecting these microalgae have been isolated in the laboratory, and there are several character-
istics that distinguish them from acute viruses infecting bloom-forming haptophytes. Herein we synthesise what is known
of viruses infecting haptophyte hosts in the ocean, discuss the adaptive evolution of haptophyte-infecting viruses -from
those that cause acute infections to those that stably coexist with their host - and identify traits of importance for successful
survival in the ocean.
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I. INTRODUCTION

Haptophytes are a diverse group of microalgae consisting
both of ubiquitous bloom-forming and non-blooming species
(Eikrem et al., 2016). Viruses infecting marine haptophytes
display a continuum in infection strategies from acute infec-
tions, where the host is rapidly lysed, to more persistent infec-
tions resulting in lower host mortality rates (Jacobsen,
Bratbak & Heldal, 1996; Sandaa et al., 2001; Castberg
et al., 2002; Baudoux & Brussaard, 2005; Johannessen
et al., 2015; Wagstaff et al., 2017). In this review we suggest
that the range of infection strategies among marine hapto-
phyte viruses is the result of mutual trade-off processes
between the virus and the growth strategy of its algal host.
We further discuss how the development of acute to persis-
tent relationships has resulted in differences in fitness traits
and biological trade-offs. Table 1 provides a glossary of key
terms used herein. We discuss marine haptophyte virus—host
interactions, in the context of both general viral evolution
and the trade-off hypothesis, by using results from in situ
observations and laboratory experiments. The trade-off
hypothesis states that natural selection should result in an
optimal balance between the costs and benefits of harming
hosts, i.e. that there is a virulence-related trade-off between
rate of transmission and duration of infection (Anderson &
May, 1982; Alizon et al., 2009).

Hallmarks of new virus—host interactions are infections
with short durations and high mortality rates and are often
referred to as acute infection systems (Fig. 1). Viruses switch-
ing from one host species to another have led to some of the
most devastating disease epidemics including the HIV pan-
demic (Sharp & Hahn, 2010), the ‘Spanish flu” (Webby &
Webster, 2001), Ebola (Leroy et al., 2005), and recently the
COVID-19 pandemic (Cui, Li & Shi, 2019). Other impor-
tant human pathogenic viruses, such as measles and smallpox

may also have had their origin in wildlife or
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domesticated animals in times
Dunavan & Diamond, 2007).

New virus—host interactions start with a virus switching to
a novel host strain or species, requiring that the virus already
possesses the biochemical components for successful infection
and propagation (Woolhouse, Haydon & Antia, 2005; Long-
don et al., 2011, 2014). A virus’s ability to switch hosts and
thereby increase the abundance of available hosts, likely
comes with life-history trade-offs for the virus (Table 2;
Record, Talmy & Vage, 2016; Weitz, 2015, Alizon
et al., 2009). Examples of trade-offs for broad host ranges
include reduced reproductive fitness in the original host
(Dufty, Turner & Burch, 2006), and decreased efficiency of
infection (Jover, Cortez & Weitz, 2013). Once a virus success-
fully infects a new host, the host and virus will co-evolve,
whereby the host evolves towards resisting the infection and
the virus towards maintaining its parasitic relationship with
the host (Longdon et al., 2015) (Fig. 1). One of the best studied
examples of co-evolution developed when wild European
rabbits (Oryctolagus cuniculus) in Australia and Europe were
first exposed to the myxoma virus, which originally infected
South American tapeti (Sylvilagus brasiliensis and Sylvilagus
bachmani) where it only resulted in mild disease. Upon imntro-
duction to rabbits of European origin the initial mortality
rate was as high as 99.8%, leading to a dramatic reduction
in the number of viable infected rabbits able to transmit the
virus to new hosts via mosquito vectors (reviewed by Alves
etal.,2019). However, within a two-year period a more atten-
uated form of the virus was established that still killed 90—
99% of the infected rabbits, but allowed infected rabbits to
survive for longer periods, thus increasing the chance of
transmission of the virus. For the next 30 years the virulence
of the myxoma virus was further reduced (70-95%), and the
rabbits developed resistance towards it, resulting in a more

prehistoric

(Wolfe,

persistent relationship. As resistance was not complete, viru-
lence then increased again in response to the host’s resistance

Table 1. Glossary of terms and their definitions as used in this review

Terms Definition

Co-evolution
(host and virus).
Virulence

The process of reciprocal, adaptive genetic changes between interacting populations

The degree of host mortality within a population (host mortality rate). Virulence will be

affected by traits such as infectivity, latent period, transmission mode and burst size.

Acute relationship

lysis of the culture/population.
Persistent relationship
Latent time

A relationship with highly susceptible hosts and highly virulent viruses resulting in rapid

A relationship where both hosts and virus stably co-exist.
The time interval between when a virus particle enters the host cell and when the progeny

viral particles are released from the host cell.

Infectivity
Decay
Clade

Percentage of infectious particles of total viral particles produced during an infection cycle.
Loss of infectivity and degradation of biochemical elements in the environment.
A group of virus or host strains within a cluster of a phylogenetic tree with a common ancestor.

The ancestor can be known or unknown. A clade might be defined both at deep or shallow nodes in the tree.
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>

Low resistance
High virulence

High resistance
Low virulence

Evolutionary time

Fig 1. Development of a new virus-host relationship (virus—
host arms race). The virulence of viruses will be shaped by
different biological trade-offs. See Table 2 and references
within Cressler et al. (2016) and Alizon ¢ al. (2009).

(Gandon & Michalakis, 2000; Kerr et al., 2017; Alves
et al., 2019). This well-studied example demonstrates how
virus—host relationships evolve as each of the two players
struggle for survival, and may lead to an oscillation between
acute and persistent infections (Fig. 2B).

Here we review theoretical and empirical studies of the co-
evolution of virus—host systems, with a particular focus on the
virus-host co-evolution of large double-stranded DNA
(dsDNA) viruses and haptophytes. We argue that every new
relationship starts as an acute infection, developing into per-
sistent infections with inherent trade-offs (Fig. 1, Table 2). As
the two players adjust to the new symbiosis, they may oscil-
late between acute and persistent infections (Fig. 2B). Fur-
ther, the virus’ infection strategy will be set by its trade-off
with the host growth strategy (Fig. 2A, B). As a consequence,
frequent events of virus host switching maintain a high
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diversity of virus—host relationships in terms of the balance
between infection acuteness and persistence.

II. MARINE HAPTOPHYTES AND THEIR dsDNA
VIRUSES

Haptophytes are increasingly recognised as major primary
producers of the global marine phytoplankton communities
found in the epipelagic layer of tropical, temperate and polar
oceans (Liu e al., 2009; Not et al., 2012). They have been
shown to represent up to 30-50% of the photosynthetic
standing stock (biomass) in the photic layer of the world’s
oceans. Haptophytes are highly diverse with important roles
in the microbial food web both as primary producers (auto-
trophs) and as mixotrophic bacterial grazers (Frias-Lopez
et al., 2009; Unrein et al., 2014). Morphological and molecu-
lar evidence support the division/separation of haptophytes
into two classes: the Pavlovophyceae and the Prymnesiophy-
ceae (Edvardsen e al., 2000). Additional lineages, probably
representing novel classes, have been discovered based on
molecular data from environmental samples (Egge
et al, 2015; Shi et al, 2009; Edvardsen, Egge &
Vaulot, 2016). The greatest diversity is currently found
within the class Prymnesiophyceae, which includes the non-
calcifying Phaeocystales and Prymnesiales together with the
calcified coccolithophores (Edvardsen e al, 2000; Not
et al., 2012). Cultured viruses are only described to infect
members of Prymnesiophyceae, whereas no viruses have
been described infecting members of Pavlovophyceae, which
includes only 13 formally described species (Edvardsen
etal., 2016).

Most haptophyte species are thought to reach rela-
tively low abundances in the ocean (up to ca. 10° cells
17", co-occurring with several other haptophyte species
(Leadbeater, 1972; Estep & Maclntyre, 1989; Thomsen,

Table 2. Key traits in an algal virus—host relationship that affect viral fitness. A fitness trait will involve a biological trade-off (Record

et al., 2016). Traits in bold are discussed in this review

Trait type

Morphology Physiology

Infection mechanism Infection strategy

Viral traits Outer lipid membrane

versus naked viral capsid

Latent period

Entry (absorption) Host range

Size of capsid Burst size Release Virulence
Genome size AMGs
Decay Infectivity
Mode of
transmission
Host traits Size of cells Mobility
Growth strategy

(gleaners or opportunists)

Resistance

AMG, auxiliary metabolic gene.
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(A)

Growth rate
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Substrate concentration

(B)

Low resistance
High virulence

High resistance
Low virulence

Evolutionary time

Fig 2. (A)Difference between opportunists and gleaners. Atlow substrate concentrations gleaners will dominate (blue) while at higher
substrate concentrations opportunists will be dominating (green). Dashed lines represent maximum achievable growth rate for either
opportunists or gleaners. (B). Virus—host relationships evolve as the two players adjust to a new symbiosis and may oscillate between
acute (green) and persistent infections (blue). The oscillation may happen at the clonal, strain or species level. For viruses infecting
haptophytes, the range of infection strategies will be the result of mutual trade-off processes between the virus and the growth
strategy of its algal host. Haptophyte growth strategies range from opportunists with high growth rates that dominate the plankton
during ephemeral blooms (e.g. Emiliania huxleyi, Phacocystis pouchetii and Ph. globosa) when substrate concentrations are high, to
gleaners that co-occur year-round at low abundances (e.g. Prymnesium kappa and Haptolina ericina) with other haptophyte species,
when substrate concentrations are limited. Infection strategies of haptophyte viruses are also on a continuum, from acute infections
that rapidly lyse fast-growing hosts, to more persistent infections that are marked by longer latent periods and that infect slower

growing hosts.

Buck & Chavez, 1994). However, some haptophytes
form extensive, recurrent blooms with large ecological
and economic impacts. As major primary producers they
produce oxygen and food for the marine food web and
assimilate COy, but some, such as members of Prymnesium,
also produces toxins harmful to marine biota (Granéli
et al., 2012). Bloom-formers include colony-forming hapto-
phytes of the genus Phaeocystis, and the coccolithophores
such as the well-studied species Emiliania huxley: (Eikrem
et al., 2016). Haptophyte diversity, abundance and dynam-
ics are largely regulated by physico-chemical factors, but
also by grazers and parasites, including viruses. Several
studies have shown that viruses are instrumental in the

regulation of haptophyte blooms (Jacobsen et al., 1996;
Castberg et al., 2002; Wilson, Tarran & Zubkov, 2002g;
Baudoux & Brussaard, 2005).

To date, nine viruses infecting marine haptophyte species
have been isolated and thoroughly characterised (see
Table 3 and references within). In addition, sparse informa-
tion exists of a tenth dsDNA virus infecting the haptophytes
Chrysochromulina brevifilium and Chrysochromulina strobilus (CbV-
PW1) (Suttle & Chan, 1995; Table 3). Based on a partially
sequenced DNA pol B gene CbV-PW1 was, as for all other
dsDNA algal viruses isolated at that time, suggested to belong
to the Phycodnaviridae family. Since then, the taxonomy of
these algal viruses has been rearranged (Monier et al., 2008)

Biological Reviews 97 (2022) 179-194 © 2021 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



183

ouas gjoqd PN peouanbos Arenaed e uo paseq %Eo:omMHw
0

“(NALL) &

-SOIDIW U0 UoIssTusuen Aq paroanop atom sapnaed snarp uonosgjur-isod syutodown om 9591 1aam1aq pawtojard d1om sjuswaanseawr oN Y gy—F¢ se parodas owmn asdipy,

“(erep paystigqndun ‘eepueg y-y) sisaroydonds|o 198 ppay pasind Aq p

QUIULI9NO(] q

DU VUOIVE] OF UL Duynuio205(ly7) WIOI] POUSISSEIX AWOUOXE) SO,
‘s1ouRdTs ‘) ‘systumroddo ‘(O fpourttialop Jou ‘(N

winpificalq
(¢661) ueyD % opING  0IXIN[ JO JIND AN 0gg xoxddy  sapqous puynuowos gy aN aN  0LT-G¥I 0 oeakydosouwihy  vuymuowos iy WIPaDUPOIG] IMd-A9D
Pa1s9) surens
pue[sug wniafinawd 4 ¢ 3o g wnag IDULLANUNUOSIAT
(L10g) 1w 12 JyersSepy Ise0D) IseY aN AN pue wnawd 4 $3o om], AN 00¢ ~ 136 O ovddkydomsouwidig wnmsouudi /oLy AVNadd
‘v j2 eqper Aemio 0189 sUrENs upyomod IVULAIUNUOSITAT
8661) 77 12 yeqredq N P ! way. LISy
(9661) v 12 uosqode[  sLOD) IIM 001-09 009-06¢  woypmod Yg g 3o OMI,  81-G1  (S8F~ 091081 O ovokydosouwidig SUSGOVYT VR g 10 Add
(1g0g) 1 2
NOIIBIA-OUR[(
{(c10%) KemroN Pa1sa) surens IDULLANUNUOSITAT
v 12 uossouueyof’ 580D I B 1L4-60% vddoy i €3O OMT, 911 08¢ 091 0 deaokydomsoutkig vddoy d Jwpranapy - G009 Ad
(1302) Po3Is9) surens vpraaua
*Iv 72 NOTYIRA-OUR[ KemioN vddvy “4g ¢ Jo 1 pue Sunogjur-oesye
(G 10g) v 2 wassauueyo[* 15200 19M ¢ AT 2% Duus [ 1 JO Mog - G6-¥¢ 061 00% 0 2eafydorsouwdig vddvy poaglssepun 1009 Ad
(007) 3G LION P1s9) surens IVULAQUUOSITAT
PpIeessnig % xnopneq UIYINOS 00109 966—/31 §0qO)5 Y J 1 JO IO 01 99% 0G1 O ordosydorsoutukrg 50qo)5 " Jowpuaiuapy T dnoxs ASJ
oIS surens
vidvy
(150g) w10 wmsauuiJ ¢ Jo
TR -OUR[Y KemIon 1 pue vuwus [y IVULAIUNUOSIAT
{(G10g) v 12 wossouueyo[*  95LOD) IO ¢l £66-689 FJomog @Il I8¢ 091 X 061 0 deadkydomsouwkig v " Jwpenpy 00 APH
Amwsm:o_samzv Ppa1sa)
vepueg y-y KemioN SUTRX)S DULILD “[] DU IVULQUUUOSITAT
(100g) v 12 vepueg 9580y 39 € 001¥-008I1 FJoomL  61-F1 LY 091 0 drodkydomsoutuig vuodo g /PP d10 A°D
(£00g) 1 2 pa1sa)
preessnig (c00z) ©ag YLON surens vsoqoys Yy s0q0)3F
paIeessnig % Xnopneg wYINOg 00109 185-CH¢ crJjooal  91-gl1 L1 001 O 2edsydorsouwukig sys0ayg avpraavuportyg 1] dnoas ASg
PoIsa)
(610) paneS KemioN surens u@xny iy uGpny
“(600g) 1 12 S1aqpse) 45200 19M 06'1-65°0 0001-00% €JO L F1-¢l S 081-091 O 2eaakydoyoaon pruvymisy mpLaavuporGyy [466AYT
SOOUDIJD UOIRIOSE v Kyramoagu EYACEER! foyoads 1so o:mw (depy) ozts w) oz ABoyens ssey urex Apugyqns sure.r
I Jo wisuQ (%) A3y sl ary WOH wﬁ.?ﬁ JwIouax) tom) 3718 IMOID) 1 s /Anure,g s
STUIIA JO SOTISLIONRIRY) SO SITA

Algal viral evolution

eidydordepy 1opI1o o) 03 Sursuo(aq 9BSTE ONIOATENND TRM[PITUN SULILW SUTIIJUI dIMND UT SISNIIA JO SONSLINILILY) °¢ IqR],

Biological Reviews 97 (2022) 179194 © 2021 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



184

and divided into two families: Phycodnaviridae and Mumiviridae.
Our phylogenetic analysis confirms the placement of CbV-
PW1 in the Phycodnaviridae (data not shown) but since
restricted genetic information for CbV-PW1 is available, its
placement within the Phycodnaviridae remains uncertain, and
CbV-PWI is not included in our phylogenetic tree (Fig. 3).

The haptophyte viruses isolated to date all have
dsDNA genomes and belong to the nucleocytoplasmic large
DNA virus (NCLDV) assemblage (Koonin, Senkevich &
Dolja, 2006; Sandaa ¢t al., 2021). The evolutionary relation-
ships among giant algal viruses have been inferred by
comparing a set of conserved core genes common to
all NCLDVs (Iyer, Aravind & Koonin, 2001; Yutin
et al., 2009). Eight of 47 suggested core genes of NCLDVs
(DNApolB, D5-like primase/helicase, VLFIT3-like tran-
scription factor, TFIIS, pATPase, MCP, RNAP-a and b)
are the most conserved and are present in more than 92%
of the sequenced genomes (Yutin et al., 2009; Guglielmini
et al., 2019). Based on these genes, viruses infecting phyto-
plankton fall within two related families, Phycodnaviridae and
Mimaviridae (Fig. 3). Another striking feature of algal viruses
within the NCLDV is the array of host-derived auxiliary met-
abolic genes (AMGs), which encode a diverse range of puta-
tive functions (Moniruzzaman e al., 2020; Schulz et al., 2020).
These genes make the viruses more independent from their
hosts by allowing the virus to manipulate the host during
infection. The functions of AMGs have been linked to central
roles in photosynthesis in cyanobacteria (Lindell ¢t al., 2004),
sphingolipid biosynthesis of E. huxleyi (Moniruzzaman
et al., 2020; Schulz et al., 2020), nitrogen uptake in Ostreococcus
(Monier et al., 2017) and even central roles in the tricarbox-
ylic acid (TCA) cycle/oxidative phosphorylation chain,
potentially controlling energy production in the host cells
during infections (Blanc-Mathieu et al., 2021).

The haptophyte-infecting phycodnaviruses fully described
to date infect the bloom-forming E. huxley and Phaeocystis glo-
bosa (Table 3). The haptophyte-infecting Phycodnaviridae tend
to have smaller capsids and genomes compared to
haptophyte-infecting Mumiviridae (Table 3). The EhV viruses,
which infect E. fhuxleyi, belong to the genus Coccolithoviruses,
and form a distinct clade within the Phycodnaviridae family
(Wilson, Van Etten & Allen, 2009) (Fig. 3). This is the most
studied haptophyte—virus system where several examples of
both chemical and molecular arms races between viruses and
hosts have been described (Vardi e al., 2012; Rosenwasser
et al., 2014; Schatz et al., 2017). It 1s also suggested that EhV
may affect the life cycle of its host (Frada et al., 2008; von
Dassow et al., 2015). Viruses infecting Ph. globosa are divided
into two groups that differ in genome and particle size, where
those of the smallest size (group II), are assigned to Phycodnavir-
tdae family, whilst group I is assigned to the Mimiviridae family
(Baudoux & Brussaard, 2005; Santini et al., 2013).

Most cultured haptophyte viruses group within the Mimuvir-
idae family (7 out of 10 characterised species; Table 3). The
members of this family include extremely large viruses infecting
heterotrophic protists (Megavirinae), and viruses infecting pho-
tosynthetic protists that fall in, or close to, the Mesomimivirinae
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group (Claverie & Abergel, 2018) (Fig. 3). The Mesomimiviri-
nae group includes viruses infecting bloom-forming hosts like
Phaeocystis pouchetii, Ph. globosa and Prymnesium paroum (PpV,
PgV Group II, and PpDVAV, respectively (Jacobsen
et al., 1996; Santini et al., 2013; Wagstaft et al., 2017). In addi-
tion, the group also consists of several viruses infecting hosts
such as Haptolina ericina (previously named Chrysochromulina eri-
cima) and Prymnesium kappa (previously named Chrysochromulina
kappa), that normally do not form massive blooms, but rather
are present at low densities all year round (Sandaa
et al., 2001; Johannessen ¢ al., 2015; Johannessen ¢t al., 2017).
These viruses are Prymnesium kappa virus RF02 (PkV
RF02), Haptolina ericina virus RFO2 (HeV RF02) and Chryso-
chromulina ericina virus 01B (CeV 01B) (Table 3). The name
CeV 01B reflects the original name of its host, which was chan-
ged from C. ericina to H. ericina after the naming of the virus
(Edvardsen e al., 2011). PkV RF02 and CeV 01B each infect
two strains within their host species, while HeV RF02 has a
broader host specificity, infecting four strains of H. ericina and
one strain of Pr. kappa (Table 3).

PkV RF01, a virus infecting Pr. kappa in addition to four
strains of H. encina, belongs to an unclassified group that
makes a separate branch in the Mimiviridae family, relatively
close to the Mesomimivirinae group (Fig. 3). This virus is
the largest of the haptophyte viruses (1.42 Mbp genome
and 400 nm particle size; Table 3) with a structure that also
differs from other characterised NCLDVs (Blanc-Mathieu
et al., 2021). An internal rod-shaped core filled with dense
material is found in the centre of the virion and convoluted
internal membranes cover up to 60% of the interior of the
particle. The biological function of such internal membranes
has been linked to the release of the viral nucleoprotein core
or genome by fusion with the host plasma membrane, and
also to the assembly processes of the particle (see references
within Huiskonen & Butcher, 2007).

ITII. CO-EVOLUTION OF ALGAL VIRUSES AND
THEIR HAPTOPHYTE HOSTS

(1) Characterisation of haptophyte—virus infection
strategies

Phytoplankton balance biochemical resource acquisition
with growth rates, and are often categorised as opportunists,
which are adapted to feeding in nutrient-rich environments
and with high growth rates (Fig. 2A), or gleaners, which have
a higher substrate affinity but lower growth rates (Fig. 2A)
(Lévy et al, 2015; Vallina et al, 2019; Kierboe &
Thomas, 2020). Gleaners will outcompete opportunists at
low nutrient levels, while opportunists will out-grow gleaners
under nutrient-replete conditions (Vallina ¢t al., 2019). Shifts
in biochemical resource availability occur seasonally, creat-
ing environments that alternately favour opportunists or
gleaners. In the period from late spring to early summer, ver-
tical mixing leads to high nutrient levels at the surface, which
favour opportunists with high growth rates, as demonstrated
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by ephemeral algal blooms. Stratification of the water col-
umn, as often seen during late autumn and in the winter
period, leads to lower nutrient levels and favours gleaners
with high substrate affinity and low maximum growth rates.
Haptophytes can be divided into these two different growth
strategies, with opportunists dominating the plankton during
ephemeral blooms when nutrient supply is high, and gleaners
co-occurring year-round at low abundances when nutrient
supply 1s limited (Thomsen et al., 1994; Egge et al., 2015).

185

competition for limited resources (Lévy et al., 2015). Stud-
ies on haptophyte richness in two fjords in Norway docu-
ment lowest richness during late spring (April-May)
followed by the winter period (Egge et al., 2015; Johannes-
sen et al., 2017). Highest richness was detected between
August and November, which would be the period
between perturbation and stratification, with fluctuating
conditions where both opportunists and gleaners might
co-exist due to the trade-off between rapid growth and

competitive ability (Litchman e al, 2007; Lévy
etal., 2015).

Phytoplankton diversity will also be affected by nutrient
mput due to the trade-off between rapid growth and

Genome size (Mbp)
I

0 c 0

e e < 4

40—| Asfarviridae : : : :
I I I I

Marseilleviridae : : : :
iridoviridae Accession nr. (PolB/MCP)  Taxonomy Host phylum | | | |

I I I I

YP_009507574/YP_009507580  Raphidovirus Ochrophyta  [HEE | } }
CAZ69369/CAZ69419 coccolithovirus Haptophyta o | |

CAI65453/CAI65508 coccolithovirus Haptophyta - : : :
NP_077578/NP_077601 Ochrophyta [ | |

Tree scale: 0.1 AAR26842/AAR26925 Ochrophyta [l | | |
YP_009665020/YP_009664893 Prasinovirus Chlorophyta Y@l | | |
YP_004061851/YP_004061799  Prasinovirus Chlorophyta |l | } }

Family YP_001648316/YP_001648266 Prasinovirus Chlorophyta (] | | |
_ YP_003213031/YP_003212988*  Prasinovirus Chiorophyta il | | |
[ Phycodnaviridae ABT16932/ABT16414 Chlorovirus Chlorophyta 1Nl | |
[ vimiviridae ABT15308/ABT15755 Chlorovirus Chlorophyta | | } }
ABT13573/ABT14017 Chlorovirus Chlorophyta [ | |
ABUA43776/ABU44077 Chlorovirus Chiorophyta [Nl | | |
BAA35142/BAA35143 Chlorovirus Chlorophyta NN | |
AACO00532/ABT14017 Chlorovirus Chlorophyta | | } }
AUF82649/AUF82093 Unclassified Chlorophyta [ ] | |
ABU23717/ABU23714 Unclassified Chiorophyta | | |

NA Unclassified Haptophyta e
YP_009052217/YP_009052173*  Unclassified Ochrophyta _— } }
YP_009173620/YP_009173446 Mesomimivirinae  Haptophyta ]l | |
ADX06483/ADX06358 Mesomimivirinae  Environmental [l | : :
ADX06143/ADX05938 Mesomimivirinae  Environmental [ | |
AQV04381/AQV04380 Mesomimivirinae ~ Haptophyta — } }

NA Mesomimivirinae  Haptophyta [ ] | |

NA Mesomimivirinae  Haptophyta | : :
ABU23718/ABU23715 Mesomimivirinae  Haptophyta Ll | |
AET73919/AET73827 Mesomimiviinae ~ Haptophyta vl | } }

AET73097/AET73005 Mesomimivirinae  Haptophyta < | |
YP_008052566/YP_008052475  Mesomimivirinae  Haptophyta I } }
ARF11096/ARF10617* Klosneuvirinae Environmental e
ARF11832/ARF11179* Klosneuvirinae ~ Environmental | S
ARF09771/ARF09845* Klosneuvirinae Environmental [ |
ATZ80752/ATZ80571* Klosneuvirinae ~ Euglenozoa [N |
ARF09278/ARF09355* Klosneuvirinae Environmental s
AYV84229/AYV84197* Klosneuvirinae  Environmental | | }
YP_003970130/YP_003969975*  Unclassified Bigyra ] | |
AXN91119/AXN90977 Unclassified Chordata vl } }
AUL77893/AUL78403 Megavirinae Amoebozoa .
AUL79186/AUL79452* Megavirinae Amoebozoa v N
AVL94893/AVLI4775* Megavirinae Amoebozoa [ ] |
AQN68406/AQN68288* Megavirinae Amoebozoa v }
AEX62677/AEX62829* Megavirinae Amoebozoa _ |
YP_004894633/YP_004894515  Megavirinae Amoebozoa  [IENEENEE |
AEX61758/AEX61606* Megavirinae Amoebozoa _ |
ANB50688/ANB50579 Megavirinae Amoebozoa [
AUV58527/AUV58413* Megavirinae Amoebozoa ] |
ALR83823/ALR84015 Megavirinae Amoebozoa v NN |
AEQ60511/AEQ60611 Megavirinae Amoebozoa ] |
YP_003986825/YP_003986929  Megavirinae Amoebozoa [
AMK61855/AHJ40114* Megavirinae Amoebozoa [ ] |

BAV62410/BAV62514 Megavirinae Amoebozoa [N |
AMZ02769/AMZ02869* Megavirinae Amoebozoa ] |
AHAB5386/AHA85388 Megavirinae Amoebozoa [

EJN40770/EIN40863 Megavirinae Amoebozoa ] |

(Figure legend continues on next page.)
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Infection strategies of haptophyte viruses are also on a con-
tinuum, from acute infections that rapidly lyse the host, to
more persistent infections that are marked by longer latent
periods and lower virulence (Table 3, Figs 2B and 4). This
range of infection — and growth — strategies used by hapto-
phyte viruses and their hosts provides us with a unique
opportunity to examine trade-offs between virulence and
transmission, how infection strategies evolve, and how a
diversity of infection strategies is maintained. While the num-
ber of virus—host pairs currently available for such examina-
tion 1s limited, an interesting framework emerges when they
are compared that is presented here to stimulate further
exploration.

Viruses that infect bloom-forming haptophytes, such as
EhV (Castberg et al., 2002), PpV (Jacobsen et al., 1996) and
PgV (Baudoux & Brussaard, 2005), which infect certain
strains of E. huxleyt, Ph. pouchetit and Ph. globosa respectively,
have short latent periods of 10-18 h (mean 13 h) and end
with host lysis (Table 3). This acute infection strategy results
in the rapid lysis of annual E. huxley: blooms in nature by spe-
cific EhV strains with reported mortality rates between
40 and 100% (Jacquet et al., 2002; Wilson et al., 2002;
Schroeder et al., 2003). Surprisingly, the proportion of infec-
tious particles determined by most probable number (MPN)
for EhV was very low (0.3-1.2%, Table 3) when tested on
viruses and hosts that had been kept in culture for decades.
Fresh lysates of a newly isolated EhV produced plaque and
MPN assays of infectious particle number that were similar
to total virus counts derived from SYBR Green I staining
(Vaughn ¢ al., 2010), indicating that a high proportion of
the virus particles produced by the new isolate were infec-
tious. This suggests that some virus—host systems lose their
infectivity in culture and can evolve towards more stable
coexistence with their hosts during cultivation. Interestingly,
no resistance occurred in the freshwater alga Chrysocromulina
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Fig 4. Correlation between infectivity, e.g. percentage of
infectious particles of total viral particles produced during an
infection cycle and latent period for the characterised
haptophyte viruses (R* = 0.464). Green dots are viruses
infecting opportunists (acute systems), blue dots are viruses
infecting gleaners (more persistent systems). CeV 01B,
Chrysochromulina ericina virus 01B; HeV RF02, Haptolina
ericina virus; PgV group I, Phaeocystis globosa virus group I;
PgV group II, Phaeocystis globosa virus group II; PkV RF01,
Prymnesium kappa virus RFO01; PkV RF02, Prymnesium
kappa virus RF02; PpV 01, Phaeocystis pouchetii virus 01.

et al., 2015). Even after 6-month incubations no regrowth
was observed. This shows that the arms race between viruses
and hosts 1s complex and probably multifactorial even in
cultures.

High proportions of infectious particles (60-100%) are
observed for both PgV groups (I and II) and PpV (Table 3),
which contributes to rapid transmission rates and population
lysis. This presents what appears to be a paradox; highly vir-
ulent viruses risk extinction due to their potential to extermi-
nate their obligate hosts. Models indicate that high virulence
is supported by large, dense host populations because high

parva after infection with its virus CpV-BQl (Mirza  host densities ensure successful horizontal transmission of

(Figure legend continued from previous page.)

Fig 3. Bayesian phylogenetic tree of nucleocytoplasmic large DNA viruses (NCLDVs) reconstructed from a concatenated alignment
of two core nucleocytoplasmic virus orthologous genes: major capsid protein (MCP) and DNA polymerase B (Po/B). Grey circles
indicate branches with bootstrap values above 50. The tree was rooted to midpoint. The scale bar indicates substitutions per site.
The taxonomy lists the genus of viruses in Phycodnaviridae and the sub-families of viruses in Mumiviridae. The star symbol indicates
partially sequenced genomes. The tree was edited using ITOL (Letunic & Bork, 2019). AaV, Aureococcus anophagefferens virus
BtV-01; ACMV-H, Acanthamoeba castellanii mamavirus Hal-V; ACMV-S, Acanthamoeba castellanii mimivirus shirakomae;
APLV, Acanthamoeba polyphaga lentillevirus; APMV, Acanthamoeba polyphaga mimivirus; ATCV, Acanthocystis turfacea
Chlorella virus 1; BmV, Bandra megavirus; BsV, Bodo saltans virus NG1; CaV, Catovirus CTV1; CeV, Chrysochromulina
ericina virus; CroV, Cafeteria roenbergensis virus BV-PW1; EhV-99b1/86, Emiliania huxleyi virus; EsV, Ectocarpus siliculosus
virus 1; FirrV, Feldmannia irregularis virus 1; HaV, Heterosigma akashiwo virus 01 HaV53; HeV RF02, Haptolina ericina virus;
HoV, Hokovirus HKV1; HV-Sang, Hirudovirus Sangsue; HyV, Hyperionvirus; InV, Indivirus ILV1; KloV, Klosneuvirus KNV1;
Mech, Megavirus chiliensis; Meco, Megavirus courdo7 Mv13-c7; MoMo, Moumouvirus Monve Mv13-mv; MoV, Moumouvirus
australiensis 10A; MpV, Micromonas pusilla virus SP1; MVB, Mimivirus Bombay; NaV, Namao virus; NiV, Niemeyer virus;
OLPV-1, Organic Lake phycodnavirus 1; OLPV-2, Organic Lake phycodnavirus 2; OlV, Ostreococcus lucimarinus virus 1;
OtV1/0OTV5, Ostreococcus tauri virus; PBCV-1/FR483/MT325/AR158/CVK2, Paramecium bursaria Chlorella virus; PgV-
12T/14T/16T, Phaeocystis globosa virus; PkV RFO1, Prymnesium kappa virus; PkV RF02, Prymnesium kappa virus; PLMV,
Powai lake megavirus 1; PoV, Pyramimonas orientalis virus 01; PpDNAV, Prymnesium parvum DNA virus BWI1; PpV,
Phaeocystis pouchetii virus 01; SDMV, Saudi moumouvirus; SMBV, Samba virus; TetV, Tetraselmis virus 1; TV deep ocean,
Tupanvirus deep ocean; TV soda lake, Tupanvirus soda lake. NA: not available in public databases. [Correction added on 24
September 2021, after first online publication: Figure 3 has been updated in this version. |
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(A) Horizontal transmission
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(B) Vertical transmission

Fig 5. Abundant hosts increase the chance of horizontal transmission (A) while viruses of low-abundance host cells should favour long
decay, vertical transmission and/or long latency to ensure survival (B). Vertical transmission should select for reduced virulence, but
mixed-mode transmission will also select for evolutionary reduction in virulence, regardless of which transmission (horizontal or
vertical) mode is more common (see references within Cressler et al., 2016).

viral progeny to new hosts (King ez al., 2009; Fig. 5). As such,
haptophyte blooms may create the conditions that favour
and sustain acutely infecting viruses.

Less 1s known about the role of viruses infecting hapto-
phytes occurring at lower abundances in the sea. Host
populations presumably have to exceed a certain thresh-
old density to sustain a virus population (Wiggins &
Alexander, 1985; Murray & Jackson, 1992; Suttle &
Chan, 1994; Wommack & Colwell, 2000; Johannessen
et al., 2015), a condition that is met given that viruses such as
HeV RF02, CeV 01B, PkV RF01 and PkV RF02 infect non-
blooming strains of H. ericina and Pr. kappa (Table 3). These
viruses have slightly longer latent periods (mean 18.6 h) and
produce a lower proportion of infectious particles (mean
15.5% infectious particles compared to those infecting the
bloom-former Phaeocystis group [PgV group I and II, PpV,
mean 80% infectious particles (Fig. 4)]. This trend towards
longer-lasting infections as hosts become scarce increases the
chances of vertical transmission rather than horizontal transmis-
sion (Fig. 5), and is predicted to have an effect on virus fitness
(Table 2) (Weitz et al., 2019; reviewed in Cressler ¢ al., 2016).

In addition to differences in latent periods and mortality
rates, we also see differences in the host ranges described to
date for haptophyte-infecting viruses. However, defining
the complete host range for phytoplankton viruses is impossi-
ble as all potential hosts will never be available in culture col-
lections. In addition, the phylogenetic relationships of all
haptophyte, and possibly other hosts, would need to be firmly
established. Regardless, we can compare the relative ranges
of haptophyte viruses to one another, and make some inter-
esting observations. The highly acute viruses within the
group PgV-I are more host-specific and have a shorter latent
period (10 h) compared to the less-acute group II PgVs (mean
14 h), which are able to infect more diverse strains of Ph. glo-
bosa (Baudoux & Brussaard, 2005). Further, PpV 01, PkV
RF02, EhV99B1, and CeV 01B all infect multiple strains of

their host species and have longer latent periods (mean
14.6 h) compared to PgV-I. By contrast, several haptophyte
viruses, e.g. PkV RF01, HeV RF02 and PpDNAYV, have
broad host ranges relative to their close counterparts
(Table 3); their ability to infect different species of haptophytes
increases the availability of these non-blooming hosts. This
generalist strategy is common among pathogens (discussed in
Woolhouse, Taylor & Haydon, 2001; Leggett e al., 2013),
and is associated with trade-offs in the form of ‘paying’ a
higher infectivity cost and decreasing transmission with longer
replication times, higher decay rates and decreased infectivity.
Consistent with this, the two multi-species-infecting hapto-
phyte viruses, HeV RF02 and PkV RF01, produce lower pro-
portions of infectious particles (13 and 2%, respectively) and
have slightly longer replication times (16 and 28 h, respec-
tively) relative to other haptophyte viruses with more restricted
host ranges (PgV, PkV RF02, PpV; mean 71% infectious par-
ticles, and mean 13.9 h replication time; Fig. 4). CeV, on the
other hand, has a restricted host range of only two strains of
H. ericina, but shows infectivity values more similar to those
of multi-species-infecting viruses (Table 3).

Based on these findings, the infection strategy used by a virus
seems to reflect the growth strategy of its host(s) (Fig. 2)
(Thingstad, 2000; Vage, Storesund & Thingstad, 2013; Thing-
stad et al., 2014). Hence, we suggest that the diversity of infec-
tion strategies used by different haptophyte viruses results
from mutual trade-off’ processes between the virus and the
diversity of host growth strategies, changing from acute systems
with opportunistic hosts to more persistent systems with
gleaners as hosts (Figs 2B and 6).

(2) Co-evolution between haptophytes and their
viruses

An inevitable outcome of virus—host interactions is co-evolu-
tion, whereby two organisms influence the evolutionary path
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Fig 6. Differences in phytoplankton host growth strategies might have a major effect on the development of different viral infection
strategies (Thingstad, 2000). We suggest that opportunistic microalgae, which form recurrent blooms in the ocean, are associated with
viruses with an acute infection strategy. Acute viruses are characterised by a short latent period, high virulence, high infectivity, high
decay, a narrow host range and are transmitted horizontally to their hosts. By lysing the most rapidly growing hosts, acute viruses
enable the co-existence between slow and fast-growing host populations, contributing to the maintenance of diversity on the
strain/clone (within a clade) level (Thingstad et al., 2014). Thus, strong viral control contributes to the large diversity within certain
virus—host systems, as seen for example for Emiliania huxleyi—-EhV (Rowe ¢t al., 2011). Further, we suggest that microalgae that co-
occur year round at low abundances (gleaners) with other microalgae species are associated with viruses of a more persistent
nature, characterised by a longer latent period, lower virulence, low infectivity and low decay compared to the acute systems.
These systems have a broader host range and are transmitted to their host vertically or by a mixed mode (Fig. 5). We suggest that
persistent systems are more common in the ocean, although they often are neglected due to their low abundances and less eye-
catching symptoms compared to their acute relatives. Within each system there will always be a continuum of acuteness and

persistence as each trait involves a life history trade-off.

of one another. All known viruses infecting haptophytes have
been described as lytic viruses. Nevertheless, there is a contin-
uum in infection strategies from rapidly lysing the host to
more persistent infections resulting in reduced host mortality.
Little is known, however, about how persistency is developed
within these virus—host systems.

Laboratory experiments with infected E. huxleyi, H. ericina
and Ph. pouchetii demonstrated the recovery of host popula-
tions after virus-induced lysis, leading to the stable coexis-
tence of surviving hosts and their viruses for up to 1 year
(Thyrhaug et al., 2003). The recovery effect was most pro-
nounced in cultures with high virus:host ratios (100, 10) rela-
tive to low virusthost ratios (1, 0.25). The ecological
significance of differences in virus:host ratios in nature has,
however, been debated (Parikka et al., 2017). It could also
not be determined if stable coexistence emerged from a shift
in the type of infection (i.e. lytic to latent), or as a consequence
of host resistance. In related viruses in the Phycodnaviridae fam-
ily it has recently been shown that viruses can reach stable
coexistence with their host (persistence), i.e. population main-
tenance of host and virus instead of sudden culture lysis. The
mechanism behind the resistance involves a large deletion on
one chromosome generating susceptible cells that maintain
viral production (Yau et al., 2020). Coexistence of virus and

host has also been demonstrated for PkV RFO1 and its hapto-
phyte host, Haptolina ericina. In a recent study, 1. ericina rapidly
developed resistance (10 days post-infection) when infected
with PkV RFOl. The culture was maintained and PkV
RFO01 was detected more than a year later, being present
but without lysing the culture, suggesting a persistent or latent
relationship between the virus and its host (ML.R. Saltvedt,
unpublished results).

Virus—host interactions may even extend beyond the cell,
as seen for some bacteriophages where certain phages may
modify the state of the host cells by a quorum sensing-like
mechanism, shifting the outcome of the infection from lysis
to lysogeny or wice versa (Erez et al., 2017; Stokar-Avihail
et al., 2019), or by using host-encoded signalling molecules
(Silpe & Bassler, 2019). A similar communication system
may also be involved in haptophyte—virus systems as virus-
free filtrate from lysed cultures confers protection to the host,
or at least a shift away from lytic infection towards a more
persistent infection (Thyrhaug et al., 2003). Recent modelling
efforts on bacteriophage—host systems have revealed condi-
tions where chronic viruses require lytic viruses for survival,
mvasion and persistence (Gulbudak & Weitz, 2019). All of
these examples illustrate the existence of several dimensions
to virus—host relationships beyond the simple lytic-lysogenic
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continuum. The diversity in these relationships may be
important for virus—host coexistence in nature.

As viruses and hosts interact, hosts respond to new threats
by developing resistance. If resistance is complete, a virus
must find a new host or risk extinction. If resistance is not
complete, the virus will evolve to counter host resistance
and vice versa, resulting in a continuous arms race (Fig. 2).
Embedded in this arms race, each benefit (fitness trait) comes
with a cost in the form of a trade-off (Record et al., 2016).
Examples of host trade-offs for viral resistance include
reduced competitiveness for nutrient sequestration (Martiny
et al., 2014; Bidle, 2016) and the sacrifice of a host subpopu-
lation by programmed cell death to prevent disease transmis-
sion to kin (Bidle, 2016), while virus fitness traits are linked to
successful production of progeny and transmission of disease
and include among others, viral persistence, latent period,
host range, adsorption, beneficial auxiliary metabolic genes,
burst size, and proportion of infectious progeny (Table 2;
Record et al., 2016; Weitz, 2015).

(3) How does host switching develop?

To establish a sustainable relationship with a new host, a
virus must evade an array of host defence mechanisms, and
also satisfy its biochemical needs by using a host’s metabolic
intermediates. The virus also needs to proliferate within the
host before efficient transmission to another host. While
some host spillovers are successful, most are unsuccessful,
resulting in dead-end infections (Brown & Bidle, 2014; Long-
don et al., 2014; Wood et al., 2012; reviewed in Parrish
et al., 2008) where the virus can infect the host but not trans-
mit to new hosts due to small/non-existent bursts or a low
proportion of progeny being infectious. The low maximum
growth rates of gleaners could also lead to an evolutionary
dead end for viruses, but may be evaded by a reduction in vir-
ulence that permits vertical transmission (Fig. 5). Such spill-
over infections may either die out or result in local
transmissions in the new host population, which in turn
may either perish or eventually serve as a stepping stone for
new infections. The latter scenario could lead to survival of
the virus through extended periods in sub-optimal hosts,
eventually colonising distantly related hosts (Parrish
et al., 2008). Additionally, the reversible attachment of viruses
to host receptors that do not result in infections might serve as
a refugium for the viruses until more susceptible hosts
become available.

Host range expansion to closely related hosts may be more
successful and less costly for the virus than expanding to
infect distantly related hosts, as closely related hosts will pre-
sent an intracellular environment to which the virus is
already adapted (Longdon et al., 2011, 2014). Furthermore,
switches to close relatives may benefit from an increased
chance of exposure due to the shared ecological niches of
closely related hosts, as would occur among the non-
blooming haptophytes that coexist in the environment
(Endo, Ogata & Suzuki, 2018). This means that switching
to hosts belonging to the same phylogenetic clade is more
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probable than switching to a clade with increased phyloge-
netic distance (Engelstadter & Fortuna, 2019).

Many of the acute prasinoviruses (which infect green algae
of the Mamiellophyceae) and EhVs can infect several differ-
ent strains within a species (Rowe et al., 2011; Bellec
et al., 2014), but rarely other species within the same genus
(Castberg et al., 2002; Derelle et al., 2008). This high degree
of host specificity is common among the algal viruses charac-
terised to date (Nagasaki & Bratbak, 2010; Clerissi,
Desdevises & Grimsley, 2012; Bellec et al., 2014). Certain
host clades (strain or clone level) may be more prone to infec-
tion than others, and the number of members within the host
clade, rather than the characteristics of the clade members,
may be an important factor for the overall infection level of
viruses (Engelstadter & Fortuna, 2019). An alternative expla-
nation might be that viral infection creates high diversity
within certain host clades, as seen in other systems
(Duxbury et al., 2019). By lysing the most competitive, fast-
growing hosts, viruses enable the co-existence of slow and
fast-growing host populations, contributing to the mainte-
nance of diversity on the strain/clone (within a clade) level
(Thingstad et al., 2014). As such, strong viral control might
contribute to the high levels of diversity observed within some
acutely infected hosts such as E. huxleyi, Ostreococcus taurt, and
Micromonas pusilla (Rowe et al., 2011; Bellec et al., 2014).

Viruses are also able to shift to host clades distantly related
to the original host, as evidenced by the number of human
pathogens that have originated through host switches,
including HIV (Sharp & Hahn, 2010), Ebolaviruses (Leroy
et al., 2005), SARS-CoV-2 (Cui ¢t al., 2019), Influenza viruses
(Webby & Webster, 2001) but also NCLDVs and their
cukaryotic hosts (see Section III.4). The ability to jump
between distantly related species may be linked to genetic
factors such as the use of conserved host receptors to enter
the cell (Baranowski, Ruiz-Jarabo & Domingo, 2001; Wool-
house et al., 2003) or jumping to hosts that do not possess
broad resistance mechanisms to that type of virus (Streicker
et al., 2010). There are several factors that would, in theory,
decide the outcome of such switches, like the number of
mutations required for receptor binding, recombination or
reassortments of viral genomes that allow the acquisition of
multiple genetic changes in a single step. The mutation/
recombination/reassortment rate of the virus genome will
determine the rate of variation and will thus also decide the
outcome of switches. Further, trade-offs linked to host switch-
ing, such as mutations that optimise the ability of a virus to
infect a new host, will likely reduce its fitness in the original
hosts. Mutation rates normally vary dramatically between
DNA and RNA viruses (Parrish ¢t al, 2008; Longdon
etal., 2014).

The number of mutations required for a host switch might
be less within closely related species, such as Pr. kappa and
H. ernicina as hosts for HeV RF02 and PkV RF01, which
belong to two sister clades within the order Prymnesiales
(Edvardsen et al., 2011), than for a switch between more dis-
tant relatives. Even so, viruses have been able to switch to
hosts distantly related to their original host, showing that
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factors other than genetics are important. Among environ-
mental factors, close physical contact has been shown to facil-
itate host jumps, such as from birds or bats to humans
(Parrish et al., 2008), and infection strategy does not limit
the potential for jumps, as both specialist and generalist
viruses are able to switch to new hosts (Parrish et al., 2008).
Host-range expansions beyond the species level, however,
would theoretically be more common among generalist
viruses due to their increased potential for encountering
new hosts, but would also come at the expense of a virus’s
reproductive fitness (Duffy et al., 2006). This may explain
why the haptophyte viruses with the widest host ranges are
the least virulent (HeV RF02, PkV RF01; Table 3).

(4) How can we detect host switching?

Different phylogenetic methods have been used to describe
virus—host co-evolution (Longdon et al., 2011; Bellec
et al., 2014; Martinez-Aquino, 2016). Evidence for co-
evolution typically comes from a match between the phylo-
genetic trees of viruses and their hosts. For prasinoviruses
and their hosts belonging to the order Mamiellales, such
analyses have shown that these viruses are mainly host spe-
cific as they are restricted to infecting strains within the
same species (Bellec ez al., 2014). If there is an incongruence
between the host and virus phylogenetic analysis, e.g. if the
topology of the viral phylogenetic tree is different from the
host it infects, this indicates a host switch by the virus. Sim-
ilarly, a mismatch in the topology of phylogenetic trees of
viruses and their hosts provides evidence for several events
of host switching among NCLDVs. For example, although
the relatively distantly related viruses EhV (Phycodnaviridae)
and PkV (Mimiviridae) both infect haptophytes, there are
phylogenetically closer relatives of PkV within Mimiviridae
including viruses infecting a wide range of hosts, such as
amoebae, heterotrophic protists, fish, haptophytes and
green algae (Fig. 3).

Evolutionary relationships between algal viruses and hosts
may also be investigated using the phylogenetic information
available in viral AMGs (VAMGs). Viral AMGs may often
be derived from cellular life and, as such, might give insight
into historical hosts. Close evolutionary relationships of viral
and host AMGs might indicate recent acquisition of the
vAMGs from their present hosts by horizontal gene transfer.
In Ostreococcus tauri virus (OtV) the viral gene for ammo-
nium transporter (vAmt) branches together with the Ostreococ-
cus tauri version of the gene, indicating a recent transfer of the
gene to the virus genome (Monier ¢t al., 2017). A similar case
1s seen in the genomes of EhVs, where sphingolipid-
synthesising enzyme genes resemble those of their host,
E. huxley: (Wilson et al., 2009). By contrast, for PkV RF01
the phylogeny of two genes involved in energy production
(v8dhA, vSdhB) branch deeply within eukaryotic lineages, dis-
tant from the Sdis of the few sequenced haptophytes Chryso-
chromulina sp. and E. huxleyt (Blanc-Mathieu et al., 2021).
This suggests that the Sdh genes in PkV RF01 were acquired
at an early stage in the radiation of eukaryotic lineages.
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IV. ARE INFECTION STRATEGIES AND IN SITU
DIVERSITY RELATED?

Haptophytes and the viruses that infect them are ubiquitous,
being found in the epipelagic layer of tropical, temperate and
polar oceans (Liu et al,, 2009; Endo et al, 2018; Mihara
¢t al., 2018). The abundance of NCLDVs reaches over 10*-
10° genomes ml™" in the photic zone (Hingamp et al., 2013)
and their taxonomic richness exceeds what has been found
for prokaryotes (Mihara et al., 2018). Of the NCLDV core
gene sequences found in microbial metagenomes 88% are
from the families Phycodnaviridae and Mimiviridae (referred to
as Megaviridae herein). Within the family Phycodnaviridae,
86% are prasinoviruses, whereas 14% are assigned as other
Phycodnaviridae, some with phylogenetic similarity to EhV.
Most members of Mimiviridae cluster with viruses infecting
autotrophic protists (CeV, PoV, PpV, OLPVs) and CroV,
while only a few cluster with the amocba-infecting viruses
mimi- and megaviruses. Mihara e/ al. (2018) also confirm
the high abundance of mimiviruses infecting autotrophic
protists, as most reads (95.1%) were assigned to the Mesomimi-
virinae subfamily, and only 4.6% of the reads were similar to
the Megamimivirinae subfamily. Recent metabarcoding studies
targeting Mimiviridae revealed several hundreds to thousands
of operational taxonomic units (OTUs) (at 97 % identity) in a
few litres of seawater samples (Prodinger ez al., 2020). These
studies highlight the potential high diversity and abundance
of viruses infecting haptophytes in the ocean, suggesting an
important ecological role. For example, viruses have been
suggested to increase the efficiency of the biological carbon
pump — the downward vertical transport of particulate car-
bon in the ocean (Suttle, 2007). Eukaryotic viruses were
recently shown to be strongly associated with variation in car-
bon export efficiency (Kaneko e al., 2020). Of these eukary-
otic viral linages, viruses infecting putative haptophytes,
together with prasinoviruses, were the most strongly associ-
ated with this variation.

Seasonal studies of haptophytes and their viruses have
been performed on samples from different fjords in Norway
using a metabarcoding approach (Egge et al., 2015;Johannes-
sen et al., 2017; Gran-Stadniczefiko et al., 2019). These results
show uncoordinated variation in the virus and host commu-
nity composition and diversity throughout the year
(Johannessen et al., 2017; Gran-Stadniczefiko et al., 2019). A
minority of the viral OTUs are highly abundant at specific
time points, indicating a boom-bust relationship with their
host, whereas most of the viral OTUs are very persistent.
This pattern has also been reported from other marine
viral-host systems (Waterbury & Valois, 1993; Zingone,
Sarno & Forlani, 1999) and in freshwater viruses infecting
haptophytes (Short & Suttle, 2003; Short, Rusanova &
Short, 2011). An explanation for this persistence in nature
might be that the viruses are able to coexist with their hosts
through chronic infections, and/or are able to exploit several
host species. The latter might also be linked to vertical trans-
mission and low virulence as several taxa within the hapto-
phytes can be characterised as gleaners (Thomsen
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et al., 1994). The haptophyte taxa in the above study belong
to Phaeocystis, Chrysocromulina, Haptolina, Prymnesium and Emi-
liamia — genera that are well known to include species suscep-
tible to viral infection. Diversity was highest for the order
Prymnesiales, with 35 and 21 unique OTUs assigned to
Chrysochromulinaceac and Prymnesiaceae, respectively
(Bittner et al., 2013; Egge e al, 2015; Johannessen
et al., 2017) — gleaners that are infected by persistent viruses
(e.g. PkV RFO1, Cev 01B, and HeV RF02). Although these
data support our hypothesis about persistent relationships
being common in nature, we cannot rule out that the avail-
able molecular methods are not sensitive enough to capture
strain- and clonal-level variation in viruses and their hosts.

V. CONCLUSIONS

(1) Different viral infection strategies result from mutual
trade-off processes between the virus and the growth
strategy of its algal host. The different infection strate-
gies come with differences in fitness traits (Fig. 6) and
biological trade-offs. We suggest that acute viruses
are characterised by a short latent period, high viru-
lence, high infectivity, high decay, a narrow host range
and are transmitted horizontally to their hosts. By lys-
ing the most rapidly growing hosts, acute viruses
enable the co-existence between slow and fast-growing
host populations, contributing to the maintenance of
diversity on the strain/clone (within a clade) level.
Diversity within acute virus—host systems might
develop faster compared to persistent systems due to
the growth strategy of the host.

(2) Considering the abundance of slow-growing gleaners
in the ocean, persistent and chronic infections are
likely much more common than currently known
(Weitz et al., 2019). These low-virulence viruses employ
a variety of strategies to co-exist with their gleaning
hosts (Fig. 6). These systems are characterised by
viruses with a longer latent period, lower virulence,
low infectivity and low decay compared to acute sys-
tems. Further they have a broader host range and are
transmitted to their hosts vertically or by mixed modes.
We highlight their potential role and importance in
shaping haptophyte populations and communities,
hoping to stimulate future research into these under-
studied systems.

(3) Within each of these two types of viral host systems
(acute and persistent) there will always be a continuum
of acuteness and persistence as each trait involves a life
history trade-off.

(4) There is a critical need for culturing different types of
microalgae virus—host systems, including the rare ones,
using unconventional culturing techniques. Only cul-
tured virus—host systems will provide basic knowledge
of the important biological factors that control the evo-
lution of virus-host relationships and how their

191

evolutionary trajectories affect the diversity of primary
producers in the ocean. This information is crucial for
gaining a better understanding of viral ecology in a
constantly changing ocean, and also for basic evolu-
tionary understanding of virus—host relationships in
general, including pathogenic viruses of humans, ani-
mals and plants.
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