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endogenous Retroviridae in order to initiate the development of a placenta.



Dedication
I met Bill Benton in 1980 shortly after I had
begun doing research for the United States
Environmental Protection Agency in
Cincinnati, Ohio. When I told Bill that he was
the person whom I most wanted to meet at the
EPA, he replied with surprise “Why?”. My
response was that his name had been on every
publication from that Cincinnati group. Bill
represented a kindly mixture of intelligence,
pride, and humility. I wish that this world had
more people like him.
Bill had a lot of good life stories to tell! He
had experienced a difficult childhood and
determined that he wanted to enter the US
Army by attending the United States Military
Academy in West Point, New York.
Unfortunately, for the year when he applied,
Bill ended up being the second person in line
just below the cutoff level. He might have
reapplied the following year, but Bill instead
decided upon joining the US Army for
infantry. Much to his disappointment Bill was
transferred to the US Air Force where he then
proudly served for 20 years as a medical



corpsman. During his tours of duty in the
United States, the United Kingdom, and
Europe, Bill spent some of his spare time
learning to farm. He cropped asparagus,
which I think he enjoyed. The year that he
spent raising tobacco was, from his
perspective, not worth the financial gain
considering the many required hours of hand
labor plus the fact that harvesting and sorting
tobacco leaves covers your hands with plant
resin. Perhaps his most interesting adventure
had been managing a British pub along with
his wife Doris for a few years while Bill was
stationed in England. After he retired from the
US Air Force, Bill started working as a
laboratory technician for the US Public
Health Service. Eventually, the Public Health
Service transferred him to the Environmental
Protection Agency in Cincinnati where he
became a cell culture technician.
A few years after I had begun working for the
EPA, I was assigned to be the leader of a
research group that included Bill. At that
point, I had 10 years of laboratory experience
compared to Bill’s more than 35 years of
laboratory experience. It also was interesting
and a bit daunting for me to have a technician
with so much more intelligence than I possess.
Bill’s kindness and humility never let me feel
bad about my limitations. I do remember one
time when I walked into his laboratory and
told him that I had an idea for a new project.
Bill listened, then reached into one of his desk
drawers and pulled out a stack of perhaps
12 photocopied journal articles. I do not now
remember what the project idea had been, but
Bill handed the articles to me and said “These
will get you started on it.” Bill was amazingly



far ahead of me on that idea, and he also was
well ahead of me for many other research
ideas. One of Bill’s ideas was to try isolating
viruses with two host cell lines grown in
cocultivation and that worked very well.
The level of formal education that we achieve
in life depends in large part upon the
encouragement and expectations which our
families demonstrate and foster inside of us
during our childhood years. Bill merited a
doctorate, but unfortunately had not been
raised with expectations that he should try for
that level of formal education. Otherwise, if
allowed better expectations, then Bill more
rightfully would have been my supervisor and
I honorably would have reported my research
to him.
I also remember one time when Bill mentioned
to me that he never understood the 1960s. My
answer was that he should listen to the song
“Eleanor Rigby” by The Beatles. A few days
later he happily told me of hearing the song
over the radio in his automobile while he was
driving to work. Bill was not buried along
with his name as suggested by the lyrics of
that song, because Bill’s name will always
remain recorded in the pages of scientific
literature. He certainly remains recorded in
the memories lodged within my mind.
Bill’s laboratory equipment cart always
displayed a State of Ohio temporary
automobile license tag on which Bill had
written the date of his eligibility for Civil
Service retirement. He eventually did retire
from the Civil Service, and then enjoyed
spending many happy years with Doris. They
watched the birds come to a feeding station



behind their house and Bill worked at his
golfing skills.
I feel very honored to have known Bill and to
have worked with him. Appreciatively, I
dedicate my work on this book to my friend
and colleague William H. Benton. What might
Bill’s opinion be of this dedication? His
humility might lead him to say that he
appreciated the honor but somehow could not
feel as though he ever had been that special as
either a person or a scientist. Bill, you clearly
were that special and I thank you for having
been present in my life.

William H. Benton 1928–2000



Series Preface

The light of natural philosophy illuminates many subject areas including an under-
standing that microorganisms represent the foundation stone of our biosphere by
having been the origin of life on Earth. Microbes, therefore, comprise the basis of our
biological legacy. Comprehending the role of microbes in this world which together
all species must share, studying not only the survival of microorganisms but as well
their involvement in environmental processes, and defining their role in the ecology
of other species, does represent for many of us the Mount Everest of science.
Research in this area of biology dates to the original discovery of microorganisms
by Antonie van Leeuwenhoek, when in 1675 and 1676 he used a microscope of his
own creation to view what he termed “animalcula,” or the “little animals,” which
lived and replicated in environmental samples of rainwater, well water, seawater,
and water from snowmelt. van Leeuwenhoek maintained those environmental sam-
ples in his house and observed that the types and relative concentrations of organ-
isms present in his samples changed and fluctuated with respect to time. During the
intervening centuries, we have expanded our collective knowledge of these subjects
which we now term to be environmental microbiology, but easily still recognize that
many of the individual topics we have come to better understand and characterize
initially were described by van Leeuwenhoek. van Leeuwenhoek was a draper by
profession and fortunately for us his academic interests as a hobbyist went far
beyond his professional challenges.

It is the goal of this series to present a broadly encompassing perspective
regarding the principles of environmental microbiology and general microbial ecol-
ogy. I am not sure whether Antonie van Leeuwenhoek could have foreseen where his
discoveries have led, to the diversity of environmental microbiology subjects that we
now study and the wealth of knowledge that we have accumulated. However, just as
I always have enjoyed reading his account of environmental microorganisms, I feel
that he would enjoy our efforts through this series to summarize what we have

xi



learned. I wonder, too, what the microbiologists of still future centuries would think
of our efforts in comparison with those now unimaginable discoveries which they
will have achieved. While we study the many wonders of microbiology, we also
further our recognition that the microbes are our biological critics, and in the end
they undoubtedly will have the final word regarding life on this planet.

Christon J. Hurst in Heidelberg

Indebted with gratitude, I wish to thank the numerous scientists whose collabo-
rative efforts will be creating this series and those giants in microbiology upon
whose shoulders we have stood, for we could not accomplish this goal without the
advantage that those giants have afforded us. The confidence and very positive
encouragement of the editorial staff at Springer DE have been appreciated tremen-
dously and it is through their help that my colleagues and I are able to present this
book series to you, our audience.

Cincinnati, OH Christon J. Hurst
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Volume Preface

Long ago, a person asked me the question “What is it that viruses do? Viruses must
do something because otherwise biology surely would have found a way to eliminate
them.” This book provides our best current answer to that question by presenting
three aspects of viral ecology.

The first aspect presented is the ways in which viruses affect the population
diversity and energetics of their host communities. Perhaps the most notable exam-
ple for this concept would be our understanding that primary production within
ecosystems often is dependent upon those viruses which serve as controllers of
nutrient recycling. The result of that dependence is successful cycles that connect the
aquatic and terrestrial realms on scales that can be assessed locally and globally.

The second aspect that we present is the genetic partnerships which exist
between a host and many of its viruses. Interactions between viruses and their
host organisms, and equally the interactions of viruses with their vectors, provide a
force that drives mutual coevolution. Comprehending this partnership requires an
understanding that many groups of viruses have two possible life cycles. One of
those cycles is an option that we describe as being replicative, with its reliance upon
the production of transmissible progeny virus particles. The second option, which is
used by many virus groups, is termed to be either endogenous or lysogenous and
entails the host carrying at least a partial genomic copy of the virus. Endogeny and
lysogeny thus represent the forging of shared genomic fate which obligates part-
nership of the virus and its host. Genetic transference between a host species and its
viruses results in the development of a collective genome, which has fluidity that
operates on an evolutionary time scale. Collectively, the copies of viral genomes
which the host carries represent a source of potential benefit and also potential peril
for the host. These viral genomes can implement phenotypic changes in the host and
the host often uses those changes as tools. As humans, the most notable example
would be that mammals rely upon temporary activation of their endogenous viral
genes in order to successfully develop a placenta. Fatal disease can result if those
genes are activated at any other time during our life cycle.
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The third aspect that we present is defending the health of a host and this defense
relies upon activity targeted in several directions. Our presentations will help the
reader to understand that hosts often use their captured viral genes to identify and
subsequently direct battle against both those same viruses and against related
viruses. We have borrowed this natural concept and engineered it as a means of
combating cancer and as a technique for suppressing the detrimental consequences
of genetic diseases. We also use this same approach to develop specifically targeted
antiviral vaccines. Viral infections of a host are two-sided contests that often include
collective participation by additional microbial groups. On the invading side,
infecting viruses often attack in conjunction with other pathogenic microorganisms.
The defending response mounted against those attacks includes symbiotic microbes
that act as a shield to protect their host, and the host can play an active role in the
functioning of that symbiotic microbial shield.

The information which we have presented in this book can be only a partial
answer because virology still seems a few centuries away from understanding the
full answer.

James Zmuda at home in Montana

In appreciation of the author Norman Maclean, and memory of my dear friend the
virologist James Zmuda, both of whom liked the state of Montana, I would say that
“Eventually, all things merge into one, and a virus runs through it.”

Cincinnati, OH Christon J. Hurst
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Chapter 1
Viral Nature of the Aquatic Ecosystems

Daichi Morimoto, Kento Tominaga, Hiroaki Takebe, Sigitas Šulčius, and
Takashi Yoshida

Abstract Viruses infecting microorganisms are ubiquitous and highly abundant in
aquatic environments. They considerably affect the dynamics, diversity, and evolu-
tion of their host microorganisms. In this review, we discuss the ecological impli-
cations of viruses from the perspectives of the biogeochemical cycles, microbial
diversity, and virus–host coevolutionary dynamics in aquatic environments. Gener-
ally, viruses redirect host metabolism toward reproduction through molecular host–
virus interactions characterized by the compositional and stoichiometric changes in
intracellular metabolites, which are eventually released into the environment when
the infected host cells are lysed, thus also changing the chemical composition of the
water. Therefore, the modulation of metabolite biosynthesis and promotion of their
recycling are major viral functions. Viruses also maintain microbial community
diversity via increased infection and lysis rates of the dominant taxa and genotypes
in a frequency-dependent manner, thereby allowing the co-existence of members
with various competitive abilities. Finally, viruses can expand their own genotypic
diversity and that of the host through complex defense and counter-defense interac-
tions, including loss of host fitness due to the cost of resistance and the possible need
for antiviral defense-specific (e.g., intra- vs. extracellular) changes in the hosts
genome diversification. Continuous interactions drive the coevolution of hosts and
viruses, thereby increasing both the host and viral micro-diversity. Hence, these
fundamental functions are viral “raison d’etre” and are essential for the functioning
of aquatic ecosystems and its components.

D. Morimoto · K. Tominaga · H. Takebe · T. Yoshida (*)
Graduate School of Agriculture, Kyoto University, Kyoto, Japan
e-mail: yoshida.takashi.7a@kyoto-u.ac.jp
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Laboratory of Algology and Microbial Ecology, Nature Research Centre, Vilnius, Lithuania
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1.1 Introduction

Viruses infecting microorganisms are ubiquitous and abundant in aquatic ecosys-
tems (Suttle 2005, 2007). They typically are small particles (generally 20–200 nm in
length) comprised of nucleic acids (single- or double-stranded DNA or RNA) and
structural proteins and have no intrinsic metabolism. Thus, their reproduction
depends entirely on host cellular metabolism and replication machinery. Viral
reproduction can be classified as lytic or lysogenic (Guttman et al. 2005). During
lytic infection, viruses inject their genomes into host microorganisms, redirect host
metabolism for efficient viral genomic nucleic acid replication and protein synthesis,
and are finally released through host cell lysis (Guttman et al. 2005). In contrast, in
lysogenic infection, the viral genome is integrated into the host genome as a provirus
(also called prophage if the virus integrates into the bacterial chromosome) and is
propagated vertically within the host lineage until the induction of the lytic cycle
under specific conditions (e.g., depending on host cell density or environmental
conditions) (Howard-Varona et al. 2017a).

Both types of viral infections, lytic and lysogenic, have great potential to affect
microbial communities in aquatic ecosystems. For example, viral-mediated cell lysis
releases nutrients and organic matter from cells to the environment, thus stimulating
biogeochemical cycling (Fuhrman 1999; Suttle 2005, 2007). In addition, viruses
affect host microbial diversity in at least three different ways (Marston et al. 2012).
First, viruses contribute to the maintenance of host microbial diversity by frequency-
dependent infection, often seeming to have a greater effect upon those microbial taxa
and genotypes that either are highly abundant or most metabolically active in the
environment (Thingstad 2000). Second, viruses increase host genetic diversity via
the reciprocal co-evolution of host resistance and viral infectivity (Buckling and
Rainey 2002a). Lastly, viruses affect the genomic evolution and the fitness of
microbial hosts through horizontal gene transfer (HGT) including the presence and
movement of auxiliary metabolic genes (Breitbart et al. 2007; Hurwitz and U’Ren
2016), generalized transduction during lytic infection (Thierauf et al. 2009; Touchon
et al. 2017), and specialized transduction during lysogenic infection (Gottesman and
Yarmolinsky 1968; Fernandes et al. 1989; Campos et al. 2003; Touchon et al. 2017).

The ever-growing number of culturable viral isolates, together with recent
advances in sequencing technologies and bioinformatics, provides us with a deeper
understanding of the viral nature in aquatic ecosystems. This chapter summarizes
current understanding of viral effects on biogeochemical cycles, microbial diversity,
and virus–host evolutionary dynamics in aquatic ecosystems. The viral role in the
promotion of HGT that affects host genomic evolution and fitness has been reviewed
extensively elsewhere and is therefore not discussed here (e.g. Balcázar 2018;
Yoshida et al. 2019).

4 D. Morimoto et al.



1.2 Viral Influence on Biogeochemical Cycle

1.2.1 Viral Modulation on Patterns of Geochemical Cycling
in the Ocean

In the ocean, approximately 1029 cells of different microorganisms form the basis of
the marine food web (Whitman et al. 1998). Photosynthetic eukaryotes and pro-
karyotes contribute to up to 50% of the total net primary production on Earth (Field
et al. 1998). Approximately half of the resultingly fixed carbon is released into the
environment, re-mineralized by heterotrophic prokaryotes, and then incorporated
into higher trophic levels of the aquatic food web (Azam et al. 1983). This process of
recycling of photosynthetic products is called “microbial loop” and is an essential
pathway of biogeochemical cycling in the ocean (Azam et al. 1983).

Viruses outnumber prokaryotes, and up to 20% of marine microorganisms are
thought to be infected and lysed by viruses daily (according to a certain view in
Suttle 2007). Lysis of infected cells leads to the release of organic matter and
nutrients, which would otherwise be incorporated into higher trophic levels by
grazing (Fuhrman 1999; Wilhelm and Suttle 1999). This pathway of carbon flux
regulated by viruses is called “viral shunt” (Wilhelm and Suttle 1999) (Fig. 1.1).
Calculations based on the presumed microbial biomass, its turnover rates, and the
predicted daily lysis suggest that viral shunts are responsible for the release of
approximately 25% of primary production in the surface ocean, which amounts to
up to 3 gigatons of carbon into the oceans per year (Wilhelm and Suttle 1999; Suttle
2005). However, the quantification of virus-mediated carbon flux in natural envi-
ronments remains challenging owing to methodological limitations and ecosystem
complexity. Recently, more advanced nutrient–phytoplankton–zooplankton (NPZ)
models, including heterotrophic bacteria and viruses, have proposed that viral shunts
accelerate organic matter recycling and increase net primary productivity while
reducing transfer to higher trophic levels (Weitz et al. 2015). Moreover, the effect
of virus-mediated carbon flux may depend on the trophic status of the system and the
limiting nutrients (Pourtois et al. 2020).

On the other hand, viruses can also contribute to carbon removal from the surface
ocean (Weinbauer 2004; Sullivan et al. 2017; Laber et al. 2018). Cellular debris,
including cytoplasmic material and components of the cell wall, released via viral
lysis can easily aggregate and sink to the deeper layers leading to carbon sequestra-
tion (Weinbauer 2004; Laber et al. 2018). This alternative viral influence on the
geochemical flux that promotes the biological carbon pump is referred to as the
“viral shuttle” (Sullivan et al. 2017) (Fig. 1.1). For example, virus-induced carbon
transportation has been extensively studied in Emiliania huxleyi (haptophyte) and its
known virus (Laber et al. 2018). Several laboratory studies have reported that viral
infection stimulates the production of transparent exopolymer particles (TEP), which
increases the stickiness of cells, thus promoting aggregation (Rosenwasser et al.
2014; Nissimov et al. 2018). Field studies monitoring E. huxleyi blooms in the North
Atlantic have revealed that TEP concentrations increase during the early stages of

1 Viral Nature of the Aquatic Ecosystems 5



infection and that infected cells are preferentially transported to the deep ocean
(Sheyn et al. 2018). Considering the huge abundance of E. huxleyi (reaching 107

cells/mL during their bloom period; Silkin et al. 2020), the virus-mediated sinking of
its cells would thus have a significant impact on the available carbon in the surface
ocean. Moreover, laboratory experiments have reported that the virus-infected
culture of Chaetoceros tenuissimus (Diatomea) is up to 59-fold enriched in partic-
ulate organic matter compared with uninfected controls (Yamada et al. 2018). At the
global scale, a metagenomic study based on data from the Tara Ocean has suggested
that the infection and lysis of the widespread and abundant cyanobacteria
Synechococcus significantly contribute to carbon export compared with other micro-
organisms (Guidi et al. 2016). Further studies using quantitative methods are
required for a better understanding of the effect of viral shuttles in the global ocean.

Fig. 1.1 Overview of virus-mediated biogeochemical cycling in aquatic microbial ecosystem.
When viruses lyse their host, intracellular organic matter is released from host cells to the particulate
organic matter (POM) and dissolved organic matter (DOM) pools, a process that has been termed a
Viral shunt. This process is accompanied by compositional and stoichiometric changes in chemical
properties of intracellular metabolites via viral metabolic redirection, i.e., hijacking host
transcription-translation systems and expression of viral auxiliary metabolic genes (AMG). Viral
particles are also a source of phosphorus-rich DOM (compared with host debris) and consumed by
direct grazing. Viral infection facilitates carbon export to the deeper layer (biological pump)
through particle aggregation driven by the release of lysis products and virus-induced alterations
in host physiology (Viral shuttle)

6 D. Morimoto et al.



In addition, viral particles themselves contribute to the biogeochemical cycling of
carbon and other nutrients (Breitbart et al. 2018). For example, approximately 0.03
Gt C per year (Bar-On and Milo 2019), and most of the viral biomass is attributed to
the dissolved organic matter (DOM) fraction (<0.45μm) due to the size of the virion
(e.g., bacterial viruses generally range between 20 and 200 nm) (Zsolnay 2003;
Leenheer and Croué 2003; Findlay and Parr 2017). Recently, a relatively large
number of marine viruses have been identified to attach to non-host organisms and
particles (Yamada et al. 2020). Thus, if or when these non-host organisms or
particles are predated, their attached viruses indirectly contribute to classical marine
food webs even when they are not infecting any organisms. Altogether, viral
particles could contribute to both DOM and the particulate organic matter (POM)
pools in the ocean.

A previous study investigating the elemental composition of both virus particles
and viral lysates eluted from their host debris revealed that viral lysates tend to be
more depleted in phosphorus than are uninfected cells because the amount of
genomic nucleic acids contained in progeny viral particles results in those viruses
being relatively phosphorus-rich as compared with their amounts of carbon and
nitrogen (Jover et al. 2014). Extrapolation of this model to the ecosystem scale
revealed that marine viruses are estimated to constitute a comparatively high pro-
portion (>5%) of the total dissolved organic phosphorus pool in the surface ocean,
suggesting viruses themselves can be regarded as an abundant phosphorus source
(Jover et al. 2014).

Predation of viral particles by predators has been demonstrated in several studies
using culture experiments (Suttle and Chen 1992; Bettarel et al. 2005; Lawrence
et al. 2018; Welsh et al. 2020). For example, a co-cultivation study exposing
Phaeocystis globosa and its virus to various predators has demonstrated that viruses
can be effectively removed (up to 98% within 24 h) from the water column by
non-host organisms, including sea anemones, polychaete larvae, sea squirts, crabs,
cockles, oysters, and sponges (Welsh et al. 2020). Therefore, although the rate of
viral particle predation may vary depending on both the virus and predator strains
(Suttle and Chen 1992; Gonzalez and Suttle 1993; Lawrence et al. 2018; Welsh et al.
2020), the ingestion of viruses can serve as a possible source of nutrients, especially
phosphorus.

These viral influences on the biogeochemical cycles fluctuate across short- and
long-time scales. On a long-term scale, for instance, the microbial community
exhibits seasonal compositional changes (Cram et al. 2015; Parada and Fuhrman
2017; Needham et al. 2018; Choi et al. 2020), which are followed by the seasonal
dynamics of their viruses (Needham et al. 2017; Ignacio-Espinoza et al. 2020).
Furthermore, diverse taxa of photosynthetic microorganisms and even some hetero-
trophic ones show diel activity in culture and environmental studies, which is partly
explained by the viral infection cycle (Morimoto et al. 2020 and references therein).
Both the seasonality and the diel cycle activity of microorganisms and their viruses
suggest that host–virus interactions could generate temporal fluctuations in geo-
chemical cycles in aquatic environments.

1 Viral Nature of the Aquatic Ecosystems 7



1.2.2 Virus–Host Interactions-Mediated Modification of Host
Cell Metabolism

Viruses switch their host metabolism from cellular replication to progeny produc-
tion. Compared with non-infected hosts, metabolically reprogrammed cells can be
generally distinguished based on changes in the host transcription program, eventu-
ally leading to distinctiveness in the proportion of end-point products between
infected and uninfected cells (Ankrah et al. 2014; Jover et al. 2014; Rosenwasser
et al. 2014; Ma et al. 2018) (Fig. 1.1). For instance, disproportioning of phosphorus
between infected and uninfected hosts (as discussed in the previous section) could be
attributed to a viral reprograming mechanism in which viruses degrade host DNA
and utilize the resultant nucleic acids for the synthesis of viral DNA (Wikner et al.
1993; Kutter et al. 2018).

Currently, cell metabolic reprogramming by viruses has been studied using both
transcriptomic and metabolomic analyses and is found to be a highly regulated
process. For instance, the infection strategy of T4-like viruses follows the three
temporal expression classes of early, middle, and late genes, corresponding to host
takeover, replication, and virion morphogenesis, respectively, and occurs in accor-
dance with the downregulation of genes related to host replication (Roucourt and
Lavigne 2009). Such transcriptional regulation by viruses has also been investigated
in several lineages of marine and freshwater prokaryotic as well as eukaryotic
phytoplankton (Lindell et al. 2007; Rosenwasser et al. 2014; Bachy et al. 2018;
Moniruzzaman et al. 2018; Morimoto et al. 2018; Ku et al. 2020) and heterotrophic
bacteria (Ankrah et al. 2014; Howard-Varona et al. 2017b, 2020). The metabolic
regulation of host cells may also depend on host taxonomy and thus differ between
various species (e.g., cyanoviruses with broad and narrow host range seem to have
different infection strategies; E. huxleyi virus EhV possesses five gene expression
phases during infection) (Lindell et al. 2005; Clokie et al. 2006; Doron et al. 2016;
Morimoto et al. 2018; Ku et al. 2020). In addition, it may be influenced by host
physiological states, which in turn depends on nutrient availability (e.g. phosphate)
(Kelly et al. 2013; Lin et al. 2016; Bachy et al. 2018). Thus, viruses could affect the
proportion of end-point products in the infected cells while those hosts either directly
or indirectly are responding to environmental conditions.

Viruses can also possess host-derived genes (also called as auxiliary metabolic
genes, AMGs) that are expressed during infection, thus altering host metabolism,
and increasing the efficiency of viral reproduction (Breitbart et al. 2007; Hurwitz and
U’Ren 2016). These AMGs can largely be classified into two classes (Class I and II)
based on their function according to the Kyoto Encyclopedia of Genes and Genomes
database (Hurwitz and U’Ren 2016). Viral-encoded AMGs not only maintain
cellular functions necessary for viral DNA replication and virion production (e.g.,
ATP production and nucleotide synthesis) during infection (Lindell et al. 2004,
2005), but also both down and up-regulate a range of targeted metabolic pathways
that can substantially alter cell stoichiometry and nutrient metabolism (De Smet et al.
2016, 2017). Most AMGs that have been identified to date are directly involved in
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either the utilization and uptake of limiting nutrients or energy production (Enav
et al. 2014; Hurwitz and U’Ren 2016), which in turn may have (at least temporarily)
a positive feedback effect on the host cell by improving its fitness during infection
(Zeng and Chisholm 2012): the acquisition and metabolism of carbon (e.g., psbA and
psbD; Lindell et al. 2004, 2005; Thompson et al. 2011), nitrogen (e.g., amt; Monier
et al. 2017), and phosphorus (e.g., pstS and phoA; Zeng and Chisholm 2012). New
putative AMGs are continuously being discovered in bacterial (Breitbart 2011;
Crummett et al. 2016; Breitbart et al. 2018; Warwick-Dugdale et al. 2019), eukary-
otic (Schvarcz and Steward 2018; Needham et al. 2019), and archaea viruses
(Ahlgren et al. 2019) or the more broadly defined environmental viromes
(Williamson et al. 2008; Anantharaman et al. 2014; Hurwitz et al. 2015;
Moniruzzaman et al. 2020; Schulz et al. 2020; Kieft et al. 2020). Thus, considering
that viral-encoded AMGs are abundant and widespread in aquatic environments
(Williamson et al. 2008), AMG-mediated metabolic reprogramming can substan-
tially contribute to major biogeochemical cycles and ecosystem functioning at the
global scale (Sieradzki et al. 2019).

Indeed, changes in metabolites mediated by virus–host interactions have been
observed in both eukaryotes and prokaryotes using a metabolomic approach
(Rosenwasser et al. 2014; Ma et al. 2018). For example, E. huxleyi virus EhV
downregulates host de novo sphingolipid genes and simultaneously promotes the
induction of a viral-encoded homologous pathway, resulting in the metabolic shift
toward viral sphingolipid production (Rosenwasser et al. 2014). A recent culture-
based study on Synechococcus and its viruses revealed that the composition of
chemical compounds (proteins, carbohydrates, and lipids) of organic matter differs
between infected and uninfected cells (Ma et al. 2018). Such compositional changes
induced by viruses have been detected during viral infection of Sulfitobacter (C:N
ratio of host cell shifted to nitrogen-rich state compared with uninfected cells)
(Ankrah et al. 2014).

Thus, from an ecological perspective, the virus-induced metabolic reprograming
depends on both the virus-host pair (and therefore on the diversity and composition
of microbial assemblages) and the host physiological state during infection and can
modulate the generation as well as the diversity of end-point products, thus leading
to altered biogeochemical cycling. It is also speculated that halting the viral repro-
duction at various infection stages using antiviral responses, including signal trans-
duction, cell cycle regulation (Moniruzzaman et al. 2018), and metabolic pathway
(Rosenwasser et al. 2014), might establish metabolite diversity in the infected cells
via the generation of intermediate products of viral progeny (Zborowsky and Lindell
2019) or unusual proteins in the uninfected cells.
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1.3 Viral Infection Shaping Microbial Community
Diversity

1.3.1 Contribution of Lytic Infection to Microbial Diversity
Maintenance

In aquatic ecosystems, diverse microorganisms compete for nutrient resources but
can co-exist and account for a large proportion of total aquatic biodiversity, a
concept that has been known as the classical question “paradox of the plankton”1

(Hutchinson 1961). Viruses are currently thought to contribute to the co-existence of
microbial species and genotypes.

Basically, viruses are believed to infect their specific microbial hosts in a
frequency-dependent manner (Fuhrman and Suttle 1993). Therefore, viral infection
checkmates microbial species that become dominant through the competition among
co-existing microorganisms that possess different substrate affinity, and thereby
enables the co-existence of multiple competing microbial species (“Kill the Winner”
hypothesis)2 (Thingstad 2000) (Fig. 1.2). Indeed, several culture and environmental

Fig. 1.2 Schematic diagram of mechanisms in virus-mediated maintenance of microbial commu-
nity diversity. Preferential viral infection of abundant species enables the co-existence of diverse
competing microbial species by preventing the dominance of only few species (“Kill the Winner”
hypothesis). Similar viral top-down control is proposed as a mechanism to maintain high genotypic
diversity within a single microbial population (“Constant Diversity dynamics” model). Lastly, the
prevalence of lysogeny in dominant microbial population may be another potential mechanism that
allows abundant host species to be dominant by taking advantages benefit from lysogenic conver-
sion such as superinfection exclusion (“Piggyback-the-Winner” model)

1The concept arguing paradoxical situation of coexistence of various plankton species competing
for identical resources in homogeneous and resource limited environment (Hutchinson 1961).
2A model proposing the dynamics of virus-host interactions in which an increase of host population
(winner) is accompanied with increasing of its infectious viruses, and thereby viruses prevent their
hosts from becoming dominant through increased mortality of the winner (Thingstad 2000).
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studies have demonstrated that viral top-down control modulates microbial abun-
dance, which is consistent with the results expected from a Kill the Winner hypoth-
esis (Tarutani et al. 2000; Schwalbach et al. 2004; Bouvier and Del Giorgio 2007;
Yoshida et al. 2008a; Rodriguez-Brito et al. 2010; Kuno et al. 2012; Parsons et al.
2012; Kimura et al. 2013; Needham et al. 2013; Cram et al. 2016).

The viral-mediated co-existence mechanism, by which viruses are expected to
affect host diversity in a frequency dependent manner according to the Kill the
Winner hypothesis, could provide a mechanism that explains the continuing
co-existence of diverse genotypes within a single microbial species (or closely
related lineage) rather than the co-existence of diverse microbial species. Conven-
tionally, the philosophy has been that phenotypic and genotypic diversity within a
microbial population was expected to become homogenized to a greater level of
fitness in the environment. The microbial population (species or closely related
lineage) that are genetically cohesive and ecologically distinct are called an “eco-
type” (ecotype hypothesis) (Maharjan et al. 2006; Cohan and Koeppel 2008). The
ecotype had been believed to be periodically replaced as fitter ecotypes emerged
after profitable mutation or preferable environmental changes (Maharjan et al. 2006;
Cohan and Koeppel 2008). However, metagenome sequence alignment analyses
have demonstrated that several genomic regions (metagenomic islands; MGIs) are
underrepresented even within a single microbial population in similar environments
(Coleman and Chisholm 2007; Cuadros-Orellana et al. 2007; Kettler et al. 2007;
Wilhelm et al. 2007; Frias-Lopez et al. 2008; Rodriguez-Valera et al. 2009;
Rodriguez-Valera and Ussery 2012). This suggests that diverse genotypes coexist
within a single microbial population. Furthermore, these MGIs include diverse
accessory genes, such as extracellular structure-related genes that can be viral
recognition sites (Reva and Tümmler 2008; Sharma et al. 2008; Rodriguez-Valera
et al. 2009; Rodriguez-Valera and Ussery 2012) and antiviral response-related genes
such as CRISPR in addition to genes that affect restriction-modification (Sorek et al.
2008; Wilmes et al. 2009). Therefore, MGIs are thought to play an important role in
the ability of hosts to escape or survive from viral infection, in which host genotypic
diversity is driven by viral predation pressure, thereby leading to the co-existence of
multiple competing microbial genotypes (“Constant Diversity dynamics” model3)
(Rodriguez-Valera et al. 2009) (Fig. 1.2). Indeed, multiple genotypes ofMicrocystis
aeruginosa possessing different CRISPR arrays and its virus Ma-LMM01 coexist
and oscillate during the massive bloom of this nuisance and toxic species (Kuno
et al. 2012, 2014; Kimura et al. 2013). Hence, lytic viruses play important roles in
not only the co-existence of microbial species but also the maintenance of high
diversity within a single microbial population.

3A hypothetical model proposing that the diversity of prokaryotic populations is maintained by viral
predation, because the best-adapted populations are selected by viral predation. The hypothesis
assumes that each microbial population has distinct viral receptor (Rodriguez-Valera et al. 2009).
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1.3.2 Potential Contribution of Lysogenic Infection
to Microbial Diversity Maintenance

So far, we have focused on lytic viruses and described their contribution to the
maintenance of microbial diversity in aquatic environments. Another key question
related to viral impact on microbial diversity is whether temperate viruses also
contribute to shaping microbial community diversity.

Provirus integration can occur either through repeated random transposition
events or at specific integration sites (e.g., host tRNA genes; also called site-specific
recombination) and is associated with the immediate transcriptional suppression
(e.g. via specific virus repressors) of lytic promoters and genes associated with
virion production (Casjens and Hendrix 2015). This mode of viral infection that
generates lysogenic cells (Hobbs and Abedon 2016) is considered as an adaptive
strategy of temperate viruses to ensure their persistence in the environment, in which
novel phenotypic or metabolic advantages are sometimes conferred to host micro-
organisms via concomitant effects by mechanisms such as HGT (Hendrix et al.
2000; Howard-Varona et al. 2017a), the capability of up and down-regulation of host
genes (Argov et al. 2017), and integration-driven gene disruption (Feiner et al.
2015).

Although one study estimated that approximately half of 100 marine bacterial
isolates harbored temperate viruses in their genomes (Paul 2008), proviruses are
rarely found in the marine-dominant bacterial lineages (e.g., only one provirus was
recently reported in SAR11 clades; see Morris et al. 2020) possibly due to genome
streamlining, in which a bacterial genome is minimized to a highly constrained gene
set that confers maximum fitness (Touchon et al. 2016). Therefore, the ecological
significance of lysogenic infection on microbial diversity maintenance in marine
ecosystems remains under debate. Traditionally, it was believed that bacterial
viruses control their host abundances in a frequency-dependent manner as described
above, and thus viral abundance is typically 10-folds higher than that of prokaryotes
(Wommack and Colwell 2000; Weinbauer 2004). Therefore, lysogenic infection is
presumed to be the preferred viral strategy under conditions of reduced host cell
number and activity (Stewart and Levin 1984; Sime-Ngando 2014; Brum et al.
2016). However, viral metagenomic and metadata approaches have revealed that
viral particles are relatively less abundant at high microbial densities (Knowles et al.
2016; Wigington et al. 2016). Likewise, it was demonstrated that the virus/host
genome abundance ratio was negatively correlated with the host abundance at the
genus or phylum levels (Coutinho et al. 2017). Additionally, the relative abundance
of hallmark genes encoded by temperate viruses increased with microbial density in
a coral reef (Knowles et al. 2016). These findings suggest that lysogenic infection
may become dominant at high-cell densities because proviruses can replicate quickly
in a way that will keep pace with their fast-growing host and provirus-mediated
superinfection resistance might become increasingly important at high cell densities
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(called “Piggyback-the-Winner”model4) (Knowles et al. 2016, 2017; Coutinho et al.
2017) (Fig. 1.2).

1.4 Evolutionary Roles of Viruses that Generate
Genotype-Level Microbial Diversification

In short-term laboratory experiments, host–virus coevolution appeared to be
suppressed by the emergence of a viral-resistant genotype, which the virus could
not evolve to overcome (Dennehy 2012). In particular, de novo mutations that cause
changes in those bacterial cell-surface structures which serve as viral receptor sites
are one of the major factors that prevent viral attachment, and thereby confer the
potential host with resistance against viral infection (Lenski and Levin 1985).
Therefore, host–virus coevolution has been considered to be constrained by the
asymmetry of evolutionary potential between hosts and viruses (Cannon et al.
1971; Cowlishaw and Mrsa 1975; Barnet et al. 1981; Lenski and Levin 1985;
Waterbury and Valois 1993; Middelboe et al. 2001; Wei et al. 2010, 2011).

On the other hand, long-term evolutionary laboratory studies have indicated that
the host and its virus undergo persistent coevolution over a prolonged period, as
evidenced with the soil bacterium Pseudomonas fluorescens (Buckling and Rainey
2002a, b; Brockhurst et al. 2007; Hall et al. 2011a, b) and E. coli (Mizoguchi et al.
2003). Similar co-evolutionary dynamics have also been observed in the marine
bacteria Prochlorococcus (Avrani et al. 2011), Synechococcus (Marston et al. 2012),
and Cellulophaga baltica (Middelboe et al. 2009).

The above-mentioned co-evolution scenario, based on the one-virus-to-one-bac-
teria relationship, predicts that the genetic contents of both bacteria and virus would
converge over repeated interactions. As described above, however, genotypic diver-
sity is observed in MGIs even within a single microbial population (Coleman and
Chisholm 2007; Cuadros-Orellana et al. 2007; Kettler et al. 2007; Wilhelm et al.
2007; Frias-Lopez et al. 2008; Rodriguez-Valera et al. 2009; Rodriguez-Valera and
Ussery 2012). Additionally, under-represented genomic regions have been found in
marine viruses (metaviromic islands) with a large fraction of their identified genes
(e.g., 59 out of 138) associated with host recognition of viruses (Mizuno et al. 2014).
Thus, the recent understanding of host–virus coevolution is based on multiple
genotype (strain)-level interactions within both the microbial host and viral species
which seem to represent defense and counter-defense strategies (e.g., CRISPR and
mutation in protospacer) or resistance and overcome of resistance (e.g., mutation in
cell surface and viral tail gene) (Fig. 1.3).

4A hypothetical model proposing that lysogeny would be favored when a bacterial host is
dominated in the environment because a provirus can replicate rapidly together with host DNA
replication (Knowles et al. 2016).
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In freshwater ecosystems, host-virus coevolution have been intensively studied in
the bloom-forming cyanobacterium M. aeruginosa and its viruses (Yoshida et al.
2005, 2008a, b; Kimura et al. 2012, 2013, 2018; Kuno et al. 2012, 2014; Yoshida-
Takashima et al. 2012; Morimoto et al. 2019). Interestingly, the most abundant
Microcystis CRISPR genotype is known to coexist with that derived by novel spacer

Fig. 1.3 Proposed mechanisms in host pan-genome expansion via virus–host interactions. (a)
Under the viral top-down control toward dominant species and genotypes, “Red Queen” like host–
virus co-diversification can be established in abundant host and abundant viruses. Continuous arms
race via intracellular defense (e.g., CRISPR-Cas system) and extracellular resistance (e.g., viral
recognition sites) plays a part in genomic diversification of both host and virus. (b) A complicated
balance between trade-off and specificities of each defense mechanism can affect the arms race. For
example, extracellular resistance (e.g., surface modification) is preferable to intercellular defense
(e.g., CRISPR-Cas) under conditions of high viral genetic diversity because the former promotes
resistance toward against broader viral genotypes. However, because extracellular resistance may
result in a higher cost, such as the impairment of nutrient uptake ability, intercellular defense is
possibly preferable under competitive situations with host competitors
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acquisitions from cyanoviruses in the environment. This finding suggested that both
abundant host and viral genotypes have diversified in the bloom without a complete
selective sweep (Kimura et al. 2018). Thus, the Red Queen like dynamics5 could be
established, to some extent, between the abundant host genotype and its
cyanoviruses under high viral contact rate; with reciprocal adaptation via defense
and counter-defense continuously occurring in multiple-to-multiple relationships
(Koskella and Brockhurst 2014), thus subsequently increasing the diversity of host
organisms and viruses (Fig. 1.3). Also, a recent metagenomic survey revealed the
co-existence of highly host-specific (narrow host range) and broad host range
Microcystis viruses and the high co-expression of antiviral defense and viral genes
in the environment (Morimoto et al. 2019). Considering that they often induce
antiviral responses, broad host range viruses might be important for host genotype
diversification (Morimoto et al. 2019).

In contrast with freshwater cyanobacteria typically having the greatest overall
numbers of defense genes (Makarova et al. 2011), marine prokaryotes rarely possess
distinctive defense genes such as CRISPR-Cas due to their genome streamlining
(Touchon et al. 2016). However, instances of co-existence between dominant marine
prokaryotes and their viruses were observed, which are presumably sustained by Red
Queen-like co-evolution dynamics. For example, the dominance of the SAR11 clade
bacteria and their viruses was predicted to be maintained by host rapid adaptation to
viruses. The rapid adaptation was achieved by high recombination rates among
SAR11 in their variable genomic region that encoded genes involved in synthesis
of cell surface proteins, and this hypothesis is possibly supported by their high host
cell density (King of the Mountain hypothesis6) (Zhao et al. 2013). Furthermore,
constant turnover of single-nucleotide polymorphism variants in relatively abundant
marine viruses also suggests that Red Queen-like virus–host coexistence could be
established by perpetually changing minor variants.

As described in this section, one of the major forces driving host and viral
genotypic diversification is the reciprocal defense and counter-defense that occur
through extracellular (e.g., de novo mutation of cell-surface structure) and intracel-
lular resistance (e.g., acquisition of novel CRISPR spacers). Comparative antiviral
resistance analyses in Synechococcus and Prochlorococcus provided new insights
into host-favored antiviral defenses in narrow and broad host range viruses (Doron
et al. 2016; Zborowsky and Lindell 2019). Host cyanobacteria resist against narrow
host range viruses irrespective of the viral family by preventing viral entry into the
cell, whereas intracellular resistance arrests the infection cycle of broad host range
viruses at various infection stages (Doron et al. 2016; Zborowsky and Lindell 2019)
(Fig. 1.3). These differences in antiviral responses that seemingly occur according to

5A hypothesis proposing co-evolutionary process between competing species (Valen 1973); in the
case of virus-host interactions, this hypothesis explains continuous dynamics of resistance acqui-
sition in microbial hosts and viral avoidance to the host resistance (Brockhurst et al. 2014).
6A hypothesis proposing that high recombination rate enables dominance of a competitive pro-
karyote in the ecosystem via horizontal transfer of genes involved in resistance to viral infection
(Zhao et al. 2013).
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viral host range are speculated to be associated with fitness trade-offs in extracellular
and intracellular antiviral responses. In extracellular antiviral responses, mutations in
cellular surface structures can impair nutrient uptake and utilization but can protect
against diverse viral attacks, leading to an increase in host fitness trade-off favoring
the host (Winter et al. 2010; Avrani et al. 2012) (Fig. 1.3). On the other hand,
choosing to modify intracellular antiviral responses techniques may be energetically
favorable, especially the CRISPR-Cas system, because the cost of a new spacer
acquisition is speculated to be low, although it is possible that additional types of
resistance costs may exist (Thingstad et al. 2014) (Fig. 1.3). Indeed, recent studies
focusing on the differences in biotic complexity between in vitro and environments
have revealed that coexistence among human pathogens amplified the fitness trade-
offs associated with viral receptor mutations in Pseudomonas aeruginosa and
therefore enhanced the evolution of CRISPR-based resistance (Alseth et al. 2019).
Higher viral genetic diversity can also influence CRISPR-based evolution, with an
example being that the majority of a Pseudomonas population more favorably
evolved based on the mutation of viral receptors to resist a broader range of viral
genotypes than CRISPR-based specific resistance (Broniewski et al. 2020). Thus,
fitness trade-offs in bacterial host species and diversity of both bacterial host and
viruses in the environment could be another important factor that affects host–virus
coevolution. From the perspective of fitness trade-off, most recently, the “pan-
immune system” concept has been proposed. This states that a single strain can
access immune defense mechanisms in closely related strain via HGT, although it
cannot possess all possible defense systems (Bernheim and Sorek 2020).

1.5 Conclusion

Viruses, which are highly abundant biological entities lacking their own metabolism,
can reprogram host cells toward the production of virus progeny, after which the host
cell is lysed, releasing new virions into the surrounding environment. This
reprogramming viral strategy can change the content and composition of host
metabolites and releases a large amount of organic matter, thus considerably affect-
ing biogeochemical cycles. In addition, viral infection checkmates not only micro-
bial species that become dominant but also abundant genotypes within a single
microbial species, and thereby enables the coexistence of diverse microbial species
and genotypes in the aquatic ecosystem. Thus, viral infection is one of the key
factors shaping microbial community diversity and maintaining high diversity
within a single microbial population. Likewise, because temperate viruses may be
prevalent under specific combinations of environment and conditions, they could
affect microbial diversity via superinfection exclusion during either the lysogenic
cycle or induction of lytic cycle. Meanwhile, microorganisms have evolved extra-
cellular and intracellular antiviral mechanisms with different fitness costs and spec-
ificities. Therefore, viruses with diverse host range and genetic diversity interact with
abundant hosts by a complex balancing between fitness trade-offs and the specificity
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of extracellular- and intracellular antiviral resistance in hosts. Together, this results
in continuous virus–host coevolution, leading to diversification in aquatic ecosys-
tems. Collectively, viruses are important biological entities that sustain and generate
microbial diversity and control the biogeochemical cycle in aquatic environments.
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Chapter 2
Life Continues as Viruses Close Land,
Water and Atmosphere Nutrient Cycle

Peter Pollard

Abstract

All life has green roots

—Peter Pollard

Every element on our planet that is used to sustain life is recycled. We would not exist
without microbes breaking down complex organic compounds to recycle the resulting
inorganic nutrients. Most people are oblivious to the fundamental regulatory role
viruses play in these cycles. Indeed, most people revile viruses. However, the role of
viruses in global nutrient cycling aligns with their bacterial hosts. Together, bacteria
and viruses are partners in degrading organic matter to regenerate inorganic nutrients
such as CO2, nitrogen and phosphorus. Monitoring DOC concentration in freshwater
ecosystems without quantifying the turnover, a common practice, tells us nothing about
the inputs of freshwater DOC or how much DOC has been respired. The bacterial viral
relationship is like a furnace burning DOC dissolved organic carbon and concomitantly
emitting carbon dioxide through respiration. Poor bacterial growth efficiencies coupled
to viral lysis of their bacterial host ensures that nutrient cycles are closed. Together,
bacteria under virus regulation ensures that the organisms responsible for primary
production have sufficient inorganic nutrients available to them in the Open Oceans,
in freshwater and on the land so life can go on. This chapter describes the viral-bacterial
relationship with dissolved organic carbon that is so important to life.

2.1 Our ‘Love-Hate’ Relationship with Viruses

“I love viruses”, you hate them. You just saw the word “Viruses!!” Today (2021),
your mind, and the daily news, would have immediately shot to COVID-19. Then
possibly your mind darted to influenza or Ebola. Of course, these viruses are
foremost on our minds because they can cause us disease and sometimes an

P. Pollard (*)
School of Engineering and Built Environment, Griffith University, Southport, QLD, Australia
e-mail: p.pollard@griffith.edu.au

© Springer Nature Switzerland AG 2022
C. J. Hurst (ed.), The Biological Role of a Virus, Advances in Environmental
Microbiology 9, https://doi.org/10.1007/978-3-030-85395-2_2

27

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-85395-2_2&domain=pdf
mailto:p.pollard@griffith.edu.au
https://doi.org/10.1007/978-3-030-85395-2_2#DOI


excruciating and painful death. Viruses ensure no one species gets out of control to
disrupt the global ecological balance. We are not exempt from this natural process of
viral control. However, these human pathogenic viruses represent just a tiny fraction
of all the other beneficial viruses on earth. In reality, most viruses are vital to our very
existence on earth. Their sheer number is astonishing.

The concentration of beneficial viruses in the oceans is around 107 viruses/mL
(Bergh et al. 1989) while in freshwater there can be 109 viruses/mL (Pollard and
Ducklow 2011). That equates to more than a third of the population of the USA
squeezed into the bottom of a test tube in 1 mL of water. Globally the oceans contain
1030 viruses (Whitman et al. 1998). There are more viruses on earth than there are
stars in the sky. If you lined them all up, the viruses on earth would extend for ten
million light years; that’s 100 times the distance across our galaxy. Collectively they
would weigh as much as 75 million blue whales (Suttle 2005).

Not until 1989, using Transmission Electron Microscopy (TEM), did Bergh et al.,
show the exceptionally high number of viruses in aquatic environments (108 mL�1).
They also showed that these viruses were infecting their bacterial hosts at a rate of
4 � 105 d�1 mL�1 assuming a burst size of 50 viruses per cell. Daily, as much as a
third of bacterial populations are being infected, lysed and recycling nutrients.
Despite the inordinate number of viral numbers on the planet, their role in the global
nutrient cycles has gone mostly unnoticed.

Freshwater connects the soil with the oceans and the atmosphere to complete the
global nutrient cycle (Cole and Caraco 2001; del Giorgio and Williams 2005;
Kirchman 2008). Aerobic freshwater bacterial respiration contributes profoundly
to the global atmospheric carbon budget (Aufdenkampe et al. 2011; Ward et al.
2017). These cycles depend on the intimate and dynamic relationship between
bacteria and their viral partner/nemesis (Wommack and Colwell 2000; Gómez and
Buckling 2011; Zimmerman et al. 2020). This chapter aims to explain how depen-
dent life really is on the regulatory role of viruses in nutrient cycling.

Figure 2.1 shows an epifluorescence microscope picture of viruses and bacteria
sampled from a freshwater river in subtropical Australia with viruses at a concen-
tration of 108 mL�1. On average viruses are 0.1μm across while bacteria are most
often >10 times larger. Viruses are an inanimate, an unpretentious collection of
crystalline chemical units—not living. They are parasites that cannot replicate
without their host.

Much like a computer virus, they carry a piece of code that dictates their function.
A virus’ genetic code is carried in a small piece of DNA or RNA that is protected
inside a protein coat. When a virus recognises and attaches to its target host, the virus
actively injects or otherwise liberates its coded nucleic material into the host to take
over the metabolic machinery of its host’s cells (Griffith University 2015).

Figure 2.2 captures the exact moment a virus lysed a cyanobacterial cell; the cell
burst. Notice, as the cell is lysed the newly formed viral particles are released. The
“g-host” bacterial cell also releases its remaining cell contents (such as Dissolved
Organic Carbon) into the surrounding environment—an important source of nutri-
ents for the surrounding intact growing bacteria (Middelboe and Lyck 2002:
Weinbauer et al. 2002). Viral lysis of bacteria is an important part of carbon and
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nutrient cycling both in aquatic (Malits et al. 2014; Zhang et al. 2020b) and terrestrial
environments (Daly et al. 2019; Williamson et al. 2017; Roy et al. 2020). Viral lysis
forces more DOC through bacterial respiration faster and can also influence our
climate as global temperatures increase rates of bacterial production and respiration
(Zhang et al. 2020b).

2.2 The Open Ocean

2.2.1 Autotrophy Dominates

Globally, net primary production (eg from algae and phytoplankton) in the Open
Ocean uses approximately 2.1 Pg CO2 per year. This represents a mere 0.3% of all
the DOC pool (700 Pg Carbon) in the Open Oceans (Carlson 2002). Yet,
microzooplankton and mesozooplankton subsequently consume three quarters of
this primary production and its chemical bond energy then feeds the higher trophic
groups of the ocean’s food webs (del Giorgio and Williams 2005: Armengol et al.
2019). Hence Autotrophy dominates the open oceans.

Bacteria

Virus

Fig. 2.1 A sample of the Bremer River (South East Queensland, Australia) freshwater where the
bacteria and viruses were stained with a DNA stain. The bacteria (larger green objects, indicated by
a cluster of three arrows) and viruses (smaller green objects, indicated by two joined arrows) were
collected on a 0.02μm Anodisc filter. They were viewed using an epifluorescence microscope
through a non-fluorescent oil. Magnification Magnification �1000
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Here, there is little if any input of carbon from terrestrial sources nor open ocean
sediments (del Giorgio and Williams 2005). Together, with the classic
phytoplankton-zooplankton-nekton food web carbon moves up the food chain to
the higher trophic groups. Direct use of primary production as a food source is the
most efficient form of energy and carbon transfer up the food chain with very high
microzooplankton herbivory (Armengol et al. 2019).

2.2.2 Heterotrophic Bacterial Production Does Not Move Up
the Food Chain

In 1983 Azam et al. proposed a microbial loop that carried bacterial production up
the food chain. Nanoplanktonic heterotrophic flagellates (nanoflagellates) control
the abundance of bacterioplankton, by consuming rapidly growing bacterial
which had used the dissolved organic carbon DOC being leached from living algal
cells or dying cells. Microzooplankton then graze on the nano flagellates; the
microzooplankton are in the same general size range as the phytoplankton and
were assumed by Azam to be returning some energy and organic carbon from the
‘microbial loop’ to higher trophic levels in a conventional planktonic food chain. But
this was a hypothesis without evidence and viruses were not considered important in
the oceans until much later (Bergh et al. 1989).

Fig. 2.2 This figure shows the moment viruses explode from a bacterial cell in a chain of
C. raciborskii cells. All have been stained using a SYBR Green DNA stain and were viewed
using an epifluorescence microscope through a non-fluorescent oil. Magnification �1000.
Reproduced from Pollard and Young (2010) with permission from Acta Oecologia
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Around the same time, other researchers working on the microbial ecology of
planktonic marine systems concluded that marine bacterioplankton were
decomposing most of the DOC in the water column straight back to CO2 (Ducklow
et al. 1986; Ducklow 1999). In other words, their work was showing that bacteria,
rather than being carbon links to higher trophic groups, were in fact carbon sinks.
Bacteria respired the dissolved organic carbon to carbon dioxide/bicarbonate in
marine ecosystems. For that they did have evidence. To this day there are no
quantitative data to show significant global transfer of bacterial production to the
top of the food chain in the Open Oceans.

By the late 1990s, viruses were being introduced into the marine food web models
with estimates of viral mediated DOC release in the range of 2–20 Gt DOC per year
(Fuhrman 1999; Wilhelm and Suttle 1999). They described the role of viruses as a
‘Shunt’—after viral infection and lysis of its microbial host, assigning an estimation
that dissolved and particulate organic matter from pelagic phytoplankton and bacte-
rial populations were released into the water column. Buchan et al. (2014) show the
viral shunt as items 2 and 7 in their Fig. 2.3.

Viral lysis of phytoplankton and bacterial populations releases dissolved and
particulate organic matter into the water column. This leads to internal recycling of
DOC and loss of DOC through bacterial respiration generating CO2. Even small
perturbations in the input and output of DOC pool of the oceans can alter the balance
between oceanic and atmospheric CO2 (Carlson 2002).

Today, 2021, viruses are seen as having a key role in biogeochemical nutrient
cycling in the oceans (Zimmerman et al. 2020). On a global scale the viral mediated
release of DOC into the ocean is almost half the 50 Gt Carbon/year of phytoplankton
primary production, so viruses play a major quantitative nutrient recycling role
(Wilhelm and Suttle 1999; Breitbart et al. 2008). To understand that vital role of

Phytoplankton

DOM, POM

Heterotrophic Bacteria

2

Decomposi�on - Microbial loop 4

7 Viral Lysis 

Viral Lysis 

Fig. 2.3 This figure is based on the Fig. 1 of Buchan et al. 2014 who show the bacterial
transformation of phytoplankton derived organic matter in water. However, here, the return of
carbon to the DOM and POM through viral mediated lysis of bacterial is highlighted. (2) is the
release of both dissolved organic matter (DOM) and particulate organic matter (POM) from
phytoplankton. (4) Mineralization (that is the release of CO2 via respiration during the catabolism
of organic matter) and recycling of organic matter through heterotrophic bacteria, (microbial loop).
(7) The viral shunt describes the contributions of viral-mediated cell lysis to release dissolved and
particulate matter from both the phytoplankton and bacterial pools
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viruses I’m turning to a discussion of freshwater microbial ecology research. These
ecosystems have an order of magnitude higher rate of bacterial production compared
to the Open Oceans, making it easier to see the role of viruses.

As with the Open Ocean, freshwater higher trophic groups still depend on
photosynthetic primary production despite the much higher rates of bacterial pro-
duction. The major difference between the Open Ocean and freshwater is the latter
has an endless supply of bacterial substrate—terrestrial dissolved organic matter.
This makes it easier to see where bacterial production energy and carbon is being
transferred in freshwater food webs.

2.3 Freshwater

Freshwater couples the biogeochemical cycles between land, oceans, and atmo-
sphere. However, most of the DOC is respired before it reaches the ocean (del
Giorgio and Williams 2005; Aufdenkampe et al. 2011). Freshwater bacteria and
viruses per mL are 10 times greater than those of the Open Ocean. While bacterial
growth rates in open marine systems vary from 0.05 to 7 d�1 (White et al. 1991;
Ducklow 2000), they are much higher in freshwater from 0.03 to 1.8 d�1 (White
et al. 1991; Pollard and Ducklow 2011). The much higher growth rate and concen-
tration of bacteria in freshwater leads to much higher rates of lytic viral regulation of
their bacterial hosts (Thingstad and Lignell 1997; Winget et al. 2011).

Compared to the open Oceans, the freshwater ecosystems’ heterotrophic bacte-
ria and their associated viruses out performs their marine counterparts in biogeo-
chemical and metabolic processing an almost endless supply of dissolved organic
matter.

2.3.1 Heterotrophy Dominates

Freshwater ecosystems are net heterotrophic with a major source of dissolved
organic carbon coming from the terrestrial environment (Cole et al. 2000; Cole
and Caraco 2001; Cole 2013). By definition, the rates of bacterial production exceed
primary production in the same environment. Freshwater ecosystems main source of
DOC is allochthonous (defined here as organic carbon from elsewhere, in either
space or time). Indeed, when you consider lake and river sources of DOC from the
surrounding landscape, you are hard pressed to find any system without a watershed/
catchment inputting terrestrial organic carbon. Terrestrial bacteria readily mineralise
terrestrially derived macromolecules, like lignin and phenolic compounds, that
might be considered refractory in freshwater (Ward et al. 2013).
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2.3.2 Carbon Sources Entering the DOC Pool

Figure 2.4 shows sources of DOC entering the DOC pool of freshwater. Bacterial
metabolic activity (respiration; mineralisation of organic carbon) and pCO2

supersaturating freshwater are positively correlated (Marotta et al. 2009; Cardoso
et al. 2013). A substantial amount of terrestrial organic carbon is processed within
freshwater lakes and rivers through bacterial respiration (BR) (Cole et al. 2007,
2011).

There are large scale diffuse sources of organic carbon entering freshwater
(Mulholland 2003). These are topping up the DOC pool as fast as bacterial and
viral processes remove it. Figure 2.4 shows how viral lysis of their bacterial host
contributes to this DOC pool. The bacterial respiration depends on the steady supply
of DOC (del Giorgio et al. 1997; Cole et al. 2000, 2007; Mayorga et al. 2005; Pace
and Prairie 2005; Pollard and Ducklow 2011; Cole 2013; Cardoso et al. 2013).

Bacterial DNA

Virus

Viral DNA

Lytic Viral
Life Cycle

Fig. 2.4 Model of how bacteria use carbon from the DOC pool to respire the sources of DOC as
CO2 from freshwater. [DOC] in the pool remains constant; so input ¼ output. Viral lysis of the
bacteria facilitates high bacterial respiration by recycling organic carbon back through the DOC
pool. This process of viral re-release of bacterial carbon and energy is an exponential decay of DOC
from the DOC pool. Viruses are subverting the transfer of bacterial energy and carbon away from
the higher end of the food web
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Aeolian (wind-blown) sources also contribute to this aquatic DOC pool of organic
matter that has been transported from any and every corner of the globe (Swap et al.
1992), not to mention the anthropogenic inputs from agriculture, land clearing and
urbanisation. Lake sediments also contribute to the DOC pool to the water column
(Fig. 2.5; Zhang et al. 2020a).

Freshwater benthic processes of decomposition play a large role releasing DOC
into the water column of lakes. Sometime these DOC sources can be ancient. The
carbon having remained locked up in the sediments for many, many years
(McCallister and Del Giorgio 2008, 2012; Zhang et al. 2020a).

Figure 2.5 is a plot of bacterial respiration as a function of depth for two lakes.
Quabbin Reservoir (depth 28 m), Massachusetts, USA (Boston’s drinking water
supply) in the Northern Hemisphere. The other, Lake Wivenhoe (depth 22 m)
South East Queensland, Australia (Brisbane’s drinking water supply) is in the
Southern Hemisphere. The temperate and sub-tropical freshwaters, respectively
can thus be compared. Both water bodies showed a positive correlation (r2 ¼ 0.54
and 0.92, respectively) of the rate of bacterial respiration as the depth increased.

In contrast to the Open Oceans, microbes in sediments of deep and shallow
freshwater lakes and reservoirs are a major source of the DOC substrate for bacterial
production and respiration in the water column. They are an important part of the
global energy and nutrients cycles (Zhang et al. 2020b). Sediment sources of DOC
support high rates of bacterial production in the water column (Fig. 2.4) coupled
with terrestrial catchment sources of DOC.
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Fig. 2.5 Bacterial
respiration is plotted as a
function of water depth for
two major reservoirs. In
each case highest
mineralisation rates of
organic carbon were at the
bottom of each reservoir.
This supports
bacterioplankton and
respiration. The in situ
method used to measure
bacterial respiration in
Fig. 2.5 is described in
Pollard (2013a)
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2.3.3 Dissolved Organic Carbon [DOC] Pool

The dissolved organic carbon pool in freshwater is the source from where bacteria
draw their substrate for production and respiration (Fig. 2.4). It is central to nutrient
cycling in aquatic ecosystems.

Table 2.1 compares DOC concentrations in freshwater lakes and rivers across a
diverse range of biomes. From low to high Latitudes of the Northern and the
Southern Hemispheres the DOC concentration ranged from 1 to 13 mg.L�1

(Mulholland 2003; Pollard and Ducklow 2011; Oliver et al. 2017). What is most
interesting is that, on a global scale, the DOC concentrations of this pool varies little
across rivers and lakes and between very different biomes (Table 2.1).

Globally, DOC, freshwater bacterial numbers along with their viral partners, per
mL also remain remarkably unchanged, while bacterial growth and production can
vary by an order of magnitude (Church 2008) which is consistent with tight
top-down viral regulation of bacteria (Zimmerman et al. 2020). Viral numbers
(109/mL) are usually 10 times those of their bacterial hosts that are also doubling
every 20 min with specific growth rates varying between 0.2 and 1.8 d�1 (Pollard
and Ducklow 2011) with viral lysis rates of bacteria directly related to the growth
rate of their bacteria hosts. Given the variable bacterial growth rates coupled with
relatively stable bacterial numbers, the growth rate and death rate of bacterial
populations must be equal. Viruses exert a major top-down control upon this
bacterial production (Zimmerman et al. 2020).

2.3.4 [DOC] Pool Versus DOC Turnover: Flux

There is a fundamental difference between DOC concentrations and DOC turnover
that is not readily appreciated. Quantifying the turnover of the DOC pool is a
prerequisite to understanding the proportion of organic carbon entering and leaving

Table 2.1 DOC concentrations in freshwater lakes and rivers in different biomes from low to high
Latitudes of Northern and Southern Hemispheres [Adapted fromMulholland (2003) additional data
from aPollard and Ducklow (2011) and bOliver et al. (2017)]

Freshwater Biomes DOC mg L-1 (Mean)

Tundra 2

Boreal forests 7

Temperature 4

Temperature northernb rainforest 6–11

Semi-arid 1

Wet tropics 8

Dry tropics 3

Dry-subtropicsa 5

Humid climates 4–13
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the DOC pool that is supporting freshwater bacterial production and respiration.
Indirectly, the bacterial associated viruses are also reliant on their bacterial host
receiving a steady source of DOC substrate. The standing stock or concentration of
the DOC pool is a constant in freshwater ecosystems (Table 2.1). Bacteria are using
DOC substrate from the DOC pool at the same rate that it is being supplied from a
whole range of sources shown in Fig. 2.4.

High bacterial respiration rates in freshwater coupled with a low and stable
concentration pool of DOC (5–10 mg/L) requires the rate of heterotrophic bacterial
removal of DOC from the pool to be the same as the rate of DOC input from all the
external sources shown in Fig. 2.4. Monitoring DOC concentration in freshwater
ecosystems without quantifying the turnover, a common practice, tells us nothing
about the inputs of freshwater DOC or how much DOC has been respired. It’s the
DOC being drawn into a DOC pool that is the critical parameter to monitor
(Fig. 2.4). We only see the high rates of allochthonous DOC removal from the
pool when measuring rates of bacterial production and respiration in situ (Pollard
and Ducklow 2011; Pollard 2013a, b). Visualising these dynamics is crucial to
understand microbial processes in aquatic ecosystems (Sebastián and Gasol 2019).

2.4 Viral Lysis Is Recycling DOC Through the DOC Pool

Figure 2.4 shows bacteria respiring organic carbon from a central ‘common’ DOC
pool to emit CO2 into the atmosphere. The quantity of DOC in the pool remains
constant; input ¼ output. Viral lysis of bacteria has been shown to contribute to this
DOC pool as a form of recycling. Their lysis releases bacterial DOC back into the
DOC pool (McCarthy et al. 1998; Middelboe and Lyck 2002; Fig. 2.2) along with a
release of insoluble cell remnants that ultimately enter the dissolve DOC pool. This
is one of the mechanisms that regulate bacterial metabolism (Pradeep Ram et al.
2016). Other bacteria redraw DOC from the pool as substrate for use in their further
respiration and growth; effectively, the DOC that had been incorporated into bacte-
rial biomass thus becomes cannibalized (Nagata 2000). Viral lysis of the bacteria
enables high rates of other bacterial respiration thereby recycling organic carbon
through the DOC pool and out into the atmosphere as CO2.

This process of viral re-release of bacterial carbon and energy is an exponential
loss of DOC from the DOC pool. Viruses are subverting the transfer of bacterial
energy and carbon away from the higher end of the food web. This bacterial-viral
relationship is like a furnace burning the DOC and emitting CO2 through respiration.
Describing this process as a “Shunt” (Fuhrman 1999; Wilhelm and Suttle 1999),
underplays the true enormity of viral role as a top-down regulator of bacteria
production, Fig. 2.3. Viruses are adding significantly to the global DOC pool
(2–20 Gt per year) in the oceans alone. Thus, generating CO2 gas into the atmo-
sphere through more bacterial respiration that would not have occurred otherwise.
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2.4.1 Low Bacterial Growth Efficiencies Coupled with Viral
Lysis

Poor bacterial growth efficiencies of 0.4–10.4% (Eiler et al. 2003) combined with
high rates of viral lysis means that little of the bacterial production is going to make it
higher up the food chain. Adding viral lysis to the poor bacterial growth efficiencies
is like adding fuel to the fire. Viruses are enhancing bacterial growth and respiration
rates that convert DOC to CO2. There is no opportunity for bacterial production to be
shunted up to higher trophic groups.

The major carbon and energy link to higher trophic groups in freshwater is
primary production (Thorp and Delong 2002). Freshwater food web studies from
tropical and arid environments also show autochthonous (within the system) algal
production as the major source of organic carbon to metazoans (Bunn et al. 2003,
2006; Clapcott and Bunn 2003), the algae having a higher nutritional value than do
bacteria (Brett et al. 2009, 2017). Increasingly, viral infection and lysis of bacteria
are viewed as “sinks” of DOC by increasing the amount of DOC that bacteria
process (Suttle 2005; Weitz et al. 2015), thereby preventing bacterial production
from passing to higher trophic groups. While freshwater heterotrophic bacteria
respire DOC rapidly and efficiently, further diminishing the amount of carbon and
energy that is transferred to higher trophic groups.

In the tropical rainforests of Central America, forest production has been shown
to also be lost to aquatic microbial respiration. Terrestrial primary production that is
being returned to the atmosphere through bacterial respiration generating CO2 passes
through the freshwater that is surrounded by major rainforest stands. Terrestrial
primary production through aquatic bacterial respiration is thus linked to the atmo-
sphere, closing the carbon cycle (Pollard 2013b: Fig. 2.6). The same is true for
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Fig. 2.6 Rainforest production, energy and carbon, is passed into the freshwater DOC pools. Here
most is respired as CO2 and returned to the atmosphere through viral enhanced bacterial respiration,
leaving behind inorganic nutrients for aquatic primary production
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temperate aquatic environments (Cole and Caraco 2001). While the bacterial respi-
ration rate is enhanced through viral lysis, the respired DOC leaves behind inorganic
nutrients, like N and P, that support aquatic primary production (Fig. 2.6).

2.4.2 DOC—Bacterial Respiration—Viral Lysis

Lakes and rivers are now quantitatively being seen as connecting the lithosphere to
the atmosphere (Ward et al. 2017). Freshwater’s critical role in the global carbon
balance is being unraveled through continuing research efforts.

In a mass-balance study of a subtropical freshwater ecosystem in Eastern
Australia the bacterial respiration, and its links which connect to viral lysis, are
shown in a detailed flow diagram (Pollard and Ducklow 2011). Figure 2.7 shows

Fig. 2.7 Conceptual model showing how heterotrophic bacteria contribute to food-web structure
and flow of nutrients via a bacterial-viral-vented microbial cycle. t-POC is terrestrial primary
production; t-DOC is terrestrial DOC. Based on figure from Pollard and Ducklow (2011)
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how a viral-bacterial loop would operate to short-circuit bacterial carbon and energy
flow from reaching higher trophic groups. This semi enclosed bacterial-viral loop
diverts bacterial production away from the bacterivorous protists.

On each pass of this CO2—vented bacterial–viral loop, more and more DOC is
respired as CO2. Viral lysis acts to recycle DOC through bacterial respiration until all
the DOC has been outgasses as CO2. Thus, carbon and energy from the DOC pool
never reaches higher trophic organisms such as zooplankton and fish. The net effect
of viral lysis of bacterial cells, along with their poor growth efficiencies, is to
regenerate the inorganic nutrients that support primary production (Haaber and
Middelboe 2009). The same model would apply to Open Ocean food webs. How-
ever, in the ocean the sources of DOC essentially are limited to primary production
and aeolian delivery of terrestrial DOC.

What is most striking about Fig. 2.7 is that it seems counter intuitive. We tend to
think in terms of “from little things big things grow”. Whereas, in reality, looking at
Fig. 2.7, we see there are two very different pathways. One is anabolic, building
more and more complex forms of life that are based on primary production. While
the other is catabolic, breaking down complex forms of organic matter to their
constitutive elements through bacterial respiration spurred on through viral lysis.
Both pathways connected at the bottom where inorganic elements are supplied to the
primary producers through viral regulated bacterial respiration. Here also is where
the catabolic processes supply the essential inorganic nutrients to support both
primary production and the anabolic processes (Haaber and Middelboe 2009).
Thereby, through its key participation in these cycles, the bacterial viral relationship
has a role in supplying essential elements for the anabolic reactions, a process that
starts with primary production that eventually supports the higher trophic groups.

2.5 Viral-Bacterial Nutrient Recycling Supports Primary
Production

The role of viruses in the global nutrient cycling aligns with their bacterial hosts.
They are both partners as degraders of organic matter and regenerators of inorganic
nutrients such as CO2, nitrogen and phosphorus. With bacteria and viruses working
together they ensure that nutrient cycles are closed. Importantly, CO2 is recycled
back into the atmosphere from the land through freshwater and to the atmosphere.
Other inorganic nutrients are then, in the same process, made available for primary
production both in the Open Oceans and in freshwater ecosystems and on the land.
Together bacteria under viral regulation ensure that primary production has suffi-
cient nutrients available in the oceans, freshwater and on the land, so life goes on.
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2.6 Conclusion

Now when you see or hear the word virus, I hope, you acknowledge a virus’ direct
control over our immediate wellbeing is the same as for any other species in
nature. Most importantly, that you will remember the importance of the viral-
bacterial relationship that is essential to the biological recycling of inorganic nutri-
ents on which photosynthetic organisms depend, in both terrestrial and aquatic
environments. The viral bacterial relationship ensures that inorganic nutrients
like C, N, P H, and O continue to be available for the ‘green roots’ on which all
life depends.
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Chapter 3
Cataloging the Presence of Endogenous
Viruses

Christon J. Hurst

Abstract Forty three viral families are known to have forged endogenous relation-
ships with eukaryotes. There also are 11 groupings of viruses for which endogenous
sequences have been found in eukaryotes but without identification of those sequences
at the level of viral family. This chapter presents 20 summary tables that list eukaroytic
hosts, defined to the taxonomic levels of genus and species, and those tables name the
viral families or viral groupings with which each eukaryote is known to have its
endogenous relationships. The tables represent endogeneous viruses hosted by algae,
amoeba, amphibians, annelids, arachnids, avians, cnidarians, collembolids, crusta-
ceans, echinoderms, fish, fungi, ichthyosporeans, insects, mammals, molluscs, nema-
todes, oomycetes, plants, platyhelminths, reptiles, tunicates, and unspecified
heterokonts. This chapter also lists some basic information about five viral families
which are known to form lysogenous relationships with prokaryotes.

3.1 Introduction: Defining Endogeny and Lysogeny

Coevolution has formed many types of functional relationships between viruses and
their natural hosts (Hurst 2021a). Some of these relationships have included devel-
oping a shared genomic fate by processes which forge together the genomes of virus
and host in a way that makes the viral genetic sequences genetically heritable from a
host parent to their offspring. Two such categories of relationships are endogeny and
lysogeny. Endogenous and lysogenous viral genetic material variously either may or
may not be transcriptionally active while stably present within the host cells.

Endogeny, for this presentation, describes the condition that exists when genetic
sequences that originally derived from a viral genome have become vertically
inherited in a eukaryotic host. This information passes from parent to offspring.
Two main possibilities exist for the inheritance of such viral information. Those are,
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that the viral information can be contained either as a DNA sequence that is
integrated within the cells chromosomal material, or the viral information can exist
in the form of a DNA plasmid. Another option is that the viral information may be
incorporated into the genetic material of a plastid. Some of these endogenous viral
sequences are proviruses, which means that they would be able to form infectious
progeny viruses, and if their inheritance has been within the host chromosomal
material then possibly those sequences can excise themselves from the host genome.
However, if given a long enough period of time, endogenous viral genetic sequences
tend to become grounded which means the viruses cannot excise themselves to leave
the host genome. Grounded viruses generally seem unable to form intact progeny
virions, although some of the grounded viruses do retain transcriptional capability. It
is presumed that most endogenous viral sequences originated from viral infections
that occurred in a host which may have been an evolutionarily predecessor of the
species in which those sequences now are found. But, another possibility is that
some of these sequences were moved by horizontal, often termed lateral, gene
transfer into the genome of an evolutionarily predecessor. The time estimates for
how many millions of years some of the known endogenous viral sequences have
remained forged into the genomes of their eukaryotic hosts often ranges from tens of
millions to more than a hundred million.

It is easy to understand how some of the viruses which have become
endogenized, such as the Retroviridae, found their homes in a host genome. The
Retroviridae have single-stranded, positive-sense, linear RNA genomes.
Retroviridae code for a reverse transcriptase which produces a DNA copy of the
viral RNA genome. Retroviruses also code for an integrase enzyme activity which
installs their reverse transcribed DNA copy into the host cell genomic material.
Those steps are a natural, required part of Retroviridae replication. Some of the
endogenous Retroviridae still have retained the capacity for excising from the host
genome, but most of the endogenous Retroviridae sequences have lost that capabil-
ity. The common estimate is that for humans, as an example species, 8% of our
genomic material represents endogenous Retroviridae sequences (Griffiths 2001).
For house mice, the estimates are that 10% of the genome represents endogenous
Retroviridae sequences (Broecker and Moelling 2019). The estimate for crocodiles
is that endogenous Retroviridae sequences represent less than 2% of their genome
(Chong et al. 2014). These endogenous Retroviridae are one class of
retrotransposons, meaning that they form RNA copies which then can be reverse
transcribed and those new copies reintegrate into the host genome. Less clear is how
members of some other viral families became endogenized. For example, viruses
with RNA genomes that do not produce DNA intermediates during their replicative
cycle seemingly would have required assistance from either the host cell or some
other virus in order to generate a DNA copy to represent their viral RNA genome.

Even a seemingly small amount of endogenous viral coding can have a powerful
effect upon the genetics of its host. One example of this importance is represented by
the fact that regulation of wing development in the pea aphid Acyrthosiphon pisum is
associated with two endogenous Parvoviridae genes (Parker and Brisson 2019).
Another example is the fact that primates require usage of their endogenous
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retroviral genes in order to generate syncytins, without which their embryonic
blastocysts could not initiate formation of a placenta (Hurst 2021b).

Summary information for each of the viral families that have endogenous repre-
sentation in eukaryotic hosts is presented in Sect. 3.3.

Lysogeny is a term approximately equivalent to endogeny. For this presentation,
the term lysogeny describes viral genomic information which either has entered a
prokaryotic host cells genome or developed a stable episomal, plasmid-like, presence
within the cytosol of that prokaryotic host. The lysogenized viral genetic information
may not yet have become vertically inherited by replication of the host cell. This
contrasts with the fact that endogenized viral sequences must, by definition, have been
vertically inherited. The lysogenized viral sequences that are genetically incorporated
into the cells of prokaryotic microbial hosts can be genetically inherited during
replication of their host cell. Once inherited, because of traditional terminology, the
viral sequences within these prokaryotic hosts still are termed to represent lysogeny.
These viral genomes that are hiding within prokaryotic host cells gained the name of
lysogen because their production of progeny virions within a single celled host such as
a bacteria or archeae will result in lysis of the host cell.

Please be aware that some people additionally use the term lysogeny to describe
non-inherited proviruses which are newly created in the cells of eukaryotic organ-
isms. This type of lysogeny also can occur either by insertion of a viral genome into
the chromosome of its host cell, or by the viral genome existing within the cell
episomally as a circular plasmid-like structure that is called a replicon. It is consid-
ered to be characteristic that if these recently acquired lysogenic viruses are incor-
porated into the host cell chromosome, then these viruses can excise from the host
cells genomic material and produce infectious progeny viral particles.

Summary information for each of the viral families that have lysogenous repre-
sentation in prokaryotic hosts is presented in Sect. 3.4.

3.2 Endogenous Viruses of Eukaryotic Hosts

Tables 3.1–3.20 present lists of eukaryotic host species and the families of endog-
enous viruses which those hosts presently are known to contain. If your favorite
combination of host and virus does not appear in one of these tables, then possibly
either that combination has not been researched or I unfortunately failed to find its
mention. These tables are:

Table 3.1: Endogenous viruses of algae
Table 3.2: Endogenous viruses of amoeba
Table 3.3: Endogenous viruses of amphibians
Table 3.4: Endogenous viruses of annelids and nematodes
Table 3.5: Endogenous viruses of arachnids collembolids and insects
Table 3.6: Endogenous viruses of avians
Table 3.7: Endogenous viruses of cnidarians
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Table 3.8: Endogenous viruses of crustaceans
Table 3.9: Endogenous viruses of echinoderms
Table 3.10: Endogenous viruses of fish
Table 3.11: Endogenous viruses of fungi
Table 3.12: Endogenous viruses of unspecified heterokonts
Table 3.13: Endogenous viruses of ichthyosporeans
Table 3.14: Endogenous viruses of mammals
Table 3.15: Endogenous viruses of molluscs
Table 3.16: Endogenous viruses of oomycetes
Table 3.17: Endogenous viruses of plants
Table 3.18: Endogenous viruses of platyhelminths
Table 3.19: Endogenous viruses of reptiles
Table 3.20: Endogenous viruses of tunicates

3.3 Groups of Viruses for Which Endogenous Sequences
Have Been Identified at the Level of Viral Family

I have listed in this section the names of 43 viral families for which endogenous
sequences have been found in eukaryotes. I also have listed many of the endogenous
sequences found in eukaryotes that have been identified as representing viral taxo-
nomic levels that were less specific, and I have designated these as viral groups.
Quite often the normal infectious host range of a virus family does not match with
the range of its known endogenous presence. It is anyone’s guess as to why, for any
particular viral family, the endogenous presence of that viral family does not extend
to all of the eukaryotic groups contained within that viral family’s known infectious
host range. Perhaps the more interesting question is why many viral families have
endogenous presence in eukaryotic groups that are beyond the normal infectious
host range of those individual virus families.

3.3.1 Amalgaviridae

The members of the Amalgaviridae viral family have double stranded RNA genomes
and they utilize cytoplasmic replication. The known normal hosts of Amalgaviridae
are plants. The Southern tomato virus presently is known to be endogenous in seven
plant species. Suggested references for endogenous Amalgaviridae in plants would
be Chu et al. (2014), Liu et al. (2010), and Takahashi et al. (2019).

For host specific information on endogenous Amalgaviridae see Table 3.17
Endogenous viruses of plants.
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https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=50557&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&keep=1&srchmode=1&unlock
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3.3.2 Asfarviridae

The members of the Asfarviridae viral family have double stranded DNA genomes
and they utililze cytoplasmic replication. The known normal hosts of Asfarviridae
are insects and mammals. A suggested reference for endogenous Asfarviridae in
cnidaria, fungi, unspecified heterokonts and oomycetes would be Gallot-Lavallée
and Blanc (2017).

For host specific information on endogenous Asfarviridae see Table 3.7 Endog-
enous viruses of cnidarians, Table 3.11 Endogenous viruses of fungi, Table 3.12
Endogenous viruses of unspecified heterokonts, and Table 3.16 Endogenous viruses
of oomycetes.

3.3.3 Baculoviridae

The members of the Baculoviridae viral family have double stranded DNA genomes
and they utilize nuclear replication. The known normal hosts of Baculoviridae are
insects. Suggested references for endogenous Baculoviridae in insects would be
Herniou et al. (2013) and specifically in ants would be Flynn and Moreau (2019).

For host specific information on endogenous Baculoviridae see Table 3.5 Endog-
enous viruses of arachnids collembolids and insects.

I did not list in a table the information about endogenous Baculoviridae of ants
because the publication by Flynn and Moreau (2019) did not seem to match up the
viral sequences with specific host genera and species.

3.3.4 Betaflexiviridae

The members of the Betaflexiviridae viral family have positive sense single stranded
RNA genomes and they utilize cytoplasmic replication. The known normal hosts of

Table 3.7 Endogenous viruses of cnidarians

Class Order Family Genus Species
Common
name

Known
endogenous
viruses

Anthozoa Actiniaria Actiniidae Actinia equina Parvoviridae

Anthozoa Actiniaria Aiptasiidae Exaiptasia diaphana Parvoviridae

Anthozoa Actiniaria Aiptasiidae Exaiptasia pallida Sea
anemone

Asfarviridae

Anthozoa Alcyonacea Gorgoniidae Eunicella cavolini Soft coral Parvoviridae

Hydrozoa Anthoathecata Hydridae Hydra vulgaris Mimiviridae
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https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7588&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7599&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7600&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7588&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&keep=1&srchmode=1&unlock
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https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7588&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=55644&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=60576&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7588&lvl=3&keep=1&srchmode=1&unlock
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https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7588&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=41166&lvl=3&keep=1&srchmode=1&unlock
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https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7588&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=41166&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=60561&lvl=3&keep=1&srchmode=1&unlock
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https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=117565&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7761&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7762&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=186623&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7933&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7934&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=186623&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7933&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7934&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=186623&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7933&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7934&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=186623&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=76071&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=47757&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=186623&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=1489940&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=8180&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=186623&lvl=3&keep=1&srchmode=1&unlock
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https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7992&lvl=3&keep=1&srchmode=1&unlock
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https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7991&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=42495&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=186623&lvl=3&keep=1&srchmode=1&unlock
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https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=186623&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=1489911&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=8113&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=186623&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=1489911&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=8113&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=186623&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=1489911&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=8113&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=186623&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=1489911&lvl=3&lin=f&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=8113&lvl=3&lin=f&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=186623&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=1489911&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=8113&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=186623&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=32446&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=55118&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=186623&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&lin=f&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7952&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&lin=f&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7953&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&lin=f&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=186623&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7952&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7953&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=186623&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7952&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7953&lvl=3&keep=1&srchmode=1&unlock
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Betaflexiviridae are plants. A suggested reference for endogenous Betaflexiviridae in
plants would be Chu et al. (2014).

For host specific information on endogenous Betaflexiviridae see Table 3.17
Endogenous viruses of plants.

3.3.5 Bornaviridae

The members of the Bornaviridae viral family have negative sense single stranded
RNA genomes and they utilize nuclear replication. The known normal hosts of
Bornaviridae are birds, mammals and reptiles. Suggested references for endogenous
Bornaviridae in fish would be Belyi et al. (2010), and for endogenous Bornaviridae
in mammals would be Belyi et al. (2010), Horie et al. (2016), Katzourakis and
Gifford (2010) plus Kobayashi et al. (2016). Specific information for endogenous
Bornaviridae in human can be found in the publication by Honda (2017). A
suggested reference for endogenous Bornaviridae in reptiles would be Gilbert
et al. (2014).

For host specific information on endogenous Bornaviridae see Table 3.10 Endog-
enous viruses of fish, Table 3.14 Endogenous viruses of mammals, and Table 3.19
Endogenous viruses of reptiles.

3.3.6 Bromoviridae

The members of the Bromoviridae viral family have positive sense single stranded
RNA genomes and they utilize cytoplasmic replication. The known normal hosts of
Bromoviridae are plants. Suggested references for endogenous Bromoviridae in
plants would be Chu et al. (2014) and Takahashi et al. (2019).

For host specific information on endogenous Bromoviridae see Table 3.17
Endogenous viruses of plants.

Table 3.20 Endogenous viruses of tunicates

Class Order Family Genus Species
Common
name

Known
endogenous
viruses

Ascidiacea Phlebobranchia Cionidae Ciona intestinalis vase
tunicate

Parvoviridae

88 C. J. Hurst

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=7713&lvl=3&p=has_linkout&p=blast_url&p=genome_blast&lin=f&keep=1&srchmode=1&unlock
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3.3.7 Bunyaviridae

This no longer is used as a viral family name. Members of the Bunyaviridae viral
family have negative sense single stranded RNA genomes and they utilize cytoplas-
mic replication. The known normal hosts for Bunyaviridae are crustaceans, insects,
and mammals. There is information on endogenous Bunyaviridae sequences that
unfortunately seems to offer no suggestion as to how those sequences should fit into
the more recently assigned viral family names of Nairoviridae, Peribunyaviridae,
and Phenuiviridae. Suggested references for endogenous Bunyaviridae in crusta-
ceans would be Metegnier et al. (2015) and Thézé et al. (2014).

For host specific information on endogenous Bunyaviridae see Table 3.8 Endog-
enous viruses of crustaceans.

3.3.8 Caulimoviridae

The members of the Caulimoviridae viral family have double stranded DNA
genomes. They use a combination of cytoplasmic and nuclear replication that
includes reverse transcription. Caulimoviridae often are called plant
pararetroviruses. The known normal hosts of Caulimoviridae are plants. Suggested
references for endogenous Caulimoviridae in plants would be Chen et al. (2018),
Chu et al. (2014), Kuriyama et al. (2020), Staginnus et al. (2007), Takahashi et al.
(2019), Tripathi et al. (2019) and Umber et al. (2014).

For host specific information on endogenous Caulimoviridae see Table 3.17
Endogenous viruses of plants.

3.3.9 Chrysoviridae

The members of the Chrysoviridae viral family have double stranded RNA genomes
and they utilize cytoplasmic replication. The known normal hosts of Chrysoviridae
are plants. Suggested references for endogenous Chrysoviridae in plants would be
Chu et al. (2014) and Takahashi et al. (2019).

For host specific information on endogenous Chrysoviridae see Table 3.17
Endogenous viruses of plants.

3.3.10 Chuviridae (and Unspecified Mono-Chu)

The members of the viral family Chuviridae have negative-sense single-stranded
genomes and presumably they use cytoplasmic replication. The known normal hosts
for Chuviridae are insects. Suggested references for endogenous Chuviridae in
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mosquitos would be Dezordi et al. (2020) and for Mono-Chu sequences in ants
would be Flynn and Moreau (2019). I did not list the information from Flynn and
Moreau (2019) in a table because the publication by Flynn and Moreau (2019) did
not seem to match up the viral sequences with specific host genera and species.

For host specific information on endogenous Chuviridae see Table 3.5 Endoge-
nous viruses of arachnids collembolids and insects.

3.3.11 Circoviridae

The members of the Circoviridae viral family have ambisense (partially positive
sense and partially negative sense) single stranded RNA genomes and they utilize
nuclear replication. The known normal hosts of Circoviridae are amphibians, avians,
crustaceans, fish, insects, mammals and reptiles. Suggested references for endoge-
nous Circoviridae in amphibians would be Dennis et al. (2019), for endogenous
Circoviridae in avians would be Dennis et al. (2019), for endogenous Circoviridae in
crustaceans would be Metegnier et al. (2015) and Thézé et al. (2014), for endoge-
nous Circoviridae in fish would be Dennis et al. (2019), for endogenous Circoviridae
in insects (specifically ants) would be Flynn and Moreau (2019), for endogenous
Circoviridae in mammals would be Dennis et al. (2019) and Pénzes et al. (2018), and
for endogenous Circoviridae in reptiles would be Dennis et al. (2019), Gilbert et al.
(2014) plus Katzourakis and Gifford (2010).

For host specific information on endogenous Circoviridae see Table 3.3 Endog-
enous viruses of amphibians, Table 3.6 Endogenous viruses of avians, Table 3.8
Endogenous viruses of crustaceans, Table 3.10 Endogenous viruses of fish, Table
3.14 Endogenous viruses of mammals, and Table 3.19 Endogenous viruses of
reptiles.

I did not list in a table the information about endogenous Circoviridae of ants
because the publication by Flynn and Moreau (2019) did not seem to match up the
viral sequences with specific host genera and species.

3.3.12 Endornaviridae

The members of the Endornaviridae viral family have positive sense single stranded
RNA genomes and they utilize cytoplasmic replication. The known normal hosts of
Endornaviridae are algae, fungi, oomycetes, and plants. It is important to note that
the Endornaviridae do not have true capsids. Suggested references for endogenous
Endornaviridae in algae would be Song et al. (2013), for endogenous Endornaviridae
in amoeba would be Song et al. (2013), and for endogenous Endornaviridae in plants
would be Chu et al. (2014), Song et al. (2013) plus Takahashi et al. (2019).

For host specific information on endogenous Endornaviridae see Table 3.1
Endogenous viruses of algae, Table 3.2 Endogenous viruses of amoeba, and
Table 3.17 Endogenous viruses of plants.
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3.3.13 Filoviridae

The members of the Filoviridae viral family have negative sense single stranded
RNA genomes and they utilize cytoplasmic replication. The known normal hosts of
Filoviridae are mammals. Suggested references for endogenous Filoviridae in mam-
mals would be Edwards et al. (2018), Katzourakis and Gifford (2010) and Pénzes
et al. (2018).

For host specific information on endogenous Filoviridae see Table 3.14 Endog-
enous viruses of mammals.

3.3.14 Flavivridae

The members of the Flavivridae viral family have positive sense single stranded
RNA genomes and they use cytoplasmic replication. The known normal hosts of
Flavivridae are insects and mammals. Suggested references for endogenous
Flaviviridae in arachnids would be Supplemental Table 2 from ter Horst et al.
(2019), and for endogenous Flaviviridae in insects would be Katzourakis and
Gifford (2010), Suzuki et al. (2017) plus Supplemental Table 2 from ter Horst
et al. (2019).

For host specific information on endogenous Flavivridae see Table 3.5 Endoge-
nous viruses of arachnids collembolids and insects.

3.3.15 Geminiviridae

The members of the Geminiviridae viral family have single stranded DNA genomes
and they use nuclear replication. The known normal hosts of Geminiviridae are algae
and plants. Suggested references for endogenous Geminiviridae in algae would be
Chu et al. (2014), and for endogenous Geminiviridae in plants would be Chu et al.
(2014) plus Takahashi et al. (2019).

For host specific information on endogenous Geminiviridae see Table 3.1 Endog-
enous viruses of algae, and Table 3.17 Endogenous viruses of plants.

3.3.16 Hepadnaviridae

The members of the Hepadnaviridae viral family have partially double stranded
DNA genomes, they use a combination of cytoplasmic and nuclear replication. The
known normal hosts of Hepadnaviridae are avians, mammals and reptiles. Suggested
references for endogenous Hepadnaviridae in avians would be Supplemental
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Table S7 of Katzourakis and Gifford (2010), and for endogenous Hepadnaviridae in
reptiles would be Gilbert et al. (2014).

For host specific information on endogenous Hepadnaviridae see Table 3.6
Endogenous viruses of avians, and Table 3.19 Endogenous viruses of reptiles.

3.3.17 Hypoviridae

The members of the Hypoviridae viral family have double stranded RNA genomes
and they use cytoplasmic replication. They do not form capsid structures. The known
normal hosts of Hypoviridae are fungi. A suggested reference for endogenous
Hypoviridae in fungi would be Hillman and Milgroom (2021).

For host specific information on endogenous Hypoviridae see Table 3.11 Endog-
enous viruses of fungi.

3.3.18 Lavidaviridae

The members of the Lavidaviridae viral family have double stranded DNA genomes
and their replication strategy is at least partly cytoplasmic (Duponchel and Fischer
2019). The known normal hosts of Lavidaviridae are algae and heterokonts. Several
of the Lavidaviridae can have endogenous presence as proviruses that become
reactivated if their host is infected by a member of the viral family Mimiviridae.
These Lavidaviridae are considered to be satellite viruses of Mimiviridae. Suggested
references for endogenous Lavidaviridae in algae would be Blanc et al. (2015), and
for endogenous Lavidaviridae in unspecified heterokonts would be Fischer and
Hackl (2016) plus Hackl et al. (2020).

For host specific information on endogenous Lavidaviridae see Table 3.1 Endog-
enous viruses of algae, and Table 3.12 Endogenous viruses of unspecified
heterokonts.

3.3.19 Metaviridae

The members of the Metaviridae viral family have positive sense single stranded
RNA genomes and they use nuclear replication. Their genomes encode both reverse
transcriptase and integrase capabilities. The known normal hosts of Metaviridae are
amoeba, fish, fungi, insects, nematodes, and plants. Metaviridae form Long terminal
repeat (LTR) retrotransposons and the LTR ‘Gypsy’ elements found in genomes are
presumed to represent Metaviridae. Gypsy is a member of the Ty3 retrotransposons.
The LTR retrotransposon named Steamer also belongs to the Ty3 group (Metzger
et al. 2018) and I am considering that to be a member of the Metaviridae family. The
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Steamer retrotransposons have moved horizontally to other bivalve species and also
to animals of completely different phyla (Metzger et al. 2018). I also have included
Bel/pao LTR retransposons (Thomas-Bulle et al. 2018) under Metaviridae which
traditionally has been their viral family designation. It is possible that Bel/pao LTR
retransposons eventually will be considered as a separate viral family to be named
Belpaoviridae. Suggested references for endogenous Metaviridae in fungi would be
Liu et al. (2010) Wickner (1989) and Zhang et al. (2014), for endogenous
Metaviridae in insects would be Breitenbach et al. (2011), Feng et al. (2019),
Rohrmann (2019), Touret et al. (2014) plus Roossinck and Bazán (2017) and
specifically in ants would be Flynn and Moreau (2019), for endogenous Metaviridae
in mammals would be Vargiu et al. (2016), for endogenous Metaviridae in molluscs
would be Metzger et al. (2018) and Thomas-Bulle et al. (2018), for endogenous
Metaviridae in nematodes would be Britten (1995) and Kapulkin (2016), and for
endogenous Metaviridae in plants would be SanMiguel and Vitte (2009), Wang et al.
(2018) plus Zhang and Qi (2019).

For host specific information on endogenous Metaviridae see Table 3.4 Endog-
enous viruses of annelids and nematodes, Table 3.5 Endogenous viruses of arachnids
collembolids and insects, Table 3.11 Endogenous viruses of fungi, Table 3.14
Endogenous viruses of mammals, Table 3.15 Endogenous viruses of molluscs, and
Table 3.17 Endogenous viruses of plants.

I did not list in a table the information about endogenous Metaviridae of ants
because the publication by Flynn and Moreau (2019) did not seem to match up the
viral sequences with specific host genera and species. Vargiu et al. (2016) identified
in human some endogenous virus sequences that most closely represented the genus
Errantivirus (family Metaviridae). That discovery by Vargiu et al. (2016) is a point
of curiosity for me because, although Metaviridae are known to infect fish, endog-
enous Metaviridae sequences thus far seem not to have been found in any other
vertebrates aside from this one reporting in human. I am mentioning here this finding
of endogenous Metaviridae in human for the sake of being inclusive, but the
uniqueness of this discovery brings a possible question as to the correctness of its
detection and reporting.

3.3.20 Mimiviridae

The members of the Mimiviridae viral family have double stranded DNA genomes
and they use cytoplasmic replication. The known normal hosts of Mimiviridae are
amoeba. Suggested references for endogenous Mimiviridae in algae would be Filée
(2014) Gallot-Lavallée and Blanc (2017) and Moniruzzaman et al. (2020), for
endogenous Mimiviridae in amoeba would be Filée (2014), for endogenous
Mimiviridae in cnidarians would be Filée (2014) plus Gallot-Lavallée and Blanc
(2017), and for endogenous Mimiviridae in plants would be Filée (2014).

For host specific information on endogenous Mimiviridae see Table 3.1 Endog-
enous viruses of algae, Table 3.2 Endogenous viruses of amoeba, Table 3.7 Endog-
enous viruses of cnidarians, and Table 3.17 Endogenous viruses of plants.
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3.3.21 Molliviridae

The members of the tentatively named Molliviridae viral family have double
stranded DNA genomes, they use a combination of nuclear and cytoplasmic repli-
cation. The known normal hosts of Molliviridae are amoeba. A suggested reference
for endogenous sequences that are presumed to represent the viral species Mollivirus
kamchatka as specifically found in amoeba would be Gallot-Lavallée and
Blanc (2017).

For host specific information on endogenous Molliviridae see Table 3.2 Endog-
enous viruses of amoeba.

3.3.22 Nairoviridae

The members of the Nairoviridae viral family have negative sense single stranded
RNA genomes and they use cytoplasmic replication. The known normal hosts of
Nairoviridae are insects and mammals. A suggested reference for endogenous
Nairoviridae in arachnids would be Katzourakis and Gifford (2010).

For host specific information on endogenous Nairoviridae see Table 3.5 Endog-
enous viruses of arachnids collembolids and insects.

3.3.23 Nanoviridae

The members of the Nanoviridae viral family have single stranded DNA genomes
and they use nuclear replication. The known normal hosts of Nanoviridae are plants.
Nanoviridae have been mentioned as being endogenous in plants (Chu et al. 2014)
but without accompanying information which connected the endogenous sequences
with specific host genera or species, and thusly Nanoviridae are not listed in
Tables 3.1–3.20.

3.3.24 Nodaviridae

The members of the Nodaviridae viral family have positive sense single stranded
RNA genomes and they use cytoplasmic replication. The known normal hosts of
Nodaviridae are fish and insects. A suggested reference for endogenous Nodaviridae
in nematodes would be Cotton et al. (2016).

For host specific information on endogenous Nodaviridae see Table 3.4 Endog-
enous viruses of annelids and nematodes..
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3.3.25 Nudiviridae

The members of the Nudiviridae viral family have double stranded DNA genomes
and they use nuclear replication. The known normal hosts of Nudiviridae are
crustaceans and insects. Suggested references for endogenous Nudiviridae in insects
would be Burke and Strand (2012), Herniou et al. (2013) and Leobold et al. (2018).

For host specific information on endogenous Nudiviridae see Table 3.5 Endog-
enous viruses of arachnids collembolids and insects.

3.3.26 Nimaviridae

The members of the Nimaviridae viral family have double stranded DNA genomes
and they use nuclear replication. The known normal hosts of Nimaviridae are
crustaceans. A suggested reference for endogenous Nimaviridae in crustaceans
would be Thézé et al. (2014).

For host specific information on endogenous Nyamiviridae see Table 3.8 Endog-
enous viruses of crustaceans.

3.3.27 Nyamiviridae

The members of the Nyamiviridae viral family have negative sense single stranded
RNA genomes and they use nuclear replication. The known normal hosts of
Nyamiviridae are arachnids, avians, cestodes, crustaceans, echinoderms, insects,
nematodes, and sipunculids. A suggested reference for Nyamiviridae in fish would
be Belyi et al. (2010). A suggested reference for endogenous Mononegavirales in
crustaceans that presumably represent Nyamiviridae would be Thézé et al. (2014).

For host specific information on endogenous Nyamiviridae see Table 3.8 Endog-
enous viruses of crustaceans, and Table 3.10 Endogenous viruses of fish.

3.3.28 Orthomyxoviridae

The members of the Orthomyxoviridae viral family have negative sense single
stranded RNA genomes and they use nuclear replication. The known normal hosts
of Orthomyxoviridae are birds and mammals. Suggested references for endogenous
Orthomyxoviridae in arachnids would be Liu et al. (2010) and for endogenous
Orthomyxoviridae in insects would be Katzourakis and Gifford (2010).

For host specific information on endogenous Orthomyxoviridae see Table 3.5
Endogenous viruses of arachnids collembolids and insects.
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3.3.29 Partitiviridae

The members of the Partitiviridae viral family have double stranded RNA genomes
and they use cytoplasmic replication. The known normal hosts of Partitiviridae are
fungi and plants. Suggested references for endogenous Partitiviridae in amoeba
would be Liu et al. (2010), for endogenous Partitiviridae in arachnids and insects
would be Liu et al. (2010), for endogenous Partitiviridae in fungi would be Chu et al.
(2014), and for endogenous Partitiviridae in plants would be Chu et al. (2014), Liu
et al. (2010) and Takahashi et al. (2019).

For host specific information on endogenous Partitiviridae see Table 3.2 Endog-
enous viruses of amoeba, Table 3.5 Endogenous viruses of arachnids collembolids
and insects, Table 3.11 Endogenous viruses of fungi, and Table 3.17 Endogenous
viruses of plants.

3.3.30 Parvoviridae

The members of the Parvoviridae viral family have single stranded DNA genomes
and they use nuclear replication. The known normal hosts of Parvoviridae are
crustaceans, echinoderms, insects, and mammals. Suggested references for endoge-
nous Parvoviridae in annelids would be François et al. (2016), for endogenous
Parvoviridae in arachnids would be François et al. (2016) and Jackson et al.
(2021), for endogenous Parvoviridae in avians would be François et al. (2016) and
Jackson et al. (2021), for endogenous Parvoviridae in cnidarians would be François
et al. (2016) and Jackson et al. (2021), for endogenous Parvoviridae in collembolids
would be François et al. (2016), for endogenous Parvoviridae in crustaceans would
be François et al. (2016), Jackson et al. (2021), Metegnier et al. (2015), Supplemen-
tal Table 2 from ter Horst et al. (2019) and Thézé et al. (2014), for endogenous
Parvoviridae in echninoderms would be François et al. (2016) and Jackson et al.
(2021), for endogenous Parvoviridae in fish would be François et al. (2016), for
endogenous Parvoviridae in insects would be Clavijo et al. (2016), François et al.
(2016), Jackson et al. (2021), Parker and Brisson (2019), Supplemental Table 2 from
ter Horst et al. (2019) and specifically in ants would be Flynn and Moreau (2019), for
endogenous Parvoviridae in mammals would be François et al. (2016), Jackson et al.
(2021), Katzourakis and Gifford (2010) and Pénzes et al. (2018), for endogenous
Parvoviridae in molluscs would be François et al. (2016) and Jackson et al. (2021),
for endogenous Parvoviridae in nematodes would be François et al. (2016), for
endogenous Parvoviridae in platyhelminths would be François et al. (2016) and
Jackson et al. (2021), for endogenous Parvoviridae in reptiles would be Pénzes et al.
(2018), and for endogenous Parvoviridae in tunicates would be François
et al. (2016).

It is interesting to note that Pénzes et al. (2018) reported finding Parvoviridae
sequences both in a vole (Ellobius lutescens) and a pit-viper snake (Protobothrops
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mucrosquamatus). Viruses will be acquired by ingestion of virally infected animals
and a pit viper eagerly would eat a vole. But, it is uncertain as to whether the
presence of endogenous Parvoviridae sequences in snakes aroze by predation on
infected animals.

For host specific information on endogenous Parvoviridae see: Table 3.4 Endog-
enous viruses of annelids and nematodes, Table 3.5 Endogenous viruses of arachnids
collembolids and insects, Table 3.6 Endogenous viruses of avians, Table 3.7 Endog-
enous viruses of cnidarians, Table 3.8 Endogenous viruses of crustaceans, Table 3.9
Endogenous viruses of echinoderms, Table 3.10 Endogenous viruses of fish, Table
3.14 Endogenous viruses of mammals, Table 3.15 Endogenous viruses of molluscs,
Table 3.18 Endogenous viruses of platyhelminths, Table 3.19 Endogenous viruses
of reptiles, and Table 3.20 Endogenous viruses of tunicates.

I did not list in a table the information which Flynn and Moreau (2019) published
about endogenous Parvoviridae of ants because the publication by Flynn and
Moreau (2019) did not seem to match up the viral sequences with specific host
genera and species.

3.3.31 Phenuiviridae

The members of the Phenuiviridae viral family have negative sense single stranded
RNA genomes and they use cytoplasmic replication. The known normal hosts of
Phenuiviridae are insects and mammals. Suggested references for endogenous
Phenuiviridae in arachnids would be Katzourakis and Gifford (2010).

For host specific information on endogenous Phenuiviridae see: Table 3.5 Endog-
enous viruses of arachnids collembolids and insects.

3.3.32 Phycodnaviridae

The members of the Phycodnaviridae viral family have double stranded DNA
genomes and they use nuclear cytoplasmic replication. The known normal hosts of
Phycodnaviridae are algae. Suggested references for endogenous Phycodnaviridae
in algae would be Gallot-Lavallée and Blanc (2017) and Moniruzzaman et al.
(2020), for endogenous Phycodnaviridae in fungi would be Gallot-Lavallée and
Blanc (2017), and for endogenous Phycodnaviridae in unspecified heterokonts
would be Gallot-Lavallée and Blanc (2017).

For host specific information on endogenous Phycodnaviridae see: Table 3.1
Endogenous viruses of algae, Table 3.11 Endogenous viruses of fungi, and Table
3.12 Endogenous viruses of unspecified heterokonts.
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3.3.33 Pithoviridae

The members of the Pithoviridae viral family have double stranded DNA genomes
and they use cytoplasmic replication. The known normal hosts of Pithoviridae are
amoeba. A suggested reference for endogenous Pithoviridae in moss would be
Gallot-Lavallée and Blanc (2017).

For host specific information on endogenous Pithoviridae see: Table 3.17 Endog-
enous viruses of plants.

3.3.34 Polydnaviridae

The members of the Polydnaviridae viral family have double stranded DNA
genomes an they use nuclear replication. The known normal hosts of Polydnaviridae
are insects. Suggested references for endogenous Polydnaviridae in insects would be
Bredlau et al. (2019), Desjardins et al. (2008), Heringer et al. (2017), Herniou et al.
(2013), Legeai et al. (2020), Louis et al. (2013), Tan et al. (2018), Volkoff and
Cusson (2020) plus Zhu et al. (2018), and specifically for endogenous
Polydnaviridae in ants would be Flynn and Moreau (2019).

For host specific information on endogenous Polydnaviridae see: Table 3.5
Endogenous viruses of arachnids collembolids and insects.

I did not list in a table the information about endogenous Polydnaviridae of ants
that was presented by Flynn and Moreau (2019) because their information did not
seem to match up the viral sequences with specific host genera and species.

3.3.35 Potyviridae

The members of the Potyviridae viral family have positive sense single stranded
RNA genomes and they use cytoplasmic replication. The known normal hosts of
Potyviridae are plants. Suggested references for endogenous Potyviridae in insects
would be Liu et al. (2010), and for endogenous Potyviridae in plants would be Chu
et al. (2014) plus Takahashi et al. (2019).

For host specific information on endogenous Potyviridae see: Table 3.5 Endog-
enous viruses of arachnids collembolids and insects, and Table 3.17 Endogenous
viruses of plants.

3.3.36 Poxviridae

The members of the Poxviridae viral family have double stranded DNA genomes
and they use cytoplasmic replication. The known normal hosts of Poxviridae are
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avians, insects, and mammals. A suggested reference for endogenous Poxviridae in
ants would be Flynn and Moreau (2019). I did not list the information about
endogenous Poxviridae of ants in a table because the publication by Flynn and
Moreau (2019) did not seem to match up the viral sequences with specific host
genera and species.

3.3.37 Pseudoviridae

The members of the Pseudoviridae viral family have positive sense single stranded
RNA genomes and their replication variously seems to be either cytoplasmic or
nuclear. Pseudoviridae utilize reverse transcription in their replication strategy. The
known normal hosts of Pseudoviridae are fungi. Pseudoviridae form Long terminal
repeat (LTR) retrotransposons, and the LTR ‘Copia’ elements found in genomes are
presumed to represent Pseudoviridae. Suggested references for endogenous
Pseudoviridae specifically LTR Copia in fungi would be Liu et al. (2010), Wickner
(1989) and Zhang et al. (2014), for endogenous Pseudoviridae specifically LTR
Copia in insects would be Bryant et al. (1991) and Feng et al. (2019), for endogenous
Pseudoviridae specifically LTR Copia in molluscs would be Thomas-Bulle et al.
(2018), and for endogenous Pseudoviridae specifically LTR Copia in plants would
be Bousios et al. (2012), SanMiguel and Vitte (2009) plus Zhang and Qi (2019).

For host specific information on endogenous Pseudoviridae see: Table 3.5
Endogenous viruses of arachnids collembolids and insects, Table 3.11 Endogenous
viruses of fungi, Table 3.15 Endogenous viruses of molluscs, and Table 3.17
Endogenous viruses of plants.

3.3.38 Qinviridae

The members of the Qinviridae viral family have negative sense single stranded
RNA genomes and they presumably use cytoplasmic replication. The known normal
hosts of Qinviridae are crustaceans and insects. A suggested reference for endoge-
nous Qinviridae in ants would be Flynn and Moreau (2019). I did not list the
information about endogenous Qinviridae of ants in a table because the publication
by Flynn and Moreau (2019) did not seem to match up the viral sequences with
specific host genera and species.

3.3.39 Reoviridae

The members of the Reoviridae viral family have double stranded RNA genomes
and they use cytoplasmic replication. The known normal hosts of Reoviridae are
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flagellated chlorophyte algae (specifically noted is the reovirus of Micromonas
pusilla), amphibians, avians, crustaceans, fish, fungi, insects, mammals, molluscs,
plants, and reptiles. Suggested references for endogenous Reoviridae in insects
would be Katzourakis and Gifford (2010) and Supplemental Table 2 from ter
Horst et al. (2019).

For host specific information on endogenous Reoviridae see: Table 3.5 Endoge-
nous viruses of arachnids collembolids and insects.

3.3.40 Retroviridae

The members of the Retroviridae viral family have positive sense single stranded
RNA genomes and they use nuclear replication. Retroviridae encode reverse tran-
scriptase and integrase activities and they form Long terminal repeat (LTR)
retrotransposons. The known normal hosts of Retroviridae are amphibians, avians,
fish, mammals, and reptiles. Endogenous Retroviridae seem to be ubiquitous in
jawed vertebrates. Suggested references for endogenous Retroviridae in amphibians
would be Brown et al. (2014) and Xu et al. (2018), for endogenous Retroviridae in
avians would be Bolisetty et al. (2012), Garcia-Etxebarria et al. (2014) and Xu et al.
(2018), for endogenous Retroviridae in fish would be Brown et al. (2014) and Xu
et al. (2018), for endogenous Retroviridae in mammals would be Brown et al.
(2014), Flügel et al. (1978), Garcia-Etxebarria et al. (2014), LaMere et al. (2009)
and Xu et al. (2018), for endogenous Retroviridae in reptiles would be Aiewsakun
et al. (2019), Brown et al. (2014), Denner (2017) and Xu et al. (2018).

For host specific information on endogenous Retroviridae see: Table 3.3 Endog-
enous viruses of amphibians, Table 3.6 Endogenous viruses of avians, Table 3.10
Endogenous viruses of fish, Table 3.14 Endogenous viruses of mammals, and Table
3.19 Endogenous viruses of reptiles.

3.3.41 Rhabdoviridae

The members of the Rhabdoviridae viral family have negative sense single stranded
RNA genomes and they use cytoplasmic replication. The known normal hosts of
Rhabdoviridae are birds, fish, insects, mammals, and plants. Suggested references
for endogenous Rhabdoviridae in arachnids would be Fort et al. (2012) plus
Katzourakis and Gifford (2010), for endogenous Rhabdoviridae in crustceans
would be Fort et al. (2012) and endogenous Mononegavirales in crustaceans that
presumably represent Rhabdoviridae would be Metegnier et al. (2015), for endog-
enous Rhabdoviridae in fish would be Fort et al. (2012), for endogenous
Rhabdoviridae in insects would be Fort et al. (2012) Katzourakis and Gifford
(2010) and Supplemental Table 2 from ter Horst et al. (2019), for endogenous
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Rhabdoviridae in nematodes would be Fort et al. (2012), and for endogenous
Rhabdoviridae in plants would be Chu et al. (2014) plus Takahashi et al. (2019).

For host specific information on endogenous Rhabdoviridae see: Table 3.4
Endogenous viruses of annelids and nematodes, Table 3.5 Endogenous viruses of
arachnids collembolids and insects, Table 3.8 Endogenous viruses of crustaceans,
Table 3.10 Endogenous viruses of fish, and Table 3.17 Endogenous viruses of
plants.

3.3.42 Totiviridae

The members of the Totiviridae viral family have double stranded RNA genomes
and they use cytoplasmic replication. The known normal hosts of Totiviridae are
algae, crustaceans, flagellated protozoa, and fungi. Suggested references for endog-
enous Totiviridae in algae (diatoms) would be Chu et al. (2014), for endogenous
Totiviridae in arachnids would be Liu et al. (2010), for endogenous Totiviridae in
crustaceans would be Metegnier et al. (2015) and Thézé et al. (2014), for endoge-
nous Totiviridae in fungi would be Liu et al. (2010) plus Taylor and Bruenn (2009)
and Taylor et al. (2013), for endogenous Totiviridae in insects would be Liu et al.
(2010) and Supplemental Table 2 from ter Horst et al. (2019), for endogenous
Totiviridae in nematodes would be Liu et al. (2010), and for endogenous Totiviridae
in plants would be Chu et al. (2014) plus Takahashi et al. (2019).

For host specific information on endogenous Totiviridae see: Table 3.1 Endog-
enous viruses of algae, Table 3.4 Endogenous viruses of annelids and nematodes,
Table 3.5 Endogenous viruses of arachnids collembolids and insects, Table 3.8
Endogenous viruses of crustaceans, Table 3.11 Endogenous viruses of fungi, and
Table 3.17 Endogenous viruses of plants.

3.3.43 Virgaviridae (Includes Former Tobamoviridae)

The members of the Virgaviridae viral family have positive sense single stranded
RNA genomes and they use cytoplasmic replication. The known normal hosts of
Virgaviridae are plants. A suggested reference for endogenous Virgaviridae in ants
would be Flynn and Moreau (2019). I did not list the information about endogenous
Virgaviridae of ants in a table because the publication by Flynn and Moreau (2019)
did not seem to match up the viral sequences with specific host genera and species.
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3.4 Groups of Viruses for Which Endogenous Sequences
Were Not Identified at the Level of Viral Family

3.4.1 Unspecified Bunya-Arena

The unspecified Bunya-Arena sequences are presumed to represent either the viral
family Peribunyaviridae or the viral family Arenaviridae. Members of the viral
family Peribunyaviridae have negative sense single-stranded RNA genomes. Mem-
bers of the viral family Arenaviridae have ambisense single-stranded RNA genomes.
Both Peribunyaviridae and Arenaviridae use cytoplasmic replication. The known
normal hosts of Peribunyaviridae are avians, insects and mammals. The normal hosts
of Arenaviridae are mammals. A suggested reference for endogenous Bunya-Arena
sequences in ants would be Flynn and Moreau (2019). I did not list the information
about endogenous Bunya-Arena of ants in a table because the publication by Flynn
and Moreau (2019) did not seem to match up the viral sequences with specific host
genera and species.

3.4.2 Unspecified Hepe-Virga

The unspecified Hepe-Virga sequences are presumed to represent either the viral
family Hepeviridae or the viral family Virgaviridae. Members of the viral families
Hepeviridae and Virgaviridae have positive sense single stranded RNA genomes.
Hepeviridae replicate in association with the host cell endoplasmic reticulum.
Virgaviridae use cytoplasmic replication. The known normal hosts of Hepeviridae
are avians, fish, and mammals. The known normal hosts of Virgaviridae are plants.
A suggested reference for endogenous Hepe-Virga sequences in ants would be Flynn
and Moreau (2019). I did not list the information about endogenous Hepe-Virga of
ants in a table because the publication by Flynn and Moreau (2019) did not seem to
match up the viral sequences with specific host genera and species.

3.4.3 Unspecified Iridoviridae/Marseilleviridae Group

The unspecified Iridoviridae/Marseilleviridae sequences are presumed to represent
either the viral family Iridoviridae or the viral family Marseilleviridae. Members of
the viral families Iridoviridae and Marseilleviridae have double stranded DNA
genomes. Iridoviridae use nucleo-cytoplasmic replication. Marseilleviridae replica-
tion has yet to be completely understood. The known normal hosts of Iridoviridae are
amphibians, crustaceans, insects, and fish. The natural hosts of Marseilleviridae are
amoeba. A suggested references for endogenous Iridoviridae/Marseilleviridae in
Ichthyosporea would be Gallot-Lavallée and Blanc (2017).
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For host specific information on endogenous Iridoviridae/Marseilleviridae see:
Table 3.13 Endogenous viruses of ichthyosporeans.

3.4.4 Unspecified Mononegavirales

The Mononegavirales group includes numerous viral families that have negative
sense single stranded RNA genomes and use cytoplasmic replication. Collectively,
the Mononegavirales have an enormously wide normal host range. Some of the
sequences that I found attributed as unspecified Mononegavirales possibly represent
Rhabdoviridae and others of those sequences presumably represent Nyamiviridae. I
have described the viral families Nyamiviridae and Rhabdoviridae earlier in this
chapter. A suggested reference for endogenous Mononegavirales sequences in
crustceans that possibly represent Rhabdoviridae would be Metegnier et al. (2015),
and for endogenous Mononegavirales sequences in crustaceans that presumably
represent Nyamiviridae would be Thézé et al. (2014).

For host specific information on endogenous Unspecified Mononegavirales see:
Table 3.8 Endogenous viruses of crustaceans.

3.4.5 Unspecified Mononegavirales-Like Virus

The unspecified Mononegavirales-like virus could represent any one of several
different viral families all of which have negative sense single stranded RNA
genomes. A suggested reference for endogenous Mononegavirales-like sequences
in an arachnid would be Supplemental Table 2 from ter Horst et al. (2019).

For host specific information on endogenous unspecified Mononegavirales-like
virus see: Table 3.5 Endogenous viruses of arachnids collembolids and insects.

3.4.6 Unspecified Narna-Levi

The unspecified Narna-Levi sequences are presumed to represent either the viral
family Narnaviridae or the viral family Leviviridae. Members of the viral family
Narnaviridae have positive sense single stranded RNA genomes and use cytoplasmic
replication. The known normal hosts of Narnaviridae are fungi. A suggested refer-
ence for endogenous unspecified Narna-Levi squences in ants would be Flynn and
Moreau (2019). I did not list the information about endogenous Narna-Levi of ants in
a table because the publication by Flynn and Moreau (2019) did not seem to match
up the viral sequences with specific host genera and species. The Leviviridae also
have positive sense single stranded RNA genomes. Leviviridae likely would not
infect insects because their known normal host range entirely is prokaryotes.
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However, horizontal gene transfer mechanisms certainly might be capable of trans-
ferring information from prokaryotes into eukaryotes.

3.4.7 Unspecified Nucleocytoviricota

The unspecified members of the viral phylum Nucleocytoviricota have double
stranded DNA genomes and they use nucleocytoplasmic replication. The known
normal host ranges mentioned for these unspecified Nucleocytoviricota are algae,
amoeba, crustaceans, and fungi, although the host range of Nucleocytoviricota
certainly can extend well beyond that. A fair number of eukaryotes contain core
protein homologs that suggest presence of endogenous sequences of the phylum
Nucleocytoviricota, and often those sequences are found in the absence of evidence
that their hosts naturally are infected by this group of viruses. Many of these
sequences seem to represent either the viral families Asfarviridae, Mimiviridae, or
Phycodnaviridae. I have described earlier in this chapter those three viral families
under their separate names Asfarviridae, Mimiviridae, and Phycodnaviridae.
Iridoviridae and Mimiviridae, which also are viral families belonging to the
Nucleocytoviricota, have been described earlier in this chapter as an Unspecified
Iridoviridae/Marseilleviridae group. A suggested reference for Unspecified
Nucleocytoviricota in several host groups is Gallot-Lavallée and Blanc (2017) and
there was a phylogenetic correlation with closely related eukaryotes having a
tendency to possess closely related endogenous viral sequences, suggesting coevo-
lution of the endogenous viruses and their hosts.

For host specific information on endogenous unspecified Nucleocytoviricota see:
Table 3.1 Endogenous viruses of algae, Table 3.2 Endogenous viruses of amoeba,
Table 3.8 Endogenous viruses of crustaceans, and Table 3.12 Endogenous viruses of
unspecified heterokonts.

3.4.8 Unclassified Riboviria

The unclassified members of the viral clade Riboviria have RNA genomes that may
be either positive or negative sense single stranded RNA, or double stranded RNA.
A suggested reference for unclassified Riboviria in insects would be Supplemental
Table 2 from ter Horst et al. (2019).

For host specific information on endogenous Unclassified Riboviria see: Table
3.5 Endogenous viruses of arachnids collembolids and insects.
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3.4.9 Unspecified Partiti-Picobirna

The unspecified Partiti-Picobirna sequences are presumed to represent either the
viral family Partitiviridae or the viral family Picobirnaviridae. The viral family
Partitiviridae has been described earlier in this chapter. Members of the viral family
Picobirnaviridae have double stranded RNA genomes and they utilize cytoplasmic
replication. The known normal hosts of Picobirnaviridae are avians and mammals. A
suggested reference for endogenous unspecified Partiti-Picobirna sequences in ants
would be Flynn and Moreau (2019). I did not list the information about endogenous
unspecified Partiti-Picobirna of ants in a table because the publication by Flynn and
Moreau (2019) did not seem to match up the viral sequences with specific host
genera and species.

3.4.10 Unspecified Toti-Chryso

The unspecified Toti-Chryso sequences are presumed to represent either the viral
family Chrysoviridae or the viral family Totiviridae. The viral families
Chrysoviridae and Totiviridae have been described earlier in this chapter. A
suggested reference for endogenous unspecified Toti-Chryso sequences in ants
would be Flynn and Moreau (2019). I did not list the information about endogenous
unspecified Toti-Chryso of ants in a table because the publication by Flynn and
Moreau (2019) did not seem to match up the viral sequences with specific host
genera and species.

3.4.11 Unspecified Virga-Like

The unspecified Virga-like sequences are presumed to represent the viral family
Virgaviridae as has been described earlier in this chapter. A suggested reference for
endogenous unspecified Virga-like sequences in an insect would be Supplemental
Table 2 from ter Horst et al. (2019).

For host specific information on endogenous Unspecified Virga-like virus see:
Table 3.5 Endogenous viruses of arachnids collembolids and insects.
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3.5 Groups of Viruses for Which Lysogenous Sequences
Have Been Identified at the Level of Viral Family

Lysogeny is conceptually similar to endogeny. However, the term lysogeny
describes not only those viruses whose genomes are present as inherited genetic
sequences, but also those viruses which have recently developed that genetic
presence without the host cell yet having divided. Endogeny, by definition, signifies
that the viral genetic sequences were vertically inherited when a host replicated after
it had incorporated the viral genetic material. The Siphoviridae include Escherichia
virus Lambda (phage λ), which must remain transcriptionaly active to maintain its
lysogenic state. That requirement for Escherichia virus Lambda and related phages,
which are termed to be lambdoid, to continue transcriptional activity in order to
sustain their lysogenic status marks a huge difference in molecular biology because
endogenous viruses of eukaryotes are presumed capable of maintaining their endog-
enous status without requirement that the viral genetic material be transcriptionally
active.

3.5.1 Inoviridae

Members of the Inoviridae viral family have single stranded DNA genomes. The
known normal hosts of Inoviridae are archaea and bacteria. Some selected references
regarding endogenous Inoviridae would be Davis et al. (1999), Pant et al. (2020),
Faruque and Mekalanos (2012), Hurst (2019), and Roux et al. (2019).

3.5.2 Microviridae

Members of the Microviridae viral family have single stranded DNA genomes. The
known normal hosts of Microviridae are bacteria. Some selected references regard-
ing endogenous Microviridae would be Kirchberger and Ochman (2020) plus
Krupovic and Forterre (2011).

3.5.3 Myoviridae

Members of the Myoviridae viral family have double stranded DNA genomes. The
known normal hosts of Myoviridae are archaea and bacteria. Some selected refer-
ences regarding endogenous Myoviridae would be Bordenstein and Bordenstein
(2016), Harshey (2014), and Wang et al. (2016).
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3.5.4 Podoviridae

Members of the Podoviridae viral family have double stranded DNA genomes. The
known normal hosts of Podoviridae are archaea and bacteria. A suggested reference
regarding endogenous Podoviridae would be Campbell (1994).

3.5.5 Siphoviridae

Members of the Siphoviridae viral family have double stranded DNA genomes. The
known normal hosts of Siphoviridae are archaea and bacteria. Some selected refer-
ences regarding endogenous Siphoviridae would be Benzer (1955), Burmeister et al.
(2016), Campbell (1994), Hammerl et al. (2007), Ravin (2015), Schubert et al.
2007), Scott et al. (2008), Stokar-Avihail et al. (2019), Zajdowicz and Holmes
(2016), and Ziegelin et al. (2005).

3.6 Summary Thoughts

Endogenous viruses are a fascinating subject of curiosity and they have been found
in all eukaryotes. How that endogeny has arisen is obvious for the Metaviridae,
Pseudoviridae and Retroviridae, because the infective cycle of those viral families
involves generating DNA copies of their genomes and then integrating those DNA
copies into the host cell chromosomal material. The mechanisms by which other
viruses have evolved an endogenous presence may be related to natural molecular
mechanisms of their hosts.

Maintaining the endogenous presence of these viral genomes does not seem to
require their active transcription. Some of these endogenous viruses have, however,
remained transcriptionally active and do generate viral proteins. Many others of the
endogenous viruses contain transcription initiation sites that can be activated to
result in the transcription of adjacent non-viral DNA sequences. A few of these
endogenous viruses are proviruses, meaning that they can generate infectious viral
particles. The lysogenous viruses of prokaryotes often seem to actively seek a
non-infectious presence within a host organism and some of them must remain
transcriptionally active in order to sustain their lysogenic existance. There is a
companion chapter in this same book: Chap. 4, Pages 113–154, “Do the biological
roles of endogenous and lysogenous viruses represent Faustian bargains?” by
Christon J. Hurst.
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Chapter 4
Do the Biological Roles of Endogenous
and Lysogenous Viruses Represent Faustian
Bargains?

Christon J. Hurst

Abstract Genetic transference between a host species and its viruses results in
development of a collective genome which has fluidity and influences evolution.
Endogeny and lysogeny represent a forging together of that shared genomic fate
which obligates partnership of the virus and its host. Faustian bargains are agree-
ments made with the devil, by which a human receives benefits in exchange for
granting away their soul. This chapter explores the benefits and risks of genomic
partnerships which exist between hosts and their viruses. The host tries to gain
benefits from those genetic relationhips by harnessing its viral genomic partners,
while simultaneously trying to avoid the perilous detriments including death which
could result if one of its viruses undergoes complete reactivation. The topics covered
in this chapter include the importance of endogenous viral sequences for health and
disease of unicellular eukaryotes, importance for morphological development as
well as health and disease of animals, a comparison of how non-endogenous and
endogenous viral sequences affect health and disease of plants and fungi, plus some
understanding of how partnership with an endogenous virus can reduce the
phytopathogenicity of its fungal host. I also have included information comparing
viral versus non-viral retrotransposons. My discussion on lysogenous viruses of
prokaryotic hosts includes some of the benefits and detriments associated with
lysogenic archaelphage and bacteriophage, plus a summary of how tailocins, type
VI secretion systems, and gene transfer agents represent the concept of retaining and
subsequently using the genomic coding for only part of a lysogenic phage.

4.1 Introduction

Long ago, someone asked me “What is it that viruses do? They must do something
because otherwise evolution surely would have found a way to eliminate them”. My
answer would be that viruses and cellular entities likely coevolved. The ecologies of
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the viruses and their hosts are so intertwined that viruses could not exist without their
hosts, and hosts owe an evolutionary debt to the viruses. The interactions that occur
between viruses and cells are basic life processes (Villarreal and Witzany 2019).
Some of those associations are antagonistic with the viruses clearly causing disease
and death. And yet, the symbiotic relationships which viruses and their hosts have
established also include a range of commensal and mutualistic associations (Hurst
2021; Roossinck 2015; Roossinck and Bazán 2017). Some of these interactions have
been symbiogenic, and there has even been offered a suggestion that the eukaryotic
nucleus is of viral origin (Bell 2020).

Genetic information flows from viruses into their host genomes. Interestingly,
many of the endogenous viral elements found in animals and plants represent viral
families that do not code for an integrase enzyme, which might suggest that either a
host cell integrase, or an integrase from another virus genome, has been responsible
for installing bits of unrelated viral coding into the host cells genetic material.
Genetic information also flows in the reverse direction with gene fragments from
the host being inserted into viral genomes (Swanstrom et al. 1983). Examples of host
genes being incorporated into viruses include: Dicistroviridae that contain genes
from bees (Gilbert and Cordaux 2017); Flaviviridae that contain genes from mam-
mals including cattle, giraffe and sheep (Gilbert and Cordaux 2017); Hepeviridae
that contain genes from human (Gilbert and Cordaux 2017); Orthomyxoviridae that
contain genes from chicken (Gilbert and Cordaux 2017); Picornaviridae that contain
genes from the HeLa human cell line (McClure and Perrault 1985); Polydnaviridae
that contain genes from wasps (Desjardins et al. 2008) and also contain transposable
elements from hosts that are used by parasitoid wasps (Heringer et al. 2017);
Potyviridae that contain genes from tobacco (Gilbert and Cordaux 2017);
Retroviridae that contain genes from human (Gilbert and Cordaux 2017); and
Togaviridae that contain genes from chicken (Gilbert and Cordaux 2017). Trans-
duction can then transfer those host gene fragments from the virus into another cell,
and viruses that infect more than a single host species can transport genetic material
between the genomes of different species (Gilbert and Cordaux 2017; Heringer et al.
2017).

I address in this chapter the contributions that endogenous and lysogenous viruses
have made to their hosts by the transference of genetic information into their hosts
genomes. I also mention the genetic contributions that the hosts have made to the
viruses when genetic information moves oppositely into the virus genome. The host
species and its viruses thus develop a collective genome.

4.1.1 Viruses as Genomic Partners of Their Hosts

Endogeny and lysogeny are similar, but not identical concepts. Endogeny signifies
that the viral genome is incorporated within the hosts genetic material and was
vertically inherited from predecessors of that host. The presumption is that an
endogenous virus can sustain its genomic presence without requirement for the
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endogenous sequences to be transcriptionally active. However, endogenized
sequences can be transcriptionally active, sometimes behaving beneficially for the
host and at other times seemingly detrimental to the host. Some lysogenic viruses
must remain partially active by achieving transcription of their genes that code for
repressor molecules, because those repressor molecules maintain the lysogenized
status of that virus. Most endogenized or lysogenized viral sequences are not
perceived as threats to the life of their host. The age estimates for when individual
endogenous viral sequences took up residence within their host genomes often range
to tens of millions of years in the past, and even well beyond one hundred million
years. I have not seen published age estimates for lysogenous viral sequences.
Taxonomically related host species often will carry either identical or similar
endogenous or lysogenous viral sequences. I will provide additional discussion
regarding endogeny and lysogeny later in this chapter.

4.1.2 Viruses as Transfer Agents for Genomic Information

One of the functions that viruses fulfill is their valuable service as agents of
horizontal gene transfer (Durzyńska and Goździcka-Józefiak 2015) as will be
discussed further in Sect. 4.4 of this chapter. Any non-viral DNA that is introduced
to cells via transfection or viral transduction is termed to be an exogenous factor.
Incorporation of exogenous DNA into the genetic information of a cell and subse-
quent inheritance of that DNA by progeny cells means that the newly added DNA
has become endogenous. Tassetto et al. (2019) have suggested that endogenous
retrotransposons might facilitate the movement of non-retrovirus RNA sequences
into the hosts genetic material, with those sequences then becoming incorporated as
a DNA copy in the hosts genome. Retrotransposons are discussed further in Sect. 4.5
of this chapter. Homologous recombination may provide yet a different mechanism
by which genetic movement could occur without the necessity of endogenization
(Gilbert and Cordaux 2017). The skillfullness with which gene transfer occurs from
virus to host has been harnessed to create recombinant viruses which variously serve
as vectors for gene therapy and in the development of vaccines (Lundstrom 2019).

It is indeed very interesting to notice that many eukaryotes contain endogenous
sequences from Nucleocytoviricota, which includes the Mimiviridae family, and
those endogenous sequences often are found even in the absence of evidence that the
hosting eukaryotes natually are infected by members of this viral group (Filée 2014;
Gallot-Lavallée and Blanc 2017) suggesting the possibility that these
Nucleocytoviricota sequences were transferred by a horizontally vectoring mecha-
nism such as transduction.

If the question becomes which came first, the virus or the cell, then a starting point
for answering that question might be provided by the suggestion of Jalasvuori et al.
(2015) that capsid proteins may have originated to facilitate gene transfer prior to the
evolution of viruses. Horizontal gene transfer certainly can occur by several different
processes. For bacteria, transfer of insertion sequences is more effectively done by

4 Do the Biological Roles of Endogenous and Lysogenous Viruses Represent. . . 115



plasmid rather than by bacteriophage because plasmids have a greater ‘cargo capac-
ity’ than do bacteriophage (Leclercq et al. 2012). Also, plasmids seem more tolerant
as transfer agents in comparison with bacteriophage (Leclercq et al. 2012). Trans-
ferring information by bacteriophage does provide a long term environmental
storage benefit for that genetic information relative to plasmid-mediated gene trans-
fer because, while plasmid transfer is presumed to require the recipient cell to have
contact with a living donor cell, the genomic sequences contained in bacteriophage
can survive and be transferred to a new host even after death of their parental host
microbe (see Chap. 5, pages 155–172, “Einstein’s Capsid: Bacteriophage Solve the
Problems of Space and Time for Bacteria” by author Leigh Owens). In some ways,
having a host cell die in order to thereby release and send away its genetic material
inside of transducing bacteriophage would seem like being the executor of ones own
genetic will, scattering your cells genetic information at death in hopes of passing the
benefit of your knowledge to other cells. Unicellular beings face a total loss if their
one infected host cell dies. The change to multicellularity valuably allowed for the
loss of some cells due to viral attack without complete loss of the individual.

4.2 What Is a Faustian Bargain

A Faustian bargain is an agreement in which someone receives either wealth or
knowledge from the devil in exchange for granting their soul to the devil. The
concept of a Faustian bargain presumably is named for Johann Georg Faust
(c. 1480–1540) from Knittlingen, in southwest Germany. Faust was considered
damned for preferring human knowledge of medicine rather than the divine knowl-
edge present in holy scriptures. Figure 4.1 is a imaginative painting of how Faust
might have appeared.

I first learned about the concept of Faustian Bargains when I read “The Devil and
Daniel Webster” by Stephen Vincent Benét (Benét 1936). Benét’s fictional story
tells about an American farmer named Jabez Stone who barters his soul to the devil
in exchange for some years of prosperity. The biggest difference between most
Faustian bargains and the story by Stephen Vincent Benét is that, in most stories the
devil eventually claims the soul. Benét has the devil losing, with the human keeping
both their soul and the advantageous benefits which they received from the bargain.

4.2.1 The Devil and Daniel Webster

During 1936, The Saturday Evening Post magazine published a story titled “The
Devil and Daniel Webster” by author Stephen Vincent Benét. I will summarize that
story for you with the following paragraph.

A perpetually unfortunate farmer named Jabez Stone, who lives in the state of
New Hampshire, one day declares “I vow it’s enough to make a man want to sell his
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soul to the devil. And I would, too, for two cents!”. A stranger shows up late on the
next day and Jabez Stone signs a seven-year contract with the stranger. The farm of
Jabez Stone then prospers and Jabez Stone gains tremendous community respect.
Jabez Stone experiences a good life, seemingly without worry, until the stranger
shows up at the end of six years. The stranger declares the mortgage will be due in a
year. At that time, the stranger expresses a wish that he could add to his collection the
soul of the noted lawyer, lawmaker and statesman Daniel Webster. Jabez Stone
receives an extension of three years. Nearly four years later, Jabez Stone travels to
find Daniel Webster and Daniel agrees to defend Jabez Stone for his mortgage legal
case. At midnight, at the end of the agreed three year extension, the stranger arrives
while Jabez Stone and Daniel Webster are seated in Stone’s kitchen. Daniel Webster
announces himself as being the “Attorney of record for Jabez Stone”. The stranger
has come to take possession of his property. When Daniel asks to know the
stranger’s name, the stranger says that he has been cited by many names but
“Perhaps Scratch will do for the evening”. Daniel Webster insists upon a trial with

Fig. 4.1 Dr. Fausto by Jean Paul Laurens. The title of this image is “Jean Paul Laurens—Dr.
Fausto.jpg”. It is an oil on canvas painting by Jean Paul Laurens and is part of the Rio Grande do Sul
Museum of Art collection in Porto Alegre, Brazil. The painting is considered to be in the public
domain because of its age and its photograph likewise is considered to be in the public domain.
https://commons.wikimedia.org/wiki/File:Jean_Paul_Laurens_-_Dr._Fausto.jpg
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a jury. The stranger picks the jurors who instantly appear and enter through the door.
The jurors are dead villians who “. . .came into the room with the fires of hell still
upon them, . . .”. An equally villified justice appears. The trial proceeds for the rest of
the night, after which the jury determines that because of Daniel Webster’s elo-
quence, Jabez Stone has won and the jury members then disappear. The stranger
signs an agreement stating his payment as settlement for the costs of the case will be
that he never again bother either Jabez Stone or the descendants or the inheritors of
Jabez.

4.2.2 Do Endogeny and Lysogeny Represent Faustian
Bargains that Have Been Forged with Viruses?

I think that perhaps they do! Most of the endogenous viruses are permanently tied
into their hosts’ genomes, and the lysogenic viruses have nearly that same level of
absolute committment to their host. These viruses have done much in terms of
creating components of their hosts’ genome and their hosts’ molecular machinery.
We may, as vertebrates, owe parts of our immune systems to the viruses (Broecker
and Moelling 2019). Similarly, as placental mammals, we owe a debt to the
endogenous retroviral envelope genes which we use at the beginning of placental
development. Without that successful placental development, which allows us to be
carried to term in the womb, we would be hatched from an eggshell.

Cellular beings must recognize that they cannot get rid of the viruses, and at the
same time cellular beings must admit their biological debt to viruses. The cellular
beings try to balance an ability to gain benefit from the viruses while keeping the
harmful aspects of endogenous viruses and lysogenous viruses repressed. Perhaps
one of our evolutionary goals as hosts, is that with respect to the viruses we can have
the same accomplishment as did Jabez Stone, that we gain the benefits of the bargain
while not losing the ultimate battle.

4.3 General Benefits Versus Detriments of Endogenous
and Lysogenous Interactions

Endogeny can be perceived as a viral strategy for achieving either a non-productive,
or virtually non-productive, pattern of infection. Achieving an endogenous state
implies that the genome of the virus is passed through the host’s reproductive
process to offspring of the infected host (van der Kuyl et al. 1995; Villarreal
2016). Both endogeny and lysogeny represent a high degree of coevolution between
the virus and host species. Endogenous and lysogenous infections may never be life
threatening to the host. Were an endogenous or lysogenous virus to enter a replica-
tive cycle that produces progeny virions, then it might be that neither the individual
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virus nor its host would survive. Mutations occurring in the endogenous or
lysogenous viral genomic information can result in that viral information becoming
incapable of leaving the genome of its host, and incapable of even producing an
infectious virus particle, in which case that viral genomic information is said to have
become ‘grounded’.

Those viruses that become a part of their hosts genomic material through either
endogeny or lysogeny can serve both to the benefit and detriment of their hosts. It
also is important to note that coevolution with its host can alter the adaptive
landscape of a virus (Burmeister et al. 2016).

When viewed from the perspective of a virus, endogeny and lysogeny certainly
help the viruses because these relationships provide a means of facilitating viral
survival, and the main goal of a virus always must be survival without destroying the
last accessible host individual. By using either endogeny or lysogeny as a means of
sharing their common genomic existance with a host, the virus cannot accidently
become separated from its host. The host provides an intracellular shelter for the
viral genomic information. The host also provides transportation for the virus,
because the host always must take with it the viral sequences which either endog-
enously or lysogenously have become part of the hosts genetic material.

The main goal from the perspective of a host must be controlling the endogenous
or lysogenous viral sequences. The host would like to gain whatever benefits it can
from the endogenous or lysogenous viral sequences, while suppressing any lurking
dangers which those sequences represent.

Perceiving benefits that the host gains from endogeny and lysogeny can begin
with a most basic perception that endogeny and lysogeny serve to maintain viability
of a host and allow host propagation during conditions that otherwise might limit the
possibility of an infecting virus achieving transmission to a new host individual.

Benefits to be found from the perspective of the host also include the fact that
achieving endogeny or lysogeny will reduce the impact which a virus infection
imposes upon the energy budget of its host. Inheritance of endogenous and
lysogenous infections, and successfully maintaining the status of endogeny and
lysogeny in the subsequent offspring of those hosts, increases not only the short
term survival of each infected host individual but also the long term survival of the
host species. Some of these viruses have evolved to provide clearly defined vital
functions for the host as will be discussed later in this chapter, and those functions
serve as inducements for the host to retain the virus.

It has been suggested that endogenous viral sequences might be used to generate
PIWI-interacting RNAs (piRNAs), which are part of the innate immune response
and function as one of the mechanisms by which hosts achieve post-transcriptional
RNA silencing (Tassetto et al. 2019; ter Horst et al. 2019). The piRNAs combine
with argonaut proteins, after which the argonaut proteins lead the piRNAs to
locations where the piRNA sequence matches with the seqences of targeted mes-
senger RNA (mRNA) molecules. The targeted mRNAs subsequently are either
cleaved or their translation silenced. This silencing of mRNA molecules might
contribute to anti-viral defenses if sequences from endogenous viruses prime host
cells to attack mRNA that is generated by new viral infections.
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Lysogeny provides the host bacteria with resistance against attack by viruses
which are related to those prophage that the host already contains (Ramisetty and
Sudhakari 2019). This resistance can be effected by CRISPR-Cas, which is a form of
acquired immunity system by which archaea and bacteria use endogenized viral
sequences as a means of identifying and targeting for destruction related viruses that
subsequently infect the cell (Broecker and Moelling 2019).

The ability of a virus to enter latency similarly results from coevolution between a
virus species and its host species, but the benefit which a host derives by surviving
latent infections must be established anew consequent to each generation of the host
encountering and being infected by the virus. Endogeny does not require that each
new generation of the host establish anew the endogenous relationships, only that the
new host generation must be able to sustain and survive the genomic integrations
that it has inherited. Some lysogenic relationships are inherited, but others must be
established anew by successive generations of the host.

4.4 Viruses as a Means of Horizontal Gene Transfer

Gallot-Lavallée and Blanc (2017) discerned that endogenous viruses have trans-
ferred both expansin genes and cyclin genes into the streptophyte algae
Klebsormidium flaccidum. The expansin genes mediate cell wall expansion by
disrupting non-covalent bonding of cell wall polysaccharides. The cyclin genes
drive cell cycle transitions of the host cell. The aquatic fungus Gonapodya prolifera
is another example of a species that contains several genes which seemingly have
been contributed to its genome by an endogenous virus, and in that case the
endogenous viral source was identified as being a member of the double stranded
DNA viral family Phycodnaviridae (Gallot-Lavallée and Blanc 2017). Filée (2014)
has suggested that genes of the double stranded DNA viral family Mimiviridae can
be laterally transferred into eukaryotic host genomes. Wang et al. (2016) have found
that Wolbachia phage WO, which belongs to the double stranded DNA viral family
Myoviridae, can mediate horizontal gene transfer in endosymbiotic genomes of the
bacterial genus Wolbachia. Chu et al. (2014) have suggested that endogenous
members of the positive sense single stranded Endornaviridae viral family may
have facilitated the movement of genetic information into plants. Liu et al. (2010)
found evidence for horizontal gene transfer having occurred from double stranded
RNA viruses of the viral families Partitiviridae and Totiviridae into the nuclear
genomes of several plant hosts.

These valuable examples of knowledge have prompted the use of engineered
viruses in gene therapy as described both by Finer and Glorioso (2017) and Kenneth
Lundstrom (2019). Also, please see Chap. 9, pages 285–341 “Application of Viruses
as Delivery Vehicles for Gene Therapy and Vaccine Development” by author
Kenneth Lundstrom. I will again mention the suggestion by Chu et al. (2014) and
the discovery by Wang et al. (2016) later in this chapter. I also will present
information regarding Gene transfer agents later in this chapter.
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4.5 What Is the Functional Role of Retrotransposons?

Genomes contain a broad range of transposable elements (Platt et al. 2018) among
which are retrotransposons. The retrotransposons are double stranded DNA
sequences that have been created by reverse transcription from RNA, and those
DNA sequences then inserted into the host cell chromosome. There are two main
types of retrotransposons. The distinction between these types is whether a transpo-
son either lacks or possesses long repeat sequences at its termini. Retrotransposons
which lack these long terminal repeating stuctures are indicated as being Non-LTR
retrotransposons and their origin remains uncertain. Retrotransposons which possess
long terminal repeating stuctures are indicated as being LTR retrotransposons and
presumably originated from viruses.

4.5.1 Non-LTR Retrotransposons

Non-LTR retrotransposons also are termed Long interspersed nuclear elements
(LINE elements) and they are independent of the LTR retrotansposons. Non-LTR
retrotransposons account for approximately 17 percent of the human genome. Those
non-LTR retrotransposons found in the human genome are actively transposing and
have been found to cause many clinical disorders (Katoh and Kurata 2013). It has
been suggested that Non-LTR retrotransposons might have a role in diseases such as
cancer (Kano et al. 2009). The process by which these Non-LTR retrotransposons
copy themselves presently seems not to be understood, although clearly there must
be a mechanism by which they have been copied and those copies inserted within the
host genome.

4.5.2 The LTR Retrotransposons

The LTR retrotransposons are presumed to have originated from single stranded
RNA viruses whose replicative process, following their infection of a host cell,
included the use of reverse transcription to produce a DNA copy of their viral
genome. The virus then would have integrated that DNA copy into the chromosomes
of its host cell as an open reading frame bracketed at its ends by long terminal repeat
sequences. During a normal process of infection by this type of virus, the
genomically integrated DNA subsequently is transcribed to produce RNA copies
that serve as progeny viral genomes. These new genomes are packaged into progeny
virus particles and released to infect other cells.

The replicative process of these reverse transcribing viruses offers benefits to both
the virus and its host. Endogenous integration into the chromosomes of their host
cells assures that the viral genome gets copied into all of the descendents produced
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by that cell, and this accomplishment can be perceived as an initial advantage for the
virus (Pistello and Antonelli 2016) because a virus that would instead only attack
and then soon afterwards leave its host cell subsequently must either find a new host
or lose viability. That integration of the virus also can, upon reflection, be perceived
as representing either a temporary reprieve for the host cell, because the host cell
temporarily survives, or a permanent sense of impending peril for the host cell
because the virus could undergo a replicative cycle that lyses the cell. Mutations
of the integrated viral genomic sequence which result in the viral genome becoming
unable to leave the host cell may shift the advantage of genomic incorporation by
providing safety to the harboring host cell. The grounded viral genomic sequences
either may become useful to the host cell or subtly present a different and deferred
type of danger to the host. What might some of the benefits be? It is possible that
grounded retroviral genomes may provide the host cell with resistance against
subsequent reinfection by either the same or a related virus as certainly occurs for
bacteria that carry lysogenic viruses. Tassetto et al. (2019) have suggested that
endogenous retrotransposons might offer a genetic benefit by facilitating the move-
ment of non-retrovirus RNA sequences into the host genome.

If the process of transcribing an LTR retrotransposon to create single stranded
RNA copies of its sequence is then cyclically followed within that same cell by
reverse transcription of the single stranded RNA copy, thus producing a new DNA
copy, and a subsequent chromosomal integration of the new DNA copy occurs, then
the result will be host cells that contain multiple copies of the same virus genome.
When this process occurs repeatedly over a time period of millions of years, there
gradually can arise mutations in the genomically incorporated viral sequences which
result in a genome containing variants of the same LTR retrotransposon. The result
will be what is described as a ‘family’ of related LTR retrotransposons. The same
host cell can contain many different families of LTR retrotransposons, with each
family of LTR retrotransposons possibly representing the eventual result of a
different initiating viral infection.

The known viral families that generate LTR retrotransposons as an obligatory
part of their replication process are Metaviridae, Pseudoviridae, and Retroviridae.
Metaviridae are represented by Ty3 ‘Gypsy’ LTR retrotransposons. There can be a
biological competition involving Gypsy LTR retrotransposons and host DNA meth-
ylation processes, as has been found within a mangrove host (Wang et al. 2018). The
LTR retrotransposon named Steamer belongs to this Ty3 group (Metzger et al. 2018)
and I therefore am considering Steamer to be a member of the Metaviridae family.
The Steamer retrotransposon is highly expressed in cells of a transmissible cancer
which affects the bivalve Mya arenaria clam (Metzger et al. 2015) and that clam
species also has the common name ‘Steamer’. The Steamer retrotransposons have
moved horizontally to other bivalve species and also to animals of completely
different phyla (Metzger et al. 2018). I additionally have included Bel/pao LTR
retransposons (Thomas-Bulle et al. 2018) under the viral family name Metaviridae,
which traditionally has been their viral family designation. It is possible that Bel/pao
LTR retrotansposons eventually will be considered to represent a new viral family
named Belpaoviridae. Pseudoviridae are represented by Ty1 ‘Copia’
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Retrotransposons. The ‘Ty’ is an abbreviation for ‘Transposons of yeast’, and the
designation numbers originate from the fact that five types of retrotransposons were
identified in the yeast Saccharomyces cerevisiae. The LTR retrotransposons gener-
ated by Retroviridae do not seem to have been given a group name such as were the
Gypsy and Copia elements.

It is important to note that, although the term retrovirus once was applied to only
members of the viral family Retroviridae, now the Metaviridae and Pseudoviridae
viral familes also are referred to as being retroviruses. The LTR retrotransposons
that represent Retroviridae are ubiquitous in jawed vertebrates but seem not to have
been identified in other groups of eukaryotes. The LTR retrotransposons that
represent Metaviridae thus far have been found in fungi, nematodes, insects, and
plants. There also has been one suggestion made that endogenous sequences most
closely resembling the genus Errantivirus (family Metaviridae) exist in a mammal
(Vargiu et al. 2016) and that would represent a unique departure from the known
host range of endogenous Metaviridae. Those LTR retrotransposons that represent
Pseudoviridae thus far have been found in fungi, insects, and plants. The genomes
of many host species contain both ‘Gypsy’ and ‘Copia’ endogenous sequences,
indicating that these two groups of LTR retrotransposons do not mutually exclude
one another. Thus far, except for the mention by Vargiu et al. (2016), hosts which
contain LTR retrotransposons representing Retroviridae have not been found to
also contain either Ty3 ‘Gypsy’ LTR retrotransposons or Ty1 ‘Copia’ LTR
retrotransposons.

I will be providing some additional information about Metaviridae in Sects. 4.7.3
and 4.8.2.3 of this chapter. The subject of Pseudoviridae is further examined in Sect.
4.8.2.3 of this chapter. Endogenous Retroviridae again will be the subject in Sect.
4.7.7. For information that catalogs the presence of endogenous Metaviridae,
Pseudoviridae, and Retroviridae in their eukaryotic hosts, please see Chap. 3
Cataloging the Presence of Endogenous Viruses, which was written by me and
appears on pages 47–112 of this volume.

4.5.3 The Role of Mammalian Apparent LTR
Retrotransposons (MaLRs) in Humans

Mammals contain in their chromosomal DNA a significant category of LTR
retrotransposons that have been designated Mammalian apparent (MaLRs) and
these have been associated with retroviruses, presumably Retroviridae. It has been
suggested that the MaLRs may have influenced a number of host genes in various
modes during human evolution (Katoh and Kurata 2013). Solitary LTRs derived
from HERVs (the endogenous Retroviridae sequences contained in humans often are
identified by this abbreviation which represents “Human endogenous retroviruses”)
and MaLRs numerically dominate the Retroviridae provirus forms. Lamprecht et al.
(2010) reported that derepression of the transposon-like human element 1 (THE1)
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subfamily of MaLR LTRs is widespread in the genome of Hodgkin’s lymphoma
cells and is associated with impaired epigenetic control due to loss of expression of
the corepressor protein CBFA2T3. Protein CBFA2T3 (core-binding factor, runt
domain, alpha subunit 2; translocated to, 3) is a master transcriptional coregulator
in hematopoiesis. Corepressor CBFA2T3 belongs to a family of ubiquitously
expressed transcriptional repressors that interact with transcription factors bound
to promoters of target genes. It has been suggested that the functions of CBFA2T3
include suppression of breast tumors, and thus losing normal function of CBFA2T3
may be a key event in the early stage of breast cancer (Kochetkova et al. 2002).
Lamprecht et al. (2010) concluded that derepression of these LTR genetic elements
is involved in the pathogenesis of human lymphomas. Transcription of the Colony
Stimulating Factor 1 Receptor (CSF1R) in lymphoma cells initiates at transposon-
like human element 1B (THE1B), which represents an aberrant activation of this
endogenous LTR of the MaLR family (Lamprecht et al. 2010). The CSF1R func-
tions as a receptor for the cytokine CSF1, which controls the differentiation, function
and production of macrophages. Lamprecht et al. (2010) also indicated that aber-
rantly expressed LTR-driven CSF1R transcripts have been detected in anaplastic
large cell lymphoma. Not all of the health aspects associated with this group of LTR
retrotransposons are negative. For example, humans and anthropoid apes produce
the peptide Corticotropin-releasing hormone (CRH) in the placenta, where its
concentration rises just prior to birth. Production of CRH in the placenta is contolled
by the endogenous retroviral element THE1B (Dunn-Fletcher et al. 2018).

Future research efforts in the fields of oncology and immunogenetics are certain
to unveil more details about the involvement of endogenous LTR retrotransposons in
human pathogenesis (Katoh and Kurata 2013).

4.6 An Example Regarding the Importance of Endogenous
Viral Sequences in Health and Disease of Unicellular
Eukaryotes

4.6.1 Lavidaviridae

Lavidaviridae sequences can exist endogenously in some flagellates including uni-
cellular algae. These endogenous Lavidaviridae genomes (Hackl et al. 2020) are
proviruses that, by themselves, seem to be replicatively incompetent. The
Lavidavididae (Fischer 2020) are satellite viruses of Mimiviridae (Fischer et al.
2010) and the normal host range of Lavidaviridae presumably would be equal to
that of their Mimiviridae helpers. If a cell containing the Lavidaviridae genome
becomes infected by a suitable helper virus, then the endogenous Lavidaviridae
genome becomes activated resulting in the infected cell producing and releasing
progeny lavidaviruses in addition to progeny mimiviruses (Blanc et al. 2015;
Duponchel and Fischer 2019). Replication of the endogenous Lavidaviridae seems
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to reduce the number of helper virus progeny that are produced (Blanc et al. 2015),
and simultanous infection of another host cell by progeny of both the lavidavirus and
progeny of its corresponding mimivirus may also suppresses replication of the
mimivirus (Fischer and Hackl 2016). Thus, the presence of an endogenous
lavidavirus can be protective of the host population by reducing the risk that
neighboring cells will succumb to infection by progeny Mimiviridae.

4.7 Examples Regarding the Importance of Endogenous
Viral Sequences in Morphological Development, Health
and Disease of Animals

Some of the endogenous viruses have evolved to offer a survival-related benefit to
their natural host, and this can give an added measure of stability to their mutual
relationship. Examples of such benefits have been found by studying Bornaviridae,
Filoviridae, Metaviridae, Nudiviridae, Parvoviridae, Polydnaviridae, and
Retroviridae.

4.7.1 Bornaviridae

Bornaviridae sequences that are endogenized in human genomes detrimentally may
be associated with a predisposition for lung adenocarcinoma among nonsmokers
(Honda 2017). There also may be benefits associated with endogenous Bornaviridae.
One example of a benefit would be the possibility that endogenous Borna-like
sequences in ground squirrel inhibit the replication of infecting Bornaviridae (Fujino
et al. 2014). Endogenous bornavirus-like nucleoprotein elements (EBLNs) of
afrotherian mammals (superorder afrotheria) encode functional genes which are
used by the host cells, representing an exaptation process (Kobayashi et al. 2016).
Exaptation is the use of a viral protein to serve a species which did not design that
protein. Hosts frequently exapt proteins whose coding has been imported into the
host by endogenous and lysogenous viruses.

4.7.2 Filoviridae

Filoviridae sequences that have been endogenously conserved in bats may act as
regulators that suppress the innate immune system (Edwards et al. 2018). This
finding suggests that genomically integrated sequences from non-retro RNA viruses
had been coopted.
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4.7.3 Metaviridae

Metaviridae sequences, specifically those known as gypsy elements, are endogenous
in many groups of eukaryotes including insects. Gypsy elements may serve as
transporters of genes (Kapulkin 2016) although little else seems to be known
about the possible role of gypsy sequences in the ecology of their hosts. Most insects
also contain intracellular endosymbiont bacteria of the genus Wolbachia that have
been maternally inherited. Touret et al. (2014) discovered that the Wolbachia which
Drosophila melanogaster offspring inherit seem to reduce maternal transmission of
gypsy sequences.

4.7.4 Nudiviridae

Nudiviridae sequences that have been endogenized are used by some parasitoid
wasps, with an example being Venturia canescens, to aid the ability of their eggs to
hatch, and their offspring develop, within the bodies of their parasitized insect hosts.
Many wasps inject infectious Polydnaviridae into their insect host during oviposition
(Drezen et al. 2017) as will be discussed in Sect. 4.7.6 of this chapter, and those
injected Polydnaviridae infect the parasitized host. The Nudiviridae association has
offered a different, hypothetically non-infectious option. The Nudiviridae genetic
information which has become endogenized into Venturia canescens includes
pseudo-genes of the Nudiviridae capsid protein. Those pseudogenes are viral geno-
mic remnants that no longer code for a capsid protein, although the pseudogenes do
indicate that the captured virus initially did encode a capsid protein. The wasp
incorporates its own immunosuppressive virulence proteins inside of liposomes
that bear the nudiviral envelope protein (Drezen et al. 2017). These liposomes are
termed virus-like particles and injected along with the wasps eggs into its host. Viral
DNA is not incorporated into these viral-like particles (Drezen et al. 2017; Leobold
et al. 2018; Volkoff and Cusson 2020) and thus, if the criterion of infection is
considered by a strict definition, then injection of these virus-like particles into the
host insect does not represent an infection of the host insect. If the definition of
infectiveness is allowed to change such that it does not require the ability of an
infecting organism to direct self replication, then perhaps the use of these viral-like
particles eventually will be judged a type of infection (Drezen et al. 2017).

4.7.5 Parvoviridae

Simultaneous infection of the rosy apple aphid, Dysaphis plantaginea, by two viral
species Dysaphis plantaginea densovirus (genus Ambidensovirus, family
Parvoviridae) and Acyrthosiphon pisum virus (unclassified above the level of
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species) is necessary in order to achieve induction of wing development in asexual
clones of that aphid species. Winged morphs enable aphid species to successfully
disperse and then colonize new plants. The Acyrthosiphon pisum virus alone does
not fulfill that function for Dysaphis plantaginea, and the parvovirus infection
results in a replicative cost which the aphid pays in association with the gained
benefit of wing production (Ryabov et al. 2009). The pea aphid, Acyrthosiphon
pisum, relies upon upregulation of endogenous Parvoviridae sequences to assist with
its generation of winged morphs and that upregulation similarly can involve a
reproductive cost to the aphid. The endogenous Parvoviridae genes which provide
this function for Acyrthosiphon pisum have been presumed to represent the same
virus that infectiously is important for induction of wing formation by Dysaphis
plantaginea (Parker and Brisson 2019).

4.7.6 Polydnaviridae

Polydnaviridae sequences that are endogenous and fully capable of generating
progeny virions play a mutualistic life cycle role for the Braconidae and
Ichneumonidae families of parasitoid wasps (Legeai et al. 2020; Volkoff and Cusson
2020) including the braconid species Cotesia congregata. That wasp species func-
tions as a biological control agent for the tobacco hornworm, Manduca sexta. The
wasp and its host are in an evolutionary arms race where failure equals death. From
the perspective of this wasp species, which is an obligate parasite, usage of a
symbiotic virus has provided the best strategy for overcoming the defenses of its
host. The endogenous polydnavirus genome exists as a provirus both in male and
female Cotesia congregata and may first have incorporated into this evolutionary
line of wasps around 100 million years ago (Murphy et al. 2008). The provirus
generates assembled virions only in the nuclei of calyx cells contained within the
female wasp ovaries. Eventually, the membranes of those cells breakdown and the
progeny virions enter the oviduct lumen. Both venom and progeny virions are
injected along with wasp eggs into the host caterpillar during oviposition. The
venom produced by Cotesia wasps reduces the possibility of superparasitism,
which could result if the same host animal were later attacked by another wasp
seeking to inject its own eggs (Chen et al. 2020). The injected virions contain
circular viral DNA sequences that encode virulence genes. Subsequent expression
of these virulence genes within the caterpillar’s body suppresses the caterpillar
immune system, which allows successful hatching and development of the wasp
inside of its caterpillar host (Beckage and Gelman 2004; Bredlau et al. 2019;
Chevignon et al. 2014; Louis et al. 2013). The polydnavirus also interferes with
development of the caterpillar host in several ways, with one example being that the
virus prevents the caterpillar from entering its underground pupation. The virus
additionally suppresses secretion of glucose oxidase into the caterpillars saliva.
Glucose oxidase elicits plant defenses, and therefore suppressing the level of glucose
oxidase in the caterpillars saliva may result in the caterpillars growing at a faster rate
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and thus being more suitable hosts to the wasp. There likely are many additional
endocrinological and behavioral effects associated with presence of the virus in the
caterpillar. Cotesia congregata also can replicate in the catalpa sphinx, Ceratomia
catalpae. The dramatic interaction between Cotesia congregata and its caterpillar
prey are shown in Figs. 4.2, 4.3, and 4.4. This parasitoid wasp replication cycle
seemingly can result in horizontal gene transfers between animals and viruses, with
an example having been a Helitron transposable element possibly moving first from
a Drosophila host ancestor into the genome of a polydnavirus that became endog-
enous within the parasitoid wasp Cotesia vestalis, and that transposable element then
moving from Cotesia vestalis into a host Bombyx mori (Heringer et al. 2017).

Fig. 4.2 These images show a female parasitic wasp Cotesia congregata injecting eggs into the
hemocoel of a tobacco hornwormManduca sexta. The images appear courtesy of their author Justin
Bredlau
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Helitron transposons seem to capture and mobilize gene fragments in eukaryotes.
Cotesia vestalis will parasitically attack Bombyx mori, but with only a ten percent
rate of replicative success and no production of parasitoid cocoons (Hiroyoshi et al.
2017).

The larvae and pupae of Cotesia congregata, and of many other parasitoid wasps,
can in turn be parasitized by several different groups of wasps that are considered to
be hyperparasitoids. Those hyperparasitoids use the parasitoid progeny as hosts
(Harvey 2008; Zhu et al. 2018). A chain of interactions initiated by the symbiotic
Polydnaviridae reveals the presence of parasitoid larvae to their hyperparasitoid
enemies. Those hyperparasitoids include members of the wasp genus
Hypopteromalus (family Pteromalidae) and other members of the wasp families

Fig. 4.3 The upper image shows larvae of Cotesia congregata after they have emerged through the
cuticle of their host tobacco hornworm Manduca sexta. Some of the larvae shown in this image
have begun to spin their individual cocoons. The lower image shows larvae of the Cotesia
congregata wasp within their cocoons, still attached to the host from which the larvae had emerged.
These images appear courtesy of their author Justin Bredlau

4 Do the Biological Roles of Endogenous and Lysogenous Viruses Represent. . . 129



Chalcididae, Ichneumonidae, and Pteromalidae. Some of those hyperparasitoids
parasitize the pre-pupal stage of Cotesia congregata, which occurs while the devel-
oping Cotesia are in their cocoons, and one species of Ichnuemonid has been found
to parasitize Cotesia larvae while they are still inside the caterpillar.

The caterpillars of Manduca sexta are not limited to feeding on tobacco and in
fact these caterpillars are very common on garden tomatoes. As suggested above,
there are additional Cotesia species which carry and use endogenous Polydnaviridae.
The endogenous Polydnaviridae also play a similar role for numerous other genera
of parasitic wasps, and it is possible that the effects of endogenous Polydnaviridae
may differ among the many other genera of parasitoids that mutualistically use this
virus family. Tan et al. (2018), as an example, studied a wasp of the Microplitis
genus in their experiments. It is important to note that although the caterpillars used
as hosts by Cotesia congregata pupate underground, many of the other caterpillar
species which serve as hosts for parasitic wasps do instead make cocoons during the
caterpillar pre-pupal stage before the wasp larvae emerge.

Fig. 4.4 This image shows
a Cotesia congregata wasp
and Cotesia congregata
cocoons on their tobacco
hornworm Manduca sexta
host after some of the
offspring wasps had
emerged. The lower image
is an enlargement of the
upper image. These images
appear courtesy of their
author Beatriz Moisset
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4.7.7 Retroviridae

Retroviridae sequences respectively belonging to the Alpharetrovirus,
Betaretrovirus, Gammaretrovirus and Spumavirus genera have been found in avians.
Chickens express genes from approximately twenty percent of their endogenous
Retroviridae, meaning that within the host cells there are viral proteins being
produced by transcription of the endogenous Retroviridae sequences and subsequent
translation of those transcripts. This process of producing viral proteins from the
endogenous Retroviridae sequences follows tissue-specific patterns in chickens.
Also, it is important to note that the number of endogenous Retroviridae viruses
expressed in chicken embryo fibroblasts is greater than is the expression of endog-
enous Retroviridae which occurs in older chickens (Bolisetty et al. 2012). The
transmembrane proteins of endogenous retroviruses can have a detrimental immu-
nosuppressive role which they fulfill by modulating cytokine release, and that
unfortunately can facilitate the formation of tumors (Denner 2017).

Denner (2017) has published a summary of information about the different
endogenous Retroviridae envelope gene sequences which various mammalian spe-
cies use beneficially as syncytins during the initiation of a placenta. When used for
this purpose of placentation, the envelope proteins encoded by endogenous
Retroviridae are activated and employed by eutherian (placental) and also by
metatherian (marsupial) embryos during that early stage of placental generation
(Denner 2017). These endogenous viral proteins are called syncytins because they
function by causing embryo-derived cells to fuse their outer membranes resulting in
formation of a multinuclear syncytium. There also are numerous groups of vivipa-
rous lizards, including the Mabuya which are a genus of long-tailed skink, that
similarly use the envelope protein of an endogenous Retroviridae to create a
syncytium during initial development of their transient organ which serves equiva-
lently to a placenta.

It also is possible that endogenized genes from Retroviridae provide their host
with some protection against infection by other members of that same virus family
(Broecker and Moelling 2019).

4.7.7.1 The Importance of Endogenous Retroviridae in Health
and Disease of Their Human Hosts

Perhaps eight percent of the human genome represents sequences derived from
Retroviridae (Griffiths 2001). The endogenous Retoviridae represent enveloped
viruses, those which have an outer membrane surrounding their nucleoprotein.
Infectious Retroviridae natually enter their new host cells by fusing together their
viral outer membrane and the host cells membrane (Denner 2017) after which the
viral RNA genomes are released into the new host cell and the viral genomes will be
reverse transcribed. The produced DNA copies of the viral genomes are integrated
into the host cell genome.
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The endogenous Retroviridae sequences contained in humans have been grouped
into 31 families (Denner 2016). These families of human endogenous retroviruses
(often abbreviated HERV) have been clustered into three broad classes based upon
analysis of their DNA genomes (Griffiths 2001; Nelson et al. 2003; Vargiu et al.
2016). Class 1 are most closely related to the Retroviridae genera Epsilonretrovirus
and Gammaretrovirus, and Class 1 notably includes HERV-E, HERV-F including
HEP, the HERV-Fc groups, HERV-FRD, HERV-H, HERV-I, HERV-R, HERV-T,
HERV-W, plus the HUERSP groups, MER including MER41, PABL, and PRIMA.
The family HERV-W does, by itself, account for about 1 percent of the human
genome (Denner 2016). Class 2 are most closely related to the Retroviridae genus
Betaretrovirus and notably include both HERV-K and HML. Class 3 are more
closely related to the Retroviridae genus Spumavirus and include both HERV-L
and HERV-S. It seems that HERV-L and HUERSP3 represent the oldest integrations
(Vargiu et al. 2016), of which the HERV-L sequences are believed to have integrated
into the mammalian genome approximately 100 to 150 million years ago. All
placental mammals have been found to contain HERV-L sequences. The primate
specific endogenous Retroviridae virus MER41 entered the ancestral primate
genome approximately 45 million to 60 million years ago and there now are an
estimated 7190 long terminal repeat elements of this virus in the human genome
(Chuong et al. 2016). The endogenous Retroviridae groups HERV-K (HML2) and
HERV-Fc represent the most recent integrations (Vargiu et al. 2016). Some of the
Retroviridae sequences that represent HERV-K (HML-10) may have entered the
genome of ancestral Old World monkeys about 35 million years ago (Broecker et al.
2016).

Most of the endogenous LTR retrotransposon sequences produced from
Retroviridae seem to be ancient relics that may either partially transcribe or not
transcribe at all. Perhaps 90 percent of endogenous Retroviridae elements consist
only of LTR (long terminal repeat) segments that are not associated with open
reading frames, and thus these elements do not code for proteins. Some of the
LTR retrotransposons are capable of moving throughout their host genome (Chuong
et al. 2016), which is why they are called transposons. However, it has been
suggested that most of the HERVs as a representative group pose no immediate
risk as transposable elements and most of the LTR retrotransposons that represent
human endogenous Retroviridae lost their infectivity and transposing ability prior to
the human-chimpanzee speciation (Katoh and Kurata 2013). The HERV-L
sequences are an example of endogenous Retroviridae sequences that are not
known to produce any proteins and so far have not been linked to disease.

It potentially is possible for HERVs and also solitary LTRs derived from HERVs
that normally are suppressed to be reactivated and then act as extra transcriptional
initiation points for nearby cellular genes (Katoh and Kurata 2013). Some of the
LTR retrotransposons generated from Retroviridae have found usage by their host
for different functions, including times when these retrotransposon sequences serve
as promoters (Thompson et al. 2016), and this repurposing is termed exaptation.
Indeed, there may be hundreds of thousands of LTR sequences in a genome that can
provide binding sites for transcription factors (Katoh and Kurata 2013). There also
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are numerous endogenous Retroviridae sequences that are relatively younger and
have remained competent as proviruses. The term provirus is a signification of their
ability to produce progeny virions. Serving as examples, the human genome has
3167 Retroviridae proviruses, zebra finch has 1221, chicken has 492, and turkey has
150 (Bolisetty et al. 2012). Hosts have developed restriction pathways to suppress
the activity of Retroviridae proviruses at the points of transcription and post-
transcription (Thompson et al. 2016).

4.7.7.1.1 The Beneficial Role of Endogenous Retroviridae in Placentation
and Gestation

Humans and other primates are among the animals which express endogenous
Retroviridae genes in their placenta. The envelope gene of viruses which belong to
the family group HERV-W intentionally is activated by a human embryo and that
envelope protein serves as syncytin-1, which is critically important for achieving
cell-cell fusion in order to initiate development of a placenta. All primates use this
same endogenous viral protein for that purpose early in the development of a
placenta. In those other primates, this virus family is designated as ERVW-1
(Endogenous retrovirus W-1) rather than HERV-W. Humans and other primates
additionally express in their placentas a reactivation of endogenous viruses belong-
ing to the HERV-FRD group, whose envelope genes also serve as syncytins and
likewise help to mediate the cell fusion which occurs early in placental development.
Syncytin-2 represents expression of HERV-FRD. Blastocyst implantation critically
requires both of those two syncytins (Soygur and Sati 2016). Expression of HERV-K
additionally occurs during the human embryos early developmental stages of pre-
implantation but that expression is then silenced (Küry et al. 2018). Luis Villareal
presented in 1997 a hypothesis that endogenous retroviral elements suppress mater-
nal immunity during pregnancy and that this viral action facilitated the evolution of
placental mammals (Villareal 1997). Expression of the transmembrane (TM) protein
of HERV-K indeed may be immunosuppressive and its activation by the embryo
thereby helpful to prevent maternal rejection of the fetus (Denner 2016). Genes of
HERV-R (also identified as ERV-3) and HERV-E additionally are expressed in the
placenta. The reactivation of at least some of those endogenous Retroviridae occurs
in conjunction with changing hormonal levels.

4.7.7.1.2 Other Involvements of Endogenous Retroviridae in Health Versus
Disease

Unfortunately, the same endogenous retrovirus envelope proteins which are cru-
cially important as syncytins 1 and 2 during the intiation of a primate placenta also
induce the establishment of human immunodeficiency virus (HIV) reservoirs in the
placenta and facilitate the placental transmission of HIV by fusing together infected
and uninfected cells (Tang et al. 2020).
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Some of the endogenous Retroviridae sequences in humans do remain capable of
transcriptional activity at other times during the life cycle of their host. One example
of these would be the MER41.AIM2 endogenous virus which regulates transcription
of AIM2 (Absent in Melanoma 2) that encodes a sensor of foreign cytosolic DNA
necessary for an inflammatory response to infection. The endogenous Retroviridae
of humans also have been associated with and in some ways implicated as being
causal for several autoimmune related diseases including amyotrophic lateral scle-
rosis (ALS), multiple sclerosis (MS), rheumatoid arthritis, and systemic lupus
erythematosus (Brütting et al. 2017; Katoh and Kurata 2013; Tokuyama et al.
2018). If members of the endogenous virus family HERV-W, which so valuably
serve us at the embryo stage of our life, should accidently become active at some
other point in a human life cycle then the same HERV-W envelope gene product
which functioned as a syncytin may instead cause multiple sclerosis (Katoh and
Kurata 2013; Ruprecht and Mayer 2019). The HERV-W env protein also induces a
release of inflammatory cytokines by monocytes (Küry et al. 2018) which can upset
the healthy balance between inflammatory cytokines and anti-inflammatory cyto-
kines. The family of endogenous Retroviridae sequences designated HERV-K
(HML2), which has been estimated to represent less than one percent of the
human endogenous Retroviridae sequences, is active and associated with the initi-
ation of amyotrophic lateral sclerosis (Denner 2016; Li et al. 2015). Endogenized
Retroviridae sequences have been associated with human tumors (Honda 2017;
Soygur and Sati 2016) and specifically the HERV-K family of sequences has been
implicated in germ cell tumors including cancer of the testis (Denner 2016). The
virus group HERV-K10 has been linked to juvenile rheumatoid arthritis (Brütting
et al. 2017). Human endogenous retroviruses additionally may be involved in
schizophrenia and type 1 diabetes mellitus, and some of these illnesses for which
human endogenous Retroviridae have been implicated seem to cooccur (Brütting
et al. 2017). Activation of endogenous Retroviridae sequences may be triggered by
human Herpesviridae infections including cytomegalovirus, epstein-barr virus, and
varicella-zoster virus. Infections by Retroviridae such as HTLV-1 (human T-cell
lymphotropic virus type 1), and HIV-1 (human immunodeficiency virus 1) also may
trigger endogenous Retroviridae into reactivation (Küry et al. 2018).

Endogenous Retroviridae sequences have become regulators that enhance inter-
feron regulation, they are induced by interferon gamma (IFNG), and specifically are
involved in activation of the AIM2 inflammasome which activates inflammatory
responses (Chuong et al. 2016). When the DNA methylation-mediated suppression
system becomes compromised, HERVs and other LTR retrotransposons can cause
detrimental and self-protecting effects. Two examples of clinically significant HERV
or LTR activation are CSF1R oncogene activation by a MaLR LTR in Hodgkin’s
lymphoma, and renal cell carcinoma specific novel expression of an HERV-E
antigen facilitating immunotherapy.
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4.7.7.2 The Parallel Roles of Endogenous Retroviridae in Health
and Disease of Animals

Endogenus Retroviridae seem to exist in all mammals. We know that metatherians
use the envelope genes of their endogenous Retroviridae during initiation of their
placentas, just as do eutherians. Presumably there are many additional commonal-
ities that will be found between the ways in which endogenous Retroviridae function
beneficially and detrimentally for the health of humans and our fellow mammals.
One possible concern is that transplanting animal tissues into humans will result in
detrimental activation of those animals endogenous Retroviridae. Swine often are
used as a source of tissue for transplantation into human, and thusly there is an
accompanying concern about those porcine endogenous Retrovirudae that exist as
proviruses. Joachim Denner has studied this subject area. His review of the literature
about transmission of endogenous Retroviridae during transplantation of porcine
tissues into mammals did fortunately suggest the risk to be very limited (Denner
2018).

4.8 Examples Regarding the Importance
of Non-endogenous and Endogenous Viral Sequences
in Health and Disease of Plants and fungi

Many of the viruses that infect plants and fungi cause disease in their host, and yet
some seem to benefit their host.

4.8.1 The Role of Non-endogenous Viruses in Plant Health

Many non-endogenous viruses of plants certainly seem to offer survival benefits to
the health their hosts. Examples of these benefits as summarized from Takahashi
et al. (2019) include:

Alteration of predator preference

Bromoviridae (genus Cucumovirus)

Cold tolerance

Bromoviridae (genus Cucumovirus)

Drought tolerance:

Bromoviridae (genera Bromovirus and Cucumovirus)
Partitiviridae (genera Alphapartitivirus and Deltapartitivirus) Tobamoviridae

(genus Tobamovirus)
Virgaviridae (genus Tobravirus)
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Heat tolerance

Bromoviridae (genus Cucumovirus)

Increased plant productivity

Amalgaviridae (genus Amalgavirus)
Endornavirididae (genus Alphaendornavirus)

Reduce plants attractiveness to insects (some of the insects are fungal vectors, others
may vector acutely infective viruses)

Alphaflexiviridae (genus Potexvirus)
Partitiviridae (genus Deltapartitivirus)
Potyviridae (genus Potyvirus)

Reduced susceptibility to fungi

Alphaflexiviridae (genus Potexvirus)
Potyviridae (genus Potyvirus)

Suppression of root nodule activity when sufficient nitrogen is present

Partitiviridae (genus Alphapartitivirus)

Some of these benefits to plants involve viruses which do not directly infect plants,
but instead the viruses infect fungi. A three-way mutualistic beneficial effect is
evidenced when those virally-infected fungi simultaneously are infecting plants.
Two examples of non-endogenous viruses which infect fungi and thereby exert a
beneficial effect that is evidenced when the fungus subsequently infects a plant are
Sclerotinia sclerotiorum hypovirulence associated DNA virus 1-A and Curvularia
thermal tolerance virus. Of these two viruses, Sclerotinia sclerotiorum hypovirulence
associated DNA virus 1-A (viral family Genomoviridae; genus Gemycircularvirus)
reduces the virulence of its fungal host Sclerotinia sclerotiorum (Hillman and
Milgroom 2021) which infects a wide range of host plants.

Curvularia thermal tolerance virus, which is an unclassified double stranded RNA
virus, exerts its three-way mutualistic association by infecting the fungus Curvularia
protuberata. Curvularia protuberata is an endophyte of the tropical panic grass
Dichanthelium lanuginosum and that grass is found in geothermal soils of Yellow-
stone park. The plant and fungus cannot grow individually at temperatures above
38 �C. However, when the fungus Curvularia protuberata lives as an endophyte in
the grass plants and this fungus is infected by Curvularia thermal tolerance virus, the
virus confers heat tolerance to the grass. The three-way mutualism allows both the
plant and its fungal endophyte to survive at root zone temperatures up to 65 �C.
Isolates of that fungus which lack the virus do not provide the plant with heat
tolerance (Márquez et al. 2007).
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4.8.2 The Role of Endogenous Viruses in Plant Health

The viral family groups whose endogenous representation in vascular plants
includes having their viral sequences being integrated into the plants chromosomal
material are: Amalgaviridae, Betaflexiviridae, Bromoviridae, Caulimoviridae,
Chrysoviridae, Endornaviridae, Geminiviridae, Metaviridae, Partitiviridae,
Potyviridae, Pseudoviridae, Rhabdoviridae, and Totiviridae. Of these viral families,
the Caulimoviridae can also have an episomal existance within the cells of their host
plant. The endogenous Mimiviridae and Pithoviridae sequences found in plants
presumably are integrated into the plants chromosomal material.

Most of the endogenous viral elements in plants originate from viruses that lack
integrase genes, and so their presence as endogenous elements within the chromo-
somal material of a plant presumably results from either host cell integrase functions
or integrase activity by other viruses. The endogenous viral genomes present in
plants generally are considered to be grounded, meaning that they cannot excise
from the host cell genome. When considered as a group, the endogenous viral
elements of plants often consist only of partial viral genomes as the result of
fragmentation, although entire viral genomes also can be present. Whether viral
integration into host genomes is ultimately of net benefit versus harm to the host
remains to be determined (Takahashi et al. 2019).

4.8.2.1 Caulimoviridae

Caulimoviridae are the endogenous pararetroviruses most represented in plants. In
general, the endogenous pararetroviruses of plants have become grounded, meaning
that they no longer can generate progeny virions. However, some of the
Caulimoviridae sequences have retained the ability to produce virions and thus are
considered to be proviruses. These proviral Caulimoviridae can exist either chro-
mosomally or episomally and many of the episomal viral forms seemingly are able to
transition between the status of latency and the active production of progeny virions.

The viral species Banana streak virus (genus Badnavirus, family Caulimoviridae)
is an endogenous pararetrovirus in plantain (genus Musa) and presumably this virus
normally is integrated into its hosts chromosomal material. When the host plant is
under stress, this endogenous virus activates by recombination to create an episomal
viral genome and produces infectious progeny virions. Editing of the endogenous
Banana streak virus genome by a CRISPR/Cas9 technique can suppress the ability of
that viral genome to produce viral proteins, thus allowing the plant to successfully be
cultivated (Tripathi et al. 2019).

The viral species Petunia vein clearing virus (PVCV, genus Petuvirus, family
Caulimoviridae) is found as a provirus of the plant genus Petunia. This virus affects
the coloration pattern of the host plant and can produce leaf malformation. Activa-
tion of this virus often happens as the plant ages and characteristically blotched
flowers resultingly occur in aging Petunia plants. It has been suggested that activa-
tion of the Petunia vein clearing virus results from the plants having a natural
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age-related decrease in maintenance of DNA methylation, and consequently
decreased methylation of the viral promoter. Both transcripts and episomal elements
of Petunia vein clearing virus accumulate in blotched areas of the plants flowers.
Blotching is caused by post-transcriptional gene silencing of an enzyme which is
important to anthocyanin biosynthesis. Because interference of anthocyanin biosyn-
thesis corresponds to activation of PVCV, it has been suggested that the virus has a
capability for post-transcriptional gene silencing (Kuriyama et al. 2020). There also
are elevated levels of viral suppressors of RNA silencing in those blotched areas.

4.8.2.2 Endornaviridae

Endornaviridae seem to be represented in plants including Bell pepper, Capsicum
annuum, by sequences that are homologous to the glycosyltransferase 28 domain.
Related sequences also are present in bacteria and fungi. It has been suggested that
these endogenous Endornaviridae sequences may have originated from bacteria
(Chu et al. 2014) and valuably serve by bringing this gene into the genome of
their host plant.

4.8.2.3 Metaviridae and Pseudoviridae

Metaviridae and Pseudoviridae are abundantly represented by Long terminal repeat
retrotransposons in many plant species. As one example, the genome of Zea mays
contains approximately 150,000 to 250,000 Long terminal repeat (LTR)
retrotransposons which collectively represent 50 to 80 percent of the maize nuclear
DNA (San Miguel and Vitte 2009). Most of the LTR retrotransposons in corn are
either Copia, which represent the viral family Pseudoviridae (Bousios et al. 2012;
Zhang and Qi 2019), or Gypsy which represent the viral family Metaviridae (Zhang
and Qi 2019). The importance of these groups of retrotransposons for plant health
still seems to remain a mystery, although they may serve to facilitate genetic
rearrangements and could be valuable as transcription initiation sites.

4.9 Understanding How Partnership with an Endogenous
Fungal Virus Can Reduce the Phytopathogenicity of its
Fungal Host

Some of the endogenous viruses of fungi have evolved to provide a survival-related
hypovirulence benefit to the association between their natural fungal host and plant
species which are infected by those fungi. This can give an added measure of
stability to their mutual relationship. An example of this type of relationship has
been found with a species of the viral family Hypoviridae which exists as endoge-
nous hypovirulence elements associated with some strains of the Chestnut blight
fungus Cryphonectria parasitica.
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The fungal species Cryphonectria parasitica, commonly named chestnut blight
fungus, causes cankers of chestnut trees. Those cankers have proven fatal for, and
virtually eliminated, the American chestnut tree, Castanea dentata, which once was
a predominant woodland forest species in parts of the United States. When the virus
Cryphonectria hypovirus 1 (genus Hypovirus, viral family Hypoviridae) endoge-
nously infects Cryphonectria parasitica the virus reduces virulence of the fungus
with a result that all three participants, the virus, its host fungus, and in turn the
fungal infected tree, manage to survive (Hillman and Milgroom 2021).

4.10 Lysogenous Viruses of Prokaryotic Hosts

All prokaryotes seem to be lysogenized by viruses and the goal for the host must be
surviving that situation.

4.10.1 Some of the Benefits and Detriments Associated
with Lysogenic Archaelphage and Bacteriophage

Archael and bacterial viruses play an integral role in the ecology of their hosts,
including the fact that these viruses affect prokaryotic population diversity and effect
prokaryote population control. These viruses also are important as means of trans-
ferring genomic information between prokaryotes (Weinbauer 2004). The presence
of eukaryotic association modules (Bordenstein and Bordenstein 2016) within
bacteriophage genomes suggests that lateral transfers occur between phage genomes
and the eukaryotes with which their host bacteria are associated.

Lysogenic bacteriophage, also called temperate phage, are viruses that naturally
infect bacteria. There also are lysogenic viruses associated with archaea, and those
have been termed archaealphage. When these viruses infect a host cell, the virus has
a choice between either initiating a lytic replication cycle or entering a lysogenic
state. The result of a lytic cycle would be generation of progeny viruses which
subsequently are liberated into the surrounding environment by rupturing and
resulting death of the host cell. That rupturing is termed lysis. Alternatively, entering
lysogeny involves viruses either inserting their genetic material into the genome of
the host cell or forming a circular copy of their genome that will exist independently
within the host cell’s cytoplasm. That decision as to where the lysogenic phage
genome will reside represents an evolved characteristic of the viral family to which
the virus belongs. The independent cytoplasmic form of a phage genome is called
either a plasmid, or a replicon, or an episome. There are lysogenic viruses that can
switch their choice of lodging, sometimes being integrated into the host genome and
at other times existing as a cytoplasmic replicon (Scott et al. 2008). These housed
viral genomes, whether in the host chromosome or cytoplasm, often are termed
‘prophage’ which indicates that the viral genome has retained capability for
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generating progeny virus particles. Lysogeny offers the virus an opportunity to
survive without killing its host cell, and that can be very important under conditions
where newly released progeny viruses might not easily encounter a susceptible host.

Lysogeny may involve a fitness cost to the host (Broecker and Moelling 2019).
Most bacteria, and presumably also most archaea, possess prophage and genetic
recombination can occur between coinfecting prophage (Fortier and Sekulovic
2013).

The prophage can contain genes that remain transcriptionally active, producing
products that are beneficial to the host and changing the phenotype of the host. Some
of these viral genes code for production of toxins and enzymes which may increase
pathogenicity of the host (Fortier and Sekulovic 2013; Pant et al. 2020). Prophage
can possess genes which provide the host with resistance against antimicrobial
compounds and resistance against attack by other microbes (Fortier and Sekulovic
2013). Other phenotypic traits of host prokaryotes which can be effected by the
prophage are ability of the host to develop bioflims, and ability of the host to
disperse, both of which are traits that can affect the environmental survival and
also pathogenicity of the microbial host (Fortier and Sekulovic 2013). These changes
in phenotypic expression by the host archaea and bacteria which result from tran-
scriptional activity of their prophage are termed to be either ‘phenotypic conversion’
or ‘lysogenic conversion’ (Fortier and Sekulovic 2013). Some prophage seem to
promote sporulation of their host bacteria which provides the prophage with addi-
tional environmental protection and long term persistence if the prophage success-
fully becomes sheltered within the sporulated host cell, and yet other prophage seem
to suppress sporulation (Fortier and Sekulovic 2013).

Some antibiotics can trigger the induction of a prophage, which means that the
prophage has ended its installation as a genetic element within the microbial host and
instead the prophage produces a lytic cycle. If those prophage encode a toxin, then
release of progeny viruses during lysis of their microbial host may be accompanied
by a release of toxins into the surrounding material. Production and release of such
toxins could cause clinical harm to animals if the microbial hosts being lysed are
either naturally colonizing microflora or pathogenic invaders of those animals
(Zhang et al. 2000).

Mutations in a prophage can result in the prophage being unable to enter a lytic
cycle, and that inability is described as grounding of the prophage. Ramisetty and
Sudhakari (2019) have suggested that grounding of a prophage offers two benefits to
the host. Those benefits would be: firstly, allowing the host to not risk being
destroyed by the prophage either intentionally or accidentally becoming lytic, and
secondly allowing the host to maintain resistance against lytic attack by other viruses
that are related to the prophage. Those benefits respectively are examples of viruses
effecting genotypic and phenotypic changes of their host.
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4.10.2 Examples Regarding the Ecology of Lysogenous Viral
Sequences in Prokaryotes

4.10.2.1 Inoviridae

Vibrio virus CTXphi is a notable example of lysogenic Inoviridae. Vibrio virus
CTXphi provides the coding for a toxin associated with the pathogenicity of Vibrio
cholerae (Pant et al. 2020). My suggestions for information about the ecology of this
virus would be Davis et al. (1999) plus Faruque and Mekalanos (2012). Information
about the repressor and operator genes of Vibrio virus CTXphi can be found in the
publication by Davis et al. (1999). I previously have described the role of this
lysogenic virus in the pathogenicity of Vibrio cholerae (Hurst 2019).

4.10.2.2 Microviridae

The known normal hosts of Microviridae are bacteria and the most widely recog-
nized lytic member of this viral family is Escherichia virus phiX174. The role of
Microviridae as lysogens and the actions which determine their change from lytic to
lysogenic lifestyle have not yet been resolved. As with the Inoviridae, the fact that
members of this viral family do not code for an integrase activity had led to the
presumption that Microviridae were limited to having only a lytic lifestyle. Krupovic
and Forterre’s (2011) discovery of lysogenic Microviridae was therefore of interest.
The host cell Chromosomally Encoded tyrosine Recombinases XerC and XerD seem
responsible for incorporation of Inoviridae and also Microviridae prophages into the
chromosome of their host cells. The replicative viability of Microviridae prophage
has been confirmed by Kirchberger and Ochman (2020).

4.10.2.3 Myoviridae

Escherichia phage Mu is a notable lysogenic member of the viral family Myoviridae.
Escherichia phage Mu encodes a transposase and can transpose within the genome of
its host bacteria. That transposition can result in host sequences either becoming
inactivated because those host sequences are adjacent to the inserted prophage, or
host sequences returning to activity when the prophage excises to move elsewhere in
the hosts genome (Harshey 2014). The name designation Mu represents the proper-
ties of this prophage as a cause of phenotypic mutations.

Wolbachia phage WO which affects the genusWolbachia carries genes related to
the black widow spider toxin (Bordenstein and Bordenstein 2016) and may mediate
horizontal gene transfer in its bacterial host (Wang et al. 2016).
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4.10.2.4 Podoviridae

Salmonella virus P22 is a well studied lysogenic member of the viral family
Podoviridae and differs from many of the lambdoid (Lambda—like, and presumed
relatives of Escherichia virus Lambda) viruses in that P22 has a second operator-
repressor system which controls its primary repressor, both of which serve to
maintain the lysogenic state of this virus within its host organism (Campbell
1994). Salmonella virus P22 is used as a transduction tool for inducing mutations
of cultured bacteria and fulfills that same role in nature.

4.10.2.5 Siphoviridae

Bacillus virus SPbeta is a notable lysogenic member of the viral family Siphoviridae
and encodes an integrase. Coordination of the decision as to whether this virus will
be lytic versus lysogenic is done by a peptide-based communication system termed
“arbitrium”. Stokar-Avihail et al. (2019) have very nicely described this communi-
cation system by stating that “During lytic infection, each phage produces a mea-
sured amount of a communication peptide, which is released into the growth
medium and internalized by nearby bacteria. In subsequent infections, progeny
phages sense the concentration of this peptide and preferably enter the lysogenic
cycle when its concentration is high. Such communication allows the presently
infecting phage to evaluate the extent of recent infections and lysis events by
predecessor phage infections, and according the infecting phage can switch to the
lysogenic cycle when its host bacterial population dwindles. During its lysogenic
mode, Bacillus virus SPbeta genetically provides its host with protection against
superinfection by related phage (McLaughlin et al. 1986).

Corynephage beta (phage β) also is a notable lysogenic member of the viral
family Siphoviridae, and this virus provides the toxic activity associated with
Corynebacterium diptheriae. The role of bacteriophage in the ecology and toxicol-
ogy of Corynebacterium diptheriae has been described by Zajdowicz and
Holmes (2016).

Escherichia virus Lambda (phage λ) is another notable lysogenic member of the
viral family Siphoviridae. Escherichia virus Lambda encodes an integrase plus an
excisionase. The maintenance of lysogeny by Escherichia virus Lambda is con-
trolled by two competing repressor genes, one of which maintains lysogeny and the
other regulates the change from lysogeny to a lytic cycle (Campbell 1994). Lysog-
eny by Escherichia virus Lambda can offer a benefit to the host population by
inhibiting the release of progeny generated by coinfecting viruses (Benzer 1955).
The change from a lysogenic existance to a lytic existance for Escherichia virus
Lambda is triggered by the host cell experiencing environmental stress (Schubert
et al. 2007). Escherichia virus Lambda has been studied as an example of how
coevolution with its host alters the adaptive landscape of a virus (Burmeister et al.
2016).
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Escherichia virus N15 produces a linear plasmid prophage (Ravin 2015). During
its lysogenic existance approximately half of the Escherichia virus N15 viral genes
are transcribed, which is far greater than the amount of transcriptional activity that is
required by many other prophage such as Escherichia virus Lambda. The high extent
of transcriptional activity which is required in order to control lysogeny by the
Escherichia virus N15 prophage suggests that maintenance of its lysogeny, and
perhaps similarly the lysogeny achieved by other groups of viruses which produce
plasmid prophage, involves a far greater complexity than does maintenance of those
lysogenous viruses such as Escherichia virus Lambda whose prophage instead reside
chromosomally within their host. Part of this increased complexity may relate to the
fact that prophage which exist as plasmids must have greater involvement in
assuring that they will replicate in coordination with their host, and will not become
left behind when their host cell divides.

Streptococcus virus Sfi21 (Prophage SF370.4 of Streptococcus pyogenes strain
SF370) also is a notable lysogenic member of the viral family Siphovridae. The
prophage of Streptococcus virus Sfi21 integrates into its host cells genome at a site
which results in this virus exercising partial control over the host cells DNA
mismatch repair. That integration site is between two host cell genes, and this
insertion blocks expression of the downstream gene mutL that codes for DNA
mismatch repair protein MutL. When the population density of its host cells is low
during, for example, early logarithmic bacterial growth the prophage excises from
the host chromosome to form a replicating episome. That excision allows expression
of mutL. When the host population density is high, the prophage reintegrates into the
chromosome and mutL gene expression ends (Scott et al. 2008).

Yersinia phage PY54 produces a linear plasmid prophage. The normal host for
this virus is Yersinia enterocolitica, although the virus also can replicate in
Escherichia coli (Ziegelin et al. 2005). The prophages produced by Yersinia phage
PY54 and Escherichia virus N15 are compatible plasmids meaning that they can
coexist within a host cell, and they simultaneously can infect either Escherichia coli
or Yersinia enterocolitica. Replication of this virus within a host cell involves
generation of a circular form with covalently closed ends and its replication has
been very well characterized. Doubly infected lysogenic E. coli can release three
types of virions and those are normal N15, normal PY54, and PY54 particles that
contain the N15 genome (Hammerl et al. 2007).

4.10.3 Tailocins, Type VI Secretion Systems, and Gene
Transfer Agents Represent the Concept of Retaining
and Subsequently Using Only Part of a
Lysogenic Phage

Two types of tailocins, grouped as R-type and F-type, are produced by bacteria and
these represent the tail and tailplate structures of bacterial viruses. The R-tailocins
represent the rigid contractile structure of Myoviridae tails. The F-tailocins represent
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the flexible but non-contractile structure of Siphoviridae tails. These types of
tailocins are created from bacterial genomic sequences that presumably had viral
origin. Tailocins are released by lysis of the bacteral cell which produced them
(Ghequire and De Mot 2015; Patz et al. 2019). Tailocins then attach to receptor sites
on susceptible bacterial target cells and subsequently kill those target cells. The
generation of these tailocins thus eases the competition that exists within a mixed
bacterial population. Type VI secretion systems (T6SS) also employ structures that
resemble phage tail plates and phage tails. The type VI systems are used for injecting
toxins into other cells and function without requiring lysis of their host cell (Patz
et al. 2019). Thus, the host cell survives use of its T6SS structures. Tailocins
contrastingly are much shorter than the physical structures used by T6SS, and
tailocins only become effective when they are released by lysis of the cell in
which they were produced. Gene transfer agents physically resemble tailed bacteri-
ophage and are created using pieces of grounded lysogenic bacteriophage genomes.
These transfer agents are used as a technique for dispersing fragments of the host
cells genome in a form that can be aquired by neighboring cells. Release of the gene
transfer agents requires lysis of the cell which generated those agents. Usage of
tailocins, type VI secretion systems, and gene transfer agents, all represent instances
of the host exercising control of its lysogenic viral sequences.

4.10.3.1 R-Type Tailocins

The R-tailocins will bind to targeted liposaccharides which serve as the tailocin
receptor sites on susceptible bacteria, after which contraction of the R-tailocin
depolarizes the cell membrane of its target bacteria in association with pore forma-
tion. The cell which produced the R-tailocins dies due to its lysing which released
those tailocins. However, if a cell produces tailocins but does not lyse to liberate the
tailocins, then the produced tailocins remain within the still viable cell which had
produced those tailocins. R-tailocins are identified sequentially as types R1 through
R5, and the genomes of many bacterial strains can code for more than a single type
of R-tailocin. The R-tailocins of Pseudomonas aeruginosa seem to have been
derived from a common ancestor of Escherichia virus P2 (phage P2, Family
Myoviridae) (Nakayama et al. 2000). Pseudomonas chlororaphis produces as
many as 2 types of R-tailocin particles which differ in their ancestral origin (Dorosky
et al. 2017). The ability to produce both of those two R-tailocins broadens the killing
spectrum of this bacterial species and contributes to the persistence of Pseudomonas
chlororaphis in mixed rhizosphere communities that contain susceptible bacterial
strains (Dorosky et al. 2017). Pseudomonas fluorescens typically produces one
R-tailocin although some strains of this bacterial species can produce two
R-Tailocins (Dorosky et al. 2017). Burkholderia cenocepacia also produces an
R-tailocin (Yao et al. 2017). I did not find information that genetically linked the
R-tailocins of either Pseudomonas chlororaphis, or Pseudomonas fluorescens, or
Burkholderia cenocepacia to any specific viruses as having been their possible
origins.
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4.10.3.2 F-Type Tailocins

The F-tailocins similarly attack target cells as would R-tailocins. At least some of the
F-tailocins seem to be derived from a common ancestor of Escherichia virus Lambda
(phage λ, family Siphoviridae) as discussed by Nakayama et al. (2000). Listeria
monocytogenes produces F-tailocins that seem to have been derived from
Lactococcus phage TP901-1 (Family Siphoviridae) as discussed by Lee et al.
(2016). A suggestion has been offered by Lee et al. (2016) that parallel coevolution
occurred between tailocins and tailed bacteriophage.

4.10.3.3 Type VI Secretion Systems

Type VI secretion systems (T6SS) are used by bacteria (Coulthurst 2019) to inject
toxins into other prokaryotic cells and even into eukaryotic cells. They function by
means of the bacteria producing a structure which resembles a bacteriophage tail
(Navarro-Garcia et al. 2019), and that structure can protrude up to several microme-
ters from the host cell (Patz et al. 2019). The genetic coding which is used to produce
Type VI secretion systems presumably has been derived from genomes of lysogenic
phage. Examples of their ecological roles include the delivery of toxins by
Acidovorax avenae (Masum et al. 2017), Acinetobacter baylyi (Smith et al. 2020),
Escherichia coli (Navarro-Garcia et al. 2019), and Vibrio cholerae (Logan et al.
2018).

4.10.3.4 Gene Transfer Agents

Bininda-Emonds et al. (2016) have published some discussion of the fact that, while
sexual reproduction serves as a mechanism for genetic exchange and genetic recom-
bination, species that do not have sexual reproduction may use other means of
horizontal gene transfer to achieve a similar genetic goal. Gene transfer agents,
which are generated by host cell control of lysogenized bacteriophage capsid genes,
represent the concept of retaining the transducing benefit provided by a bacterio-
phage without keeping the risk associated with the remainder of the viral genome
(Redfield and Soucy 2018; Shakya et al. 2017). An example of this would be the
discovery by Bárdy et al. (2020) that phage-like gene transfer agents (GTA) are
produced by many alphaproteobacteria, such as Rhodobacter capsulatus, in
response to the depletion of nutrients that occurs during times of high host popula-
tion density. The GTA particles physically resemble intact tailed bacteriophage
(Sherlock et al. 2019) and they are produced by the cell using genes that have
been derived from incomplete phage genomes. Those genes used for generating
GTA particles are integrated into the host chromosome and regulated by the cell.
Figure 4.5 shows a member of the viral family Myoviridae, and that viral family may
have provided the genes which are used to generate GTA particles. Figures 4.6 and
4.7 show the appearance of GTA particles.
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Fig. 4.5 This is a
transmission electron
microscope image of the
Synechococcus Phage
S-PM2, which belongs to
the viral family Myoviridae
and infects members of the
cyanobacterial genus
Synechococcus (Mann et al.
2005). The title of this
image is Phage S-PM2 by
Hans-Wolfgang Ackermann

Fig. 4.6 This is a
transmission electron
microscope image of gene
transfer agents (GTAs)
visible in various stages of
assembly. These GTAs were
produced by Rhodobacter
capsulatus and the image
appears courtesy of Paul
C. M. Fogg. Purification of
these GTA capsids was done
by heterologous expression
of His6-capsid and affinity
purification
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Release of the gene transfer agents only occurs by lysis of their producing host
cell. The GTA serve their bacterial host population by encapsidating short segments
of host DNA that can become injected into a new host cell in the same way that a
virus would inject its genome into a new host cell. This transfer of genetic material
via GTA represents a type of transduction process. However, GTA are not consid-
ered to be parasitic because the DNA that these agents contain does not include the
coding which is required for creating them. An infectious virus does include coding
which is required for its creation.

4.11 Summary

Do endogenous and lysogenous viruses represent Faustian bargains? The goal of the
host is to survive and optimistically to gain what benefits might be derived from
presence of the viral genomic material without succumbing to a fatal outcome which
the virus might impose. The goal of the virus is to survive and that means not killing
its last potential host individual. Most stories of Faustian Bargains result in the devil
claiming the soul of the person who made that agreement. The story written by
Stephen Vincent Benét (Benét 1936) has the person who made the bargain gaining
the agreed benefits without consequently losing their soul. All living beings seem to

Fig. 4.7 This is a
transmission electron
microscope image of gene
transfer agents (GTAs)
visible in various stages of
assembly. These GTAs were
produced by Rhodobacter
capsulatus and the image
appears courtesy of Paul
C. M. Fogg. Purification of
these GTA capsids was done
by heterologous expression
of His6-capsid and affinity
purification
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host viral genomic sequences, whether we term those sequences to be endogenous
versus lysogenous. Hopefully, as with Jabez Stone, the hosts will be able to both
gain the benefits offered by housing those viral sequences and also win the final
judgement.

Acknowledgement I wish to thank Justin Bredlau, Paul Fogg, and Beatriz Moisset for the
kindness of allowing me to use their images.
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Chapter 5
Einstein’s Capsid: Bacteriophages Solve
the Problems of Space and Time
for Bacteria with Emergency Dead to Alive
Horizontal Gene Transfer (EDA-HGT)

Leigh Owens

Abstract Bacteriophages evolved to solve three major problems faced by bacterial
populations. Phages have allowed the emergency horizontal transfer of genes from
dead cells to alive cells (EDA-HGT) so that unique genetic diversity is not lost to the
bacterial species’ genosphere. Secondly, they help maintain genetic diversity in
clonal bacterial cells that have moved away from effective conjugational distance
allowing less hazardous mobility across space. Thirdly, they allow a delayed tem-
poral component to gene transfer for future generations. Bacteriophages have been
fundamental in allowing bacteria to exploit hostile, rapidly changing environments
including patchiness in resource availability. Prime examples are the
Enterobacteriaceae and the Vibrionaceae. Derivatives such as gene transfer agents
(GTA) are viable descendants of phages that deliver more varied genetic material but
at the cost of a slower rate as they cannot self-liberate and therefore are reliant on
other causes of lysis. Why the alphaproteobacteria have such an affinity for dead to
alive GTA is unknown but it is possible that their environment is so hazardous that
high genetic flexibility is an advantage. In addition, bacteria actively participate in
their own infection by bacteriophage. Once bacteriophages evolved, selection pres-
sure has pushed the host-phage interactions in many directions, but the underlying
advantage of emergency, diverse horizontal gene transfer has meant that viruses are
an integral part of life and they have not been removed by natural selection.

5.1 Introduction

In terms of genetic diversity, the importance of horizontal gene transfer for partic-
ularly a clonal organism like bacteria is a well-established paradigm of biology
(Lawrence 1999, 2002). This is especially true for opportunist r-selective organisms
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(environmental exploitative, rapid reproduction and short generation time) or those
in rapidly changing environments. Whilst sexual gene transfer through sex pili,
conjugative plasmids and homologous recombinations of high frequency
recombinants (hfr) are possible for relatively closely related species in close prox-
imity, horizontal gene transfer agents (HGTA) allows genetic material exchange
across broader horizons (McDaniel et al. 2010). Bacteriophages can transcend the
tyrannies of distance, time and mortality. All other methods of gene transfer
(e.g. mitosis, conjugation, sexual pili, and transformation from free DNA) mean
that individual cells must be alive (or at least, very recently alive for free DNA), in
very close proximity, preferably in physical contact, perhaps in a biofilm. Bacterio-
phages allow gene transfer across relatively large tracts of both space, as close
proximity is not necessary, and time, as receipt of genetic information will always
post-cede its’ development, perhaps by years. This evolvement allows planktonic-
phase bacterial cells to find new zones of nutrient and minimise the disadvantage of
genetic isolation from leaving the “clonal mother organism” in the biofilm.

I examine the hypothesis that bacteria, when about to die, evolved viruses as an
emergency, remote genetic inheritance mechanism to save unique genes for their
close relatives. It is really a delayed, horizontal gene transfer between a dead and a
live cell (Emergency, Dead to Alive Horizontal Gene Transfer, EDA-HGT); a true
phoenix. Once EDA-HGT evolved, bacteria became free of constraints of the need
for proximity for gene exchange allowing them to exploit the massive advantages of
mobility “to boldly go where no bacterium had gone before”. Once bacteriophages
formed, evolutionary pressures exerted their own influences selecting other various
traits as necessitated by co-evolution with host cells.

The review uses the analogy of humans wishing to pass on their own legacy when
their demise is imminent as the parallels are instructive and perhaps a little light
hearted to help digest a radical re-think of our current paradigms. Bacteria provide “a
last will and testament” to their closest, living relatives leaving their most precious
heirlooms, their unique genes, to their relatives. When a bacterial cell senses that it is
about to die, it is time to “write the (genetic) will”. What could trigger the preparing
of genes for inheritance? Mortal level stress including DNA damage caused by
environmental triggers like UV light, pollutants, and high temperature denaturing
proteins inducing the SOS/RecA DNA repair system which often triggers the
bacteriophage lytic cycle over the lysogenic cycle. UV light might be strong enough
to fuse adjacent pyrimidines beyond repair or damage beyond the reading by
mechanisms designed to ignore DNA knots, thus silencing critical genes and
condemning bacterial cells to a slow death. To pass on important genes, bacteria
had to produce “a time capsule”, the bacteriophage capsid, so the genes would have
some chance of surviving the hostile external environment until the relatives could
“read the will”. Following the precepts of the “The Selfish Gene” (Dawkins 2016),
bacteria “want” their precious inheritance to have a higher probability of being
picked up by relatives which are genetically closest to the dying donor, hence the
specificity of the tail fibre receptors to immediate sibling cells or closely related
strains and species sharing strong genetic homology giving rise to phage specificity.
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Occasionally inheritance goes awry, and non-intended recipients gain the benefit and
perhaps also the cost of new genetic capabilities.

Like in the human analogy, not all the inheritance you receive is unique and
therefore wanted. How many copies of the book, “The Selfish Gene” do you need?
Immunity to superinfection by bacteriophages could have evolved to prevent unnec-
essary clogging of the internal, intracellular genetic library. To dispose of all the
excess copies of genes that you already have in your library and just keep the unique
ones, then a filter system like clustered regularly interspaced short palindromic
repeats (CRISPR), which by definition, can only knock out gene sequences it has
already met, could develop. Therefore, all novel genes pass the CRISPR filter and
potentially become available for use by the new bacterial host cell. Indeed, Kalatzis
et al. (2017) found phage sequences widely distributed among CRISPR-Cas arrays
of publicly available sequences of vibrios. Also, like a true library, many books (aka
genes) can be in storage on the shelves (extracellular in phages) for later reading.
With an estimate of 1031 phages on the planet (Dion et al. 2020), the library for
exploitation is vast.

All biological systems are leaky and not 100% efficient. Once a system of
inheritance like this has evolved, it is very hard to stop parasites and mistakes
from happening. Evolution of soft membraned organisms like eukaryotes and
mycoplasma rather than rigid cell-walled organisms meant the need for the delivery
apparatus (tail constructs etc.) was redundant allowing evolution of just the “time
capsule”, naked icosahedral virions. This freed up a huge amount of intracapsid
space (up to 50% for the structural genes of phages) in the capsid for more genes to
be inherited. Thus the viruses were free of their internal space constraints, their
original specific target and perhaps, purpose. Indeed, “the gen(e)ie was out of the
bottle”. There is a vast amount of evidence that most, if not all, eukaryotic viruses
evolved from phages, perhaps polyphyleticly, but that argument is beyond the scope
of this paper. For excellent dealings with this topic, see the many papers by
Krupovic, Bamford and colleagues including Krupovic and Bamford (2008).

5.2 Approach

Language can constrain the way people think about issues. The term “bacterio-
phage” containing the stem “-phage” which is the common abbreviation for bacte-
riophages immediately makes scientists prejudiced in the way they think about the
relationship between bacteriophage and bacteria—“a virus that eats bacteria”. Imme-
diately, thoughts are biased to lysis being the common state over lysogeny. Even the
term “virus”—“a poisonous substance” brings its own constraints. Language sug-
gests bacteriophages are “bad for you” and this has had an impact on how we view
lysogeny and lysis. However, the terms are so entrenched in the literature and
microbiologist’s psyche, it would be near impossible to change. The present author
believes that lysogeny is a normal state for the relationship between a bacterial cell
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and its’ bacteriophage. Indeed, both states are critical to the survival of the popula-
tion of unique genes belonging to and indeed defining, a species of bacteria.

By analysing modern abundance, Ackermann (2003) suggests that the
Siphoviridae are the ancestors of the tailed phages and evolved around 3.5 billion
years ago with the Myoviridae evolving not long after before the split between the
eubacteria and the archaea. Recently, it was estimated that >85% of records in
public genome databases are members of the Order Caudovirales, the tailed phages
with Siphoviridae being over 50% (Dion et al. 2020). We should perhaps find
caution that common, successful bacteria would by sheer weight of numbers,
swamp other relationships and this can be seen by the number of pelagiphages that
infect the SAR11/Pelagibacteria/SAR116 (Mizuno et al. 2013) which host the
single most abundant phage species, vSAG 37-F6 (Table 5.1) in marine waters
(Dion et al. 2020). Nevertheless, I have taken the siphovirus, Escherichia coli
lambda bacteriophage, as our default model to reflect the eminently sensible sug-
gestions of Ackermann and because much is known about the control of lysogeny
and lysis in Lambda virus.

5.3 Defining the Hypothesis

5.3.1 Sensing Impending Death

Most human adults know when their physiology and anatomy is starting to show
wear. We call it aging and this signals a time to write our will. However, bacterial
cells by their continued binary division and clonality are in effect, continually
renewed, never ageing. What signal could a forever-renewing cell use to recognise
impending death? The induction of the SOS/RecA DNA repair system could be a
premonition of impending demise. Mitogens like ultraviolet (UV) light and Mito-
mycin C damage the DNA and turn on the DNA repair machinery. In the case of UV
light, fusion of near opposing, adjacent pyrimidines means repair is often impossible
as the DNA strands cannot be unzipped to be repaired by replication-blocked
replicases and fusing of adjacent pyrimidines means the gene is effectively silenced.
In many cases, cell death will follow or mutated cells will be compromised from the
loss of gene function.

Table 5.1 Bacteriophages
mentioned in the text and the
families (if known) they are
assigned to

Family Bacteriophage

Autographiviridae Eschericia coli T7

Inoviridae Vibrio virus CTXphi

Myoviridae Mu, P1, P2, VHML, Vp58.5

Siphoviridae Czyszczon1, Eschericia coli lambda

Tectiviridae PRD1

Pelagiphage vSAG 37-F6
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In the SOS/RecA system, the protein RecA becomes activated as a specific
co-protease that causes lexA and the homodimer cI (clear I) to undergo self-cleavage
thus dropping the concentration of cl, inducing the lytic cascade. cl is a repressor
protein encoded by the cl gene of lambda, and the cl protein functions as a
transcription inhibitor which maintains Lambda phage in a lysogenic state. This
repression is achieved when two dimers of cl bind cooperatively to the integrated
lambda phage DNA at adjacent operator sites. That binding both activates the phage
cl gene and represses the phage cro gene, which codes for the protein cro. cro is a
gene that in some ways exists as the counterbalance to cl, with the cro protein being a
repressor active during the Lambda lytic cycle and cro prevents transcription of the
cl gene. The hairpin loop needed for RNAase III degradation of the Lambda
prophage mRNA is cleaved off and therefore the now full length mRNA is patent.
Consequently, the excision/integration proteins xis and int are produced in equal
amounts, so excision of the template prophage occurs allowing further DNA repli-
cation. Thus any genes between the chromosomal attachment sites (att sites, where
the phage DNA binds) of the prophage will be magnified and prepared for “inher-
itance” by genetically near relatives. If there have been any genetic changes to the
prophage by say, homologous recombination, also these changes will be “prepared
for inheritance” as “the will is written”.

5.3.2 The Probability of Lysis over Lysogeny

Logically, when cell biomass is high, then it is safest to undergo lysis as there are
plenty cells to keep the strain of bacteria alive to continue the species/strain exis-
tence. Paul (2008) provides a review of the evidence that lysis is high in nutrient rich
waters (high cell numbers) whilst lysogeny is high in oligotrophic waters. Additional
support comes from two indicators of high cell density that exist, absolute cell
numbers itself and long cells (large cells) which occur as cells grow in the polar
directions before division when there is sufficient nutrient. Papers by St Pierre and
Endy (2008) and Zeng et al. (2010) showed that as cell size increased, a prelude to
cellular division, the probability of lysis increased. Similarly, when there are plenty
of nutrients around, there will be many bacterial cells in the environment, so lysis is a
safe option from population-evolutionary viewpoint. In Lambda phage, when there
is an abundance of proteins (nutrients) available, then protease production of the
bacterial cell is increased and this breaks down Clear 2 (cll) which reduces the
binding (silencing) of three promoters (PRE, PI, Pantiq) that stabilise lysogeny, thus
leading to the lytic cycle.
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5.3.3 Superinfection Immunity and CRISPR

Superinfection immunity is where a lysogen is producing lots of cl to retain the
prophage. When other viral nucleic acid is injected by more phages using the same
Lambda cl control system, cl immediately binds to the integrated Lambda preventing
transcription and effectively silences the incoming phage.

Separately, a second system, CRISPR could be activated. The incoming phage
genome can be processed by CRISPR to silence already acquired gene sequences.
CRISPR-associated (cas) genes process viral DNA to produce ~24–48 bp, mostly
~30 bp lengths of DNA called spacers that are inserted into the genome (50 to 30

direction) following the cas genes after a leader sequence that becomes the template
for the production of interfering-like RNAs. The mechanism for production of
spacers and whether it is from transcripts or the original viral template and how
they are integrated is currently unknown. The RNAs transcribed from the spacers
plus imperfect terminal repeats combine with other cas proteins to produce a
cas-crRNA complex that acts as a RNA-guided restriction enzyme, and that complex
functions by cutting and thereby inactivating viral DNA or RNA. Any already
known phage genes can be immediately silenced, whilst novel sequences have to
be processed first, thus giving a chance for alternate processing to allow time for
genome or prophage integration to occur.

5.3.4 Other Supporting Evidence

EDA-HGT is not the only dead-to-alive messaging system found in bacteria.
Bhattacharyya et al. (2020) have found that when swarming morphs of bacteria
(the equivalent of scouting bacteria going at warp-speed “to boldly go where no
bacterium had gone before”) are killed by antibiotics, a “necrosignal” protein AcrA,
non-genetically turns conspecific bacteria in the biofilms into a more antibiotic-
resistant population. This was found in five species of both Gram-negative and
Gram-positive bacteria tested. It will be fascinating to see how widespread these
dead-to-alive communications (EDTA-HGT, necrosignaling) turn out to be.

5.4 What Is the Advantage of EDA-HGT (Viruses)?

The positive selection pressure for the persistence of EDA-HGT consists of three
main advantages. Firstly, that it is the most robust method of gene transfer that
allows genes from dying and dead cells to be retrieved by live cells. Genes and
partial genes are not lost from the species’ gene population or even the greater
virosphere. Secondarily, as the capsid protects the genes from environmental and
biotic degradation; there is also the possibility of delayed acquisition of genes;
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therefore a later time component to inheritance. The death of a bacterial cell
thousands of years ago can still have viable phages and hence viable genes
(e.g. Czyszczon1 “mycobacterium” Siphoviridae phage; from the last ice
age ~ 10,000 years ago which were still viable).

The third major advantage is bacteriophage can circumvent the tyranny of
distance. All other methods of gene transfer (e.g. mitosis, conjugation, sexual pili,
transformation from free DNA) need individual cells in very close proximity,
preferably in physical contact. An intriguing supportive example for emergency
gene recovery comes from the Ups (UV-induced type IV pili of the Sulfolobus)
system in the crenarchaeotan Sulfolobus (Ajon et al. 2011, also see below). When
UV damage occurs in Sulfolobus, a strong, type IV pili system is induced which
produces massive amounts of pili that cause species-specific aggregations,
conjugative transfer of chromosomal markers and repair. The system is incredibly
similar to SOS/RecA system except it needs both partners to be alive, mobile and
close enough for the induced pili to form aggregates (biofilm) for DNA transfer and
repair.

5.5 Potential Ontogeny of the Bacteriophage Related
Systems

5.5.1 Progressive Capture of Supplementary DNA by
EDA-HGT

Lambda Siphoviridae integrate into a single site, the attB site between gal and bio
operons. Upon excision, only small bits of extraneous DNA from the integration site
are sometimes accidentally incorporated into virions. However, any extra sequences
of DNA will always only represent the same two genes at either end of the prophage.
Clearly, this is not an efficient way of increasing genetic diversity in HGT. However,
Mu-like myoviruses have a 62% preference for certain insertional sequences, with a
randomness to the remaining insertions. That randomness allows a transposon-like
quality to the resulting insertions (Haapa-Paananen et al. 2002) which, upon induc-
tion, may remove and then transfer a wider selection of DNA sequence information
variability. Due to the head full or tape measure mechanism which seems to govern
filling the capsid with DNA, on average, Mu phage packages into each capsid
50–150 bp of host DNA on the left hand end (50) of the phage genome and
approximately 2 kb of host DNA on the right hand end (30). In addition, when
heat-sensitive repressor mutants (42 �C) of Mu phage are triggered (under heat stress
leading to protein denaturing; a near death experience), then 50–100 new host
chromosomal integration sites are utilised, greatly increasing genetic diversity
and HGT.
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5.5.2 The Effects of Plasmids

Many linear phages form a plasmid as the first act upon entering a cell. This allows
them to easily utilize the rolling cycle replication machinery of the host cell which is
optimised to operate on a bacterial circular genome. In Lambda phage and many
other phages, it is the sticky cos ends that allows this to happen. Falling into this
category are the telomere phages which consist of what scientists consider a mosaic
of characteristics. The so-called telomere phages exist as a linear plasmid in the cell
but are circularised upon initial entry and can be circularised during replication and
include the gene, RepA (Mardanov and Ravin 2007), the hallmark of rolling cycle
replication from circular templates. RepA is a replicative helicase with a nucleoside
triphosphate (NTP) binding site for duplicating DNA. Telomere phages have the Ori
site (the site of the initiation of replication), plasmid partitioning genes and many
other genes associated with plasmids but are controlled and triggered into lysis by a
lambda-like system of UV-induced RecA-LexA system. Morphologically and genet-
ically, telomere phages have both family Siphoviridae lambda structural genes (N15,
Ravin 2011) and family Myoviridae structure for the tail-associated genes but
lambda-like head genes (VHML, Oakey et al. 2002; Vp58.5, Zabala et al. 2009).
Their main hosts recognised at present are the Vibrionaceae, Enterobacteriaceae and
alphaproteobacteria which are major utilisers of the EDA-HGT. Is it possible that
telomere phages are not a HGT virus to virus chimera of all these genes but
progenitors of the two families?

The myovirus P1 exists as a single or very low copy number plasmid with
terminal redundancy and circularly permuted DNA. Within the capsid, the genome
has identical extra sequences at each end being equivalent of up to ~130% of the
genome. The Cre-lox (causes recombination—locus of X-over P1) system is used to
circularise the linear genome upon cellular entry and to separate daughter plasmids
in rolling cycle propagation. The phage genome encodes a “plasmid addiction
system” that kills daughter cells that fail to get a copy of the plasmid upon cellular
division. The plasmid addiction system consists of a stable protein toxin and often
two molecules of the antitoxin that dynamically bind together which neutralizes the
toxin (Gazit and Sauer 1999). Bacterial cells that lose or fail to get the plasmid get
killed as the antitoxin degrades faster than the toxin. Despite many modifications to
the basic scheme above, there are strong arguments for a common ancestor (see
review Rawlings 1999). Interestingly, relBE toxin/antitoxin and similar genes are
present on the chromosome of E. coli, Haemophilus influenzae, Vibrio cholerae and
an enterotoxin-encoding plasmid p307, widespread on the chromosomes of Gram-
positive bacteria and Archaea (Rawlings 1999).

By using plasmids or chromosomes to encode any necessary bacteriophage
functions, these genes do not have to be placed in the capsid, thus usable space is
created in the capsid. Under a “head full -tape measure” system of filling capsids
with nucleic acid, terminal redundancy can occur. This has two major advantages.
Extraneous DNA can be packaged as HGT for recombination thus increasing
diversity and the possibility of novel recombinations particularly as one copy of
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the duplicated DNA can undergo massive mutational change with no functional
phenotypic change to the virus. Paul (2008) suggests that one of the advantages of
lysogeny is the introduction of new fitness factors by conversion or transduction.

Secondarily, every virion is slightly different as the starting and end points of the
DNA in the capsid is different which may mean that some virions have dual, near
terminal ORFs of some genes which may be beneficial on occasions. For example,
myoviruses are known to up-regulate haemolysin activity when they infect members
of the Vibrio harveyi clade (Munro et al. 2003; Vidgen et al. 2006; Buscido-Salcedo
and Owens 2013). Most isolates of Vibrio harveyi have a single copy of a
haemolysin gene that hybridises with V. parahaemolyticus thermolabile haemolysin
which partially confers virulence. However, two of 13 isolates examined had two
very near to identical copies of the haemolysin gene (Zhang et al. 2001) which could
have come about from the terminal redundancy scenario above. It would be inter-
esting to examine the haemolysin gene cassettes of VIB645, an isolate with two near
identical haemolysin genes, to see if they are embedded at the ends of an ancient
prophage pathogenicity island or plasmid or whether they are flanked by excision
sites that might support the above supposition. Indeed, VIB645 does contain pVH1 a
16,427 bp conjugative virulence plasmid (GenBank: HM752272, accessed 18/12/
2013) and numerous entries of haemolytic V. parahaemolyticus entered in Genbank
have plasmids with plasmid addiction-type genes (e.g. ParA-B; plasmid stabilisation
proteins) lending support to the above argument.

5.6 Bacteria Encoding for Their Own Infection with HGTA

Bacteria actively participate in their own infection by bacteriophages suggesting a
mutualistic relationship rather than a pathogenic relationship. As bacteria have kept
this attribute, then evolutionary logic says it in their own best interest to be infected
by phages, otherwise it would be selected against and reduced or removed. Kalatzis
et al. (2017) state specific genes like N6-adenine methyltransferase, lambda-like
repressor and tRNAArg demonstrate both a mutualistic and parasitic relationship
between phages and host bacteria.

5.6.1 Integration Host Factor

A well-known example of bacteria aiding infection by bacteriophage is bacterial
encoded integration host factor (IHF) also known as host-encoded DNA bending
protein, HU (Friedman 1988). IHF attaches to the minor DNA grove, and bends the
DNA to aid attachment of other proteins including Sigma factors. Amongst other
actions, this facilitates integration of the phage genome (Friedman 1988). “It is
noteworthy that many genetic free agents (e.g. phages, transposons, plasmids) use
IHF in their independent DNA transactions (e.g. recombination, replication,
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partitioning and transfer)” (Friedman 1988). Some of the phage-related genes that
IHF influences include ones for the production of fimA fimbriae, flagellin,
phenylalanyl-tRNA synthetase and IHFa, tra transfer of plasmid DNA, cII in
lysogeny, F-plasmid exclusion of phage T7, Mu phage transposition and replication
repressor. “It is striking that both int and Nu7 can be altered to produce
IHF-independent proteins by single base pair changes. The fact that these simple
changes have not occurred in wild-type Lambda suggests that maintenance of IHF’s
involvement in these functions is under strong positive selection to be maintained.
What is confounding is that one reaction is part of the lysogenic pathway and the
other is far along in the lytic pathway.” (Friedman 1988). Friedman’s statement
demonstrates bacteria are not positively selected to remove their involvement in
bacteriophage infection and therefore we must conclude both lysogeny and lysis are
advantageous states for bacteria.

5.6.2 Type IV Secretion Systems and Type IV Pili

Many P-type plasmids encode both type IV secretion systems and type IV pili/
fimbrae on the same plasmid (Bruno Gomez-Gil, CIAD, Mazatlan, Sinaloa, Mexico
82,000, personal communication). Also, the sex (F) pilus assembly machinery shares
extensive similarities with the type IV secretion system (Filloux 2010). Members of
the family Tectiviridae, PDR1 can only infect E. coli that have the conjugative P, N,
or W type plasmid (all P-type plasmids) that encodes for the genes Tra1, 2–3
necessary for transfer (Kotilainen et al. 1993). Originally, PRD1 was believed to
enter via a pilus tip encoded on plasmids including Resistance Plasmid 1 (RP1).
However, Kotilainen et al. (1993) concluded that the functional P-type pilus did not
need to elongate like an F sex pilus. Due to widespread visualisation of attached
PRD1 phages to the planar surface of bacterial hosts, it was deduced that the highly
expressed surface complex of the P-type pilus was responsible for both PRD1
adsorption and for conjugation ability.

This is similar to Vibrio cholerae phage CTXφ which in part is highly homolo-
gous to myovirus P2 (Nakayama et al. 2000). CTXφ needs the chromosomal vibrio
pathogenicity island (VPI)φ containing genes for the toxin-coregulated pilus (TCP)
to enter the cell for toxigenic conversion. Here, though, the relationship has gone one
step more intimate in that the VPIφ has integrated by homologous recombination
into classic lambda-like bacteriophage, site specific att sites (Karaolis et al. 1999).
The TCP gene cluster encodes a type IV pilus that functions both as an essential
colonization factor and as a CTXφ receptor. The TCP-A subunit is in fact, a coat
protein of VPIφ.

Likewise, Carter et al. (2010) demonstrated that type IV pili are the components
of Pseudomonas aeruginosa pathogenicity island (PAPI-1) conjugational machin-
ery. It matters not if the pilus is exchanging DNA through a hollow tube or via pili
retraction into the cell (a current controversy) as the pilus brings the cells close
enough for conjugational exchange to occur anyway (Filloux 2010). Similarly, in the
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hyperthermic crenarchaeotan, order Sulfolobales, a chromosomal, conjugational
UV-induced type IV pili of Sulfolobus (Ups) exists that is used for DNA exchange
after UV damage (Ajon et al. 2011). The genes encoding the Ups system are not
recognised as showing a former integration event (AT rich zones) or components
currently recognizable as the SOS/RecA system despite a similar, damaging envi-
ronmental trigger, UV light.

The type IV secretion system is intriguing as it can excrete DNA, protein or
nucleoprotein complexes and take up free dsDNA for transformation e.g. the Cam-
pylobacter jejuni Cjp/VirB system and the Helicobacter pylori ComB system
(Cascales and Christie 2003) destroying one DNA strand to produce ssDNA
which protein RecA can homologously recombine into the bacterial chromosome.
It is not hard to see how the type IV secretion system could become specialised for
just one function in certain bacteria. For example, it secretes nucleoprotein from
Agrobacterium tumefaciens (VirB system) in which bacterial DNA is bound to at
least one protein, the VirD2 transesterase, which transfers into the genomes of
plants. This could be the ultimate reductive evolution of a viral nucleocapsid, one
protein and nucleic acid. Alternatively, for secretion of chromosomal DNA extra-
cellularly, Neisseria gonorrhoeae uses the type IV secretory system which is
encoded on the gonococcal genetic island (GGI). Many of the genes are similar to
Tra genes (see above) found on the Escherichia coli F-plasmid. The secreted DNA is
available for uptake from the environment for transformation. Thus reduction here is
to a Tra F- plasmid-like entity. The last type IV secretion method is to secrete just
protein alone (no nucleotides) as a toxin like in Bartonella and BrucellaVirB system
(Cascales and Christie 2003).

Also interestingly, Pell et al. (2009) provide evidence that the tube protein Hcp1
from type VI bacterial secretion system has a common evolutionary origin to long
tailed (Lambda) phage major tail protein gpV. This provides further evidence of the
link between phage and secretion systems might even be a general rule rather than an
exception.

5.7 Derivatives of EDA-HGT

5.7.1 Gene Transfer Agents

Gene Transfer Agents (GTA) can be defined as indisputably phage-like entities
containing a random piece of DNA that are insufficient to transfer the structural
blueprint to reproduce itself into a recipient cell (Lang et al. 2012). They are
DNA-containing particles generated by some archaea and bacteria (Bárdy et al.
2020). “...the notion that GTAs predate phages is not substantiated by the current
evidence” (Lang et al. 2012). The genes for the GTA are usually encoded on the
major chromosome in an incomplete prophage-like manner. The bacterial cell has to
be lysed by other means to release the GTA as they do not have the complete ability
to “self-release” but may still have some of these genes. Therefore, efficiency of
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GTA transfer is correlated to activity of other incumbent phages that are needed to
release them. Multiplicity of Infection, increased release with higher nutrient and
salinity are likely factors for release (McDaniel et al. 2010). One would predict that
GTA will also be prevalent with other indicators of bacteriophage abundance like
high cell density leading to nutrient depletion (Bárdy et al. 2020), high UV, high
temperature, high pollutants and reactive oxygen stress.

Are there selective advantages of GTA over phages, particularly as the GTA are
libero-parasitic (coined word, meaning they have a parasitic need to be released,
incapable of their own release) on phages or other means of cell rupture? There
seems to be three advantages. Firstly, by GTA not having all the structural genes or
lysis machinery, the GTA have more capsid space to carry DNA (more HGT),
although, on average, they appear to carry less genetic material than do similar
capsid sized ancestral phages (Lang et al. 2012). Is much of this lessening of capacity
for transporting genetic material due to the GTA lacking structural genes? Secondly,
an advantage may come from the fact that GTA’s never lyse a host that might have
recovered from DNA damage, even though that same type of damage event in other
bacteria might trigger a lysogenic phage into lysis. Thus, some percentage of
“unnecessary accidental lysis” might be prevented by the host relying upon GTA
instead of phage. Thirdly, the DNA encapsidated by GTA’s is often randomly
selected, allowing for horizontal transfer of a great diversity of genetic material
that can be located far away from the insertion site of either the GTA or a prophage.
Most of the material transferred by GTA from one bacterial cell to another cell will
not simply be identical DNA copies of a common genomic sequence. GTA are only
released on cell death, so they are a phage-derived, dead to alive HGT mechanism.

GTA are particularly common in the alphaproteobacteria, with ~65% of orders
showing homology of GTA-associated genes, but they are found in the
deltaproteobacterium Desulfovibrio desulfuricans, the spirochaete Brachyspira
hyodysenteriae and interestingly the euryarchaeota Methanococcus voltae (Lang
et al. 2012). Within the alphaproteobacteria, GTA have been shown to be effective
(10–30%) in the natural environment at transduction of antibiotic resistance genes
(McDaniel et al. 2010, 2012). Why do the alphaproteobacteria have such a proclivity
for GTA? Perhaps the probability of cell lysis was so high in their ancestral
environment, that there was no need to code for those liberation functions which
freed up space for more varied gene transfer. Indeed, the alphaproteobacteria
sequences dominate the prokaryotic sequences that have been identified from the
photic zone of the Sargasso Sea (Venter et al. 2004). The photic zone is known to
have high levels of UV, reactive oxygen and shear stress all of which damage cells
leading to death and lysis.
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5.7.2 Bacteriocins: Type F and R Pyocins of Pseudomonas
aeruginosa

The F and R pyocins found in 90% of Pseudomonas aeruginosa have been
extremely well characterised as the concatenated complete tail components and
lysis gene cassettes of phages that are still under strong lambda-like, SOS/RecA
control (Nakayama et al. 2000). Type F pyocin is derived from a lambda-like phage
whilst type R pyocin with the lytic genes is derived from myovirus-like P2 phage
and very similar to CTXφ. The pyocin cassette is integrated into the gene cassette for
tryptophan metabolism between trpE and trpGCD. Both pyocins can be expressed
by the application of mutagens like UV light, mitomycin C and acridine orange
where the activated protein RecA releases the repressor prtP (~cI) allowing the
transcription activator PrtN (~Cro) to transcribe the pyocin genes. Furthermore,
Chang et al. (2005) showed reactive oxygen species damaging the DNA could
also trigger the up-regulation of mRNA of the pyocin cluster. Nakayama et al.
(2000) state that “The gene organization of the R2 and F2 pyocin gene cluster,
however, suggested that both pyocins are not simple defective phages, but are phage
tails that have been evolutionarily specialized as bacteriocins.” As these pyocins are
produced as proteins only, they have no function in HGT except in direct transfor-
mation. The very low frequency of the phage-evolved F and R pyocins only being
found in a single species so far, P. aeruginosa shows this only evolved rarely.
Perhaps it was for a special function (bacteriocin) in a specialised niche and was not
advantageous enough to become widespread.

5.8 Biological Implications if EDA-HGT Theory Is Correct

5.8.1 Benthic Biofilm as the Ancestral State for Bacteria?

I am hypothesising that EDA-HGT allowed bacteria to transcend effective conjuga-
tional distance and therefore some testable predictions on the role of biofilm should
be able to be made. The need for phages in biofilm should be reduced as all but the
escaping planktonic cells will be able to undergo HGT easily via DNA transforma-
tion or conjugation. It should be possible to review the literature on the rate of phage
induction in biofilm. Unfortunately, it becomes a circular argument as the biofilm
protects cells from most DNA insults, thus the induction rate is decreased indepen-
dent of the need of HGT. Furthermore, the amount of literature on biofilms and
phage is enormous as many investigations on using phages to attack cells in the
biofilm have been conducted. Pursuit of this idea is unfortunately outside the scope
of this chapter.
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5.8.2 Lysogeny vs Lysis Revisited

If this EDA-HGT theory is correct then one of the corollaries is that lysogeny is a
partner to lysis between opportunistic bacteria and bacteriophages. There may be a
perception that lysis is a more frequent occurrence than lysogeny but “your science is
only as good as your assays”. Recent publications have suggested a greater level of
lysogeny than previously suggested, as lysis/lysogeny assays have become more
sophisticated and independent methods have been used to cross-verify older tech-
niques. Initially, mitogen-induced lysis on bacterial lawns showed low levels of
lysogeny. This suffered from the problem that not all phages can be induced by
mitomycin C which is the most common method used and also the mitomycin dose
necessary for induction varies dramatically between bacteria/prophage couplets. The
comprehensive section in Paul (2008) reviews the commonness of lysogeny, so we
will paraphrase his review here with a few additions and the reader is directed to that
review. Inducible prophage-like entities have been detected in marine bacteria at
rates of 43% (Jiang and Paul 1994; Jiang et al. 1998); 51% (Oakey and Owens
2000); 71% (Stopar et al. 2004) and 28% (Leitet et al. 2006). With sequencing, it is
estimated that 60–70% of all bacterial genomes (Casjens 2003) and ~ 67% (Brussow
et al. 2004) contain prophage. It is possible that the choice of techniques used for
cultivating medically significant and other non-marine bacteria may change the
correctness with which we assess their possession of prophage. Surveying a subset
of cultivation data suggested 47% contained prophages (Ackermann and DuBow
1987). A recent study mining bacterial genomes in the NCBI database for inovirus-
like prophage sequences found 10,295 sequences (Dion et al. 2020). Following the
methodology of Martinez-Hernandez et al. (2017), Dion et al. (2020) state that if we
represent phage relationships as a network, then lysogenic (temperate) phages are at
its’ centre connecting to lytic (virulent) phages at the periphery and therefore
lysogenic phages act as banks of genes for HGT. There is a trend for more modern
or sophisticated studies to find higher prophage occurrence rates. Overall, the
modern data suggests that prophage (lysogeny) are in the majority of domain
Bacteria and therefore this is the dominate state.

Due to the technical difficulties of working with archaea, prophage data for these
organisms is scarce. But, at present, it would seem that archaea do not follow this
trend of high prophage possession rates. Perhaps, the tightly defined archaeal niche,
which seems to be a hostile environment for other life forms, favours k-selection for
stability (c.f. extremophiles) as being paramount over the need for variability that
would facilitate rapidly exploiting a transient resource. Perhaps, we do not recognise
all the methods of EDA-HGT in archaea. Indeed, in Sulfolobus the UV triggered,
induced pili linked to conjugational chromosomal repair (Ups) acts like SOS/RecA,
has the same HGT results but lacks the dead to alive and transiting space compo-
nents. At the same time, Sulfolubus turreted icosahedral virus is only a lytic virus,
never lysogenic (Snyder et al. 2011) which may suggest these two activities,
lysogeny and lysis may have become decoupled in Sulfolobus, thus providing a
pathway to eukaryotic virus lifestyles. On that note is that eukaryotes are more
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genetically closely related to archae (e.g. Sulfolobus) than true bacteria. It will be
fascinating to follow the future trends in prophages detection studies as more archaea
are fully sequenced.

5.9 Testing the Hypothesis

Many of the logical ways to test this hypothesis end up in circular or competing
arguments and so they are unworkable. e.g. lysis should be less in deeper, non-photic
zones away from the dangerous mitogen of UV light, dangerous levels of oxygen
and the nutrient rich photic zone. However, bacterial cell biomass is less in deeper
water, so phages would also be less common as their hosts are less common. It is not
possible to separate the effect of there being fewer bacterial cells due to increasing
aquatic depth from there possibly being less cell death due to induced phages in a
more hostile environment. See also the section on biofilm (above).

It may be possible to use mathematical modelling to estimate the increased fitness
attributable to HGT over other factors that contribute fitness in a clonal organism.
Indeed, Raz and Tannenbaum (2010) using modelling showed that conjugational
HGT does not confer an advantage in static environments and was slightly detri-
mental due to possible damage to necessary genes, which seemed to represent the “if
it is not broken, do not fix it” principle. However HGT promotes faster adaptation in
dynamic environments consistent with environmental stresses and patchiness of
resources on a population. This latter conclusion, which was based on a totally
different mathematical approach, was remarkably congruent with the arguments
developed herein this chapter.

5.10 Conclusions

Bacteriophages evolved to solve three major problems for bacteria. They have
allowed the emergency transfer of genes from dead cells to live cells so that unique
genetic diversity is not lost to the bacterial genosphere. Secondly, they help maintain
genetic diversity in clonal bacterial cells that have moved beyond effective conju-
gational distance. Thirdly, they allow a delayed temporal component to gene transfer
for future generations. Bacteriophages have been fundamental in allowing survival
advantages for those bacteria that wish to exploit hostile, rapidly changing environ-
ments including patchiness in resource availability like carbon sources for hetero-
trophic bacteria. Prime examples are the Enterobacteriaceae and the Vibrionaceae.
Derivatives such as gene transfer agents are viable descendants of phages that deliver
more varied genetic material but at a slower rate as they cannot self-liberate. Why the
alphaproteobacteria have such a penchant for GTA is unknown unless it is a
reflection of an event that occurred in their last universal common ancestor. Possibly
it’s due to the ancestral environment of alphaproteobacteria having a high
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probability of cell lysis, therefore there was no need to encode for cellular escape,
which in turn allowed more capsid space for larger random gene transfers. Once
bacteriophage evolved, selection pressure seemingly pushed the host-phage interac-
tions in many directions, but the underlying advantage of diverse horizontal gene
transfer has meant that viruses have not been removed by natural selection.

Could HGT be why viruses have not been selectively removed from the biosphere
by evolutionary pressure? Viruses are often disadvantageous at the individual level
causing illness or even death but at the population level (group selection), survivors
have the viral associated ability to have their genes added to, rearranged or the speed
of translation altered. For most organisms, this maybe the first such chance since
fertilisation for shuffling genetic material; excluding rogue transposons (also a
derivative of viruses). Examples of acquiring useful viral genes in the germ line
include placental endogenous retroviruses that have allowed the age of eutherian
mammals to arise 250 million years ago and polydnaviruses in the wasps which
allow circumvention of the immune system of the host insect. It is somewhat ironic
in that we are using viral capsids to deliver genes into humans for gene therapy and
immunization trials against COVID-19 (SARS-CoV-2), toted as wonderful scientific
breakthroughs but in fact, it is HGT using a technology, a capsid, perhaps 3.5 billion
years old which is solving familiar problems. We are conversant with other examples
of individual sacrifice for the survival of the population (group selection) e.g. social
insects, colonial medusa, even human soldiers at war. Also, in species that are
dioecious, single individuals are not important and quite useless by themselves but
the population of even two opposite sexes is a unit on which selection and evolution
acts. To clonal organisms like bacteria, the occasional loss of individual cells to
phage lysis is of no more importance than shedding of a skin cell from ourselves
(dandruff) and even less important if unique genes are salvaged by EDA-HGT.
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Chapter 6
Diverse Phage-Encoded Toxins and Their
Role in Bacterial Ecology

Sheryl L. W. Zajdowicz

Abstract Bacteriophages are the most abundant and diverse microbial entity on the
planet. Found in every environment, the influence of phages extends beyond their
bacterial host and has a variety of impacts within an ecosystem, including controlling
bacterial abundance, affecting community composition, and even influencing bio-
geochemical cycling; they are also key players in microbial evolution. Lysogenic
phages commonly introduce beneficial genes that drive evolution and promote
adaptation. The effects of lysogeny are as broad reaching as phages themselves,
imparting such benefits as enhanced bacterial fitness, phenotypic plasticity, biofilm
formation, antimicrobial compounds or resistance, as well as virulence factors.
While pathogens benefit from a multitude of virulence factors through lysogeny,
phage-encoded toxins and toxin-conversion are most well-characterized insofar as
their contribution to bacterial pathogenesis and their overall impact on the human or
animal host. The toxins’ effects on hosts are typically detrimental or even lethal;
sometimes the expression of the toxin results in lethality to the bacterial host itself.
However, not all phage-encoded toxins have a negative effect on the environment in
which the toxin is produced. The protection against parasitoid wasps that exists in
some forms of aphids is a result of a complex interplay between the aphid, their
facultative endosymbiont Hamiltonella defensa, and the APSE phage-encoded
toxins it produces. Understanding the contributions of phage-encoded toxins to
their bacterial hosts and the impacts they have on the various ecosystems where
they are expressed is paramount to deciphering the complexity and driving force for
the diversity and exchange of phage-encoded toxins within bacterial communities.
This chapter gives an overview of the various impacts that prophages and subsequent
lysogenic conversion confer to their bacterial hosts, with a focus on toxin production
by several medically important pathogens and the subsequent impacts on the human
hosts they infect. The beneficial relationship between phage-encoded toxins and
their impact on insects is also explored.
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6.1 Bacteriophage and Bacteria: A Fine Line Between
Friend and Foe

Bacteriophages, also known as phages, represent the most diverse and abundant
microbial entity on the planet, having an estimated magnitude of 1031 viral particles,
which outnumbers bacteria by a factor of 10 to 1 (Wommack and Colwell 2000).
They can be found in a multitude of environments, including in the soil, in sea and
freshwater, (Suttle 2005, 2007; Srinivasiah et al. 2008), deserts (Fancello et al.
2013), polar regions (Koskella et al. 2011), and within multicellular organisms
(Breitbart et al. 2008; Breitbart et al. 2003). Not surprisingly, because of their
prevalence, bacteriophages have extraordinary ecological impacts within an ecosys-
tem, including controlling bacterial abundance, affecting community composition,
and even influencing biogeochemical cycling; they are also key players in microbial
evolution (Krisch 2003; Chaturongakul and Ounjai 2014; Wilhelm and Suttle 1999;
Azam 1998; Shelford et al. 2012; Caron 1994). Phages rely on bacterial hosts to
complete their life cycle and there are four life cycles used: lytic, lysogenic,
pseudolysogenic, and chronic or carrier state (Ackermann and Dubow 1987).
While some of these life cycles are detrimental to the bacterial host and result in
destruction, other phage life cycle strategies are neutral or provide broad-spanning
benefits to their bacterial hosts. The majority of bacteriophages are classified as
either lytic or temperate (Guttman et al. 2005). Lytic phage (virulent phage) repli-
cation results in lysis of the bacterial host at the end of the phage replication cycle,
thereby releasing newly formed phage. In contrast, temperate phages may integrate
their genetic material into the bacterial host’s chromosome becoming a prophage
whose DNA is replicated along with the host chromosome and is vertically trans-
ferred to progeny; a bacterial host that contains a prophage is referred to as a lysogen
(Guttman et al. 2005). Temperate phages possess the same ability to enter the lytic
cycle under certain environmental or stress conditions, thus killing the cell. How-
ever, most prophages inhibit the genes required for the lytic cycle and the prophage
becomes quiescent. Further, evolutionarily, prophages frequently lose the ability to
excise from the bacterial genome, resulting in an inability to form new virions; these
prophages are typically considered “cryptic prophages”. Prophage and “cryptic
prophages” contribute to overall fitness, adaptation to a new environment, and
contribute to the pathogenicity of the recipient bacterium. Integration of phage into
the bacterial genome also protects the bacterial host from infection by other similar
phages (Lynch et al. 2010; Matos et al. 2013).

Through horizontal transfer, phages are a major driving force in bacterial diver-
sification. Evaluation of genomes from gamma-proteobacteria and G+C-rich Gram-
positive bacteria revealed that nearly two-thirds of the genomes harbor prophages
(Canchaya et al. 2003; Casjens 2003). Additional research showed that the compo-
sition of bacterial genomes can be up to 30% phage inserts and remnants of phage
genomes (Casjens 2003; Petrov et al. 2010; Comeau et al. 2007). Further
pangenomic studies showed that prophage genes comprise approximately 13.5%
of Escherichia coli and 5% of Salmonella genomes (Bobay et al. 2013; Touchon
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et al. 2009). More astonishing, the global rate by which phages affect genetic
composition in bacteria is estimated to be approximately 20 � 1015 gene transfer
events per second (Bushman 2002). The integration of prophages typically occurs at
transfer RNA (tRNA) genes where the phage attP site reconstitutes the tRNA coding
sequence upon integration (Campbell 1992); a number of prophages encode their
own tRNA genes that complement the disrupted tRNA gene (Ventura et al. 2003).
However, phage integration may also occur at non-tRNA sites on the bacterial
chromosome and can lead to genetic inactivation, which may or may not result in
functional consequences; these mutations are typically not investigated thoroughly
(Coleman et al. 1991; Goh et al. 2007; Lee and Iandolo 1986).

This chapter provides an overview of the various impacts that prophages and
subsequent lysogenic conversion confer to their bacterial hosts, with a focus on toxin
production and their effect on the environments in which the bacterial hosts are
found.

6.2 Impact of Lysogenic Phages on Bacterial Hosts

Bacteria must adapt to a multitude of environments and a variety of growth condi-
tions in order to survive. Through lysogenic conversion, bacterial hosts often gain
determinants that promote survival in their respective environmental niches and
allow transit between niches; phage-encoded benefits include, but are not limited
to, enhanced metabolism, stress tolerance, biofilm formation, modulation of sporu-
lation, bacterial warfare, and most notably, virulence factors; a few specific exam-
ples of these benefits are listed in Table 6.1.

Through the incorporation of auxiliary metabolic genes, an integrated prophage
can confer profound benefits by enhancing bacterial metabolism or by expanding the
bacterial host’s metabolic capabilities to allow for its survival under various growth
conditions (Sekulovic and Fortier 2015; Edlin et al. 1975, 1977). For example,
Escherichia coli strain BW25113 that contains CPS-53 and CP4-57 prophages
exhibited stable metabolism when grown under extreme oxidative, osmotic, and
acid-stress conditions; deletion of all the cryptic prophages in this strain resulted in
an increased susceptibility to exogenous stresses and reduced the overall growth rate
of the bacterium (Wang et al. 2010). Salmonella enterica serotype Typhimurium
strains lysogenized with the temperate phage Salmonella virus SopEphi (SopEΦ)
were found to have increased metabolic rates under anoxic conditions and
outcompete non-lysogens in vivo (Lopez et al. 2012; Barrett and Riggs 1982). The
SopEΦ phage increases the production of inducible nitric oxide synthase (iNOS),
thereby facilitating the production of precursors to the electron acceptor nitrate and
promoting growth under anaerobic conditions that may occur in the inflamed
intestinal tract during infection (Lopez et al. 2012; Barrett and Riggs 1982).

Prophages have also been shown to influence biofilm formation and dispersal by
a number of bacterial pathogens including Pseudomonas aeruginosa, Bacillus
anthracis, Vibrio cholerae, Streptococcus pneumoniae, and E. coli. The role of
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Table 6.1 Impacts of bacteriophage on bacterial hosts

Bacterial host Phage Impact Reference

Metabolism/
stress
tolerance

Escherichia coli Escherichia
virus Lambda
(λ)
Escherichia
virus P1
Escherichia
virus P2
Escherichia
virus Mu
CPS-53

Enhanced
metabolism/
stress tolerance

Edlin et al. (1975,
1977); Wang et al.
(2010)

Salmonella
enterica serovar
Typhimurium

Salmonella
virus SopEphi
(SopEϕ)
Salmonella
virus Gifsy-2

Nitrate metabo-
lism/stress
tolerance

Lopez et al. (2012);
Figueroa-Bossi and
Bossi (1999); Pilar
et al. (2012)

Clostridium
difficile

Clostridium
phage CD38

Enhanced
metabolism/
stress tolerance

Sekulovic and Fortier
(2015)

Bacterial sig-
naling/quo-
rum sensing

Bacillus subtilis Bacillus phage
Phi3T

Promotes lytic
cycle

Erez et al. (2017)

Clostridium
difficile

Clostridium
phage
phiCDHMI

Agr precursors
modulate fit-
ness and
pathogenicity

Hargreaves et al.
(2014)

Iodobacteria Iodobacter
phage PhiPLPE
(ϕPLPE)

Inhibits the
LuxS system

Leblanc et al. (2009)

Biofilm for-
mation and
dispersal

Bacillus
anthracis

Bacillus virus
Bcp1
Bacillus virus
Wip1
Bacillus virus
Wip4
Bacillus virus
Frp2

Promotes com-
plex biofilm
formation

Schuch and Fischetti
(2009)

Pseudomonas
aeruginosa

Pf4 Enhanced bio-
film formation
and dispersal

Whiteley et al. (2001);
Rice et al. (2009)

Streptococcus
pneumoniae

Streptococcus
phage SV1

Promotes bio-
film formation
and dispersal

Carrolo et al. (2010)

Sporulation Bacillus subtilis PMB12
Bacillus virus
SP-10

Enhanced
sporulation

Kinney and Bramucci
(1981)

Bacillus
anthracis

Bacillus virus
Wip1
Bacillus virus
Wip4

Inhibits
sporulation

Schuch and Fischetti
(2009)

(continued)
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phages on biofilm formation was assessed in B. anthracis utilizing the ΔSterne
strain, which is a prophage-free variant that is unable to form biofilms (Schuch and
Fischetti 2009). Lysogenization of the ΔSterne strain with phages Burkholderia
virus Bcp1, Bacillus phage Wip1, Bacillus phage Wip4, and Bacillus phage Frp2
resulted in formation of complex biofilms; further analysis also showed that phage-
encoded RNA polymerase sigma factors can act in trans to induce the expression of
genes required for B. anthracis biofilm formation (Schuch and Fischetti 2009).
P. aeruginosa forms prolific biofilms in the environment and during infections.
The most highly expressed genes in biofilms formed by the P. aeruginosa PAO1
strain are those associated with the filamentous phage Pf4 (Whiteley et al. 2001); not
surprisingly, free phage have been found from biofilm effluents as well as from
clinical isolates. Complete deletion of Pf4 from P. aeruginosa PAO1 resulted in a
loss of bacterial lysis and death seen in late biofilm formation, a loss of small colony
variant (SCV) formation, and greater survival of mice infected with P. aeruginosa
PAO1 lacking Pf4 in comparison to the wild-type strain (Rice et al. 2009). These

Table 6.1 (continued)

Bacterial host Phage Impact Reference

Bacillus virus
Frp2

Antibiotic
resistance

Staphylococcus
xylosis

Staphylococcus
phage
PhiJW4341
(ϕJW4341)

Erythromycin
resistance

Wipf et al. (2014)

Escherichia coli Escherichia
phage 933W

Tetracycline
resistance

Marinus and Poteete
(2013)

Escherichia
virus RCS47

Cephalosporin
resistance

Billard-Pomares et al.
(2014)

Salmonella spp. P1-like Cephalosporin
resistance

Yang et al. (2017)

Resistance to
phage
superinfection

Pseudomonas
aeruginosa

Pseudomonas
virus D3

Prevents phage
absorption

Newton et al. (2001)

Pseudomonas
phage JBD88a

Inhibits
CRISPR/CAS
system

Pawluk et al. (2017)

Escherichia coli Escherichia
virus HK97

Prevents DNA
entry

Cumby et al. (2012)

Escherichia
virus phiV10

Modification to
LPS prevents
phage binding

Perry et al. (2009)

Shigella flexneri Shigella phage
SfII

Modification of
LPS prevents
phage
absorption

Lehane et al. (2005)

Virulence
factors

a

aAn overview of phage-encoded virulence factors can be found in Table 6.2
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findings showcased the importance of filamentous prophages on biofilm dispersal,
the formation of drug-resistant SCVs, and the virulence of P. aeruginosa in general
(Rice et al. 2009). One final example of prophage impact on biofilms can be
observed in S. pneumoniae. Extracellular DNA (eDNA) is an integral part of the
biofilm matrix of biofilms in many bacterial species, including S. pneumoniae
(Carrolo et al. 2010). The presence of eDNA in biofilms typically arises as a result
of bacterial lysis; this is also true in S. pneumoniae biofilms. However, the presence
of eDNA in S. pneumoniae was found to be the result of synergistic effects between
host-encoded autolysin LytA and a phage-encoded lysin Sv1 associated with the
SV1 phage (Carrolo et al. 2010). Inactivation of either the bacterial autolysin LytA
or the phage lysin SV1 resulted in reduced biofilm formation and deletion of both
resulted in loss of biofilm formation in S. pneumoniae entirely, showing the impor-
tance of phage lysin’s role in S. pneumoniae biofilm formation. Additionally,
because free SV1 phage is detected during biofilm formation, with the greatest titers
being found at peak biofilm formation, it is proposed that spontaneous prophage
induction of SV1 is key to the production of eDNA that is paramount for biofilm
formation in S. pneumoniae (Carrolo et al. 2010).

Another way in which some prophages contribute to bacterial host adaptation to
various environments is through the modulation of sporulation. Spore formation is
employed by numerous bacterial species for survival under nutrient limitation or
unfavorable environmental conditions; endospores are metabolically dormant and
can withstand harsh environmental conditions, including desiccation, ionizing radi-
ation, extreme temperatures, and antimicrobial compounds (Wilcox and Fawley
2000; Nicholson et al. 2000). The process of sporulation, which has been most
studied and characterized in Bacillus subtilis, is a complex multi-stage process
involving gene activation and repression (Higgins and Dworkin 2012; Paredes
et al. 2005). Bacteria infected with spore-converting phages have a higher frequency
in their sporulation rates than uninfected cells; spore-converting phages also confer a
higher frequency of sporulation oligosporogenic or sporulation-negative Spoc

mutants (Bramucci et al. 1977a, b; Keggins et al. 1978; Kinney and Bramucci
1981; Perlak et al. 1979). Spore-converting phages have been isolated from various
bacteria including B. subtilis, Bacillus cereus, Bacillus pumilus, Bacillus
thuringiensis, and Clostridium perfringens (Bramucci et al. 1977a, b; Hemphill
and Whiteley 1975; Keggins et al. 1978; Perlak et al. 1979; Sandman et al. 1987;
Stewart and Johnson 1977). Investigation of two spore-converting phages PMB12
and Bacillus phage SP-10 found that lysogenization of B. subtiliswith either of these
phages confer the ability to produce spores in sporulation-negative strains (Bramucci
et al. 1977a, b; Kinney and Bramucci 1981; Silver-Mysliwiec and Bramucci 1990).
Studies that showed that PMB12 suppress stage 0 sporulation mutations suggest that
PMB12 influenced early stages in the sporulation process and at least 3 of the scn
genes found within PMB12 are required to induce sporulation (Kinney and
Bramucci 1981). Further analysis of B. subtilis strain 3–13 lysogens harboring either
PMB12 or Bacillus phage SP-10 demonstrated an ability to grow in the presence of
concentrations glucose that are inhibitory to the sporulation process and the
expression of α-amylase in wild-type strains, thereby overcoming the catabolite
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repression-associated inhibition of sporulation in B. subtilis (Takahashi 1979;
Henkin et al. 1991; Nicholson et al. 1987). Interestingly, prophages have also been
shown to inhibit sporulation in some bacterial species, including in B. anthracis.
Investigation of sporulation by the unlysogenized ΔSterne strain (described above)
had prolific spore production of 5 � 108 spores/mL, whereas lysogens carrying
Bacillus phage Wip1, Bacillus phage Wip4, and Bacillus phage Frp2 resulted in the
inhibition of sporulation (Schuch and Fischetti 2009), but promoted biofilm forma-
tion. In this case, the resulting lysogens survived in the soil for longer periods of time
than did the non-lysogenic ΔSterne strain, suggesting an advantageous adaptation
for long-term survival in soil environments (Schuch and Fischetti 2009).

As already described, prophages can have profound impacts on the lysogen by
contributing to the lifestyle and overall fitness, but they also bolster the virulence of
many bacterial pathogens (Table 6.2), including Salmonella enterica (Cooke et al.
2007; Figueroa-Bossi et al. 2001; Hermans et al. 2005, 2006; Thomson et al. 2004),
Vibrio cholerae (Boyd et al. 2000a, b; Boyd and Waldor 1999; Davis et al. 2000;
Mekalanos et al. 1997; Waldor and Mekalanos 1994, 1996), Escherichia coli (Mead
and Griffin 1998; Ohnishi et al. 2001; Hayashi et al. 2001; Ogura et al. 2006; Ohnishi
et al. 1999, 2002; Yokoyama et al. 2000), Streptococcus pyogenes (Aziz et al. 2005;
Banks et al. 2002; Cleary et al. 1998), Staphylococcus aureus (Baba et al. 2008; Bae
et al. 2006; Goerke et al. 2009; Rahimi et al. 2012), Clostridium difficile, and
Corynebacterium diphtheriae (Freeman and Morse 1952; Trost et al. 2012). Lyso-
genic conversion provides key mechanisms to invade host tissues, evade immune
defenses, and can cause tissue damage, thereby promoting greater survival and
selective advantage to the bacterial host; phage-encoded products include, but are
not limited to, hydrolytic enzymes, antibiotic resistance factors, superantigens,
adhesins, serum resistance, detoxifying enzymes, LPS-modifying enzymes, toxins,
and type III effector proteins (Boyd 2012; Brussow et al. 2004; Fortier and Sekulovic
2013). Acquisition of phage-encoded virulence factors promote overall fitness,
replication, and survival within their respective environments. While phage-encoded
virulence factors provide key functionality and promote the ability of lysogens to
navigate the various stages of pathogenesis within the internal environment of the
human host, phage-encoded toxigenicity associated with a few medically important
pathogens and their overall toxic effect on the human host will be highlighted and
will be reviewed in the next section.

6.3 Lysogeny and Toxigenicity in Bacterial Pathogens

During infection, bacterial pathogens secrete a variety of virulence factors, including
exotoxins. Many exotoxin genes are carried by phages and are readily transferred
between bacterial hosts; phage-associated exotoxin genes can be detected in bacte-
rial and free phage DNA in a multitude of environments, including in the human gut
(Casas and Maloy 2011; Casas et al. 2006). Through transduction of these phage-
encoded genes, even commensal bacteria may be converted to pathogenic strains due
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to their newly acquired means of toxin production. In fact, phage-encoded toxins
serve as the primary virulence factor or they contribute to the overall pathogenicity
for numerous pathogens, including Vibrio cholerae, Shiga-toxin producing

Table 6.2 Representative phage-encoded virulence factors

Bacterial host Phage
Gene
(s) Reference

Adhesion proteins Vibrio cholerae CTXφ tcp Karaolis et al.
(1999)

Escherichia coli Escherichia
virus Lambda
(λ)

lom Barondess and
Beckwith (1990)

Enterococcus
faecalis

Pp1, pp4, pp6 pblA/
pblB

Matos et al. (2013)

Streptococcus
mitis

Streptococcus
phage SM1

pblA/
pblB

Bensing et al.
(2001)

Evasion of immune
response and intracellu-
lar survival

Escherichia coli Escherichia
virus Lambda
(λ)

bor Barondess and
Beckwith (1990)

Salmonella
enterica

Salmonella
virus Gifsy-1,2
Salmonella
virus Gifsy-1
Salmonella
virus Gifsy-2
Salmonella
virus SopEphi
(ϕSopE)

ailT,
ailF
gipA,
gogB
sodC1,
SseI
sopE

McClelland et al.
(2001)
Stanley et al.
(2000)
Figueroa-Bossi
et al. (2001)
Mirold et al.
(1999)

Toxins Vibrio cholerae CTXφ ctxA/
ctxB
ace
zot

Waldor and
Mekalanos (1996)
Trucksis et al.
(1993)
Fasano et al.
(1991)

Corynebacterium
diphtheriae

Corynephage
beta (β)

tox Freeman (1951)

Clostridium
botulinum

CEβ
DEβ

bont Barksdale and
Arden (1974)
Eklund et al.
(1972)

Clostridium novyi NA1 tcnA Eklund et al.
(1974); Popoff and
Bouvet (2009)

Escherichia coli Stx stx1,
stx2

Newland et al.
(1985); O’Brien
et al. (1984)

Staphylococcus
aureus

Sa3int eta
pvl

Yamaguchi et al.
(2000)
Wirtz et al. (2009)
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Escherichia coli, Clostridium botulinum, Staphylococcus aureus, and Corynebacte-
rium diphtheriae. While there are many advantages that lysogenic conversion pro-
vides, it is a fine balance between benefit and detriment since most phage-encoded
toxins are expressed when the prophage is induced to enter the lytic cycle (Wagner
et al. 2002; Koudelka et al. 2018). In the following sections, the phage-bacterial host
relationship will be reviewed for each of these medically important pathogens and
the impact that their phage-conferred toxigenicity has on the human host will be
described.

6.3.1 Phage-Conversion and Toxigenicity in Vibrio cholerae

V. cholerae is a facultative bacterium that has both environmental and human life
cycles (Faruque et al. 1998). There are over 200 serogroups of V. cholerae; however,
only two V. cholerae serogroups O1 and O139 act as causative agents for cholera, a
gastrointestinal disease that is characterized by profuse and explosive watery diar-
rhea and subsequent dehydration (Faruque 2013; Faruque et al. 1998; Kaper et al.
1995). Strains within these two serogroups of V. cholerae have acquired two key
virulence factors, the cholera toxin (CT) and toxin-coregulated pilus (TCP) through
acquisition of phages or phage-like elements (Karaolis et al. 1999; Waldor and
Mekalanos 1996). While TCP is of importance, this section will focus on CT and
other phage-associated toxins. Toxigenic V. cholerae strains carry the ctxAB genes,
which encode for the cholera toxin; these genes are acquired through the lysogenic
filamentous phage CTXϕ (Waldor and Mekalanos 1996).

CTXϕ is similar in size, structure, and gene order to the M13 and f1 filamentous
phages found in E. coli (Boyd 2008; Davis and Waldor 2003). CTXϕ has a 6.9-kb
genome that is organized into two distinct modules, a 2.4-kb long RS2 (repeat
sequence 2) and a 4.5-kb long core (Waldor et al. 1997), which contain necessary
genes for phage attachment, chromosomal integration, phage morphogenesis and
assembly, as well as the ctxAB genes that are required for disease development
(Waldor and Mekalanos 1996). Its genome also contains genes encoding Ace
(Accessory cholera enterotoxin) and Zot (Zonula occludens toxin) proteins, which
are involved in phage production and assembly, respectively, and are also accessory
toxins in V. cholerae pathogenesis (Trucksis et al. 1993; Fasano et al. 1991). CTXϕ
integration occurs at a highly conserved 28-bp dimer resolution site (dif) found on
chromosome 1 of V. cholerae; the process is dependent on two host-encoded
tyrosine recombinases, XerC and XerD and cell division protein FtsK (Huber and
Waldor 2002; McLeod and Waldor 2004) and is distinct from other lysogenic
phages in that it uses its folded ssDNA for integration (Val et al. 2005). While
CTXϕ is pervasive in epidemic and pandemic-strains of V. cholerae, environmental
isolates may also carry variants of CTXϕ; however, there are major genetic differ-
ences found between CTXϕ present in V. cholerae O1, O139, non-O1, and
non-0139 strains, which may result in limited transmission within non-O1 and
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non-O139 strains (Maiti et al. 2006). The non-O1 and non-O139 strains have only
been associated with sporadic diarrhea and not severe disease (Maiti et al. 2006).

Expression of the phage-encoded ctxAB results in the production of the potent
enterotoxin CT. In human volunteers, CT was shown to induce the diarrhea charac-
teristic of cholera (Levine et al. 1983). Strains of V. cholerae that are deficient in
cholera toxin production are attenuated in animals and humans (Guinee et al. 1985,
1987, 1988). CT is required to cause severe disease and promotes transmission of the
organism through the prolific diarrhea that typically contains upwards of 1011 cells
per ml (Faruque et al. 1998); however, studies have shown that CT also enhances its
bacterial growth by creating an iron-depleted environment in the intestinal environ-
ment by way of modulating host cell metabolism that ultimately provides the
pathogen with host-derived nutrients such as heme and intestinal long-chain fatty
acids (LCFAs) (Rivera-Chavez and Mekalanos 2019). CT is a characteristic hetero-
oligomeric AB toxin, consisting of a singular A subunit associated with five identical
B subunits and causes diarrhea through an increase in cyclic adenosine-30,
5-monophosphate (cAMP) production by disrupting the stimulatory G-protein Gsα
(Field et al. 1972). The B subunit specifically binds to the GM1 ganglioside receptor
found on enterocytes (Pierce 1973; King and Van Heyningen 1973). Upon binding,
the A subunit is translocated and its A1 subunit activated to catalyze the
ADP-ribosylation of the host cell G protein Gsα, thereby resulting in its inactivation;
this inactivation of Gsα leads to the permanent activation of adenylate cyclase in the
host cell and an overabundance of intracellular cAMP (Field et al. 1972). The
increased cAMP disrupts sodium absorption and increases secretion of sodium
bicarbonate and chloride, ultimately resulting in excessive water loss by the cells
and causing the characteristic symptoms of cholera (as reviewed in Fishmann 1990;
Kaper et al. 1994). Regulation of CT is under the control of host-encoded master
regulators ToxR, AphA, and AphB as well as by phage encoded RstC, which is
found in the RS1 module (Lee et al. 1999, 2001).

While the impact of prophage on V. cholerae is well-characterized, little is known
regarding the role of prophage in other marine Vibrio species. Notably prophage-
encoded toxins have been identified in the human pathogen Vibrio parahaemolyticus
(Nasu et al. 2000), fish pathogens Vibrio anguillarum (Kalatzis et al. 2017) and
Vibrio harveyi (Munro et al. 2003), and coral pathogen Vibrio coralliilyticus
(Weynberg et al. 2015); zot-encoding prophages have widespread distribution in
marine Vibrio species (Castillo et al. 2018). Further studies of marine Vibrio species
have highlighted pervasive temperate phage prevalence in pathogenic and
non-pathogenic Vibrio species within marine communities; and the ways in which
phage-encoded traits contribute to genetic diversification, niche adaptation, and
virulence in marine Vibrio communities and could potentially play a role in the
emergence of new pathogenic Vibrio species (Castillo et al. 2018; Breitbart et al.
2018; Boyd et al. 2000b).
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6.3.2 The Rise of a Lethal Pathogen: Lysogenic Conversion
and Toxigenicity in Escherichia coli

While Escherichia coli is a common commensal bacterium found in the intestinal
tract of humans and animals, Shiga toxin-producing E. coli (STEC) are a heterog-
enous group of enteric pathogens that cause diseases ranging from diarrhea to
devastating hemorrhagic colitis (HC) and hemolytic uremic syndrome (HUS)
(Beutin and Martin 2012; Hunt 2010; Karch et al. 2012; Mellmann et al. 2011).
E. coli O157:H7 is the causative pathotype for the majority of STEC-associated HC
and HUS (Banatvala et al. 2001; Verweyen et al. 1999); however, over
400 non-O157 serotypes are recognized for their involvement in human disease
(Bettelheim 2007; Mora et al. 2011). The primary virulence factors produced by
STEC are the phage-encoded Shiga toxins (Stx), whose genes are found on Stx
phages (Newland et al. 1985); the Shiga toxins are released when phage-mediated
lysis occurs. Comparison of the genomes of pathogenic E. coli strain O157:H7 to
laboratory E. coli strain K12, revealed that the majority of the differences observed
in the pathogenic strain are due to prophages (Blattner et al. 1997; Hayashi et al.
2001; Ohnishi et al. 2001). Stx phages are a diverse group that present with different
morphologies, genome size, and host infectivity range (Rietra et al. 1989; Muniesa
et al. 2000; Allison et al. 2003; Karama and Gyles 2008; Karama et al. 2008;
Gamage et al. 2004; Muniesa et al. 2004; Park et al. 2013; Osawa et al. 2000).
Not surprisingly, integration sites for Stx phages in the bacterial chromosome also
show great diversity. In E. coli O157:H7 strains, at least five integration sites have
been described for Stx phages and these include wrbA, yehV, argW, sbcB, and yecE
(De Greve et al. 2002; Shaikh and Tarr 2003; Besser et al. 2007; Mellor et al. 2012;
Shringi et al. 2012); and several integration sites have been described for non-O157
STEC strains (Recktenwald and Schmidt 2002; Koch et al. 2003; Ahmed et al. 2012;
Steyert et al. 2012; Cooper et al. 2014). The process by which the phage integrates is
not well-defined; however, double lysogens have been detected (Allison et al. 2003).
There is also diversity in the sequence of stx genes and Shiga toxins produced by
STEC are classified into two primary types: Shiga toxin 1 (Stx1) and Shiga toxin
2 (Stx2); each of these groups is comprised of several subtypes, with Stx2 having the
most heterogeneity (Scheutz et al. 2012). STEC strains may carry one or more stx
genes in their genome and strains carrying three or more have been described (Bertin
et al. 2001; Eklund et al. 2002; Kruger et al. 2011). The production of Stx1 and Stx2
in O157:H7 and the production of Shiga toxin 2 in the case of O104:H4 is the result
of these strains being lysogenzied by more than one of the Stx-phage group of
bacteriophages (Allison 2007; Laing et al. 2012).

Despite the genetic diversity of stx genes, all Shiga toxins share common struc-
tural and enzymatic elements. Shiga toxins are characteristic AB toxins, having a
single A-subunit bound to pentameric B subunits (Law 2000). The B subunit binds
to glycosphingolipid globotriaosylceramide (Gb3) on the target cell (Schuller 2011).
Following binding the Shiga toxin and its receptor are endocytosed, the A subunit is
activated, and the A1 subunit translocates into the host cell cytoplasm where it
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cleaves one adenine residue of the 28s rRNA subunit; this disruption inhibits the
binding of aminoacyl-tRNA to the 60s ribosomal subunit and inhibits protein
synthesis, thereby triggering endoplasmic reticulum and ribotoxic stress responses
and ultimately leading to apoptosis (Endo et al. 1988; Furutani et al. 1992; Saxena
et al. 1989; Schuller 2011; Tesh 2012). When Shiga toxin enters the bloodstream, it
can result in more systemic symptoms because Gb3 is expressed on microvascular
endothelial cells found throughout the body, including in the kidney and brain
(Brigotti et al. 2010; te Loo et al. 2000). Damage to the vasculature by Shiga toxin
is a hallmark of STEC pathophysiology and its effects can lead to a prothrombogenic
environment within the host, which is also characteristic of HUS caused by STEC
strains (Chandler et al. 2002).

6.3.3 Lysogenic Conversion and Toxin-Production
in Clostridium botulinum

Various pathogenic Clostridium species benefit through their relationship with
temperate phages and through toxin conversion, including Clostridium botulinum.
C. botulinum is the causative agent for botulism, a life-threatening disease that is
characterized by the symptom of flaccid paralysis and can affect humans, animals,
and birds (Sobel 2005). The virulence of C. botulinum is through the production of
botulinum neurotoxin (BoNT). BoNT toxins are categorized into seven groups based
on antigenicity (A, B, C1, D, E, F, or G) and these groups can be further divided into
more than 40 subtypes (Rummel 2015; Smith et al. 2015). BoNT A, B, and F are
chromosomally encoded and G is plasmid encoded (Barksdale and Arden 1974;
Hutson et al. 1996; Zhou et al. 1995), whereas BoNT/C1 and BoNT/D, and possibly
BoNT/E neurotoxins are encoded on CEβ and DEβ phages; curing of these phages
results in a loss of virulence in these strains (Barksdale and Arden 1974; Eklund et al.
1971, 1972; Zhou et al. 1993; Inoue and Iida 1970, 1971; Oguma et al. 1973).
Analysis of the genetic organization of the C1 and D loci of CEβ and DEβ phages
shows genes for both toxin secretion and regulation (Hauser et al. 1992; Tsuzuki
et al. 1990). Further analysis of the genetic organization shows that the BoNT bont
genes are in close proximity to non-haemagglutinin gene ntnha and hemagglutinin
operon, which encode proteins that form a heterodimer with BoNT and are proposed
to protect the toxin from pH denaturation and proteases activity in the gastrointes-
tinal tract and facilitate absorption through the gastric mucosa (Bonventre 1979;
Iwasaki et al. 1980; Ohishi et al. 1980; Hambleton 1992).

All BoNT are potent toxins that result in a prevention of acetylcholine release by
cholinergic presynaptic receptors (Montecucco et al. 2004). BoNT are expressed as a
large 150-kDa polypeptide inactive precursor that are cleaved by bacterial or host
proteases to yield the mature BoNT, which consists of a light (L) chain (50-kDa) and
a heavy (H) chain (100-kDa) linked by a disulfide bond (Hambleton 1992). The
structure of the active form of BoNT includes three domains: the HC domain
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(C-terminus of the H chain) is responsible for binding to presynaptic terminals; the
HN domain (N-terminus of the H chain) is responsible for translocation of the L
chain across the membrane of endocytic vesicles into the neuronal cytosol; the L
chain is a Zn2+-dependent metalloprotease that cleaves the SNARE proteins required
for neurotransmitter exocytosis (Lacy and Stevens 1999). The HC-C domain binds
to a polysialoganglioside (PSG) receptor present on presynaptic neurons (Simpson
and Rapport 1971), followed by binding to either synaptotagmin (Syt) or SV2
protein receptor (Nishiki et al. 1994; Dong et al. 2003; Rummel et al. 2007; Peng
et al. 2012). Following binding, BoNT is endocytosed and the L chain is ultimately
translocated across the synaptic vesicle membrane where the L chain is released
from the HN chain and becomes enzymatically activated (Fischer and Montal 2007;
Montal 2010; Fischer 2013). BoNT cleave at least one of three proteins involved in
acetylycholine exocytosis: synaptic vesicle associated membrane protein (VAMP),
25 kDa synaptosomal-associated protein (SNAP-25), or syntaxin and the target
protein varies depending on type of BoNT; BoNT/B, /D, /F, and /G cleave VAMP
(Schiavo et al. 1993a, b, 1994); BoNT/A and /E cleave only SNAP-25 (Schiavo et al.
1993a; Simpson 1979, 2004); BoNT/C cleaves both SNAP-25 and syntaxin
(Schiavo et al. 1995; Simpson 1979, 2004). The end result of this cleavage is a
loss of neurotransmitter release and the characteristic flaccid paralysis associated
with botulism occurs.

C. botulinum isn’t the only Clostridium species to gain toxin production through
phage conversion. Clostridium novyi is a toxigenic pathogen that causes disease in
both humans and animals (Leal et al. 2008; Popoff and Bouvet 2009) and is divided
into four types (A-D) based on the production of toxins. C. novyi type A produce
α-toxin (TcnA), which is a large glucosylating toxin that is encoded on prophage
NA1 (Popoff and Bouvet 2009; Eklund et al. 1974). Eklund et al. showed that
C. botulinum type C1 strain that produces BoNT C could be cured of its phage 3C
and reinfected with phage NA1 from C. novyi and the resulting C. botulinum
produced α-toxin, showing interspecies conversion (Eklund et al. 1974). Type B
strains of C. novyi also harbor various phages (NB1, NB2, NB3, NB5, NB7, NB9)
that lead to α-toxin production as well and interspecies toxin conversion conferred
by NB phages between C. novyi and C. botulinum has been reported as well (Eklund
et al. 1976).

While toxin conversion in C. botulinum types C1 and D and C. novyi types A and
B are the only pathogenic Clostridium spp. in which true phage conversion of toxin
has been shown to date, some strains of Clostridium difficile (reclassified as
Clostridiodes difficile) produce binary toxin (CDT), which has actin-specific
ADP-ribosyltransferase activity and is composed of two subunits encoded by the
cdtA and cdtB genes (Bauer et al. 2011; Popoff et al. 1988; Snydman et al. 2015;
Carman et al. 2011; Gerding et al. 2014). The toxin genes are found together with the
cdtR gene that encodes a regulator on the 6.2-kb CDT locus (CdtLoc) (Carman et al.
2011; Gerding et al. 2014). This locus was identified on the sequence of an episomic
prophage phiSemix9P1 found within the C. difficile genome and represents the sole
example of a phage-encoded toxin genes in C. difficile (Dannheim et al. 2017; Riedel
et al. 2017). Interestingly, regulator CdtR was shown to be involved in the regulation
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of the expression of the main toxins TcdA and TcdB in C. difficile (Lyon et al. 2016);
however, further investigation is needed.

6.3.4 Phage-Conversion and Toxigenicity
in Corynebacterium diphtheriae

Perhaps the most well-characterized prototypical example of toxin-conversion is
found within diphtheria toxin producing C. diphtheriae. C. diphtheriae is the
etiological agent for the highly communicable respiratory disease, diphtheria (von
Graevenitz and Bernard 2006), a disease that is characterized by the formation of a
pseudomembrane on the tonsils, uvula, oropharynx, and nasopharynx;
C. diphtheriae can also cause systemic intoxication whereby the diphtheria toxin
(DT) produced by this pathogen may destroy the parenchymal tissues of the heart,
liver, and kidneys (Hadfield et al. 2000). The diphtheria toxin is the primary
virulence factor for C. diphtheriae and is instrumental in the pathogenesis of
diphtheria; the gene for DT expression is carried by corynephages. Freeman first
proposed a relationship between lysogeny and toxigenicity after studies showed that
exposure of non-toxigenic C. diphtheriae to a lysogenic corynephage resulted in the
recovery of toxigenic strains (Freeman and Morse 1952). Additional studies by
Groman (1953) and Barksdale (Barksdale and Pappenheimer 1954) confirmed
these findings; Groman showed that toxigenicity is induced and was dependent on
bacteriophage involvement (Groman 1953) and Barksdale and Pappenheimer coined
the term “conversion” to indicate that production of the diphtheria toxin was
conferred via lysogeny (Barksdale and Pappenheimer 1954).

The ability of corynephage β to convert susceptible nontoxigenic strains of
C. diphtheriae to toxigenic strains is the result of tox+ phages (Barksdale 1955;
Groman and Eaton 1955). While corynephage β is the prototypical toxigenicity-
converting phage, a family of β-related phages, referred to as β family, contains not
only toxin-converting phages, but also non-converting phages like γ phage and other
toxmutants (Buck and Groman 1981a; Groman et al. 1983; Michel et al. 1982; Buck
et al. 1985; Groman 1984).

Corynephage β is a temperate phage that has a polyhedral head, a 270 nm long,
slender tail (Freeman 1951; Mathews et al. 1966), and contains approximately
34.7 kb of linear, double-double stranded DNA (Buck et al. 1978); as indicated
above, its genome contains the gene that encodes the diphtheria toxin. Corynephage
β integrates into its host’s chromosome in a similar fashion as does Escherichia virus
λ (λ phage) in E. coli (Laird and Groman 1976; Buck and Groman 1981b; Michel
et al. 1982); this integration occurs via site-directed recombination between a phage
attachment site (attP) and one of the two functionally equivalent bacterial attachment
sites (attB1 and attB2) found within Arg-tRNA2 genes on the chromosome of
C. diphtheriae (Rappuoli and Ratti 1984). The attB sites share approximately
93 bp of core sequence that has high homology to that of corynephage β phage
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attP (Ratti et al. 1997; Buck et al. 1985). Integration with a tox+ phage results in a
toxigenic bacterium that expresses tox from a phage-encoded promoter; however, its
expression is controlled through the host’s regulatory mechanisms and most notably
repressed by Diphtheria Toxin Repressor (DtxR) (Welkos and Holmes 1981a, b;
Murphy et al. 1976, 1978).

As described above, diphtheria toxin is the predominant virulence factor associ-
ated with C. diphtheriae and is a potent bacterial toxin for which the minimal lethal
dose of DT is less than 0.1μg/kg of body weight for humans and susceptible animals
(Pappenheimer 1984). Secreted DT contains three functional domains in total; DT-A
is the catalytically active domain (C-domain) that has ADP-ribosylatase activity and
results in intracellular toxicity, whereas DT-B contains the translocation and
receptor-binding domains (T-domain and R-domain, respectively) that are respon-
sible for binding and internalization of the toxin (Collier and Kandel 1971; Gill and
Dinius 1971; Gill and Pappenheimer 1971). Introduction of a single molecule of
DT-A into the cytosol of a eukaryotic cell is sufficient for killing that cell
(Yamaizumi et al. 1978). DT-B facilitates binding to HB-EGF, and following
binding, DT is endocytosed via clathrin-coated vesicles and enters the endosomal
pathway (Morris et al. 1985). In the endosome, acidification occurs that induces a
conformational change in the translocation domain of DT (Draper and Simon 1980;
Sandvig and Olsnes 1980) which ultimately facilitates the translocation of the DT-A
fragment into the cytosol (Hu and Holmes 1984; Moskaug et al. 1988; Olsnes et al.
1988; Kagan et al. 1981). Following entry into the cytoplasm, the DT-A fragment
binds to NAD and catalyzes the transfer of an ADP-ribose group from NAD to a
diphthamide residue of EF-2 (Van Ness et al. 1980; Chung and Collier 1977a, b).
EF-2 mediates the translocation step of protein synthesis by promoting the transfer of
peptidyl tRNA from the A site to the P site of the ribosome (Moldave 1985);
therefore, inactivation of EF-2 results in termination of protein synthesis and lethal-
ity to the cells. The susceptibility of animal cells to the action of DT varies
dramatically; studies showed that highly susceptible cells have a greater level of
DT-receptors on their surface than do those cells having a lower susceptibility
(Dorland et al. 1979; Middlebrook et al. 1978; Middlebrook and Dorland 1977).

Interestingly, phage conversion leading to the ability to produce diphtheria toxin
is not solely observed in C. diphtheriae, but has also been observed in additional
Corynebacterium spp. Diphtheria toxin-producing strains of Corynebacterium
ulcerans and Corynebacterium pseudotuberculosis have been isolated from nature
(Maximescu et al. 1974a); these species can be lysogenized with phages isolated
from C. diphtheriae, ultimately conferring toxigenicity (Maximescu 1968;
Maximescu et al. 1974a, b). The corynephage β attB site is present in numerous
other Corynebacterium spp. (Cianciotto et al. 1986); therefore, it is not surprising
that other Corynebacterium spp. such as C. ulcerans and C. pseudotuberculosis can
be lysogenized by a tox+ β-like phage (Cianciotto et al. 1986). C. ulcerans can be
transmitted to humans zoonotically (Lartigue et al. 2005) and has become of
increasing clinical importance worldwide as both a human and animal pathogen
(Dewinter et al. 2005; Sing et al. 2005; de Carpentier et al. 1992; Wagner et al. 2001;
Kaufmann et al. 2002; Hatanaka et al. 2003; von Hunolstein et al. 2003; Komiya
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et al. 2010; Wagner et al. 2010; Bonnet and Begg 1999). Sequence analysis of
C. ulcerans clinical isolate 0102 possesses a unique tox+ prophage ϕCULC0102 in
its chromosome (Sekizuka et al. 2012) and may help to explain great genetic
diversity observed in tox genes found within C. ulcerans strains that are in contrast
to the conserved tox sequence observed in C. diphtheriae (Sing et al. 2003, 2005).
Further investigation of the diversity of tox genes within C. pseudotuberculosis is
needed.

6.4 Insects, Symbionts, and Phage-Encoded
Toxins. . .Oh My!

While this chapter has focused on the benefits of the phage to its bacterial host, as
well as on the impacts that toxins have primarily on humans, it would be remiss to
not mention the relationship that exists between various insects, their symbionts, and
the bacteriophages they harbor. Most notable is the relationship between the facul-
tative endosymbiont Candidatus Hamiltonella defensa (Hamiltonella defensa), a
γ-proteobacterium found in a wide-range of sap-sucking insects including aphids,
mealybugs, psyllids, and whiteflies (Clark et al. 1992; Sandstrom et al. 2001; Russell
et al. 2003; Moran et al. 2005a, b; Moran 2007) and its phage and the protection they
confer against endoparasitoid wasps. APSE (for Acyrthosiphon pisum secondary
endosymbiont) is a lambda-like phage with an isometric head and a short tail that
was originally isolated from an Acyrthosiphon pisum (pea aphid) infected by a
secondary endosymbiont (van der Wilk et al. 1999) and APSE is associated with
Hamiltonella defensa. To date, seven types of APSE have been described (APSE-1,
APSE-2, APSE-3, APSE-4, APSE-5, APSE-6, APSE-7) and are associated with
Hamiltonella strains from six aphid species and the whitefly Bemisia tabaci (van der
Wilk et al. 1999; Moran et al. 2005a; Degnan and Moran 2008a; Oliver et al. 2008,
2009; 2010; Martinez et al. 2014; Oliver and Higashi 2019; Dennis et al. 2017).
These varying types of APSE encode homologs of toxins from one of three protein
families, including the Shiga-like toxin, cytolethal distending toxin (CdtB), as well
as a tyrosine-aspartic acid (YD-repeat)-containing toxin (van der Wilk et al. 1999;
Moran et al. 2005a; Degnan and Moran 2008a; Oliver et al. 2008, 2009, 2010;
Martinez et al. 2014; Oliver and Higashi 2019; Dennis et al. 2017). In general, pea
aphids infected with Hamiltonella defensa and APSE are significantly more
protected against parasitoid wasps; in these aphids, the wasp larva dies prematurely
and the aphid is able to develop to its adult stage and subsequently reproduce (Oliver
et al. 2003). However, varying levels of protection have been observed and differ
with APSE type (Oliver et al. 2003, 2005; Bensadia et al. 2006). APSE-2 carries a
cdtB homolog and investigation of aphids harboring APSE-2-Hamiltonella defensa
showed ~40% mortality of parasitoid wasps, indicating moderate protection of the
aphids (Oliver et al. 2003, 2005). In contrast, Hamiltonella defensa carrying APSE-
3, which encodes a YD-repeat containing toxin, confers a high level of protection to
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aphids, showing greater than 85% mortality of parasitoid wasps (Oliver et al. 2005);
spontaneous loss of APSE-3 eliminates this protection and results in an increase in
the intracellular level of Hamiltonella defensa that negatively impacts aphid fitness
(Oliver et al. 2009; Weldon et al. 2013). Furthermore, introduction of APSE-3 into
an APSE-free and non-protective A2C strain of Hamiltonella defensa conferred
protection against the effects of parasitoid wasps (Brandt et al. 2017). Under these
protective measures, the level of expression for the toxin homologs was constitu-
tively expressed at high levels, suggesting an important role by these toxins in the
protectivity provided to the insect (Moran et al. 2005a; Oliver et al. 2009). In all, this
relationship between the endosymbiont, the phage, and the insect is a fascinating
relationship where further investigation into the role of phage-encoded toxins in
APSE-mediated Hamiltonella defensa parasitoid defense is warranted.

6.5 Summary

Through genetic transfer, bacteriophages are key drivers of bacterial evolution. The
prolific genotypic and phenotypic changes that can arise in a bacterial host through
the acquisition of new phages can truly have significant impacts on not only the
bacterial host itself, but also on its environment. Lysogenic conversion can benefit
the bacterial host by increasing bacterial fitness, enhancing virulence, restricting
secondary infection by lytic phages, providing antibiotic resistance, or conferring the
ability to produce a toxin by an otherwise non-toxigenic strain (Obeng et al. 2016;
Bondy-Denomy and Davidson 2014; Argov et al. 2017). Indeed, toxin-conversion in
bacterial hosts contributes to their virulence and often results in detrimental impacts
to the environment in which these pathogens may be found. While the role of phage-
encoded toxins on bacterial virulence has been well-studied in a number of medi-
cally important pathogens, further analysis into the genetic diversity of phages
within an environment, their rampant recombination and genetic rearrangement
events, the possible inter- and intra-species acquisition of phage-associated toxin
genes, and the overall potential evolution of new pathogens is needed. Through such
investigations, the potential of phage on the evolution of already existing pathogens
or new pathogens may be fully appreciated.

Additionally, toxin-conversion in endosymbionts is a realm of possibility insofar
as phage research. Obligate intracellular mutualists of insects typically lack phages
(Degnan et al. 2005; Akman et al. 2002; Nakabachi et al. 2006); however, phages are
commonly found in facultative (secondary) endosymbionts (Hypsa and Dale 1997;
Masui et al. 2000; Toh et al. 2006; van der Wilk et al. 1999) . In the example of the
relationship between aphids, Hamiltonella defensa, and APSE phage there is a
profound phage-provided protective measures conferred to the insect (van der
Wilk et al. 1999; Oliver and Higashi 2019). Further genomic studies of APSE
phages across aphid taxonomic groups have revealed diversity associated with the
phage as well as the toxin arsenal (Rouil et al. 2020). Studies have also shown that
significant horizontal and vertical genetic transfer drive diversity in the phages and
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impact not only the endosymbiont, but also their insect hosts (Degnan and Moran
2008b). Many unanswered questions exist with respect to the origin for the diversity
observed in these phages and what additional roles phages, by way of facultative
endosymbionts, have in horizontal gene transfer in the evolution of animals outside
of insects.
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Chapter 7
Mycoviruses as Antivirulence Elements
of Fungal Pathogens

Mirna Ćurković-Perica, Marin Ježić, and Daniel Rigling

Abstract Plant diseases caused by fungal pathogens are a major cause of yield loss
in agriculture and forestry. Mycoviruses have been discovered in many important
plant pathogenic fungi. The majority are RNA viruses, that cause persistent infec-
tions of their fungal hosts without having an extracellular phase. Virus infection
occurs via hyphal anastomosis allowing the virus to move from a virus-infected to
uninfected mycelium. While most virus infections remain asymptomatic, some are
known to attenuate virulence and sporulation ability of their fungal hosts and thus
can act as antivirulence elements against these pathogens. Biological control strat-
egies against plant diseases have been developed using such mycoviruses, the best-
known example being hypovirulence in the chestnut blight fungus, Cryphonectria
parasitica. This chapter gives an overview about the basic concepts of mycovirus-
mediated biological control of plant diseases and reviews examples of practical and
potential applications of mycoviruses for disease control.

7.1 Introduction

Viruses are infectious agents that contain either DNA or RNA as their genetic
material which is usually enclosed within a capsid—a protein coat which contains
many copies of one or more different types of polypeptide subunits (Flint et al. 2009;
Willey et al. 2010). Some virus species also have envelopes consisting of proteins,
lipids and carbohydrates that enclose the nucleocapsid. Viruses are able to transfer
their genetic material from one cell to another, imposing their genetic information
upon the infected cell and utilising the cell’s resources for their own reproduction.
They are studied mostly because of their role in causing diseases of all cellular life
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forms, both prokaryotic and eukaryotic. Some viruses can be utilised for scientific,
biotechnological and medicinal purposes to deliver their genetic payload to targeted
cells (Roldão et al. 2017). Others are used as biological control agents of pests and
pathogens by utilizing their debilitating effect on their hosts (Köhl et al. 2019) which
has been exploited by humans.

The suitability and selection of mycoviruses for use as biological tools depends in
part upon both the traits of a virus strain and the situation for which a virus will be
needed. The appropriate factors to be considered when selecting viral attributes will
be discussed later in this chapter. One example of those attributes would be that viral
presence in the actively growing hyphae is important for horizontal transmission of
the virus, and yet viral presence in the fungal reproductive structures is important for
achieving vertical transmission of a virus. Another example is recognizing situations
where achieving rapid effectiveness of virus transmission is more important than the
extent to which a virus affects fungal virulence.

7.2 Mycoviruses

The term mycovirus refers to a large group of taxonomically unrelated viruses that
infect fungi, also called fungal viruses. Since the first description of a virus in the
cultivated mushroom Agaricus bisporus (J.E. Lange) Imbach more than 50 years ago
(Hollings 1962), the knowledge of mycoviruses has expanded extensively (Buck
1986; Ghabrial et al. 2015; Hillman and Suzuki 2004; Son et al. 2015). The vast
majority of mycoviruses do not have an extracellular phase, and some of them do not
even form true virions due to the absence of coat proteins, i.e., they only consist of
nucleic acid. Most mycoviruses have a single-stranded RNA (ssRNA) or double-
stranded RNA (dsRNA) genome. Only a few mycoviruses with a DNA genome are
known thus far. The RNA genomes always encode an RNA-dependent RNA
polymerase (RdRP), which is responsible for replication and transcription of the
virus. The genome of encapsidated mycoviruses contain additional genes for the coat
proteins (CP genes) (Ghabrial et al. 2015; Pearson et al. 2009).

Mycoviruses are typically found in the cytoplasm of their fungal hosts. However,
some mycoviruses (e.g., mitoviruses) are associated with the mitochondria of the
fungus utilising the mitochondrial genetic coding. Due to the general lack of an
extracellular phase, mycoviruses are usually limited to the inside of fungal host cells.
They can be transmitted vertically into spores produced by a virus-infected fungal
host during its sexual or asexual reproduction (Abbas 2016). Virus transmission into
asexual spores (conidia) is more common than into sexual spores. Horizontal virus
transmission can occur between two fungal strains when they come in contact and
form hyphal anastomoses, allowing transmission of a mycovirus by cytoplasmic
exchange. Likewise, virus-infected, germinating spores can transfer their virus load
to a new host via hyphal anastomosis. Horizontal virus transmission is restricted by a
vegetative incompatibility (also known as heterokaryon incompatibility) system in
the fungal host (Cortesi et al. 2001; Debets et al. 2014; Saupe 2000). This is a self
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versus non-self recognition system, which controls the formation of hyphal anasto-
mosis and cytoplasmic exchange between fungal strains (Paoletti 2016).

7.3 Plant Pathogenic Fungi as Hosts of Mycoviruses

Fungi have a close association with plants, i.e., most fungi live from nutrients
produced by plants. In this dependence, fungi have developed different life strategies
in the course of evolution (Heitman et al. 2017). Pathogenic fungi can infect living
plants while saprophytic fungi can only colonise dead plant material. There are also
fungi that live in a mutualistic interaction with the host plant (e.g., mycorrhizal
fungi) where both partners benefit from each other (van der Heijden et al. 2015).
Among the pathogenic fungi, necrotrophic and biotrophic pathogens are usually
distinguished. Necrotrophic pathogens first kill the infected plant tissue and then
invade it and exploit its nutrients. In this type of interaction, the pathogen often uses
toxins and cell wall degrading enzymes to kill the host cells. Necrotrophic pathogens
typically have the capability to survive saprophytically on dead hosts and are
therefore also called nonobligate pathogens. Biotrophic pathogens grow and repro-
duce only on living plants. These obligate pathogens derive nutrients from living
cells without killing them rapidly (Agrios 2005).

The life cycle of a plant pathogenic fungus typically begins with fungal spores
that germinate on the surface of the plants. This is followed by penetration into host
tissue and parasitic growth inside the host. The severity of the infection depends on
which type of host tissue is attacked. For example, leaf infections can have little
effects on the host while root or stem infections can kill the entire plant. The fungal
life cycle closes with the formation of new fungal spores, which are produced on
infected plant tissue and spread to new hosts by wind, rain, or insect vectors
(Doehlemann et al. 2017). Fungal pathogens can have both a sexual and an asexual
reproductive cycle. In heterothallic fungi, sexual reproduction usually requires
mating of two strains with opposite mating types, which results in the production
of genetically recombinant sexual spores. Self-fertilization occurs in homothallic
fungi, i.e. sexual fruiting bodies are produced without mating type partner (Lee et al.
2010). The asexual spores are always produced by single strains and are all genet-
ically identical. They often act as spermatia during sexual reproduction but can also
directly cause new infections.

7.4 Mycoviruses as Biological Control Agents

Biological control is a method to manage pests and pathogens by utilising their
natural enemies like predators, parasitoids and pathogens, instead of relying on
chemical pesticides. There is an increasing amount of scientific evidence about the
effective use of viruses in controlling pathogens, including plant pathogenic fungi
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(Muñoz-Adalia et al. 2016; Nuss 2005; Pearson et al. 2009; Van De Sande et al.
2010; Xie and Jiang 2014). Plant pathogens are a major cause of yield loss in
agriculture and forestry due to the diseases they cause on many different commer-
cially important plant species. Although mycoviruses have been discovered in
almost all groups of fungi, a relatively small number are known to attenuate the
growth and virulence of their fungal hosts (García-Pedrajas et al. 2019; Muñoz-
Adalia et al. 2016). Biological control by mycoviruses is a relatively new disease
management option that offers alternatives to chemical control with fungicides,
which can have undesirable side effects on the environment. To develop an efficient
biological control tool utilising a mycovirus, a few basic criteria must be fulfilled:

1. A mycovirus candidate, which is considered as a biocontrol agent of a pathogenic
fungus, should cause hypovirulence (i.e., reduce the virulence of the pathogen).
This is achieved if a virus infection has a negative impact on the parasitic growth
or reproduction of the pathogen. If either, or both, processes are suppressed, then
the disease epidemic will be disrupted and the severity of the disease reduced.

2. The mycovirus should be able to infect the fungal pathogen that causes the
disease. As most mycoviruses do not have an extracellular phase a virus infection
can only occur after hyphal anastomosis and cytoplasmic exchange between a
virus-infected and a virus-free fungal strain.

3. A mycovirus candidate should be able to overcome fungal cellular defence
mechanisms against virus infections. The mechanisms of RNA silencing, which
are used by many eukaryotes, including fungi, as an antiviral defence pathway
can be suppressed by certain mycoviruses.

4. After an initial infection, a mycovirus must be able to replicate and spread
through the thallus (vegetative body) of the fungus. A fungal thallus typically
consists of a network of filamentous hyphae which grow actively at the edge of
the expanding colony, while reproductive structures (e.g., fruiting bodies)
develop in the older parts. A mycovirus needs to spread into actively growing
hyphae in order to be able to interfere with the infection process during plant-
pathogen interaction. Spread to actively growing hyphae is also important for
horizontal virus transmission, while spread into reproductive structures is
required for vertical virus transmission into sexual or asexual spores.

5. If the aim is a self-sustainable biocontrol, the mycovirus should spread and persist
in a fungal pathogen population. This may require both vertical and horizontal
virus transmission. Ideally, the mycovirus is transmitted at high frequency into
spores, which disseminate the virus. Horizontal virus spread among individuals is
affected by barriers imposed by the vegetative incompatibility system in fungi.
Successful virus spread is typically correlated with a low diversity of vegetative
compatibility (vc) types in a pathogen population.

Mycoviruses that induce a hypovirulent phenotype upon infecting their host have
a potential to be used as biological control agents. The best-known and studied virus
used for biocontrol is Cryphonectria hypovirus 1 (CHV1) which causes
hypovirulence in the chestnut blight fungus Cryphonectria parasitica. This
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biological control system is described in detail in the following sections,
supplemented by other well-known examples. A summary of the examples is
shown in Table 7.1.

7.4.1 Hypovirulence in the Chestnut Blight Fungus,
Cryphonectria parasitica

The ascomycete fungus Cryphonectria parasitica (Murr.) Barr which causes chest-
nut blight, was accidentally introduced into the USA and Europe from eastern Asia
(Anagnostakis 1987; Rigling and Prospero 2018). This pathogen is considered to be
one of the most aggressive invasive species. Two chestnut species are highly
susceptible to destructive attack by this fungus—American chestnut, Castanea
dentata (Marshall) Borkh., which is native to eastern North America (Fralish and
Franklin 2002; Russell 1987) and European chestnut, Castanea sativa Mill., which
is found mainly in southern Europe, Turkey and the Caucasus mountain range
(Conedera et al. 2016; Mattioni et al. 2017; Poljak et al. 2017). The native hosts in
Asia, the Chinese chestnut, C. mollissima Blume, and the Japanese chestnut,
C. crenata Sibold & Zucc. are tolerant to C. parasitica, presumably because of
their long co-evolution with the pathogen (Anagnostakis 1992).

The pathogen enters the host through wounds in the bark and causes bark lesions
(so-called ‘cankers’) on stems and branches. These cankers lead to the wilting of
plant parts that are distal to the point of infection. In North America, the chestnut
blight epidemic resulted in the ecological extinction of almost 4 billion American
chestnut trees. In Europe, after an initial epidemic that caused severe damage,
chestnut trees showed atypical, superficial, non-lethal bark cankers, that were first
observed in Italy and France (Grente 1965; Heiniger and Rigling 1994).
Cryphonectria parasitica strains isolated from these cankers exhibited a different
phenotype than those recovered from deep, lethal cankers. As opposed to strains
usually obtained from deep, lethal cankers, which exhibit an orange phenotype and
abundant conidia formation in culture, strains isolated from superficial cankers
showed a white culture morphology with low conidial production (Fig. 7.1). Sub-
sequently, it was demonstrated that the atypical strains exhibited a reduced virulence
towards the chestnut and were therefore called hypovirulent strains. Hypovirulence
was shown to be associated with the presence of a double-stranded (ds) RNA
element in the C. parasitica mycelium. Later, it was determined that this dsRNA
present in hypovirulent C. parasitica strains represents the replicative form of
Cryphonectria hypovirus 1 (CHV1), the first described hypovirus (Choi and Nuss
1992; Suzuki et al. 2018).
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Table 7.1 Examples of mycoviruses that induce hypovirulence in plant pathogenic fungi

Plant disease Fungal pathogen
Mycovirus
(family)

Characteristics of
mycovirus-fungus
interaction:
Virus transmission (T),
effect on host (E),
biocontrol potential (B)

Chestnut blight on
Castanea species

Cryphonectria
parasitica

CHV1
Cryphonectria
hypovirus 1
(Hypoviridae)

T: via hyphal anastomosis
and conidia
E: Reduced mycelial
growth, sporulation and pig-
mentation, female sterility
B: Natural dissemination
and therapeutic treatments of
chestnut blight in Europe

CHV2
Cryphonectria
hypovirus 2
(Hypoviridae)

T: via hyphal anastomosis
and rarely via conidia
E: Severely reduced
mycelial growth, moder-
ately reduced fungal spor-
ulation and pigmentation
B: Laboratory experiments

CHV3
Cryphonectria
hypovirus 3
(Hypoviridae)

T: via hyphal anastomosis
and rarely via conidia
E: Slow growth in culture
B: Therapeutic treatments
of chestnut blight cankers
in the USA

CpMyRV1
Cryphonectria
mycoreovirus 1
(Reoviridae)

T: Infectious as virus par-
ticles in transfection assays
E: Altered culture mor-
phology
B: Laboratory experiments

CpMV1
Cryphonectria
parasitica mitovirus 1
(Narnaviridae)

T: via hyphal anastomosis,
vertical transmission into
conidia, maternal inheri-
tance in sexual crosses
E: Mildly reduced myce-
lial growth
B: Laboratory experiments
using excised chestnut
wood and bark

Rice blast Magnaporthe
oryzae

MoCV1
Magnaporthe oryzae
chrysovirus 1
(Chrysoviridae)

T: via hyphal anastomosis;
transfection of yeast pos-
sible and impairs cell
growth
E: Reduced mycelial
growth, altered colony
morphology and reduced
pigmentation
B: Laboratory experiments

(continued)
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Table 7.1 (continued)

Plant disease Fungal pathogen
Mycovirus
(family)

Characteristics of
mycovirus-fungus
interaction:
Virus transmission (T),
effect on host (E),
biocontrol potential (B)

Leaf spot diseases
on various crops

Alternaria
alternata

AaHV1
Alternaria alternata
hypovirus 1
(unclassified
hypovirus-related
virus)

T: via hyphal anastomosis
and via conidia; transfec-
tion of Botryosphaeria
dothidea possible and
resulting in a hypovirulent
phenotype
E: Reduced mycelial
growth
B: Laboratory experiments

Rice sheath blight Rhizoctonia solani RsEV1
Rhizoctonia solani
endornavirus 1
(unclassified
Endornaviridae-
related virus)

T: via hyphal anastomosis
E: Change in mycelial
pigmentation, growth rate
and morphology, smaller
size of sclerotia, metabolic
perturbance
B: Laboratory experiments

Fusarium head
blight of wheat,
barley and other
small-grain cereals

Fusarium
graminearum

FgV1
Fusarium
graminearum virus 1
(Chrysoviridae)

T: via hyphal anastomosis
and conidia
E: Reduced mycelial
growth, increased pigmen-
tation, inhibition of myco-
toxin production
B: Laboratory experiments

FgV-ch9
Fusarium
graminearum
mycovirus China 9
(unclassified
hypovirus-related
virus)

T: via conidia
E: Reduced mycelial
growth and sporulation,
abnormal colony morphol-
ogy, disorganized cyto-
plasm
B: Laboratory and green-
house experiments

FgHV2
Fusarium
graminearum
hypovirus 2
(unclassified
hypovirus-related
virus)

T: Not known
E: Reduced mycelial
growth rate, conidiation
and mycotoxin production
B: Laboratory experiments
with wheat spikes

Root disease in
many coniferous
and some broad-
leaf species

Heterobasidion
annosum and
H. parviporum

HetPV13-an1
Heterobasidion
partitivirus 13
(Partitiviridae)

T: via hyphal anastomosis
E: Reduced mycelial
growth rate, metabolic
perturbance
B: Laboratory experiments
and field experiment on
Norway spruce

(continued)
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Table 7.1 (continued)

Plant disease Fungal pathogen
Mycovirus
(family)

Characteristics of
mycovirus-fungus
interaction:
Virus transmission (T),
effect on host (E),
biocontrol potential (B)

Dutch elm disease Ophiostoma novo-
ulmi

OnuMV
Ophiostoma novo-
ulmi mitoviruses
(Narnaviridae)

T: via hyphal anastomosis
and conidia
E: Debilitated growth,
reduced conidial viability,
mitochondrial malfunction
B: Inoculations studies
with elm trees

Grey mold or stem
rot on many plant
species

Botrytis cinerea BcMV1
Botrytis cinerea
mitovirus 1
(Narnaviridae)

T: via hyphal anastomosis
and conidia
E: Slow mycelial growth,
abnormal colony sectors,
decreased formation of
infection cushions
B: Laboratory experiments
with detached leaves

BcRV1
Botrytis cinerea RNA
virus 1 (unclassified)

T: via hyphal anastomosis
and vertical transmission
to macroconidia
E: Reduced mycelial
growth, sectored colony
margin
B: Laboratory experiments
with detached leaves

BcHV1
Botrytis cinerea
hypovirus 1 (unclassi-
fied hypovirus-related
virus)

T: via hyphal anastomosis
E: Decreased formation of
infection cushions
B: Laboratory experiments
with detached leaves

BcPV2
Botrytis cinerea
partitivirus 2
(Partitiviridae)

T: via hyphal anastomosis
E: Altered culture pig-
mentation, reduced pro-
duction of conidia and
sclerotia
B: Laboratory experiments
with detached leaves

Bc378V1
Botrytis cinerea
CCg378 virus 1
(Partitiviridae)

T: Not known
E: Reduction of sporula-
tion and laccase activity
B: Laboratory experiments
with detached leaves

(continued)
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Table 7.1 (continued)

Plant disease Fungal pathogen
Mycovirus
(family)

Characteristics of
mycovirus-fungus
interaction:
Virus transmission (T),
effect on host (E),
biocontrol potential (B)

Root rot in many
woody plant
species

Rosellinia necatrix RnMBV1
Rosellinia necatrix
megabirnavirus 1
(Megabirnaviridae)

T: Infectious as virus par-
ticles in transfection assays
E: Reduced mycelial
growth
B: Greenhouse experi-
ments with apple seedlings

MyRV3
Rosellinia necatrix
Mycoreovirus 3
(Reoviridae)

T: Infectious as virus par-
ticles in transfection assays
E: Reduced mycelial
growth
B: Greenhouse experi-
ments with apple seedlings

Victoria blight of
oats

Helminthosporium
victoriae

HvV190S
Helminthosporium
victoriae virus 190S
(Totiviridae)

T: Not known, transfection
of C. parasitica possible
resulting in a hypovirulent
phenotype
E: Reduced growth, pro-
duction of abundant white
aerial mycelium, excessive
sectoring of colonies
B: Laboratory experiments
with apples and branches

White mold or
stem rot on many
plant species

Sclerotinia
sclerotiorum

SsHADV-1
Sclerotinia
sclerotiorum
hypovirulence-
associated DNA virus
1 (Genomoviridae)

T: via hyphal anastomosis,
extracellular transmission
of virus particles
E: Abnormal culture mor-
phology, reduced sclerotia
size
B: Preventive application,
growth chamber experi-
ments and field trials

SsPV1
Sclerotinia
sclerotiorum
partitivirus
1 (Partitiviridae)

T: via hyphal anastomosis,
transmission into sclerotia,
interspecific transmission
to other Sclerotinia spe-
cies.
E: Reduced mycelial
growth, reduced sclerotia
production
B: Laboratory experiments

SsMV1
Sclerotinia
sclerotiorum mitovirus
1 (Narnaviridae)

T: via hyphal anastomosis
E: Reduced mycelial
growth, mitochondrial
malformation
B: Laboratory experiments
with detached leaves

(continued)
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7.4.1.1 Mycovirus Species Belonging to the Genus Hypovirus

Beside the already mentioned CHV1, other unencapsidated mycoviruses from
C. parasitica, have been characterised (Hillman et al. 1992; Linder-Basso et al.
2005; Tartaglia et al. 1986), and placed within the genus Hypovirus (Suzuki et al.
2018). All hypoviruses have a positive sense single stranded (+ss) RNA genome and

Table 7.1 (continued)

Plant disease Fungal pathogen
Mycovirus
(family)

Characteristics of
mycovirus-fungus
interaction:
Virus transmission (T),
effect on host (E),
biocontrol potential (B)

SsHV2
Sclerotinia
sclerotiorum hypovirus
2 (unclassified
hypovirus-related
virus)

T: not known
E: Reduced mycelial
growth
B: Laboratory experiments
with detached leaves

Fig. 7.1 Cultures of Cryphonectria parasitica that were isolated from chestnut blight cankers in
southern Switzerland. Normal virus-free cultures produce an orange pigmentation when grown on
potato dextrose agar, whereas cultures infected by Cryphonectria hypovirus 1 (CHV1) remain
white. Six cultures were inoculated at the edge of each plate. Note that CHV1 infected strains often
grow better in vitro than virus-free strains
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are located in the cytoplasm of their fungal host. They do not encode a capsid protein
(i.e. are unencapsidated, cannot produce virions and hence possess no extracellular
phase) and are associated with fungal membrane vesicles (Hansen et al. 1985).

The genus Hypovirus comprises of four species: CHV1, CHV2, CHV3, and
CHV4. While the species are taxonomically related, they have vastly different
effects on the fungal host (Hillman and Suzuki 2004; Suzuki et al. 2021). Of
these, CHV2 and some strains of CHV3 also induce a hypovirulent phenotype in
C. parasitica, whereas CHV4 does not affect the virulence of its host. Thus far,
CHV1 is the only member of the genus found in Europe and it has also been detected
in the native C. parasitica populations in Asia—Japan, China and Korea (Park et al.
2004; Peever et al. 1997), from where it was most likely introduced into Europe. The
latter three hypovirus species have been found in North America, with CHV4
occurring throughout the natural chestnut range of C. dentata, while CHV2 and
CHV3 have a more restricted distribution (Peever et al. 1997).

The best characterised and most studied hypovirus is CHV1 (reviewed by Dawe
and Nuss 2001; Nuss 2005). The genome sequence of CHV1 consist of 12712
nucleotides (nts) and contains two open reading frames designated ORFA and
ORFB (Shapira et al. 1991). ORFA (1869 nts) encodes the polyprotein p69, which
is autoproteolytically cleaved into two polypeptides (p29 and p40) during transla-
tion. ORFB (9498 nts) also encodes a polyprotein, which autoproteolytically
releases the polypeptide p48 from its N-terminal end. The remaining polypeptide
of ORFB contains RNA-dependent RNA polymerase (pol) and RNA helicase (hel)
domains (Suzuki et al. 2018).

7.4.1.2 Cryphonectria hypovirus 1 Subtypes

Several subtype of CHV1 have been found in Europe. Their current geographic
distribution reflects the invasion history of C. parasitica, which is characterised by
several introduction events. The Italian subtype (I) is widespread in southern and
south-eastern Europe including Switzerland, Italy, south-eastern France, Bosnia and
Herzegovina, Croatia, Slovenia, North Macedonia, Turkey and Greece (Allemann
et al. 1999; Gobbin et al. 2003; Krstin et al. 2008, 2011; Robin et al. 2010; Sotirovski
et al. 2004). Other CHV1 subtypes have a more restricted distribution in Europe.
Subtypes F1 and F2 have been found in France and Spain (Feau et al. 2014), while
subtype D/E was reported in Germany and Spain (Peters et al. 2014; Trapiello et al.
2017). In Eurasian Georgia a unique subtype (subtype G) partially related to F2 was
detected (Rigling et al. 2018). Recombination events apparently have played an
important role in the evolution of the different CHV1 subtypes (Feau et al. 2014;
Mlinarec et al. 2018a). The different subtypes usually vary in their virulence against
C. parasitica. Specifically, subtype I is considered to have a mild effect on fungal
virulence and sporulation and is commonly associated with a high natural prevalence
of hypovirulence in C. parasitica populations (Rigling and Prospero 2018). In
contrast, subtypes F1 and F2 usually have a severe effect on their fungal host and
almost completely inhibit its parasitic growth and sporulation (Robin et al. 2010).
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These differences between subtypes have important consequences for biological
control of the chestnut blight. CHV1 isolates of French subtypes F1 and F2 may be
particularly suited for therapeutic treatment of individual cankers on high-value
chestnut trees (e.g. plantations) as they enable rapid healing of the cankers (Prospero
and Rigling 2013). By contrast, CHV1 isolates of the Italian subtype, which show a
higher potential for natural dissemination, should be used when the goal of the
treatments is the establishment and maintenance of hypovirulence in chestnut stands
(Robin et al. 2010).

7.4.1.3 Phenotypic Effects of Cryphonectria hypovirus 1 on Its
Fungal Host

CHV1 has pronounced phenotypic effects on C. parasitica. Besides reducing pig-
mentation, CHV1 inhibits sexual reproduction, strongly reduces asexual sporulation,
and attenuates parasitic growth of CHV1-infected strains. The severity of the
observed effects depends on several factors, including the CHV1 subtype and the
particular virus isolate, the fungal strain, and the combination of these factors
(Bryner and Rigling 2011; Krstin et al. 2017; Nuskern et al. 2017a, b; Rigling
et al. 1989). Hypovirulent C. parasitica strains are not able to colonize and kill the
cambium of infected chestnut trees (Hebard et al. 1984). As a result, the tree can
defend itself against the pathogen either by callusing the cankers or restricting the
infection to the outer part of the bark (Fig. 7.2) (Bryner et al. 2014; Ježić et al. 2019).
This significantly reduces lethality of the infection, allowing the parts of the plant
distal to the infection site to survive.

Brusini et al. (2017) used isogenic C. parasitica strains infected with six
hypovirus isolates to investigate the effects of CHV1 on life-history traits (mycelial
growth and asexual sporulation) of its fungal host C. parasitica. A significant
negative correlation was found between somatic growth of the fungus and asexual
reproduction capability for the virulent C. parasitica strains, indicating a trade-off
between these two phenotypic traits. This was not observed in hypovirulent strains,
illustrating the profound changes in host resource allocation induced by CHV1
infection. In hypovirulent strains, a significant and positive correlation was found
between somatic growth and vertical virus transmission into conidia (Brusini et al.
2017). Since CHV1 is transmitted only into asexual conidia (Peever et al. 2000), and
not sexual ascospores (Anagnostakis 1988) this alteration of C. parasitica physiol-
ogy is not surprising. Furthermore, Prospero et al. (2006) demonstrated that CHV1-
infected C. parasitica strains can successfully propagate asexually on dead chestnut
wood and produce virus-infected conidia.

7.4.1.4 Effects of Cryphonectria hypovirus 1 at the Molecular Level

Gene expression studies reveal that CHV1 infection deregulates (either
downregulates or upregulates) expression patterns of a number of genes in the
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fungus C. parasitica (e.g. Rigling and Van Alfen 1991). Allen et al. (2003) reported
that 13.4% of approximately 2200 studied genes were responsive to CHV1 infection,
showing either increased or decreased mRNA accumulation. Transcription activity
of the genes that were responsive to CHV1 infection revealed their involvement in a
broad spectrum of biological processes.

One cellular process affected by CHV1 is the fungal signal transduction pathway
(Choi et al. 1995; Larson et al. 1992; Park et al. 2004). If this pathway is disturbed by
the virus, the fungus is no longer able to respond adequately to external signals. Such
reaction can be observed when the fungus is exposed to light while cultivated in vitro
on artificial medium (e.g., potato dextrose agar). Under this condition, virus-free
strains react to light stimulus and produce the typical orange pigmentation and
abundant asexual sporulation. In contrast, CHV1-infected strains largely remain
white and only scarcely sporulate (Fig. 7.1). Signal transduction processes are
considered important for the pathogen to infect a chestnut tree, and CHV1-induced
hypovirulence is likely the result of a disruption of this pathway (Nuss 2005).

Comparative transcriptomic analyses (Allen et al. 2003; Allen and Nuss 2004)
showed that CHV1 infection up-regulated the expression of C. parasitica genes
involved in cellular methylation reactions, namely genes for putative
S-adenosylmethionine synthase (SAMS) and putative S-adenosylhomocysteine
hydrolase (SAHH). SAMS catalyses the generation of the primary methyl group
donor S-adenosyl methionine (SAM), while SAHH hydrolyses S-adenosyl homo-
cysteine (SAH) to adenosine and homocysteine (Liao et al. 2012). Infection with

Fig. 7.2 Virulent (left image) and hypovirulent (right image) chestnut blight cankers on European
chestnut (Castanea sativa) trees. Virulent cankers induced by hypovirus-free strains of
Cryphonectria parasitica exhibit a reddish discoloration and are actively expanding. The chestnut
tree reacts by producing epicormic shoots below the cankers. Hypovirulent cankers became infected
by the hypovirus and the chestnut trees are able to fight off the cankers, which eventually stop
expanding
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CHV1 affects the general methylation pattern of C. parasitica genome; usually it
increases the number and diversity of methylation-sensitive amplification polymor-
phism (MSAP) markers compared to isogenic uninfected controls, especially meth-
ylated markers, while the effect on hemi-methylated and unmethylated markers was
inconsistent (Nuskern et al. 2018). The increase in genomic methylation levels
correlates well with the CHV1-induced reduction of fungal growth in vitro, indicat-
ing that C. parasitica genome methylation is likely directly affected by the virus
itself rather than being a defensive mechanism of the fungus. The CHV1 effect on
the methylation levels in C. parasitica depends mostly on individual CHV1 isolates
and on the combination of host and virus genotypes, a trend observed on phenotypic
level as well (Nuskern et al. 2018).

Different virus isolates, which have severe or mild effects on C. parasitica were
genetically characterised by Dawe and Nuss (2001). By using chimaera between
mild and severe hypoviruses and deletion mutants, Donald Nuss and co-workers
were able to map specific regions of the CHV1 genome to different host phenotypes
affected by the hypovirus (Nuss 2005). These studies indicate that the fungal
pigmentation and asexual sporulation is suppressed by a specific domain in the
viral ORFA, while reduced colony and canker growth is determined by part of
ORFB (Chen et al. 2000; Suzuki and Nuss 2002). Furthermore, (Suzuki and Nuss
2002) demonstrated that the first 24 amino acids of ORFA are crucial for the virus
replication. However, the attempts to establish an association between specific
region(s) of the CHV1 genome and phenotypic effects are often hampered because
even isolates which belong to the same CHV1 subtype (and have a very high amino
acid sequence identity) differ in their impact on severity of symptoms such as
virulence attenuation (hypovirulence) and viral RNA accumulation. Studies by
Zhang et al. (2012) imply the importance of the central region of the CHV1 genome
in attenuation of C. parasitica virulence. Xiong et al. (2019) noted highly conserved
cysteine and histidine residues in papain-like protease p29 coding region of several
sequenced CHV1 genomes—CN280 from China, and CHV1-EP713, CHV1-Euro7
and CHV1-EP721 from Europe. However, the authors also found some instances of
profound sequence dissimilarity within the same genomic region, and suggested a
possible link between this dissimilarity and the phenotypic differences induced by
the aforementioned CHV1 strains.

In most cases, findings from proteomic studies (Kim et al. 2012) have proven
congruent with the results obtained by transcriptomic studies. Proteins responsive to
CHV1 infection include metabolic enzymes, stress-related and heat-shock proteins,
signalling and cellular process-related proteins, some structural proteins and gluta-
thione S-transferase. Transcriptomic and proteomic analysis, however, did not
always give the same quantitative results, and differences were noted between the
accumulation of mRNAs and the quantity of the corresponding proteins (Kim et al.
2012).

Cryphonectria parasitica RNA silencing interferes with viral replication and acts
as an important defence response of the fungus against viral infection (Segers et al.
2007). On the other hand, CHV1 may counteract this defence process by suppressing
RNA silencing through the production a specific viral protease (Segers et al. 2006).
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The RNA silencing pathway apparently also contributes to viral RNA recombination
in C. parasitica (Dawe and Nuss 2013).

7.4.1.5 Effect of Cryphonectria hypovirus 1 on the Cryphonectria
parasitica Secretome and Enzyme Activities

Through changes in the secretome, CHV1 probably affects several biochemical
pathways and physiological changes in infected C. parasitica (Wang et al. 2016).
These authors identified and quantified 403 unique proteins in the secretome of the
virus-free strain EP155. Of these proteins, 329 were predicted to be involved in
known secretory pathways and are primarily composed of metabolic enzymes,
biological regulators, responders to stimuli and components involved in plant-
pathogen interactions. When infected with CHV1, 99 of those proteins, mainly
related to plant cell wall degradation, response to host defence, fungal virulence
and intracellular structure, were found to be differently expressed. One of the pro-
teins whose quantity changed was ubiquitin, which was upregulated in the virus-
infected fungal strain. Ubiquitin in C. parasitica is encoded by the polyubiquitin
gene, cpubi4 (Chen et al. 2018) and is responsible for ubiquitination of a wide range
of proteins, some of which are critically important in biological and metabolic
processes.

Furthermore, knowledge about the impact of CHV1 on C. parasitica is
complemented by measurements of the activity of various enzymes. CHV1 induced
a reduction of the enzyme activity of some plant cell wall degrading and pathoge-
nicity related enzymes, including laccase, cutinase and polygalacturonase (Gao and
Shain 1995; Kim 1995; Rigling et al. 1989; Varley et al. 1992). However, recent
measurements of intracellular laccase activity of different C. parasitica strains
infected by various CHV1 isolates, were unable to support the ubiquity of this
pattern (Nuskern et al. 2017a). Extracellular laccase activity was only reduced in
some of the aforementioned combinations, while in other situations laccase activity
either remained unchanged, or even increased. Nuskern et al. (2017a) speculate that
both host genome and characteristics specific to a viral isolate significantly contrib-
ute to the outcome of this interaction and both should be considered for meaningful
inference about this pathosystem. Alteration in the activity of antioxidative enzymes
such as catalase, superoxide dismutase and glutathione S-transferase as a conse-
quence of CHV1 infection, has also been reported (Nuskern et al. 2017b).

7.4.1.6 Trilateral Interaction Between Chestnut Tree, Cryphonectria
parasitica and Cryphonectria hypovirus 1

It is a well-known fact that C. parasitica hosts belonging to different tree species
show different levels of susceptibility or tolerance toward C. parasitica infection
(Anagnostakis 1992). The most susceptible species is C. dentata, followed by
C. sativa. On the other hand, the native Asian chestnut hosts, C. crenata and
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C. mollissima, are mostly tolerant to C. parasitica infection and show only moderate
disease symptoms, presumably because of their long co-evolution with the pathogen
(Rigling and Prospero 2018). The lower susceptibility of European chestnut com-
pared to American chestnut is thought to be an important factor for the success of
hypovirulence in Europe, as a slower canker expansion allows more time for
hypovirus infection of the canker-causing fungi (Griffin 1986). Beyond that, intra-
specific variation in susceptibility of C. sativa to C. parasitica has been observed as
well (Anagnostakis 1992; Bolvanský et al. 2018; Graves 1950; Huang 1996).
Trilateral interaction between the virus, the fungus and the tree host, plays an
important role in the severity of the chestnut blight disease. Ježić et al. (2014) and
Krstin et al. (2017) have explored these differences in susceptibility primarily
between different sweet chestnut genotypes. Ježić et al. (2014) showed that despite
the presence of naturally occurring CHV1 evenly distributed among the resident
C. parasitica population in mixed chestnut forests, recovery of the marron-
producing chestnut cultivar is slower than that of wild, naturally growing chestnut
trees. The results imply that this cultured chestnut genotype is especially vulnerable
to C. parasitica infection, and its ability to recover is limited, even in the presence of
naturally occurring hypovirulence. Krstin et al. (2017) inoculated different virulent
C. parasitica strains and isogenic strains infected with various CHV1 isolates
belonging to subtypes I and F1 on different C. sativa genotypes. The lesion devel-
opment depended on the combination of hypovirus isolate and C. parasitica strain
but was affected by the genotype of the inoculated chestnut as well, implying that
naturally growing chestnut trees vary in their susceptibility to hypovirulent and
virulent C. parasitica strains. These findings imply that chestnut susceptibility and
recovery depend on a particular genotypic combination of chestnut and C. parasitica
as well as on a particular CHV1 strain. Furthermore, Krstin et al. (2017), found that
one particular CHV1 subtype I isolate had a very similar and severe effect on
C. parasitica as did subtype F1 isolate CHV1-EP713, further indicating the impor-
tance of a particular CHV1 genotype on its hypovirulent effect, rather than the
subtype alone.

Beyond genetic effects attributed to the chestnut trees, plus the specificity of
interactions between C. parasitica strains and particular CHV1 isolates, environ-
mental factors must be considered as well. For example, Bryner and Rigling (2011)
pointed out the importance of the temperature in this interplay, showing that it can
affect the interaction between CHV1 and C. parasitica. Their results suggest that
different host and virus genotypes would be selected under different climatic con-
ditions, affecting the coevolutionary dynamics of the host-parasite interaction and
the course of chestnut blight epidemic as it spreads over climatically diverse regions.

7.4.1.7 Cryphonectria hypovirus 1 Transmission and Spread

A successful biological control of chestnut blight depends on efficient transmission
of the hypovirus from infected to non-infected C. parasitica strains via hyphal
anastomosis (horizontal transmission) (Fig. 7.3), which is limited by a vegetative
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incompatibility (vic) system (Cortesi and Milgroom 1998; Cortesi et al. 2001). This
allorecognition system is able to distinguish between self and nonself within a
species and controls the formation of hyphal anastomosis and cytoplasmic exchange
between fungal strains. Vegetatively incompatible strains contain nuclei with differ-
ent alleles at one or more vic loci that are co-expressed during hyphal contact and
induce localized cell death (Paoletti 2016).

In C. parasitica, six diallelic vic loci have been identified in Europe to date,
defining 26 ¼ 64 vic genotypes or EU vc types (Cortesi and Milgroom 1998).
Additional vc types have been detected in the first decade of the twenty-first century.
An additional allele on one of the already known six loci or an entirely new locus has
been suggested as a possible explanation for this (Robin et al. 2009; Zamora et al.
2008). Two C. parasitica strains are compatible if they have the same alleles at all
vic loci. The vc type of a fungal strain can be determined either by co-culturing it
with defined EU vc type tester strains or by genotyping the vic loci directly (Cornejo
et al. 2019; Mlinarec et al. 2018b; Short et al. 2015). When co-culturing, compatible
strains (i.e., belonging to the same vc type) merge into a single culture, whereas a
barrage line is formed between incompatible strains (i.e., belonging to different vc
types) as the result of the induced cell death. CHV1 is readily transmitted between
fungal strains belonging to the same vc type, whereas transmission rates between
different vc types are in most cases lower (Cortesi et al. 2001; Liu and Milgroom
1996). The diversity of vc types in local C. parasitica populations is higher in North
America than in Europe, limiting natural dissemination of the CHV1, which, along
with the lower resistance of American chestnut to C. parasitica, is considered a
major reason why biological control of chestnut blight was not successful in North
America (Milgroom and Cortesi 2004).

Fig. 7.3 Laboratory transmission of CHV1 between strains of Cryphonectria parasitica. Pairs of
hypovirus-infected (white, vc type EU13) and hypovirus-free (orange, vc type EU12) strains were
co-cultured on potato dextrose agar. Vegetative incompatibility between EU12 and EU13 strains
prevented hypovirus transmission in the right plate, but not in the left plate
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CHV1 is transmitted with variable frequency into asexual conidia (vertical
transmission), which are supposed to play an important role for virus dissemination
(Peever et al. 2000). Conidia are mainly splash dispersed over short distances, but
can also spread over longer distances by wind-driven rain, insects or birds (Griffin
1986). In contrast to conidia, hypovirus-infected sexual ascospores have never been
observed (Anagnostakis 1988; Prospero et al. 2006). Sexual reproduction in
C. parasitica, therefore, obstructs hypovirus dissemination in two ways: (1) by
contributing to the spread of only the virulent, hypovirus-free strains; and (2) by
maintaining or even increasing the diversity of vc types through recombination of vic
genes.

7.4.1.8 Human-Mediated Biological Control of Chestnut Blight

Biological control of chestnut blight using CHV1 started decades ago and today
represents the best-known and most successful example of biocontrol of a tree
disease. The method relies on inoculation of virulent chestnut blight cankers with
hypovirus-infected C. parasitica strains (Heiniger and Rigling 1994). Inoculated
cankers heal following the treatment, and even more, the applied hypovirus spreads
from treated cankers to untreated cankers on surrounding trees (Hoegger et al. 2003;
Prospero and Rigling 2016). Biological control using different CHV1 subtypes and
strains was applied in France, Greece, Switzerland, Croatia and USA (Diamandis
2018; Halambek and Novak Agbaba 1989; Heiniger and Rigling 2009; Milgroom
and Cortesi 2004; Robin et al. 2000). The biocontrol treatment protocol consisted of
making holes in the bark of infected chestnut with a cork borer around the margins of
the cankers and filling them with a paste consisting of a hypovirus-infected
C. parasitica strain (Fig. 7.4).

Before any field application of hypovirulent strains, it is preferable to determine
which vc types are present in an orchard or forest stand, especially if local
C. parasitica populations are known or suspected to have a high vc type diversity.
Based on this information, suitable hypovirulent strains, adapted to the local vc types
present in a population (or even canker) can be selected. In France, mixtures
of hypovirulent strains with different vc types are used to match the vc type diversity
of the target C. parasitica populations (Robin et al. 2000). Periodic monitoring of
C. parasitica populations is recommend, especially in populations where several vc
types and both mating types have been observed, since the composition and diversity
of vc types can change over time (Ježić et al. 2018). Biocontrol using CHV1 is
generally quite successful in Europe. Therapeutic treatment of individual cankers
usually stops canker expansion (Fig. 7.4) and the tree can fend off the infection
(Diamandis et al. 2015; Heiniger and Rigling 2009). The success of treatments with
hypovirulent paste has also been verified by molecular identification of the applied
CHV1 isolates in treated and untreated cankers (Hoegger et al. 2003; Prospero and
Rigling 2016).

However, biocontrol of chestnut blight in the USA generally remains less suc-
cessful than in Europe. This has been attributed to the higher susceptibility of
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American chestnut to C. parasitica, compared to European chestnut and higher vc
type diversity of the pathogen in the USA than in Europe (Ježić et al. 2019;
Milgroom and Cortesi 2004). Recent approaches in biocontrol of chestnut blight in
the USA employed genetically modified C. parasitica strains. The first approach
encompasses application of transgenic strains carrying an infectious cDNA copy of
CHV1 that is integrated into the fungal genome (Dawe and Nuss 2001). These
strains provide enhanced dissemination potential for the hypovirus by transmitting
the virus into sexual spores (via the nuclear copy of the viral cDNA) and thereby into
all vc types produced in sexual crosses (Chen et al. 1993). The other approach
utilizes application of the so called “hypovirus super donor strains”, in which
deletions have been introduced into vic loci, thereby disrupting their function
(Zhang and Nuss 2016). Hence, such genetically modified fungal strains are able
to transmit any cytoplasmic genetic elements, including the hypoviruses, to recipient
strains that are otherwise vegetatively incompatible. In a recent field trial in the US,
the use of the super donor strains resulted in increased CHV1 transmission rate into
the treated chestnut blight cankers (Stauder et al. 2019). Super donor strains are
expected to be particularly suitable for biocontrol of C. parasitica populations with
high vc type diversity.

7.4.1.9 Other Viruses Belonging to the Genus Hypovirus

Cryphonectria hypovirus 2 (CHV2) was discovered in 1988 in several chestnut
cankers in New Jersey. Some of the C. parasitica cultures isolated from those
cankers expressed brown, rather than orange colony morphology and exhibited a
hypovirulent phenotype (Chung 1994; Hillman and Suzuki 2004; Hillman et al.

Fig. 7.4 Biological control treatment of a chestnut blight canker. Holes at the margin of an actively
growing canker are filled with the mycelium of a hypovirus-infected Cryphonectria parasitica
strain (left image). The hypovirus is transmitted into the canker-causing strain via hyphal anasto-
mosis, converting the infecting C. parasitica strain to a hypovirulent strain, thereby healing the
canker (right image)
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1992). CHV2 was found in eastern Asia as well (Peever et al. 1998). Beyond
changes in colony morphology, infection with CHV2 also moderately reduces
fungal sporulation (Hillman and Suzuki 2004). The biocontrol potential of CHV2,
however, is weaker than that of CHV1 and CHV3. It is rarely transmitted into
conidia (Hillman and Suzuki 2004; Smart et al. 1999) and its extremely debilitating
effect on C. parasitica significantly reduces fitness and survivability of the infected
mycelium in natural environment, hence it has never been used in biocontrol trials.

Cryphonectria hypovirus 3 (CHV3) was detected in C. parasitica isolates col-
lected from trees recovering from chestnut blight in Michigan, outside the natural
distribution range of American chestnut (Fulbright et al. 1983; Milgroom and
Cortesi 2004). In contrast to CHV1 and CHV2, this hypovirus has only one open
reading frame and significantly smaller genome (Hillman and Suzuki 2004). There
are several stands of American chestnut in Michigan and Ontario where CHV3
apparently successfully controls chestnut blight without human intervention. CHV3
was used initially in biocontrol trials (1992–1995) in the West Salem, Wisconsin
(Double et al. 2018). It performed rather poorly, compared to CHV1-Euro7 strain,
meaning that although directly treated cankers mostly healed, hypovirulence largely
failed to spread through the C. parasitica population (Double et al. 2018). Biocontrol
attempts using CHV3 were discontinued and since then the strain CHV1-Euro7 has
been used.

Cryphonectria hypovirus 4 (CHV4) is widespread in the Appalachian Mountains
(Peever et al. 1997), but infected C. parasitica colonies are difficult to identify
(Enebak et al. 1994) because infection is asymptomatic and does not cause any
discernible hypovirulent effect on its host (Enebak et al. 1994; MacDonald and
Double 2005). Therefore, this virus has no potential as biocontrol agent against
chestnut blight. However, CHV4 was shown to facilitate stable infection of
C. parasitica with dsRNA virus Mycoreovirus 2 (MyRV2), likely through suppres-
sion of antiviral RNA silencing (Aulia et al. 2019).

7.4.1.10 Other Viruses Infecting Cryphonectria parasitica

Besides viruses belonging to the family Hypoviridae, other mycoviruses that induce
hypovirulent phenotype have been identified in C. parasitica: two mycoreoviruses:
Cryphonectria parasitica mycoreovirus 1 (CpMyRV1) (Suzuki et al. 2004), and
Cryphonectria parasitica mycoreovirus 2 (CpMyRV2) and one mitovirus (Hillman
and Suzuki 2004). Both mycoreoviruses have segmented genomes comprising of
11 dsRNA segments and induce a strong hypovirulent phenotype in C. parasitica. It
is worth noting that these viruses, despite having dsRNA genomes, interact with
CHV1 p29, which may facilitate mycoreovirus genome rearrangements by
supressing C. parasitica RNA silencing pathways (Eusebio-Cope and Suzuki
2015). Unlike hypoviruses, which lack genes encoding capsid proteins and an
extracellular phase, CpMyRV2 produces infectious particles (virions) and can be
easily transmitted between different C. parasitica vc types. Cryphonectria
parasitica mitovirus 1 strain CpMV1/NB631, which has been mostly studied thus
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far, has only a mild effect on C. parasitica (Hillman and Suzuki 2004). This virus is
transmitted into asexual spores at high frequency and, as expected for a mitochon-
drial mycovirus, is maternally inherited as well. A recent study on chestnut trees
confirmed the biocontrol potential of CpMV1 and CpMyRV1, although the perfor-
mance was less robust than that of CHV1 or CHV2 (Suzuki et al. 2021).

7.4.2 Hypoviruses in Other Fungal Genera

As mentioned previously, all hypoviruses are characterized by +ssRNA genomes,
similar genomic organisation and lack of a capsid. In addition to those infecting the
genus Cryphonectria, several other hypoviruses have been identified. Except for one
virus found in the fungal genus Sclerotinia, which belongs to the class
Leotiomycetes, all other viruses are associated with fungal hosts belonging to the
class Sordariomycetes, and many of those fungi are phytopathogenic. All
hypoviruses are phylogenetically related and distinctly different from all other
known mycoviruses. The family Hypoviridae currently includes only a single
recognized genus, Hypovirus, with four accepted species: CHV1, CHV2, CHV3
and CHV4 (Suzuki et al. 2018). Fusarium graminearum hypovirus 1 and 2 (FgHV1
and FgHV2) as well as Sclerotinia sclerotiorum hypovirus 2 (SsHV2) grouped
together in the same clade with CHV1 and CHV2 and were placed into a proposed
genus Alphahypovirus by Li et al. (2015). Sclerotinia sclerotiorum hypovirus 1
(SsHV1), Valsa ceratosperma hypovirus 1 (VcHV1) and Phomopsis longicolla
hypovirus 1 (PlHV1) show a significant sequence similarity with CHV3 and
CHV4. Therefore, it has been suggested that they should be placed inside the second
genus Betahypovirus (Li et al. 2015). This taxonomical solution is, however, by the
time of writing this text, only a proposed solution and ICTV (International Com-
mittee on Taxonomy of Viruses) does not yet recognize the aforementioned genera.

It is worth noting that this grouping does not necessarily predict viruses capable
of inducing a hypovirulent phenotype. For example, CHV1, CHV2, FgHV2 and
SsHV2 reduce their host virulence to various degrees, while FgHV1 does not reduce
host virulence despite belonging to the same phylogenetic cluster (Alphahypovirus).
Of the viruses belonging to the second cluster (Betahypovirus), CHV3 induces
hypovirulence, whereas SsHV1 is only able to do so if a satellite-like dsRNA
element is present as well. PlHV1 has not been investigated in detail, but preliminary
analysis showed that infection with this virus can be either completely asymptom-
atic, severely debilitating to the host, or somewhere in between (Koloniuk et al.
2014). Infection with VcHV1 had no effect on its host, as suggested by observation
of isogenic virus-free and virus-infected fungal strains in vitro. While the hypothet-
ical hypovirulent effect might not always be apparent in such in vitro experiments,
even this preliminary finding gives further credence to the impression that not all
hypoviruses can induce a hypovirulent phenotype in their hosts, regardless of
phylogenetic relatedness (Yaegashi et al. 2012).
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7.4.3 Hypovirulence in Magnaporthe oryzae (Magnaporthe
grisea)

Rice blast, caused by fungus Magnaporthe oryzae B.C. Couch or Magnaporthe
grisea (T.T. Hebert) M.E. Barr, is one of the most important rice diseases in the
world, causing significant economic losses (Zhang et al. 2016).Magnaporthe oryzae
is a hemiobiotrophic pathogen meaning that initially the fungus establishes a
biotrophic relationship with its host, and later switches to necrotrophic lifestyle in
which the infected plant tissue is destroyed.

Magnaporthe oryzae chrysovirus 1-D (MoCV1-D) was found in a Japanese
isolate of the rice blast fungus and subsequently characterized (Urayama et al.
2010). Infection with this virus causes growth inhibition of its host. The genome
of MoCV1-D consists of five dsRNA segments, one of which, dsRNA4, is respon-
sible for inducing the hypovirulent phenotype. This was concluded since the protein
encoded by dsRNA4 impairs cell growth when expressed in yeast cells. Beyond that,
studies in yeast demonstrated that it causes abnormal pigmentation and colony
albinization, a phenotypic change associated with reduced accumulation of the
melanin biosynthesis intermediate scylatone. MoCV1-D is readily transmissible
via hyphal anastomosis. These results suggest that MoCV1-D might be a potential
candidate for biological control of the rice blast fungus (Higashiura et al. 2019). Two
other mycoviruses were found in the originalM. oryze isolate, but their effects on the
fungus are currently unknown.

7.4.4 Hypovirulence in Alternaria alternata

Alternaria alternata (Fr.) Keissl. is an anamorphic ascomycete fungus that causes
leaf spot diseases on various crops (Troncoso-Rojas and Tiznado-Hernández 2014).
A novel ssRNA mycovirus named Alternaria alternata hypovirus 1 (AaHV1)
closely related to the genus Hypovirus, was recently identified in a fungal strain
isolated from apple leaves (Li et al. 2019a). The genome of AaHV1 contains a single
large open-reading frame encoding a putative polyprotein with cysteine proteinase-
like domain and an RNA-dependant RNA polymerase domain. The virus causes
reduced growth and attenuated virulence of the host A. alternata. Total RNA extracts
from A. alternata (containing viral RNAs) were successfully used to transfect freshly
prepared protoplasts of Botryosphaeria dothidea (Moug.) Ces. & De Not. The virus
was also able to replicate and confer hypovirulence in this new host (Li et al. 2019a).
This indicates a potential of AaHV1 to induce a hypovirulent effect in other plant
pathogenic fungi.
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7.4.5 Hypovirulence in Rhizoctonia solani

Rhizoctonia solani J.G. Kühn (teleomorph Thanatephorus cucumeris (A.B. Frank)
Donk) represents a species complex of soil borne fungi which can infect many plant
species (Lübeck 2004). Especially important is strain R. solani AG1-1A, which is
the causal agent of rice sheath blight. A new member of Endornaviridae, provision-
ally named as Rhizoctonia solani endornavirus 1 (RsEV1) was recently isolated
from a hypovirulent strain of R. solani AG-1 IA GD2 (Zheng et al. 2019). RsEV1
can be transmitted horizontally into a virulent strain of the pathogen, altering its
phenotype. In R. solani strains infected with RsEV1 a metabolic perturbance was
noted, changing several metabolic pathways, including pentose and glucuronate
interconversions and glyoxylate, dicarboxylate, starch, and sucrose metabolism.
Beyond this metabolic disorder, a hypovirulent phenotype was noticeable by
changes in mycelial pigmentation, growth rate and morphology as well as smaller
size of sclerotia, indicating a potential of RsEV1 in biocontrol of rice sheath blight.

7.4.6 Hypovirulence in Fusarium Species

Fusarium graminearum Schwabe (teleomorph Gibberella zeae (Schwein.) Petch)
(Gräfenhan et al. 2011) causes Fusarium head blight, a severe disease of wheat,
barley and other small-grain cereal crops around the world. Many mycoviruses have
been detected in this pathogen but only four of them are associated with a significant
hypovirulent effect. Based on their genomes the Fusarium mycoviruses can be
placed into two groups—dsRNA viruses, most of which have segmented genomes,
and ssRNA viruses that possess a single RNA molecule as a genome. Most of
ssRNA viruses have a positive sense RNA as a genome, with the only exception
being Fusarium graminearum negative-stranded RNA virus 1 (FgNSRV1) (Li et al.
2019b).

Almost 20 years ago a dsRNA element associated with a hypovirulent phenotype
was detected in F. graminearum isolates from infected maize in Korea. Subsequent
studies demonstrated various peculiarities of dsRNA-infected strains, including
reduction in growth, increased pigmentation, reduced virulence towards wheat,
and decreased production of certain mycotoxins. The hypovirulent phenotype was
horizontally transmissible to other strains via hyphal anastomosis and vertically into
approximately 50% of conidia (Chu et al. 2002). This virus was eventually named
Fusarium graminearum virus 1 strain DK21 (FgV1-DK21) and placed into the new
family Fusariviridae (Li et al. 2019b). Subsequent proteomic analyses uncovered
148 differentially represented proteins, out of which 33 exhibit consistent differences
in expression, when comparing virus-infected with virus-free fungal strains.
Upregulated proteins had various functions, regulating sporulation, sugar metabo-
lism, protein synthesis and differentiation, while downregulated genes included
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mainly metabolic and defence-response genes involved in ROS detoxification
(Kwon et al. 2009).

In addition to FgV1, three members of the family Chrysoviridae, Fusarium
graminearum virus strain China 9 (FgV-ch9), Fusarium graminearum virus 2
FgV2 and Fusarium oxysporum f. sp. dianthi mycovirus 1 (FodV1) were found to
induce a hypovirulent phenotype (Li et al. 2019b). The mycovirus FgV-ch9 was
detected in F. graminearum strains recovered from cereals in China. Like FgV1, this
virus is vertically transmitted to asexual conidia. Symptom expression by FgV-ch9
depends on the virus load in F. graminearum infected fungal strains. At high and
medium virus concentrations, the most noticeable symptoms are reduced mycelial
growth, reduced sporulation (both sexual and asexual), abnormal colony morphol-
ogy, disorganized cytoplasm and attenuated virulence of the infected fungus on
wheat and maize. At low virus concentrations the infection of the fungus remains
asymptomatic.

Fusarium oxysporum Schltdl. is an anamorphic species complex, a member of
which, F. oxysporum f.sp. dianthi (Prill. & Delacr.) W.C. Snyder & H.N. Hansen is a
plant pathogen infecting carnations (Fourie et al. 2011; Lemus-Minor et al. 2018).
Fusarium oxysporum f. sp. dianthi virus 1 (FodV1) was the first mycovirus detected
in the Fusarium oxysporum species complex with the ability to induce
hypovirulence (Lemus-Minor et al. 2018). Its genome consists of four dsRNA
segments. Infection with FodV1 causes significant phenotypic alterations in vege-
tative growth and virulence of its host. This characteristic makes this mycovirus an
interesting candidate as a potential biocontrol agent for Fusarium wilt of carnations.

Fusarium graminearum virus 2 (FgV2) has a similar effect on its host as FgV1. In
a study by Lee et al. (2014) the hypovirulence effect of four virus species on several
Fusarium spp. strains were examined. The results showed that both, FgV1 and
FgV2, induce a hypovirulent phenotype, but they differ in their effect on physiology
and gene expression of its respective host. Additional viruses detected in
F. graminearum include FgV3 and FgV4, but both do not seem to alter the virulence
of infected fungal strains, despite affecting gene expressions (Lee et al. 2014).

Two unclassified hypovirus-related viruses of the family Hypoviridae—Fusar-
ium graminearum hypovirus 1 and 2 have been identified more recently. Their
+ssRNA unsegmented genomes contain two (FgHV1) or one (FgHV2) ORFs,
with highly conserved protease, RNA-dependent RNA polymerase, and helicase
domains, characteristic for all members of Hypoviridae. Interestingly, only FgHV2,
a member of the proposed genus Alphahypovirus induces hypovirulence, by nega-
tively affecting mycelial growth, conidiation, and mycotoxin production of infected
F. graminearum strains (Chu et al. 2004; Li et al. 2019b).

7.4.7 Hypovirulence in Heterobasidion Species

The fungal genus Heterobasidion Bref. includes some of the most devastating forest
pathogens that cause root disease in many coniferous and even some broadleaf
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species (Garbelotto and Gonthier 2013; Gonthier et al. 2014). Because of the
economic losses caused by these tree pathogens, viruses with the ability to cause a
hypovirulent phenotype are intensively searched for in different Heterobasidion
species. A first study by Ihrmark et al. (2001) revealed that approximately 15% of
H. annosum s.l. (Fr.) Bref. isolates in Europe and Western Asia harbour dsRNA
viruses. Vainio and Hantula (2016) reported that the genus Heterobasidion hosts a
widespread and diverse mycovirus community composed of more than 16 species of
Partitiviridae, a species of Narnaviridae and one taxonomically unassigned virus
related to the Curvularia thermal tolerance virus. Of these, Heterobasidion
partitivirus 13 (HetPV13-an1) from H. annosum shows the highest potential as a
biocontrol agent. HetPV13-an1 causes severe phenotypic debilitation in the host
fungus (Vainio et al. 2017), affecting the transcription of 683 genes, of which 60%
are downregulated and 40% upregulated. Alterations observed in carbohydrate and
amino acid metabolism suggest that the virus causes a state of starvation, which is
compensated for by alternative synthesis routes. HetPV13-an1 was transferred into
different H. annosum and H. parviporum Niemelä & Korhonen strains. While the
virus caused growth reduction in all three newly infectedH. parviporum strains, only
two of the six infected H. annosum strains showed significant debilitation. In a field
experiment on Norway spruce, a HetPV13-an1-infected H. parviporum strain
showed considerably less growth within living trees than did the isogenic virus-
free strain of the fungus (Vainio et al. 2017).

7.4.8 Hypovirulence in Ophiostoma novo-ulmi

Dutch elm disease (DED) is a wilting disease of elm trees caused by an ascomycete
fungus of the genusOphiostoma Syd. & P. Syd. The first DED pandemic was caused
by a less aggressive species, O. ulmi (Buisman) Nannf., while the second (and
current) pandemic is caused by a more aggressive species, O. novo-ulmi Brasier
(Brasier and Buck 2001; Katanić et al. 2020). Elm bark beetles play an important
role in the spread of the disease by carrying fungal spores from infected to healthy
elms (Santini and Faccoli 2014).

The first mycoviruses that were shown to induce severe debilitation of O. novo-
ulmi were originally described as d-factors that cause a reduction in fungal persis-
tence, xylem infection levels, growth rates (Sutherland and Brasier 1995) and
conidial viability (Sutherland and Brasier 1997). Later, several d-factors were
characterised, and based on phylogenetic analysis, assigned to the genus Mitovirus
(Doherty et al. 2006).

A proposed approach for biological control of DED is to use elm bark beetles as
carriers for virus-infected fungal conidia, thereby introducing the virus into local
O. novo-ulmi populations.
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7.4.9 Hypovirulence in Botrytis Species

Botrytis cinerea Pers. (teleomorph Botryotinia fuckeliana (de Bary) Whetzel) is a
necrotrophic pathogen that infects many plant species in temperate and subtropical
climates. Many of these host plants are economically important (e.g., grapes,
strawberries, solanaceous vegetables). Symptoms caused by B. cinerea vary
depending on host plants and plant tissues affected and include leaf blight, blossom
blight, and post-harvest fruit rots (Williamson et al. 2007). This pathogen is mainly
controlled using chemical fungicides (so called “botryticides”), which increasingly
carries the risk of inducing fungicide resistance (Jacometti et al. 2010). This fungus
is also responsible for noble rot of grapes as well, producing highly valuable and
sweet botrytised vines (Fournier et al. 2013; Negri et al. 2017).

Numerous mycoviruses belonging to different virus families have been reported
in B. cinerea and several of them were associated with hypovirulence of its host,
namely Botrytis cinerea mitovirus 1 (BcMV1, previously named BcDRV), Botrytis
cinerea RNA virus 1 (BcRV1), Botrytis cinerea hypovirus 1 (BcHV1), Botrytis
cinerea partitivirus 2 (BcPV2) and Botrytis cinerea CCg378 virus 1 (Bc378V1).
BcMV1 was found in a hypovirulent B. cinerea isolate from oilseed rape in China
and appears to debilitate mitochondria in the infected hyphae. Laboratory experi-
ments showed that BcMV1 can be transmitted both vertically to asexual conidia and
horizontally to other fungal strains (Wu et al. 2010). BcRV1 was detected in a
hypovirulent isolate of B. cinerea from Berberis sp. in China. The degree of
hypovirulence is greatly affected by the accumulation level of BcRV1 in
B. cinerea strains. This mycovirus can spread vertically via macroconidia, as well
as horizontally through hyphal anastomosis (Yu et al. 2015). As in other fungi,
horizontal virus transmission of BcRV1 and BcMV1seems to be limited by a
vegetative incompatibility system of B. cinerea (Wu et al. 2010; Yu et al. 2015).

In contrast to BcMV1 and BcRV1, which reduce mycelial growth of the patho-
gen, infection with BcHV1 causes hypovirulent effect without affecting the growth
of the infected fungus. In this case, reduced virulence seems to arise from specific
changes in the expression of genes associated with the formation of infection
cushions, which are important because they facilitate penetration of plant tissues
during the infection process. BcHV1 can be transmitted horizontally, while vertical
transmission has not been demonstrated thus far (Hao et al. 2018). BcPV2 is a
partitivirus that belongs to the genus Alphapartitivirus and was detected in an
atypically pink strain of B. cinerea (Kamaruzzaman et al. 2019). Strains infected
with this virus showed normal vegetative growth, but reduced production of conidia
and sclerotia. Importantly, BcPV2 was found to attenuate virulence of B. cinerea on
several crops, including apples, tomatoes, and potatoes. This virus was successfully
transmitted to several virulent strains of B. cinerea, inducing a hypovirulent pheno-
type. Another partitivirus, Bc378V1, was detected in a wild-type B. cinerea strain
that was co-infected with another mycovirus. While the second mycovirus has not
been further characterized, the presence of both mycoviruses appears to be necessary
for inducing a hypovirulent phenotype (Potgieter et al. 2013).
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Botrytis spp. also cause grey mold disease on several Allium L. species, mostly on
garlic (A. sativum L.), garlic chives (A. tuberosum Rottler ex Spreng.) and bulb
onions (A. cepa L.) (Wu et al. 2012). Beyond that, Botrytis porri N.F. Buchw.
(teleomorph Botryotinia porri (H.J.F. Beyma) Whetzel) can cause garlic clove rot
(Dugan et al. 2007), garlic leaf blight (Zhang et al. 2009), and leek leaf rot (Asiedu
1986). In 2012, Wu et al. detected dsRNA elements in hypovirulent B. porri strains
obtained from garlic and onion plants. They identified a bipartite segmented virus
associated with ~35 nm particles and called the virus Botrytis porri RNA virus 1
(BpRV1). The particles are comprised of three structural proteins (SP) and two
dsRNA elements ~6 kb long, coding for three SPs and the RdRP. Fungal strains
harbouring this virus grew much slower in vitro and were only able to induce small
lesions on inoculated garlic leaves. Besides that, the infected strains were not able to
produce sclerotia and the hyphae showed ultrastructural aberrations. Phylogeneti-
cally this BpRV1 seemed to be related to members of the genera Totivirius and
Victorivirus, although the support for this classification is weak. The authors were
also able to demonstrate vertical transmission of the virus into conidia, while the
success of horizontal transmission appeared to be dependent on the donor and
recipient fungal strain (Wu et al. 2012).

The detection of several mycoviruses that reduce the virulence of Botrytis spp.
gives hope for the development of a biocontrol system against this important plant
pathogen. However, two major limiting factors still need to be overcome: the low
competitive ability of mycovirus-infected strains relative to mycovirus-free strains
and the limited horizontal transmissibility of the mycoviruses, which is mainly due
to the presence of vegetative incompatibility barriers in the fungus.

7.4.10 Hypovirulence in Rosellinia necatrix

Rossellinia necatrix Berl. ex Prill. is a soil borne fungi that causes white root rot
disease in many plant species including grapevine and several fruit trees. As a
necrotrophic pathogen it can also survive as a saprophyte in the soil. Due to its
soil-borne lifestyle and the ability to remain dormant and infectious for many years
(Kulshrestha et al. 2014), the pathogen is difficult to control. Several mycoviruses
were detected in R. necatrix but most of them cause asymptomatic infections. Two
mycoviruses that induce a hypovirulent phenotype were reported: Rosellinia
necatrix megabirnavirus 1 (RnMBV1) and Mycoreovirus 3 (MyRV3). The first
virus is a bipartite dsRNA virus consisting of ~7 and ~9 kb genome segments and
viral particles �50 nm in diameter with a single major capsid protein of 135 kDa.
Purified viral particles were able to infect fungal protoplasts, which developed an
altered phenotype after transfection. Fungal strains infected with this virus showed
attenuated virulence on inoculated plants, causing only superficial rather than lethal
lesions (Chiba et al. 2009). Similarly, MyRV3 particles were used for transfection of
virulent R. neacatrix protoplasts, in which a hypovirulent phenotype was induced.
The hypovirulent phenotype of the fungus included reduced growth of the infected
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colony and smaller lesions on inoculated apple fruits. Kanematsu et al. (2010)
successfully transfected several other phytopathogenic fungi with MyRV3 particles.
After transfection, Diaporthe Nitschke sp., C. parasitica and Valsa ceratosperma
(Tode) Maire showed reduced colony growth and smaller lesion on inoculated
apples. These experiments showed that purified particles of both mycoviruses can
be used to transfect virus free R. necatrix strains. Furthermore, other pathogenic
fungi transfected with MyRV3 subsequently become hypovirulent. These experi-
ments were conducted in the laboratory, and the direct use of virus particles for
biocontrol in the field remains to be demonstrated.

7.4.11 Hypovirulence in Helminthosporium victoriae

The plant pathogenic fungus Helminthosporium victoriae Meehan & H.C. Murphy,
(teleomorph: Cochliobolus victoriae R.R. Nelson), is the causal agent of Victoria
blight of oats (Avena sativa L.). In the late 1940s, this disease caused considerable
yield losses in the oat-growing regions of the USA (Meehan and Murphy 1946). In
the 1950s, only minor damage was observed in some oat fields in Louisiana, despite
widespread infection with H. victoriae. Isolates recovered from infected plants
produced highly sectored colonies and their growth was stunted (Lindberg 1960).
By means of co-culturing, this phenotype was transmitted from a diseased isolate to
‘normally’ growing isolates. It was later demonstrated that the diseased H. victoriae
isolates were infected with two viruses, the Helminthosporium victoriae virus 190S
(HvV190S) and the Helminthosporium victoriae chrysovirus 145S (HvV145S).
Recent studies have suggested that infection with HvV190S alone is responsible
for hypovirulence in H. victoriae. Interestingly, after artificial infection, HvV190S
also induces a hypovirulent phenotype in the chestnut blight fungus C. parasitica
(Xie et al. 2016). Furthermore, Wu et al. (2020) revealed that another species,
Bipolaris maydis (Y. Nisik. & C. Miyake) Shoemaker (teleomorph: Cochliobolus
heterostrophus (Drechsler) Drechsler) is also a natural host of HvV190S. This could
indicate the potential of HvV190S-mediated hypovirulence in other plant pathogenic
fungi.

7.4.12 Hypovirulence in Sclerotinia sclerotiorum

The ascomycete fungus Sclerotinia sclerotiorum (Lib.) de Bary is a necrotrophic
plant pathogen that causes white mold or stem rot on many different plant species. It
has a broad host range that includes important agricultural host species such as bean,
rapeseed, soybean, and lettuce. The pathogen is found worldwide in temperate and
subtemperate regions. The pathogen is homothallic and forms sexual fruiting bodies
(apothecia) by self-fertilisation. The sexual ascospores are spread by wind and are
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the main source of new infections. The pathogen produces special survival structures
called sclerotia, which also serve as asexual dissemination propagules.

Several mycoviruses are known to cause hypovirulence in S. sclerotiorum with
Sclerotinia sclerotiorum hypovirulence-associated DNA virus 1 (SsHADV-1) being
the most promising biological control agent (Yu et al. 2010). This virus is a rare
example of a DNA mycovirus. To date, it is also the only mycovirus of which
purified virus particles can be directly used to infect a fungal host (Yu et al. 2013).
This was demonstrated by spraying purified virus particles onto leaves, which
resulted in suppression of S. sclerotiorum infections. In field trials with rapeseed,
the preventive application of hyphal fragments containing SsHAVDV-1virus parti-
cles significantly reduced Sclerotinia stem rot and increased crop yield.

Sclerotinia sclerotiorum also hosts a mycovirus related to the family
Hypoviridae, which causes hypovirulence (Hu et al. 2014; Khalifa and Pearson
2014). Sclerotinia sclerotiorum hypovirus 2 (SsHV2) induces the hypovirulent
phenotype by reducing mycelial growth, sporulation, and the formation of sclerotia.
By using a detached leaf assay, a wide variation in symptom expression among
SsHV2-infected strains was observed. Several virus-infected strains showed a pro-
nounced virulence reduction, which could indicate potential candidates for biolog-
ical control of S. sclerotiorum.

Sclerotinia sclerotiorum partitivirus 1 (SsPV1) is another mycovirus that reduces
virulence of S. sclerotiorum and related species (Xiao et al. 2014). Fungal strains
infected with SsPV1 exhibit abnormal colony morphology and severe growth
reduction. Horizontal transmission of SsPV1 to virus-free, virulent strains, results
in their conversion to the hypovirulent phenotypes.

A mitochondrial mycovirus, Sclerotinia sclerotiorum mitovirus 1 (SsMV1/
HC025) also induces hypovirulence in S. sclerotiorum (Xu et al. 2015). Infection
with this mitovirus causes mitochondrial malformations and greatly reduces myce-
lial growth and sclerotia production. On inoculated leaves of rapeseed and soybean
plants, virus-infected fungal strains produce no or only very small lesions. SsMV1/
HC025 can be transmitted horizontally via hyphal anastomosis, which leads to
conversion of the recipient virulent strains to the hypovirulent phenotype.

7.5 Mycoviruses Related to Plant Viruses

Fungal viruses are a diverse and phylogenetically heterogenous group of parasitic
genetic elements which infect a major eukaryotic lineage. Most mycoviruses
characterised so far have RNA (either ssRNA or dsRNA) genomes, while DNA
mycoviruses have been identified much less frequently (Abbas 2016). Several
general observations can be made, however, regarding their pathogenic effect and
organization of their genomes. Many of them have a mild effect on their host,
causing usually asymptomatic infections. Secondarily, a common element of their
genomes is an RNA-dependant RNA polymerase (RdRP), ubiquitous for their
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replication. Their polymerases seem to be related indicating a common phylogenetic
ancestor, at least for some of the mycoviruses (Ghabrial 1998).

Another important aspect of mycovirus evolution is related to their hosts’ close
and long-lasting symbiotic relationship with plants, either mutualistic as in mycor-
rhizal associations (van der Heijden et al. 2015), or parasitic as demonstrated with a
large number of fungal plant pathogens (Han 2019; Möller and Stukenbrock 2017).
This relationship has existed at least since both groups (i.e. plants and fungi) began
to colonise the land in the early Palaeozoic (Field et al. 2015; Morris et al. 2018).
This close and long-lasting symbiotic relationship between various fungal and early
plant linages might have facilitated the exchange of the viruses between these two
kingdoms, and for many mycoviruses their phytovirus counterparts have been
found. Furthermore, many plant viruses have +ssRNA genomic organization, similar
to several mycovirus lineages, which is especially evident in their conserved RdRP
domains (Roossinck 2019).

In 2017 a putative +ssRNA virus was discovered in the plant pathogenic fungus
Phomopsis longicolla (Hrabáková et al. 2017). The fungal isolate in which this virus
was found had a debilitated growth and reduced virulence and was already known to
contain Phomopsis longicolla hypovirus 1, which is known to induce a wide range of
symptoms in its host. This combination of a known hypovirus and a novel RNA
element, placed in a proposed Ourmiavirus genus which is a sister genus to
mitoviruses, is perhaps responsible for the hypovirulent effect. Interestingly
sequence analysis of this virus reveal that its RdRP is actually related to the RNA
polymerase of plant viruses, rather than other mycoviruses (Hrabáková et al. 2017).
This taken with findings of Nerva et al. (2017), who reported that certain fungal
viruses can replicate inside plant cells, sheds light on an interesting aspect of
mycovirus evolution. Fungal viruses, thus, beyond being interesting as biocontrol
agents of plant diseases, are suspected to be evolutionary connected with plant
viruses, as deduced by sequence similarities between some plant and fungal viruses
(Pearson et al. 2009).

7.6 Conclusion

Recent research in fungal virology has made great progress in our understanding of
the biology of mycoviruses and their interactions with fungal hosts. A key driver of
this development is the prospect of using mycoviruses as natural enemies against
fungal pathogens. Indeed, a large number of new mycoviruses have been discovered
in various plant pathogenic fungi in recent years. Several of these mycoviruses
attenuate virulence and some affect the reproduction capacity of their fungal hosts,
traits that suggest these viruses have the potential to be used as biological control
agents. Hypovirulence of the chestnut blight fungus C. parasitica still provides the
prime example of mycovirus-mediated biocontrol of a plant disease. The recent
results in mycovirus research, however, are very promising for further applications
of mycoviruses for plant disease control.
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Part III
Defending the Health of Its Hosts



Chapter 8
The Contribution of Viruses to Immune
Systems

Felix Broecker

Abstract Cellular organisms have evolved a plethora of immune systems to defend
against selfish genetic elements and pathogens, including viruses. Virus-derived and
virus-related sequences (such as those of mobile genetic elements) constitute a
substantial portion of the genomes of all life forms. Some of these sequences mediate
resistance to viruses or virus-like parasites and are integral components of many
immune systems acting against various invaders (viral and cellular), such as the
Rag1/2 system of vertebrates, which generates antibody and T cell receptor diver-
sity. Recently, intimate evolutionary relationships between viral and virus-like
sequences and various cellular immune pathways of both pro- and eukaryotes
have been uncovered. Here, I argue that the most basic—and likely evolutionarily
the first—immune system may be the superinfection exclusion (SIE) mechanism, a
phenomenon where one parasitic element (a virus or virus-like entity) prevents or
restricts invasion of a compartment (e.g., a cell) by another parasitic element. The
SIE mechanism is still a feature of many extant viruses and the related viroids, which
are putative relics of an ancient RNA world that existed before the emergence of
cells. During cellular evolution, various more complex immune mechanisms fully or
partially derived from viruses and virus-like element have evolved. In this chapter, I
summarize the current knowledge on the contribution of viral and virus-like ele-
ments to the evolution of various cellular immune systems. The emerging picture is
that many of today’s cellular immune systems have evolved from simple SIE
mechanisms to highly complex defense strategies, frequently involving viral or
virus-like sequences.

8.1 Introduction

The idea that immune systems may have evolved from viral sequences is not new,
and to my knowledge there are two pioneering scientists who mainly brought
forward this idea. First, Eugene V. Koonin, who (amongst many other topics) studies
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the evolution of viruses and virus-like elements, reported in 2008 that eukaryotic
RNA interference (RNAi), a type of immune system that likely originated as an
antiviral defense mechanism, “seems to have been pieced together from ancestral
archaeal, bacterial and phage proteins” (my emphasis) (Shabalina and Koonin
2008), whereby phages are the viruses infecting prokaryotes. Many more scientific
articles by Koonin’s group on the origin of immune systems from viral sequences
have followed. Second, evolutionary scientist Luis P. Villarreal wrote, in 2011, a
seminal article on ‘Viral Ancestors of Antiviral Systems’ (Villarreal 2011). The
concepts outlined in this chapter are mainly based on Koonin’s and Villarreal’s
ideas, and I complement these with my own ideas wherever possible. The person
who initially stimulated my interest in this question, however, is virologist Karin
Moelling, who already in 2006 recognized distinct similarities between the enzymes
of the RNAi machinery and those involved in retroviral replication, suggesting a
common evolutionary origin (Moelling et al. 2006). Finally, I wish to mention two
more names, Emmanuelle Charpentier and Jennifer Doudna, who have been
awarded the Nobel Prize in Chemistry “for the development of a method for genome
editing” in 2020. This genome editing method is CRISPR-Cas, nowadays widely
used for genetic manipulation of all kinds of genomes in laboratories worldwide.
CRISPR-Cas, however, is not only a very useful tool in molecular biology, but also
an evolutionarily ancient immune system of prokaryotes that acts against genetic
parasites such as phages and plasmids. The reason why I mention CRISPR-Cas here
is because its evolution involved various virus-like sequences (Koonin and
Makarova 2017, explained in more detail in Sect. 8.6.2). Briefly, CRISPR-Cas
could only evolve because of the existence of a virus-related genetic parasite, a
transposon called casposon (Krupovic et al. 2014). CRISPR-Cas is therefore a
perfect example of how virus-like sequences have been coopted by a host cell to
exert anti-viral functions. But before going into more details, I like to provide a
definition of a virus, which brings us to the idea of the Greater Virus World.

8.2 The Greater Virus World

What is a virus? Conventionally, it is defined as an infectious agent that is an obligate
intracellular parasite. According to this textbook definition, a virus exists in two
different states, an extracellular one with surface structures such as capsid or
envelope proteins that allows it to move between organisms or cells, and an
intracellular one during which new viruses are produced with the help of the cellular
protein synthesis machinery. This classical definition has recently been challenged
by sequence analyses of viruses and their evolutionary relatives, the mobile genetic
elements (MGEs). First, there is evidence that viruses (or their evolutionary ances-
tors) were already diverse at the time of the last universal cellular ancestor (LUCA),
with extensive evolution (likely from RNA to DNA viruses or virus-like entities)
even before the existence of LUCA (Krupovic et al. 2020). This means that the
ancestors of viruses have not originated as cellular parasites, since they may have
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predated cells during evolution. Second, MGEs (which include (retro)transposons,
plasmids and viroids) and bona fide viruses (cell-infecting genetic parasites with an
intracellular and an extracellular state) share a number of hallmark genes, e.g., those
involved in replication, which suggests that viruses have evolved from MGEs and
vice versa multiple times throughout evolution (Koonin and Dolja 2014). ‘The
Greater Virus World’, a term coined by Koonin and his colleague Valerian Dolja,
thus includes both bona fide viruses and MGEs. In this article, I will adopt this broad
definition of a virus and highlight the contribution of both, bona fide viruses and
MGEs, to the evolution of the various immune systems.

8.3 Viruses as Drivers of Evolution

Parasite-host coevolution is a major aspect of the evolution of all (cellular and
pre-cellular) life (Koonin 2016). Of note, the genetic diversity of the virosphere,
which is the entirety of the viruses on Earth, is substantially higher than that of
cellular life forms, and viral evolution typically occurs at much faster pace, espe-
cially in the case of RNA viruses that have limited proofreading mechanisms during
replication of their genomes (Paez-Espino et al. 2016; Koonin and Dolja 2013).
Consequently, large numbers of novel viruses are currently being detected by high-
throughput sequencing (Wolf et al. 2020). Viruses frequently hijack cellular genes
and vice versa, i.e., there is constant genetic exchange. Rather than simply being
understood as solely disease-causing or detrimental agents, viruses and other para-
sitic MGEs are increasingly being recognized as entities that can provide benefits to
the host, e.g., by protecting from superinfection and through exaptation of genetic
material of the viral parasite for host functions (Koonin 2016; Broecker and
Moelling 2019a). Moreover, a large portion of adaptations of cellular proteins are
driven by the action of viruses; e.g., in an estimated 30% of all conserved mamma-
lian proteins (Enard et al. 2016). All known life forms harbor such genetic parasites,
and sequences originating from viruses and MGEs constitute large fractions of
cellular genomes, up to 90% in some plant species and up to two thirds of the
human genome (Koonin 2016; de Koning et al. 2011). Originally dismissed as ‘junk
DNA’, it is now well-established that these sequences are frequently transcribed,
provide promoters, enhancers, polyadenylation and splice sites and are thereby
substantially involved in host gene regulation (Gogvadze and Buzdin 2009). More-
over, they contribute to the formation of new genes, either directly (e.g., the syncytin
genes originating from retroviruses which will be described in Sect. 8.5.1) or
indirectly through pseudogene formation mediated by retroelements, whose replica-
tion machinery can reverse-transcribe mRNAs of cellular genes and then re-insert
the DNA copies into the genome. Some of the viral genes are involved in the various
immune systems that have evolved in cellular life forms.
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8.4 Immune Systems: An Evolutionary Perspective

The following sections contain a noncomprehensive overview of the involvement of
viruses and virus-like elements in the evolution of various immune systems. I will
start with an attempt to define the term immune system.

8.4.1 What Is an Immune System?

The emergence of identity, i.e., the ability of an entity (e.g., a cell) to discriminate
self from non-self, has likely been a crucial step in the evolution from an inanimate
predecessor world to the living world in which we exist (Villarreal and Witzany
2013). The immunological self/non-self model, proposed by Frank Macfarlane
Burnet in 1949, applies the concept of identity to the immune system, stating that
any foreign (non-self) element triggers an immune reaction of an organism, whereas
any component of the organism itself (self) does not (Burnet and Fenner 1949). This
is, based on today’s knowledge, an oversimplification, since many self-structures are
recognized and eliminated by the mammalian immune system (e.g., dead cells are
eliminated by phagocytes, and (pre)tumor cells are frequently recognized and
eliminated as well) and many non-self-structures are tolerated, e.g., the approxi-
mately 4 � 1013 bacterial cells that reside as commensals, with many beneficial
functions in digestion and immune function, in the intestinal tract of every human
being (Pradeu and Carosella 2006). Viruses are also frequently tolerated by the
human immune system, including bona fide viruses such as herpesviruses (which in
immunocompetent individuals are mostly symptomless), as well as the about
100,000 endogenous retroviruses (ERVs) or fractions thereof in the human genome
that could be considered as foreign sequences. The ERVs are typically benign or
beneficial, however, they can be abnormally activated in and thus potentially
contribute to certain disease states, including cancer, and have consequently been
described as ‘the enemy within’ (Wilkins 2010). These ERVs originated from
germline cells infected with bona fide retroviruses, mostly genomic introductions
that occurred millions of years ago, and these infected germline cells should have
been eliminated by the immune system according to the self/non-self model
(a virus-infected cell is typically eliminated by the immune system as it presents
virus-encoded non-self structures on the surface). However instead, the genetic
information of many ERVs has been fixed in the genomes of many species,
including humans. The complex immune systems of the various species on earth,
pro- and eukaryotic, single- and multicellular, in many cases consequently do not
merely distinguish self from non-self, but rather harmless (or even useful) from
harmful, which is a much more elaborate process. Moreover, the involvement of
microbes in immune systems is increasingly becoming recognized, i.e., the ability of
the host to “manage and exploit beneficial microbes to fend off nasty ones” (Travis
2009), which is the subject of this chapter when ‘microbes’ are specified to ‘viruses’.
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8.4.2 A Simple Immune System Based on RNA?

It is possible to design RNA molecules that can cleave other RNA molecules in a
sequence-specific manner. This type of catalytic RNA is a so-called hammerhead
ribozyme that forms Watson-Crick basepairs with the target RNA and then cleaves a
specific phosphodiester bond of the target RNA. This idea is being investigated as a
potential therapeutic approach against autoimmune diseases and cancer (Citti and
Rainaldi 2005). The artificial ribozyme could constitute an immune system as
defined in the previous paragraph, if the target RNA is a harmful one, e.g., a parasitic
RNA. The ribozyme does not “blindly” discriminate self from non-self. It specifi-
cally eliminates those RNAs that have sufficient complementarity and tolerates all
other RNAs. It can distinguish harmful from harmless, if the information
(harmful vs. harmless) is encoded in the RNA sequence of the parasite.

In nature, hammerhead ribozymes are found in viroids, which are virus-related,
protein-free infectious agents consisting of highly structured, circular non-coding
RNA. Viroids are possible remnants of the ancient RNA world thought to have
existed before the evolution of DNA or proteins (Diener 1989; Flores et al. 2014). In
the ancient RNA world, a primordial RNA-based immune system could have been
constituted by a viroid that eliminates another viroid via ribozymatic cleavage in
trans (Table 8.1). Although known natural viroids are generally self-cleaving, they
can be modified relatively easily to yield trans-cleaving derivatives (Jimenez et al.
2015), suggesting that trans-cleaving ribozymes may have existed or may still exist
naturally. However, this example is merely a molecule acting against other mole-
cules. If we add a cell-like structure or compartment, perhaps an early primordial cell
in the RNA world, such a trans cleaving ribozyme might be beneficial to that cell by
protecting against other, parasitic RNAs. (As a side note, parasites inevitably occur
within evolving life forms (Koonin et al. 2017). No life exists without parasites, and
even parasites often have parasites—there will be an example of a virus infecting
another virus below in Sect. 8.6.1). Thus, the cell or compartment might benefit from
hosting such a parasite-cleaving RNA. The parasite-cleaving RNA might itself be a
parasite of the cell (i.e., a viroid-like structure), which however may be tolerated
since its presence provides a net benefit to the cell. This hypothetical primordial
immune system highlights an important phenomenon that may be at the origin of
various immune systems; superinfection exclusion (SIE). This phenomenon is
defined as an infection by a virus or viroid that protects against superinfection by
the same or a different virus or viroid (Ziebell and Carr 2010). (I designated Sect. 8.5
below for a more detailed discussion of SIE.) If the first virus or viroid is asymp-
tomatic or causing mild symptoms only but protects against superinfection by a more
virulent virus or viroid then there is a net benefit for the cell. In plants, SIE has been
reported for both bona fide viruses as well as viroids. Coming back to the
abovementioned RNA-based immunity against RNA infectious agents in the
present-day world: The mechanism of action of SIE by extant hammerhead viroids
is likely not based on RNA cleavage (since natural hammerhead ribozymes can only
cleave in cis) but on RNA silencing mechanisms provided by the host cell
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Table 8.1 Examples of immune systems whose evolution involved viruses or virus-like elements
including: ERVs (endogenous retroviruses); piRNA (Piwi-interacting RNA); SIE (superinfection
exclusion); and siRNA (small interfering RNA)

Immune
system Organisms Function

Involvement of viruses/virus-
like sequences

Viroid/ribo-
zyme-based
immunity
(speculative)

Pre-cellular
life or early
cells (RNA
world?)

A catalytic RNA destroys
other (potentially parasitic)
RNAs in a sequence-
dependent manner

Known ribozymes are self-
cleaving but can be modified
easily to trans-cleaving ones
that may exist or may have
existed naturally (Jimenez
et al. 2015)

Restriction-
modification

Prokaryotes The host genome is methyl-
ated at a specific sequence, a
restriction endonuclease cuts
unmethylated (invading) DNA
of that sequence

Phages and MGEs mediate
horizontal gene transfer of
restriction-modification sys-
tems (Furuta et al. 2010;
Murphy et al. 2013)

Prophages Prokaryotes SIE mediated by prophages or
prophage-derived genes
against exogenous phages

Prophages or prophage-
derived genes mediate resis-
tance to phage infection by
various mechanisms (Bondy-
Denomy et al. 2016)

CRISPR-Cas Prokaryotes Adaptive immune system of
prokaryotes; a piece of invad-
ing genetic information is
integrated into the host
genome and is used to guide
nucleases to invaders with
homologous sequences

At least four mobile genetic
elements contributed to the
evolution of CRISPR-Cas
systems (Koonin and
Makarova 2017). The trans-
poson called casposon is the
origin of all CRISPR-Cas
systems

Argonaute-
based
targeting

Prokaryotes Genomes of invaders are
cleaved into small fragments
that are used to guide
Argonaute nucleases to
invaders with sequence com-
plementarity, inducing their
degradation

Argonaute proteins and the
retroviral reverse
transcriptase-RNase H pro-
teins share structural and
functional properties,
suggesting a common evolu-
tionary origin (Moelling et al.
2006)

piRNA Eukaryotes piRNAs are transcribed from
piRNA clusters and guide
Argonaute proteins to invaders
with sequence complementar-
ity that are consequently
degraded

Most piRNA sequences orig-
inate from transposons and
mediate transposon suppres-
sion, especially in germline
cells (Iwasaki et al. 2015).
Some piRNA sequences
originate from viruses with
putative anti-viral activity,
mainly in insects (Ophinni
et al. 2019)

RNA
interference

Eukaryotes RNA interference has likely
evolved as an antiviral mech-
anism (Shabalina and Koonin
2008). It acts by processing

The RNA interference and
retroviral replication machin-
eries share structural and
functional homologies that

(continued)
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(Kovalskaya and Hammond 2014). However, it is possible to express hammerhead
ribozymes targeting a pathogenic viroid to “immunize” plant cells against disease.
Thus, the hypothetical primordial immune system described above is not as
far-fetched and might exist or have existed in nature.

Table 8.1 (continued)

Immune
system Organisms Function

Involvement of viruses/virus-
like sequences

invading RNAs into small
RNAs (siRNAs) that then
guide the RNA-induced
silencing complex to invading
RNAs with sequence comple-
mentarity, which induces the
degradation of the invading
RNA

suggest a common evolution-
ary origin (Moelling et al.
2006). The ‘endo-siRNA’
pathway uses siRNAs from
sense-antisense pairs of
RNAs from transposons to
suppress transposon activity
in mouse brain and embry-
onic stem cells (Nandi et al.
2016; Berrens et al. 2017)

Endogenous
retroviruses

Eukaryotes Genes derived from endoge-
nous retroviruses mediate SIE
against exogenous retroviruses

Various examples of coopted
retroviral env and gag genes
with antiviral activity have
been described (see Sects.
8.5.1 and 8.5.2)

Interferon
system

Eukaryotes The interferon system is part
of the antiviral innate immune
system of animals (metazoans)

ERVs have been coopted to
provide transcription factor
binding sites to various
interferon-stimulated genes
and thereby are involved in
regulating antiviral responses
(Chuong et al. 2016; Ito et al.
2017)

Antibodies
and T cell
receptors

Eukaryotes In jawed vertebrates, anti-
bodies and T-cell receptors are
the basis of adaptive immunity

The Rag1/2 system that gen-
erates the diversity of anti-
bodies and T-cell receptors as
well as the recognition sites
for recombination originate
from a Transib transposon
(Kapitonov and Koonin 2015;
Huang et al. 2016)

Mucosal
immunity

Eukaryotes In animals (metazoans),
phages adhering to mucosal
surfaces mediate immunity
against bacterial infections

The mucus layers of meta-
zoans and bacteriophages
may have co-evolved such
that phages adhere to mucus
via immunoglobulin-like pro-
teins and thus provide a pro-
tective barrier against
invading bacteria (Barr et al.
2013)
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8.4.3 Innate and Adaptive Immunity

The term “immune system” commonly refers to the eukaryotic, or more specific, the
mammalian immune system (prokaryotic immune systems will be described below
in Sects. 8.5.7 and 8.6.2). The mammalian immune system can be subdivided into
two arms, the innate and the adaptive immune system. Examples for the former
include the well-described toll-like receptors (TLRs) which are a group of pattern-
recognition receptors (PRRs) that recognize microbial/viral/fungal structures such as
lipopolysaccharide, double-stranded RNA, zymosan, etc. (Mahla et al. 2013). From
an evolutionary perspective, the TLR protein family is over 700 million years old
and found throughout the eumetazoan clade (all multicellular organisms except
sponges and placozoa, the simplest known animals), a group which includes diverse
animals such as squids, jellyfish, mammals, annelids, as well as insects, to name a
few (Leulier and Lemaitre 2008). These types of receptors have been first described
in the model organism Drosophila melanogaster (fruit fly) in 1985 (Anderson et al.
1985a, b), by the group of Nobel Prize Awardee Christiane Nüsslein-Volhard. (As a
side note, the toll receptors of D. melanogaster are mainly involved in embryonic
development and not in immunity and have thus evolved functional divergence in
different species (Kambris et al. 2002)). Other PRRs include RIG-I-like receptors
(RLRs), NOD-like receptors (NLRs) and C-type lectin receptors (CLRs) (Mahla
et al. 2013). The activation of PRRs leads to complex antimicrobial responses. Like
TLRs, RLRs, NLRs and CLRs are found in both invertebrate and vertebrate
genomes; homologs of NLRs can also be found in plants, suggesting an even earlier
evolutionary origin (Lange et al. 2011; Zou et al. 2009; Sattler et al. 2012; Jones et al.
2016). Another type of innate immune system that has likely evolved as a defense
against viruses and MGEs is RNA interference (RNAi), which acts by small
interfering RNAs (siRNAs) and is found not only in animals but also in plants and
fungi and is therefore evolutionarily more ancient than PRR-based systems (Obbard
et al. 2009; Shabalina and Koonin 2008; Ge and Zamore 2013). In animals, a
variation of RNAi, using PIWI-interacting RNAs (piRNAs) is used to silence trans-
posons in germline cells to ensure fertility (Ge and Zamore 2013).

Several hundred million years after the emergence of the abovementioned innate
immune systems passed until about 450–500 million years ago a new type of
immune system evolved, the adaptive immune system. Remarkably, comparable
adaptive immune systems evolved in parallel at least twice, in jawless vertebrates
(agnathans) as well as in jawed vertebrates (gnathostomes). The prerequisites for
such an adaptive immune system are (1) a molecular machinery that allows for the
rearrangement of germline-encoded antigen-receptor genes and (2) a dedicated
repertoire of cells, each of which expresses a different antigen receptor, e.g., B
cells expressing specific immunoglobulins (Igs) (Bayne 2003). The recombination
machineries involved in diversifying the antigen-receptors in vertebrates allow for
the generation of theoretically over 1014 receptors with different specificities, a
number which is impossible to be encoded in any genome (e.g., mammalian
genomes encode only about 20,000 genes). In jawed vertebrates, these diverse
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receptors are Igs expressed on B cells and T cell receptors (TCRs) expressed on T
cells. Recognition of a specific structure of a pathogen by an antigen-receptor
triggers clonal amplification of that cell, its differentiation and, in the case of B
cells, production of antibodies with the same antigen binding specificity (Cooper and
Alder 2006). As will be discussed below the mechanism that diversifies Igs and
TCRs, V(D)J recombination, relies on an ancient transposon that allows for the key
step to occur, genomic recombination. Agnathans have immune cells that share
similarities with B and T cells but antigen receptor diversity (which is in the same
theoretical order of magnitude as the one achieved by V(D)J recombination) is not
generated by recombination, but instead by gene conversion (Boehm et al. 2012).

8.5 Viruses Against Viruses: Superinfection Exclusion,
a Simple Immune System

Superinfection exclusion (SIE) is the ability of a first viral infection to restrict
secondary viral infections of the same cell. In most cases, SIE prevents infections
by the same virus that caused the first infection, or closely related ones, but in some
cases (e.g., in the case of the virophages described below in Sect. 8.6.1) also restricts
infection by genetically non-related viruses. Importantly, SIE can be regarded as a
simple type of immune system. This phenomenon was discovered in the 1920s in
tobacco. Tobacco plants infected with a non-virulent variant of the Tobacco mosaic
virus (TMV) were shown to be protected against a more virulent TMV isolate
(McKinney 1929). This example highlights that the host (here, the tobacco plant)
can benefit from SIE under certain conditions if: (1) The first virus infecting the cell
exerts little or no fitness cost to the host (it is relatively benign); (2) The first virus
establishes a latent infection that is not cleared by the host’s immune system
(otherwise, the benefit would only be transient) and (3) The infection confers
protection against one or several viruses that are more virulent than the first virus.
If we now imagine that the tobacco plant evolves such that the genome of the benign
TMV strain becomes stably inherited to the following plant generations (e.g., by
genomic integration of the whole TMV genome, or of the gene(s) that mediate the
resistance to virulent TMV strains), then the result would be an inheritable immune
system (to my knowledge, endogenous TMV elements have not been reported, so
this remains a thought experiment, but the sequences of many other plant viruses are
found in the genomes of various plant species, with possible antiviral functions
including the generation of small RNAs used for the RNAi machinery (Chu et al.
2014; da Fonseca et al. 2016)).

Superinfection exclusion is not restricted to plant cells but occurs widely in
prokaryotic as well as eukaryotic (single-cell or multicellular organisms) systems
(Broecker and Moelling 2019b). Prokaryotic SIE mechanisms will be described
below and they have a broad presence. SIE has also been described for several
human pathogenic viruses, including vaccinia, measles, hepatitis C, West Nile,
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influenza virus and others (Birukov and Meyers 2018). Another example is human
immunodeficiency virus (HIV). One of the essential steps in the replication cycle of
HIV (as for all retroviruses) is the integration of the (reverse-transcribed) genome
into the genome of the host cell (forming a so-called provirus). This is an important
feature, as an integrated retroviral genome (or a part thereof) can be inherited by the
next host generation (which, however, requires infection of germline cells, see
below). It is important to note that HIV mediates SIE, and it has been shown that
the virus does so by expressing an accessory protein, Nef, which downregulates the
receptor for HIV, CD4, and one coreceptor, CCR5 (Michel et al. 2005). Thereby, an
HIV-infected cell is less likely to become superinfected by other HIV particles.

In 2014, an article was published claiming that HIV was ‘en route to
endogenization’ (Colson et al. 2014). Peripheral blood mononuclear cells
(PBMCs) of one described patient (who tested negative for the protective CCR5-
Δ32 genomic mutation) harbored defective HIV-1 proviruses. These PBMCs could
not be (super)infected with the identical HIV-1 strain in vitro, which suggests that
the HIV-1 proviruses conferred resistance to infection. Although most proviruses
had premature stop codons, some of them showed intact open reading frames. The
presence of apparently protective HIV-1 proviruses suggested that HIV-1 proviruses
could potentially mediate SIE. However, whether the virus is being endogenized is a
more complex question. Endogenization is a two-step process whereby viral genetic
information becomes part of a host’s genome. First, the viral genome needs to be
integrated into the genome of the host cell (this occurs during the normal retroviral
lifecycle but can also occur ‘accidentally’ for other viruses, see below). In
multicellular organisms (such as humans) it is necessary that genomic integration
occurs in germline cells, as genomic integrations in somatic cells will not be
inherited. Second, the viral genome in its entirety, or parts thereof, become fixed
in the population. The human genome, for example, contains about 700,000 endog-
enous retroviruses (complete or fragments thereof), which constitute up to 8% of the
genomic sequence, compared to ~20,000 human genes which account for ~2% of
the total coding sequence of the genome (Belshaw et al. 2004; Escalera-Zamudio
and Greenwood 2016). In the HIV example described above, the patient had pro-
viruses in their PBMCs (i.e., in somatic cells) but not in germline cells, which would
be required for vertical transmission and thus, endogenization. Therefore, only a
germline infection with HIV-1 may confer inheritable resistance against HIV-1
induced disease at the population level. It is debated if HIV is able to infect germline
cells (spermatozoa and oocytes) and whether integrated proviruses can be transmit-
ted vertically (Baccetti et al. 1994, 1998; Bagasra et al. 1994; Barboza et al. 2004;
Cardona-Maya et al. 2009, 2011; Nuovo et al. 1994), and in general the more
complex retroviruses (genus lentivirus, of which HIV is an example) appear to
enter the germline much less frequently than do simple retroviruses (e.g., all of the
100,000 known HERVs in the human genome are derived from simple retroviruses,
and not a single one from a lentivirus). Endogenous lentiviruses have been
described, however, in the genomes of other species, such as rabbits, non-human
primates, weasels, colugos, ferrets and bats (Katzourakis et al. 2007; Gifford et al.
2008; Gilbert et al. 2009; Han andWorobey 2012, 2015; Cui and Holmes 2012; Jebb
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et al. 2020). It thus appears to be theoretically possible that HIV-1 may indeed
become endogenized at some point in the future. The propensity for endogenization
of simple retroviruses, however, appears to be substantially higher, given that the
vast majority of known ERVs are derived from simple retroviruses. For these simple
ERVs there are several examples for SIE described in the literature, as summarized
in the following section.

8.5.1 Endogenous Retrovirus-Mediated Immunity
in Eukaryotes: The Envelope Protein

A virus is endogenized when it enters the genome of a germline cell, is transmitted
vertically to the next generations of host and becomes fixed in the host population
(Fig. 8.1a). In eukaryotes, retroviruses are by far the most frequently endogenized
viruses, as during their replication there is an obligatory step during which the
retroviral genome is integrated into the host’s genome. These ERVs, or parts thereof,

Fig. 8.1 Endogenous retrovirus-mediated antiviral immunity. (a) Schematic of the process of
endogenization of a retrovirus. A retrovirus infects a germline cell. The viral RNA is reverse-
transcribed into a DNA copy and integrated into the cellular genome, forming a provirus. If this
provirus is beneficial or at least not detrimental to the survival of the cell and the organism, it can
become endogenized and eventually fixed in the population. Most of the provirus can decay over
time due to random mutations, but certain beneficial genes (here, the retroviral env gene is used as
an example) can be captured and exert novel functions, such as serving as an antiviral defense
mechanism. (b) Examples of endogenous retrovirus-derived genes that serve as immune defense
against retroviruses. Env proteins can act by blocking receptors (termed a receptor blockade) to
prevent infection of a cell. Gag proteins have been shown to inhibit the retroviral replication at
various steps during the intracellular life cycle. Details on the indicated examples in mouse, cat,
sheep and humans are described in the text. Viral RNA is depicted by red wavy lines, viral DNA by
blue wavy lines. RT, reverse transcriptase
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can mediate resistance to infections by bona fide retroviruses. Of note, the genomes
of eukaryotes harbor large amounts of ERV sequences; about 8% of the human
genome sequence originates from retroviruses (Gifford and Tristem 2003). Most of
the human ERVs (HERVs) have invaded the ancestral genome many millions of
years ago, and none of the HERV sequences identified in the human genome have
any known infectious counterparts still existing; these viruses are most likely extinct
except for their endogenous remains. Intensively studied examples of endogenized
viral genes are the syncytins which originate from retroviral env genes (Lavialle et al.
2013). Specific env genes have been independently exapted from different retroviral
proviruses at least seventeen times during evolution. Some of these genes are used as
syncytins or otherwise functionally related genes which are critical for placentation
in mammals and some viviparous lizard species (Cornelis et al. 2017; Imakawa and
Nakagawa 2017). Through their immunosuppressive domain (ISD), syncytins likely
contribute to the prevention of maternal immune rejection of the fetus via various
mechanisms, including the inhibition of leukocytes and the suppression of
pro-inflammatory cytokines (Cianciolo et al. 1985; Haraguchi et al. 1995, 1997,
2008).

In addition to syncytins, other retroviral env genes have been endogenized that do
not exert immunosuppressive, but instead anti-retroviral functions (Fig. 8.1b). For
example, the mouse Friend virus susceptibility 4 (Fv4) gene confers resistance of
mice to murine leukemia viruses (MuLVs) (Suzuki 1975). Physically, FV4 is a
truncated MuLV-like provirus containing the 30 portion of the pol gene and the
entire env gene (Ikeda et al. 1985). The env-encoded protein binds to the cellular
receptor used by MuLV and thereby prevents infection by the exogenous retrovirus,
a process referred to as receptor blockade, a variant of SIE. Another captured env
gene in mice, resistance to MCF (Rmcf), mediates resistance to mink cell focus-
inducing (MCF) viruses and MuLVs, likely also via receptor blockade (Hartley et al.
1983; Brightman et al. 1991; Jung et al. 2002).

In cats, the refrex-1 gene confers resistance to feline leukemia virus-D (Ito et al.
2013). It is a truncated retroviral env gene that contains the putative receptor-binding
domain but lacks a C-terminal portion due to a premature stop codon.

Env-mediated interference has also been demonstrated in human cells. The Env
protein encoded by a human endogenous retrovirus of the HERV-K(HML-2) family
has been shown to interfere with HIV-1 production in vitro (Terry et al. 2017). It is a
full-length Env protein that, compared to the consensus, ancestral HERV-K(HML-2)
Env, has four mutations that appear to be required for inhibiting HIV-1. Interest-
ingly, HERV-K(HML-2) expression in T cells is activated by HIV-1 infection
(Gonzalez-Hernandez et al. 2012), which suggests that expression of Env (and
Gag, see Sect. 8.5.2 below) may have evolved as an inducible mechanism of
protection against exogenous retroviruses. Another example of an antiviral Env
protein in human cells is encoded by a HERV-T provirus (Blanco-Melo et al.
2017). Its expression confers resistance to a reconstructed infectious HERV-T
virus (as the virus is extinct) via receptor blockade in vitro. In addition, Suppressyn,
a truncated env gene expressed by a HERV-F element with a known role in placental
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development, may restrict infection by exogenous retroviruses (Malfavon-Borja and
Feschotte 2015).

8.5.2 Endogenous Retrovirus-Mediated Immunity
in Eukaryotes: The Gag Protein

Gag is another retroviral gene that has been captured by mammalian hosts for
immune defense against exogenous retroviruses (Fig. 8.1b). The best studied gag-
derived restriction factor is Friend virus susceptibility 1 (Fv1) of mice (Best et al.
1996), which inhibits murine leukemia virus (MuLV) at a stage between entry and
proviral integration. The Fv1 protein interacts with the retroviral capsid protein in the
preintegration complex of MuLV (Best et al. 1996). FV1 originates from a MERV-L
gag gene. In sheep, enJSRV-expressed Gag protein inhibits exogenous JSRV at a
late stage of the retroviral life cycle during viral assembly (Palmarini et al. 2004). In
human cells, a HERV-K(HML-2) Gag protein inhibits HIV-1 release and reduces
infectivity of progeny HIV-1 virions (Monde et al. 2017).

8.5.3 Evolution of Retrovirus-Mediated Immunity
in Real Time?

Jaagsiekte sheep retrovirus (JSRV) provides an example of a recent or ongoing
endogenization (Armezzani et al. 2014). The youngest identified endogenous ele-
ments (enJSRV) were integrated into the sheep genome only 200 years ago, and
exogenous, infectious JSRV is still circulating. The sheep genome contains about
27 enJSRV sequences, of which 16 harbor intact env genes. enJSRV Env protein
likely exerts syncytin-like functions during placentation (Dunlap et al. 2006) and has
been shown to prevent infection by exogenous JSRV via receptor blockade (Spencer
et al. 2003). Another example of an endogenization in real-time is currently occur-
ring in koalas. Like JSRV, koala retrovirus (KoRV) co-exists in both endogenous
and exogenous form (Tarlinton et al. 2006). While endogenous KoRV elements can
be identified in the genomes of most koalas, there is substantial inter-individual
variation in the integration sites and extensive regional variation, indicative of an
ongoing endogenization process. It has been speculated that Env (or other proteins)
expressed by endogenous KoRV elements may provide protection against exoge-
nous KoRV infections, analogous to the examples described above (Sarker et al.
2020). In favor of this hypothesis, full-length envmRNA appears to be expressed by
many endogenous KoRV elements (Tarlinton et al. 2017). However conversely, it
has been suggested that koalas show in utero expression of KoRV antigens and those
antigens get tolerized as the developing immune system recognizes them as harmless
self structures. Consequently, their immune systems may be unable to mount an
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immune response against exogenous KoRV. In favor of the latter hypothesis, koalas
with mostly intact integrated KoRV proviruses are often unable to mount antibody
responses against KoRV antigens, even after vaccination, in contrast to animals with
less intact KoRV proviruses that can generate antibodies (Tarlinton et al. 2017;
Olagoke et al. 2019). Thus, at the current stage integrated and vertically transmitted
KoRV elements may either have a beneficial or detrimental effect on the population,
and it will take more time for evolutionary selection to resolve this, perhaps by
having protection-providing KoRV genes become fixed in the population, as seen
for JSRV. It is estimated that KoRV first entered the koala population only between
100 and 200 years ago (Greenwood et al. 2018), whereas the initial infection of the
sheep genome with JSRV likely occurred 5–7 million years ago (Armezzani et al.
2014).

8.5.4 Superinfection Exclusion by Other Endogenized
Eukaryotic Viruses

Although ERVs constitute the vast majority of endogenous viruses, mammalian
genomes also harbor numerous sequences derived from, e.g., Borna-, Filo-, Parvo-,
Circo-, Rhabdo- and Herpesviridae (Belyi et al. 2010a, b; Horie et al. 2010;
Katzourakis and Gifford 2010; Aswad and Katzourakis 2014). Many integrated
(non-reverse transcribing) RNA virus-derived sequences likely originate from
reverse transcription and integration via either the replication machinery of
retroelements or by nonhomologous recombination (Suzuki et al. 2014). These
non-retroviral endogenous viral sequences are frequently referred to as endogenous
viral elements (EVEs).

Among these EVEs are the negative sense ssRNA Borna disease virus (BDV)
sequences (Belyi et al. 2010b). Interestingly, species that contain genomic BDV
sequences (e.g., primates, rats, mice and squirrels) are relatively resistant to infection
with exogenous BDVs. In contrast, highly susceptible species like horses, sheep and
cattle can develop fatal encephalitis upon BDV infection and do not have detectable
BDV sequences in their genomes.

There is also experimental evidence for protection by endogenous BDV
sequences. The ground squirrel genome harbors an endogenous bornavirus-like
nucleoprotein (itEBLN) sequence with 77% amino acid similarity to circulating
infectious BDV (Fujino et al. 2014). The itEBLN RNA binds to the ribonucleopro-
tein of infectious BDV and is incorporated into virions. This appears to inhibit viral
trafficking and cell-to-cell spread (Kim et al. 2020).

Like squirrels, humans usually do not develop Borna disease. Only few anecdotal
cases of fatal BDV-induced encephalitis have been reported (Hoffmann et al. 2015).
Seven human endogenous bornavirus-like nucleoprotein (hsEBLN) elements are
expressed at the RNA level (Sofuku et al. 2015); hsEBLN-2 is also known to be
expressed as protein (Ewing et al. 2007). In primate and rodent genomes, EBLNs are
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enriched within piRNA clusters (Parrish et al. 2015). These EBLNs express func-
tional piRNAs that are antisense to the BDV nucleoprotein mRNA and are expressed
in testes. However, whether they mediate inhibition of BDV infection in these or
other cells is unknown. Since piRNAs are also known to be expressed in some
somatic cell types such as neurons (Lee et al. 2011), EBLN sequences may protect
from brain BDV infection. This could at least partially explain why species with
endogenous EBLN sequences are relatively resistant to BDV-induced encephalitis.
In addition, EBLNs may protect from Borna disease by inducing immune tolerance
through in utero EBLN protein expression (Horie 2017). This tolerization of the
immune system may limit the possible pathogenicity associated with anti-
nucleoprotein immune responses that develop during BDV infection. The BDV
nucleoprotein is a major target for cytotoxic T cell responses (Stitz et al. 1993;
Planz and Stitz 1999). Thus, tolerance to nucleoprotein may protect against
BDV-induced encephalitis which mostly results from immune-mediated inflamma-
tion. In addition, EBLN RNAs may act as antisense RNAs to the BDV genome
(Horie 2017). It is important to note that EBLN sequences also are found in the
genomes of various other species, including whales, birds and lamprey (Kobayashi
et al. 2016; Hyndman et al. 2018), where they might also exert antiviral functions.

Aedes mosquitoes are important vectors for human pathogenic flaviviruses such
as Dengue and Zika virus. Their genomes contain various endogenous flaviviral
sequences (Suzuki et al. 2017). Small RNAs like piRNAs and siRNAs, known to
play an important role in antiviral defense in insects (Cullen et al. 2013), are
produced from these endogenous viruses and might play a role in antiviral defense
(see Sect. 8.5.5).

8.5.5 piRNA-Guided CRISPR-Cas-Like Immunity
in Eukaryotes Based on Endogenous Viral Sequences

CRISPR-Cas immunity of prokaryotes will be described in more detail below, but I
like to mention it here as there are some interesting similarities between this immune
system and piRNA-mediated immunity of eukaryotes. Briefly, CRISPR-Cas is an
inheritable immune system that requires three steps. First, fragments of foreign (e.g.,
viral) DNA or reverse-transcribed RNA are captured and integrated as spacers into
specialized genomic regions called CRISPR loci or CRISPR array. Second, the
spacers are transcribed and processed into small RNAs (crispr RNAs/crRNAs).
Third, the crRNAs guide a nuclease (Cas) to complementary DNA/RNA upon
re-exposure of the invader. Cas then inactivates the invading DNA/RNA. It has
recently been suggested that the eukaryotic piRNA system may exert analogous
functions in some species, especially in insects (Ophinni et al. 2019). Here, foreign
viral RNA is reverse-transcribed and preferentially inserted into piRNA clusters
(analogous to the CRISPR loci), then transcribed and processed into small RNAs
(piRNAs, analogous to crRNAs). These virus-derived piRNAs then guide a nuclease
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(Argonaute, analogous to Cas) to the viral RNA, which inactivates the invader
(Fig. 8.2).

Such virus-derived piRNAs, specific for Drosophila X virus and other RNA
viruses, have been first identified in a D. melanogaster cell line (Wu et al. 2010).
However, to date silencing activity in cells of D. melanogaster has only been
observed against transposons and endogenous retroviruses (the canonical function
of piRNAs), but not against exogenous viruses. In contrast, the link between viral
piRNAs and activity against exogenous viruses is stronger in Aedes mosquitoes,
which show expression of piRNAs derived, for example, from Toga-, Flavi-, Bunya-
and Reoviridae (all are RNA virus families) in germline cells and somatic tissues.
piRNAs are known to be able to guide Argonaute nucleases to complementary
RNAs, which induces their degradation. Knockdown of proteins involved in ampli-
fication of piRNAs reduced viral piRNA expression and enhanced Dengue virus

Fig. 8.2 Similarities between CRISPR-Cas immunity in prokaryotes (left) and piRNA-mediated
immunity in eukaryotes (right). Left: A portion of a phage (top) DNA (or reverse-transcribed RNA
in the case of RNA phages) invading the prokaryotic cell is inserted via a Cas protein into a CRISPR
locus in the prokaryotic genome. The newly inserted spacer is transcribed along with the CRISPR
locus and the transcript is processed into a small RNA (crRNA) that guides another Cas nuclease to
an invading DNA (or reverse-transcribed RNA) of another invading phage (bottom) based on
sequence complementarity. The Cas nuclease cleaves the invading nucleic acid (indicated by
scissors), thus providing immunity against the newly infecting phage. Right: In eukaryotes, a
similar mechanism is constituted by the piRNA machinery. An invading RNA (of an RNA virus,
top) is reverse-transcribed by an endogenous reverse transcriptase and then integrated into a piRNA
cluster. The piRNA cluster DNA is transcribed and processed into small RNAs (piRNAs) that guide
an Argonaute nuclease to the RNA of a newly infecting RNA virus (right) based on sequence
complementarity. The Argonaute protein cleaves the newly invading RNA, thus mediating immu-
nity to the RNA virus. DNA molecules are represented by blue wavy lines, RNA molecules by red
wavy lines. Ago, Argonaute; EVE, endogenous viral element; RT, reverse transcriptase.
Figure modified from Ophinni et al. (2019)
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replication in Aedes-derived cells (Miesen et al. 2016). Viral piRNAs have been
discovered in other arthropods as well, including whiteflies, and some of these
piRNA sequences have been shown to also target DNA viruses (Ophinni et al.
2019). In mammals, the only identified example of endogenous virus-derived
piRNAs are those originating from EBLNs, as described in the previous section. It
thus appears that the antiviral activity of piRNAs is likely more pronounced in
arthropods than in mammals.

8.5.6 Do Endogenous Viruses Render Bats Resistant to Viral
Infections?

Bats have been associated with a number of zoonotic viral diseases and constitute an
important reservoir for diverse viruses, including members of the families Flavi-,
Rhabdo- and Bunyaviridae (Olival et al. 2017). The bat immune system is unique in
its ability to tolerate viral infections which are typically lethal to other mammalian
species (Banerjee et al. 2020). It has been suggested that endogenous viruses may
play a role in the bats’ immune tolerance to viruses (Skirmuntt et al. 2020). Bat
genomes contain numerous ERVs and sequences originating from Borna-, Filo-,
Parvoviridae and others. Interestingly, to date only one exogenous bat-specific
retrovirus has been identified in Australian bats, the Hervey pteropid
gammaretrovirus (HPG) that is related to KoRV, suggesting that bats may have
transmitted this virus to koalas (Hayward et al. 2020). It could be speculated that the
apparently very few exogenous bat retroviruses, which stand in contrast to the large
diversity of ERVs, are the result of ERV-mediated immunity (Skirmuntt et al. 2020).
Interestingly, no HPG-related ERVs have been identified in bat genomes, suggesting
that HPG only recently entered bat populations and has either not (yet) been
endogenized or is currently in the process of endogenization (Hayward et al.
2020). It remains speculative whether the bat endogenous viruses mediate immunity
against their exogenous counterparts. In favor of this hypothesis, the diversity of
endogenous viral sequences is higher than in most other mammals (Jebb et al. 2020)
and bats are highly immune to many viral infections, including the Filoviridae
Ebola- and Marburg virus (the bat genome contains endogenous Filovirus elements
with intact open reading frames for nucleoprotein and VP35 protein (Skirmuntt et al.
2020)).

8.5.7 Superinfection Exclusion by Endogenized Viruses
in Prokaryotes

Superinfection exclusion is not limited to eukaryotes but is also widespread in
prokaryotes. Prokaryotic genomes contain up to 10–20% of prophage-derived
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sequences, and the presence or absence of specific prophage sequences can contrib-
ute to prokaryotic interstrain variability (Canchaya et al. 2003). There is often a
fitness cost to the host associated with prophage integration (Iranzo et al. 2017).
However, prophage sequences can also have beneficial effects, such as increasing
virulence, which could extend the ecological range of the bacterium (Canchaya et al.
2004).

One example of prokaryotic SIE is the prophage-encoded Tip protein that
suppresses expression of type IV pili on the surface of its host, Pseudomonas
aeruginosa, with little or no fitness cost to the bacterium (Chung et al. 2014). The
type IV pili are common entry receptors for phages. Consequently, Tip expression
mediates resistance to various phages (Bondy-Denomy et al. 2016). Indeed,
prophage-encoded SIE seems to be relatively broad, as only three prophages make
P. aeruginosa resistant to at least 30 different phages. Another well-described
example for prophage-mediated immunity in bacteria is the sie2009 gene expressed
by the lactococcal Tuc2009 prophage (McGrath et al. 2002). The Sie2009 protein
localizes to the bacterial membrane and likely inhibits phage DNA injection. Various
other phage-encoded genes that mediate resistance to phage infection have been
identified in numerous bacterial hosts (Bondy-Denomy et al. 2016; McGrath et al.
2002); it thus appears that prophage-mediated SIE is a common mechanism of
immunity in prokaryotes.

8.6 The Enemy of My Enemy Is My Friend: Harnessing
Viruses for Complex Immune Systems

Any organism—unicellular or multicellular—is constantly exposed to a plethora of
microorganisms, most benign, some potentially harmful, some opportunistic. Cel-
lular organisms can internalize specific viruses and use them as a weapon against
other viruses (or cellular pathogens). Genomic integration allows for the process of
endogenization (sometimes referred to as domestication), whereby a given antiviral
property of a protein (or any other useful function) may be preserved or even
enhanced. Other portions of the integrated viruses may degenerate through accumu-
lation of deleterious mutations over time or by mechanisms of genomic deletion in
the absence of positive selection pressure. In the following sections I will highlight
three examples of complex immune systems whose evolution involved viruses or
virus-like elements. I will start by a relatively simple (yet more complex than SIE
described above) example of a virus-based inheritable immune system in the protist
Cafeteria roenbergensis (a unicellular eukaryote), followed by the more complex
adaptive immune system of prokaryotes (CRISPR-Cas), and, lastly, the V(D)J
recombination system that diversifies antibodies and T cell receptors in vertebrates,
arguably the most complex immune system we know.
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8.6.1 A Small Virus Against a Giant Virus in the Protist
Cafeteria roenbergensis: An Adaptive Immune System
at the Population Level

The marine protist Cafeteria roenbergensis, a single-celled eukaryote, is infected by
a giant virus named Cafeteria roenbergensis virus (CroV). The CroV virus is a
member of the nucleocytoplasmic large DNA viruses (NCLDV) group with a
~730,000 bp dsDNA genome. After entering the protist host via phagocytosis,
CroV replicates in cytoplasmatic viral factories, which are nucleus-like structures
in which DNA replication and transcription occur. Viral protein synthesis and virion
assembly takes place on the outside of the viral factories (Bell 2020). The infection is
fatal to C. roenbergensis and, consequently, it has been suggested that CroV may
play a role in regulating the protist’s population in marine ecosystems (Fischer et al.
2010).

Cafeteria roenbergensis is also host to another, much smaller dsDNA virus
termed Mavirus with a ~19,000 bp genome, which can only replicate in the presence
of CroV (Fischer and Hackl 2016). Mavirus infection has no known negative
consequence for C. roenbergensis. As its replication depends on another virus
(CroV), Mavirus is designated as a ‘virophage’ analogous to the bacteria-infecting
bacteriophages. The currently known virophages (family Lavidaviridae) all have in
common their dependence on an NCLDV for replication (Mougari et al. 2019;
Fischer 2020). Simultaneous co-infection with Mavirus protects C. roenbergensis
from CroV-induced lysis by inhibiting the replication of CroV through a yet
unknown mechanism. Interestingly, Mavirus can integrate into the protist’s genome
(forming ‘provirophages’), likely due to the presence of a retroviral-like integrase
that is packaged into the virion, as well as nuclear localization signals (Born et al.
2018). The provirophages remain transcriptionally silent until they are induced by a
CroV superinfection. Notably, activation of the integrated Mavirus genomes does
not prevent the lysis of the initial C. roenbergensis cell, likely because Mavirus
activation occurs only at a late stage of CroV replication. It does, however, induce
the massive production of Mavirus particles by the CroV viral factories. Conse-
quently, the lysed cell releases Mavirus particles (along with CroV particles) into the
environment. Neighboring C. roenbergensis cells are subsequently co-infected with
CroV and Mavirus, and Mavirus inhibits CroV replication and cell lysis. This
protects the protist’s population, at the expense of losing the cell originally infected
with CroV by lysis. It is an inheritable immune system with a twist, in which not the
direct descendants of the provirophage-carrying cell are protected (as is the case, for
example, for CRISPR-Cas immunity described below in Sect. 8.6.2). Instead,
immunity is inherited at the population level (via the release of Mavirus particles
and ‘vaccination’ of neighboring cells), and protection from CroV occurs in an
altruistic manner. There is also a potential benefit to Mavirus; infection of
C. roenbergensis and genomic integration may increase the frequency of interaction
with the CroV host (Mougari et al. 2019).
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It is still not known how wide-spread this type of virophage-mediated immunity
is. Recently, it was shown that co-infection with specific virophages rescued
Acanthamoeba castellanii (an amoebal species) from being lysed by amoeba
infecting NCLDVs and reduced the production of NCLDV particles (Mougari
et al. 2019, 2020). However, there is currently no evidence for protection mediated
by integrated provirophages as is the case for C. roenbergensis. In contrast, inte-
grated virophages are found in other organisms such as the unicellular green alga
Bigelowiella natans (Koonin and Krupovic 2016). There, most of the 38 identified
elements were transcriptionally active, and six represented complete provirophages
(Blanc et al. 2015). Moreover, polintons, virophage-related transposons, are found in
the genomes of various eukaryotes and likely originate from exogenous viruses
(Koonin and Krupovic 2018). The provirophages found in the B. natans genome and
the virophage-like polinton sequences may have been recruited as a defense against
yet to be identified (or extinct) NCLDVs. Moreover, a number of novel virophages
and their associated NCLDV hosts have been identified recently and become
available for experimental testing (Fischer 2020; Xu et al. 2020; Gulino et al.
2020). The identified inheritable immune system of C. roenbergensis may therefore
just be the tip of an iceberg (Koonin and Krupovic 2016).

8.6.2 CRISPR-Cas Immunity Largely Originates from
Viruses and Mobile Genetic Elements

The CRISPR-Cas system is a form of prokaryotic adaptive immunity which utilizes
a collection of DNA fragments (or reverse-transcribed RNA) of infecting phages or
plasmids that are integrated as spacers into a designated region of the host genome,
the CRISPR locus or CRISPR array (Hille et al. 2018). These spacers provide an
immunological memory that protects the cell from invaders with similar sequences.
Moreover, since the spacer is stably integrated into the CRISPR locus, immunity is
passed on to future generations. As such, the spacers bear witness to the types of
phages that are or have been infecting a certain prokaryotic species or strain (similar
to ERVs that are indicators of past or ongoing retroviral infections in eukaryotes).
CRISPR loci are found in about 50% of bacterial and 90% of archaeal genomes, with
an average of three and five loci per genome, respectively (Grissa et al. 2007; Hille
et al. 2018). The transcribed CRISPR locus RNA (termed pre-crRNA) is processed
into smaller crRNAs that guide sequence-specific cleavage of complementary invad-
ing nucleic acids by Cas effector nucleases, which resembles the action of viral and
transposon-derived piRNAs transcribed from piRNA clusters in eukaryotes
(described above in Sect. 8.5.5).

Six types of CRISPR-Cas systems (I through VI) and various subtypes have been
described that differ, for example, in the type of nuclease that mediates target
cleavage, and whether DNA or RNA invaders are targeted (Koonin and Makarova
2017). The general steps, however, are identical in all systems; (1) adaptation (i.e.,
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spacer acquisition), (2) expression (i.e., crRNA generation) and (3) interference (i.e.,
target nucleic acid cleavage). Interestingly, a minimum of four different MGEs were
involved in CRISPR-Cas evolution (Koonin and Makarova 2017). First (and most
importantly), all six systems originate from a transposon called casposon which
utilizes Cas1 nuclease for DNA integration (Krupovic et al. 2014). Thus, the crucial
invention for prokaryotic adaptive immunity to evolve was the ability to modify the
sequence of the host’s genome (interestingly, the same ability is at the origin of
adaptive immunity of jawed vertebrates, as described in Sect. 8.6.3). Second, Cas2
nuclease and RNase domains of the HEPN family found in several Cas proteins
likely originate from toxin-antitoxin modules, which can be regarded as MGEs as
they are typically mobilized by plasmids (Koonin and Krupovic 2015; Koonin and
Makarova 2017). Third, various Type III systems exapted a reverse transcriptase
from an MGE (a mobile group II intron), which allows for spacer acquisition from
RNA invaders (e.g., RNA phages). Fourth, the RuvC domains of Type II and V
effector Cas nucleases (Cas9 and Cas12, respectively) likely originated from DNA
transposons. Functional CRISPR-Cas systems can also be encoded by phages (Seed
et al. 2013), suggesting that phages may mediate horizontal gene transfer of this type
of immune system. CRISPR-Cas acquired immunity can in theory be transmitted
across thousands of microbial generations (Weinberger et al. 2012), although phage
evasion by mutation typically occurs within a few generations in coevolution studies
(Westra et al. 2019). There is no known mechanism that can discriminate harmful
from beneficial invaders (the former could be a lytic bacteriophage, the latter a
plasmid conferring antibiotic resistance; both will be equally targeted by CRISPR-
Cas). Thus, a CRISPR-Cas locus that provides an evolutionary disadvantage (as it
prevents, for example, resistance to antibiotics) might be counter-selected, which
might explain the existence of prokaryotes without any CRISPR loci (Westra et al.
2019).

8.6.3 At the Heart of Adaptive Immunity in Jawed Vertebrates
Is an Ancient Mobile Genetic Element

In contrast to the prokaryotic adaptive immune system, CRISPR-Cas, immunolog-
ical memory in multicellular vertebrates is restricted to somatic cells, more specif-
ically, to dedicated cells of the immune system (B and T cells). This memory is
therefore not inherited to the next generation. In jawed vertebrates, the diversity of
Igs/antibodies and TCRs is generated by a process called V(D)J recombination, in
which variable (V), diversity (D) and joining (J) gene segments are recombined.
Further antibody diversification is then achieved by somatic hypermutation,
whereby random mutations are introduced, and the B cells subjected to a selection
process for increased binding affinity to the antigen (Kapitonov and Koonin 2015).
In contrast to CRISPR-Cas, elaborate mechanisms have evolved that can differen-
tiate between harmful and harmless, which, for example, renders the adaptive
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immune system able to mount a response against pathogenic bacteria, but at the same
time it tolerates the normal, healthy microbiota of the gastrointestinal tract, the lung,
the skin, and other organs. The tolerance to the healthy microbiota is the result of a
co-evolution of the hosts and the microbes. Ancestors unable to tolerate the microbes
did not survive, similarly those microbes that were not able to evade the immune
responses also died. In addition, even though there is no inheritance of the adaptive
immunity of jawed vertebrates, there is an evolutionary selection for those individ-
uals that can mount a protective immune response against deadly pathogens.

The ability to produce diversity of antibodies and TCRs in jawed vertebrates
developed around 450–500 million years ago (Kapitonov and Koonin 2015). As for
CRISPR-Cas, the ability to modify the genome sequence has been the crucial event
at the evolutionary origin of adaptive immunity. Both the Rag1 and Rag2 proteins
that mediate V(D)J rearrangement by recombining V, D and J segments are encoded
by a single genomic locus. They originate from a DNA transposon called Transib
that today is found in the starfish, oyster and sea urchin genomes, but not anymore in
those of jawed vertebrates, where it went extinct (Kapitonov and Koonin 2015). An
active Transib transposon encoding Rag1 and Rag2-like proteins was recently
discovered in the lancelet genome, and its terminal inverted repeats (the sequences
flanking the transposon) share similarities with the recombination signal sequences
that are recognized by the Rag1/2 complex (Huang et al. 2016). Thus, not only the
genes encoding the proteins required for V(D)J recombination but also the recogni-
tion sequences for the recombination to occur originate from a transposon.

8.7 Discussion

Viruses have traditionally been regarded mainly as disease-causing agents (hence the
name virus, Latin for poison). Yet, viruses and their relatives, the MGEs, have also
majorly contributed to the evolution of cellular organisms by introducing, mobiliz-
ing and amplifying genetic material. The recruitment of sequences from viruses,
transposons and other MGEs for pro- and eukaryotic immune systems appears to be
strikingly common, as illustrated by the examples presented above. Additional
immune systems that have evolved with the involvement of viral or virus-like
sequences are discussed briefly below (see also Table 8.1).

One is the prokaryotic restriction-modification (RM) mechanism. The RM sys-
tems consist of both a restriction endonuclease that cleaves invading DNA (e.g., of a
phage) at a specific sequence motif as well as a methylase that masks that motif in the
prokaryotic genome via DNA methylation. The motifs are typically short and are
thereby present in many invading DNAs. Thus, RM systems can be regarded as a
prokaryotic innate immune system. These RM systems are present in ca. 90% of
prokaryotic genomes (Murphy et al. 2013), can be mobilized by phages and fre-
quently co-localize with transposon-derived genes and may be flanked by inverted
repeats and target site duplications, with those flanking structures seemingly char-
acteristic of transposons (Naderer et al. 2002; Furuta et al. 2010; Makarova et al.
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2011; Takahashi et al. 2011). In addition, transposons can carry functional RM
systems (Khan et al. 2010), indicating that these defense systems may have evolu-
tionarily originated from transposons.

Another prokaryotic innate immune system involves Argonaute proteins that act
as RNA- or DNA-guided nucleases to cleave invading RNA or DNA (Swarts et al.
2014; Koonin and Krupovic 2015). Like the Argonaute proteins involved in eukary-
otic small RNA-guided defense mechanisms, prokaryotic Argonaute proteins share
striking structural and functional similarities with the retroviral reverse transcriptase-
RNase H proteins (Moelling et al. 2006), suggesting a common evolutionary
ancestry.

In both pro- and eukaryotes, antisense transcripts from viral and MGE sequences
may act by forming double-stranded RNA complexes with invading RNAs when
there is sufficient sequence complementarity, which may induce degradation of the
invading RNA (Broecker and Moelling 2019b).

In eukaryotes, interferons are mediators of innate immunity, especially during
viral infections. It has been shown that transposons and ERVs have been specifically
co-opted by the host to provide enhancers and binding sites for transcription factors
for interferon-stimulated genes (Chuong et al. 2016; Ito et al. 2017). Transposons
and ERVs have thus significantly shaped the regulation of the interferon response

As the last example, I would like to mention an interesting interaction that
happens at the mucosal surfaces of animals (metazoans). Some phages express
immunoglobulin-like domains on their surface that bind to mucin glycoproteins
expressed in mucosal tissues such as the gastrointestinal tract or lungs (Barr et al.
2013). Thereby, phages are specifically enriched in mucus and protect the underly-
ing epithelium from invading bacteria. The phages also benefit by an increased
frequency of interaction with their target bacteria in what can be seen as a symbiotic
relationship. Thus, phages enriched in mucosae serve as a non-host derived immune
system against bacterial infections.

The fact that genomes of virtually all cellular organisms harbor large numbers of
MGEs and viral sequences suggests that yet unknown functionalities will likely be
identified in the future. For example, it was recently discovered that prokaryotic
defense islands, genomic regions involved in various immune mechanism, are
enriched with transposon sequences whose potential functions remain to be deter-
mined (Doron et al. 2018; Koonin 2018).

Of note, immune defense is not the only function of endogenized viruses and
MGEs. For example, deleting all prophages in Escherichia coli results in various
fitness deficits, including increased susceptibility to antibiotics and osmotic stress,
and causes deficits in growth and biofilm formation (Wang et al. 2010). In eukary-
otes, transposons and ERVs do not only modulate the interferon response, but also
play roles, amongst others, in cell differentiation, stem cell pluripotency and
embryogenesis (Chuong et al. 2016). Thus, viral and virus-like sequences have
adopted multifaceted roles, not only for immune defense, and have been a major
driving force in the evolution of cellular life.

I would like to end with a comment on the current SARS-Coronavirus-2 pan-
demic. As viral evolutionist Aris Katzourakis mentioned via Twitter with respect to
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the analysis of bat genomes for virus-derived sequences (Skirmuntt et al. 2020),
there is “no endogenous coronavirus so far” (Tweet by @ArisKatzourakis, May
22, 2020)—even in bats. To my knowledge endogenous coronaviruses have not
been reported in any species to date, although there is in vitro evidence that
coronavirus RNA can be reverse transcribed and integrated into the genome of
human cells (Zhang et al. 2020). However, there seems to be an interplay between
SARS-Coronavirus-2 and HERVs in humans. It was shown that various HERV
families are upregulated in the lungs of SARS-Coronavirus-2 infected people
(Kitsou et al. 2020). However, it remains to be determined whether the upregulated
HERVs confer protection, contribute to pathophysiology or if this is simply a
by-stander effect.
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Chapter 9
Application of Viruses for Gene Therapy
and Vaccine Development

Kenneth Lundstrom

Abstract Although viruses have been demonstrated to cause a serious threat to our
health, further confirmed by the current coronavirus virus pandemic, engineered
viral vectors have been frequently used for gene therapy and vaccine development.
A large number of different viral vectors have been subjected to proof-of-concept
gene therapy evaluations in animal models for various indications before entering
human clinical safety and efficacy studies. Moreover, immunization studies in
animals and humans have been conducted with the goal of developing both prophy-
lactic and therapeutic vaccines. Several viral-based gene therapy drugs have been
approved for the treatment of various cancers and others have been subjected to
clinical trials. Immunization studies have demonstrated protection against lethal
challenges with pathogens and for example promising vaccine candidates for
Ebola virus have generated favorable results in clinical trials. Several viral vector-
based vaccine candidates for the SARS-CoV-2 virus, which causes the disease
named COVID-19, have been designed resulting in strong antibody responses in
clinical trials. Recently, adenovirus-based COVID-19 vaccines have received Emer-
gency Use Authorization and are currently used for mass vaccinations. In this
chapter, the most commonly used viral vectors systems are described, followed by
examples of preclinical and clinical evaluation. A special emphasis is dedicated to
coronaviruses.

9.1 Introduction

During the years, a large number of viral vectors have been engineered for heterol-
ogous gene expression, which has served as the basis for applications in gene
therapy and vaccine development (Table 9.1). The spectrum of viral vectors is
very broad, including DNA and RNA viruses with single-stranded (ss) and
double-stranded (ds) genomes (Lundstrom 2018). It is impossible to recommend a
universal viral vector as results have indicated that similar preventive and therapeutic
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Table 9.1 Examples of gene therapy and vaccine targets

Therapeutic &
Vaccine Vector Technology Effect

Gene replacement AAV, Ad CRISPR-Cas9 Successful treatment of DMD mice

Lentivirus CRISPR-Cas9 Suppression of HSV-1 infection

Gene compensation MMLV Ex vivo Cure of SCID-X1 patients

AAV transduction Therapy of hemophilia with FVIII

Ad Systemic delivery Treatment of OTC

Cytotoxic response VSV Cytosine deaminase Enhanced tumor killing

GINaTK HSV-TK Killing of SW1990 pancreatic
cancer cells

SFV, SIN HSV-TK-GFP Killing of glioma cells

Ad, HIV-1 HSV-TK-GFP Killing of glioma and renal cancer
cells

Oncolytic viral
vectors

Ad ONYX-015 Replication in p53-deficient tumor
cells

Ad CV706 Replication in prostate cancer cells

HSV HSV G207 Tumor-specific tropism in gliomas

Viral vectors with
tissue-specific
promoters

Ad AFP promoter Liver cell-specific expression

Ad PSA promoter Prostate cell-specific expression

Ad MUC-1 promoter Breast cell-specific expression

Tumor suppressor
genes

Ad p53 Prolonged survival in sarcoma
patients

Ad PTEN Expression in breast cancer cells

Ad Rb Expression in pituitary tumors

Ad MnSOD 50% reduction in tumor growth in
hamster

Immunotherapy Ad IL-12, CD80 Enhanced CTL response in
myeloma cells

HIV-1 IL12/FasTI Decreased tumor growth

HSV-1 IL-12 Enhanced oncolytic activity

SIN IL-12, IL-15 Tumor regression in ovarian cancer

SFV IL-18 Tumor regression in colon cancer

ALVAC IL-2 Significantly reduced tumor
recurrence

NYVAC IL-2 Significantly reduced tumor
recurrence

Apoptosis induction Ad TRAIL + ING4 Apoptosis, tumor angiogenesis
suppression

HVS TRAIL Apoptosis in colorectal cell lines,
disruption of melanoma spheroid
cultures

Ad Smac Complete eradication of hepatoma
xenografts

(continued)

286 K. Lundstrom



Table 9.1 (continued)

Therapeutic &
Vaccine Vector Technology Effect

Angiogenesis
inhibitor genes

HIV-1 PEDF Neuroprotection of CGCs

AAV Endostatin Tumor regression in hamster

AAV Angiostatin Tumor regression, long-term
survival in rats

EIAV Endo/Angiostatin Safe and robust expression in
patients

Inhibitor of
apoptosis

AAV XIAP Protection of SH-SY5Y cells, motor
neurons

AAV XIAP Preservation of photoreceptor layer
in feline retina

Antigen production SIN Her2/neu Tumor protection, prolonged
survival

Ad Her2/neu Therapeutic efficacy in mice

VEE TRP-2 Long-term melanoma protection

VV TRP-1 Protection against melanoma B16

VEE PSA Immune response, delay of tumor
growth

VEE PSCA Tumor prevention

VEE STEAP Tumor prevention, long-term
survival

Gene silencing Ad TMUV shRNA Inhibition of TMUV infection in
Vero cells

AAV9 Ad miRNA Inhibition of Ad infection in Syrian
hamster

RV TRMP7 siRNA Induction of apoptosis in RBL-2H3
cells

HIV-1 HIV-1 shRNA Shut-down of HIV-1 infection

VSV Nodamura B2 Enhanced cytotoxicity, miRNA
processing

SFV SFV miR124 Reduced neurovirulence

Combination
therapy

Ad HPR + IL-12 Tumor regression, prolonged
survival

AAV adeno-associated virus, Ad adenovirus, AFP alpha-fetoprotein, ALVAC canarypox virus,
CGCs cerebellar granule cells, CRISPR-Cas-9 clustered regularly interspaced short palindromic
repeats/CRISPR-associated nuclease 9, CTL cytotoxic T-cell, DMD Duchenne muscular
dystrophy, EIAV equine infectious anemia virus, GINaTK replication-defective retrovirus, HIV-1
human immunodeficiency virus-1, HRP horseradish peroxidase, HSV-tk herpes simplex virus
thymidine kinase, HSV-TK-GFP herpes simplex virus thymidine kinase-green fluorescent protein
fusion, HVS herpesvirus saimiri, IL interleukin, ING4 inhibitor of growth 4, MnSOD manganese
sodium dismutase, NYVAC genetically attenuated vaccinia virus, OTC ornithine transcarbamylase,
PEDF pigment epithelium-derived factor, PSA prostate specific antigen, PSCA prostate stem cell
antigen, Rb retinoblastoma, RV retrovirus, SFV Semliki Forest virus, SIN Sindbis virus, Smac
second mitochondria-derived activator of caspase, STEAP six-transmembrane epithelial antigen of
the prostate, TMUV Tembusu virus, TRAIL tumor necrosis factor-related apoptosis-inducing
ligand, TRP tyrosinase-related protein, VEE Venezuelan equine encephalitis virus, VSV vesicular
stomatitis virus, VV vaccinia virus, XIAP X-linked inhibitor of apoptosis
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efficacy can be established for different viral vector types for the same indication
although differences have also been demonstrated. The therapeutic efficacy also
depends on whether the therapeutic effect requires short- or long-term treatment,
which relates to the acute or chronic nature of disease. Therefore, it is advantageous
to present an overview of the most common viral vector systems as accomplished by
this chapter.

9.2 Gene Therapy and Vaccine Targets

Before describing the available viral vector systems, it is appropriate to summarize
the target genes applied for gene therapy and vaccine development (Table 9.1). The
classic gene therapy approach relates to the compensation of a mutated or
malfunctioning gene by a healthy one. This approach has been demonstrated for
various indications such as for X-linked severe combined immunodeficiency (SCID-
X1) (McCormack and Rabbitts 2004), hemophilia (Nienhuis et al. 2017) and
ornithine transcarbamylase (OTC) deficiency (Lehrman 1999). A number of thera-
peutic genes have been evaluated as listed in Table 9.1. However, with the devel-
opment of the RNA-guided genome editing tool named clustered regularly
interspaced short palindromic repeats/CRISPR-associated nuclease 9 (CRISPR-
Cas9), gene replacement for the correction of causal mutations in monogenic
disorders became a reality (Xiao-Jie et al. 2015). In one application, CRISPR-Cas9
genome editing based on AAV-delivery was used for the treatment of Duchenne
muscular dystrophy (DMD) (Amoasii et al. 2017). The deletion of exon 50 in the
dystrophin gene was corrected by systemic delivery of AAV encoding CRISPR/
Cas9 editing components, which restored up to 90% of dystrophin expression in
skeletal and heart muscles of DMD mice. In addition to AAV, Ad and lentivirus
vectors have been utilized for CRISPR-Cas9 delivery (Lino et al. 2018).

A straightforward approach commonly used for cancer therapy is overexpression
of either anti-tumor or cytotoxic genes from viral vectors, delivered for initial
evaluation to cell cultures before conducting studies in suitable animal models. In
the context of cytotoxic genes or suicide genes, aiming at killing tumor cells, the
strategy has comprised the introduction of cytotoxic genes by viral vectors into
tumor cells, where a non-toxic pro-drug is converted into an activated toxin
(Zarogoulidis et al. 2013). One of the most prominent systems is based upon
cytosine deaminase (CD) from Escherichia coli, which converts the prodrug
5-Flurocytosine (5-FC) into 5-Fluorouracil (5-FU) (Bentires-Alj et al. 2000). Com-
monly, CD-based therapy has been relying on plasmid-based delivery, but also viral
vectors such as vesicular stomatitis virus (VSV) have demonstrated enhanced tumor
killing (Porosnicu et al. 2003). Another system based on the herpes simplex virus
thymidine kinase gene (HSV-TK) converts ganciclovir (GCV) into GCV
monophosphate and further into GCV triphosphate, which is a cytotoxic DNA
synthesis inhibitor and cell cycle blocker leading to apoptosis and cell death (Robe
et al. 2000). Human SW1990 pancreatic tumor cells treated with a replication-
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defective retrovirus carrying the HSV-TK demonstrated substantial apoptosis and
further provided a bystander effect, where activated GCV diffused to neighbouring
bystander cells killing them as well (Wang et al. 2004). Moreover, the HSV-TK
approach was evaluated in glioma and renal carcinoma cells using Ad virus,
alphavirus and lentivirus vectors (Loimas et al. 2000). Superior cell killing was
observed for alphaviruses in glioma cell lines, whereas Ad virus and lentiviruses
were more efficient in renal carcinoma cells.

A number of anti-tumor genes have been identified (Liu et al. 2005). In fact,
oncolytic viral vectors as such have proven efficacious for cancer therapy. In this
context, the oncolytic Ad virus vector ONYX-015 with an E1B-55 kDa-deletion, has
been demonstrated to selectively replicate in p53-deficient tumor cells killing them
(Reis and Korn 2002). Similarly, the Ad virus vector CV706 selectively replicates in
prostate cancer cells (Chen et al. 2001). Moreover, a genetically engineered, condi-
tionally replicating HSV G207 vector showing tumor-specific tropism has been
previously evaluated in primates and in three phase I trials in adult patients with
recurrent/progressive high-grade gliomas and now is the subject of a trial in children
with recurrent or progressive supratentorial malignant tumors (Waters et al. 2017).
Another approach has been to engineer tumor-specific promoters to provide selective
expression of inserted antitumor genes (see below) in tumor cells (Chiocca 2002).
Several tissue-specific promoters such as the alpha-fetoprotein (AFP) promoter for
hepatic cancer (Cerghini et al. 1988), the prostate-specific antigen (PSA) promoter
for prostate cancer (Pang et al. 1995) and the mucin-1 (MUC-1) promoter for breast
cancer (Kurihara et al. 2000) have been introduced into Ad virus vectors.

Several therapeutic (antitumor) genes such as the tumor suppressor genes p53,
retinoblastoma (Rb), liver-related putative tumor suppressor (LPTS), phosphatase
and tensin homolog (PTEN) and manganese sodium dismutase (MnSOD) have been
identified (Liu et al. 2005). For instance, recombinant Ad virus expressing p53 has
been subjected to clinical trials in patients with advanced unresectable soft-tissue
sarcomas leading to significant improvement of progression-free status and overall
survival of patients (Xiao et al. 2018). An Ad vector was engineered for the
expression of the PTEN tumor suppressor gene resulting in PTEN expression in
70% of breast cancer cells (Chen et al. 2006). Moreover, Ad vectors applied for the
expression of the Rb suppressor oncogene showed successful rescue from pituitary
tumors in mice (Bolognani and Goya 2001). Ad vectors have also been evaluated in
a hamster cheek pouch model system, where expression of MnSOD resulted in 50%
reduction in tumor growth (Lam et al. 2000).

Among apoptosis inducing genes the tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) has been co-expressed with the inhibitor of growth
4 (ING4) from Ad vectors eliciting potent eradicative effects such as apoptosis
induction, immune responses and suppression of tumor angiogenesis in an
orthotopic human hepatocellular carcinoma mouse model (Zeng et al. 2019;
El-Shemi et al. 2018). In another approach, the full-length TRAIL gene expressed
from a herpesvirus saimiri (HVS) vector showed considerable apoptosis induction in
infected colorectal SW480 cancer cells and disruption of spheroid melanoma
Mel888 cultures (Turrell et al. 2012). Moreover, the Ad vector ZD55 overexpressing
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the fusion protein of TRAIL and the second mitochondria-derived activator
of caspase (Smac) showed a broad antitumor effect and completely eradicated
xenograft hepatoma tumors in mice (Wang et al. 2012b).

In the context of angiogenesis inhibitor genes, the pigment epithelium-derived
factor (PEDF) has been expressed from a lentivirus vector in primary cerebellar
granule cells (CGCs), which demonstrated neuroprotection in comparison to mock-
infected control cells (Nomura et al. 2001). In another approach, AAV-mediated
expression of endostatin was evaluated using an orthotopic metastatic pancreatic
cancer model in Syrian golden hamsters (Noro et al. 2004). Intramuscular or
intravenous injections of 5 � 1010 AAV particles showed superior antitumor effect
in primary pancreatic tumors and in liver metastases. In another approach,
AAV-based expression of angiostatin was evaluated in a rat glioma model, which
resulted in tumor regression and long-term survival in 40% of treated rats (Ma et al.
2002). Moreover, a lentivirus vector, equine infectious anemia virus (EIAV), has
been applied for the expression of endostatin and angiostatin in patients with
macular degeneration, providing safe and robust transgene expression for ocular
gene therapy (Campochiaro et al. 2017).

The inhibitor of apoptosis (IAP) gene has also been tested for viral-based gene
therapy. In this context, the X-linked IAP gene (XIAP) expressed from an Ad vector
reduced the percentage of active caspase-3 positive SH-SY5Y neurons, preserved
cell density and protected uninfected neighboring cells (Garrity-Moses et al. 2006).
Furthermore, inhibition of proapoptotic activity was discovered from studies of
motor neurons and dorsal root ganglion cells in a primary E15 model. In another
approach, expression of XIAP from an AAV vector was verified in a feline model
(Wassmer et al. 2017). It was demonstrated that a significant preservation of the
photoreceptor layer in the retina occurred after treatment with AAV-XIAP as
compared to AAV-GFP treated animals.

A large number of immunomodulating cytokines have been applied for immu-
notherapy using viral vectors such as Ad viruses, alphaviruses, retroviruses, lentivi-
ruses, poxviruses, and HSV (Wen et al. 2001; Zajakina et al. 2017; Yang et al. 2018;
Jourdier et al. 2003; Todo 2012). For instance, interleukins IL-12, IL-15 and IL-18
have been expressed from alphavirus vectors and subjected to immunization studies
in animal models. In this context, tumor regression has been observed for IL-12 and
IL-15 in ovarian tumor mouse models (Tseng et al. 2004) and for IL-18 in colon
cancer models (Chikkanna-Gowda et al. 2006). Moreover, an Ad virus vector
expressing IL-12 and CD80 provoked increase in cytotoxic T-cell responses in
human U266 myeloma cells (Wen et al. 2001). It was also demonstrated that
lentivirus-based expression of the mIL-12/FasTI fusion protein enhanced killer
activation, increased caspase-3 activity, and decreased tumor growth in vitro
(Yang et al. 2018). The canarypox ALVAC virus and the genetically attenuated
vaccinia virus (VV) NYVAC expressing IL-2 were administered to cats resulting in
a significant recurrence of tumors (Jourdier et al. 2003). A conditionally replicating
HSV-1 vector expressing IL-12 showed enhanced oncolytic activity (Todo 2012). In
a suicide gene therapy combination with immunotherapy Ad virus vectors
expressing horseradish peroxidase (HRP) from a human telomerase reverse
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transcriptase (hTERT) promoter (AdhTERTHRP) and murine interleukin-12 (IL-12)
expressed from a CMV promoter (AdCMVmIL-12) showed enhanced tumor inhi-
bition and prolonged survival compared to treatment with either of the Ad virus
alone (Xu et al. 2011).

Antigen expression represents an essential part of vaccine development and
various viral expression vectors based on Ad viruses, alphaviruses, HSV and
Newcastle disease virus (NDV) have been applied (Harrop and Carroll 2006;
Lundstrom 2020a). The delivery and expression of full-length antigen-coding
genes can provide a broad spectrum of potential antigenic epitopes in a native
conformation, which might provide enhanced immunity (Bolhassani et al. 2011).
The antigens targeted can be divided into two broad groups, those based on surface
structures of infectious agents such as viruses, bacteria, or other pathogens
(Lundstrom 2020a) versus tumor-associated antigens (TAAs), commonly associated
with different types of tumors (Zajakina et al. 2017).

Among the TAAs expressed from viral vectors, the Her2/neu oncogene has been
expressed from alphavirus vectors in mouse breast cancer models, showing tumor
prevention, reduction of metastases and prolonged survival of vaccinated animals
(Lachman et al. 2001). Moreover, Ad virus-based expression of Her2/neu prevented
growth of human A2L2 breast cancer cells, induced high levels of cellular and
humoral responses in immunized mice, and showed therapeutic activity in mice
injected intravenously with tumor cells prior to immunization (Wang et al. 2005). In
the context of melanoma, the tyrosinase-related protein 2 (TPR-2) expressed from an
alphavirus vector induced long-term protection in a mouse B16 melanoma model
(Avogadri et al. 2010). In another study, it was demonstrated that mice immunized
with a vaccinia virus vector expressing TRP-1 were protected against challenges
with lethal doses of B16 melanoma (Overwijk et al. 1999). Several prostate cancer
TAAs such as prostate specific antigen (PSA) (Riabov et al. 2015) prostate stem cell
antigen (PSCA) (Garcia-Hernandez et al. 2008) and six-transmembrane epithelial
antigen of the prostate (STEAP) (Garcia-Hernandez et al. 2007) have been expressed
from alphavirus vectors resulting in immune responses and tumor prevention.

The phenomenon of RNA interference (RNAi), known as RNA-based gene
silencing, although originally discovered in plants and worms (Lee et al. 1993)
also occurs frequently in mammals with more than 2300 human micro-RNA
(miRNA) sequences having been identified (Alles et al. 2019). Briefly, gene silenc-
ing takes place either through mRNA degradation or suppression of translation
through the action of small interfering RNAs (siRNAs) (Dana et al. 2017), short
hairpin RNAs (shRNAs) (Moore et al. 2010) or miRNAs (Pillai 2005). Delivery of
RNAi sequences can be achieved by plasmid DNA or viral vectors. In this context,
Ad virus delivery of shRNA demonstrated significant inhibition of Tembusu virus
(TUMV) infection in Vero cells (Wang et al. 2017). Moreover, AAV9 vector-based
delivery of miRNAs targeting Ad virus resulted in inhibition of Ad virus infections
in immunosuppressed Syrian hamsters (Schaar et al. 2017). Additionally, a retrovi-
rus vector has been applied for siRNA targeting of the transient receptor potential
melastatin 7 (TRPM7) gene, which resulted in suppression of TRPM7 expression,
significantly decreased cellular target survival rates, and increased apoptosis in
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RBL-2H3 rat basophil cells (Ng et al. 2012). Related to lentiviruses, a conditionally
replicating HIV-1 vector was engineered for the delivery of shRNA to block chronic
HIV-1 infections (Westerhout et al. 2006). Rhabdoviruses have also been engineered
for RNAi approaches. In this case, the oncolytic VSV expressing the Nodamura
virus B2 protein, known to inhibit RNAi-mediated immune responses, showed
enhanced replication and cytotoxicity, and altered miRNA processing in cancer
cells (Bastin et al. 2018). In the context of alphaviruses, introduction of six tandem
neuron-specific miR124 sequences between the nonstructural protein genes nsP3
and nsP4 in the Semliki Forest virus (SFV) genome, generated an attenuated spread
in the CNS, providing reduced neurovirulence and demonstrated the potential of
using oncolytic alphavirus vectors for virotherapy (Ylösmäki et al. 2013).

9.3 Viral Vectors

There is a large number of viral vectors to choose from for both gene therapy and
vaccine development (Table 9.2). Vectors have been engineered for viruses with
single-stranded and double-stranded nucleic acid structures and using DNA as well
as RNA viruses. Depending on the indication, viral vectors often have been
engineered for short-term high-level transgene expression, typically favorable for
cancer treatment and vaccine development. As chronic diseases require long-term
expression of therapeutic genes, vectors providing chromosomal integration and
long-term presence are superior. Below are summarized the features of the most
frequently used viral vectors.

9.3.1 Adenoviruses

Adenoviruses (Ad) have been frequently used as both gene therapy and vaccine
vectors (Schiedner et al. 1998). The naked (not possessing a membrane envelope)
dsDNA Ad has a packaging capacity of 7.5 kb foreign DNA, which typically can
generate high levels of transient episomal expression of the gene of interest in a
broad range of mammalian host cells. The strong immune response elicited by the
original Ad expression vectors triggered the engineering of the so-called gutless
second and third generation Ad vectors, which showed significantly reduced immu-
nogenicity due to most of their structural Ad genes having been deleted (Wang et al.
2012b). Due to the deletion of the structural Ad genes, packaging cell lines have
been engineered to support large-scale production of Ad particles of GMP-grade for
clinical applications (Wei et al. 2017). Ad represented the gold standard in the early
days of gene therapy, but suffered an enormous set back, when a patient treated with
Ad vectors for OTC deficiency died in 1999 (Lehrman 1999). However, since then
substantial progress has been made in relation to viral vector safety and the set-up of
clinical procedures, so it is with great satisfaction that current Ad-based vaccine
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Table 9.2 Engineered viral vectors

Virus Genome
Insert
size Features

Adenoviruses

Ad5
Ad26
ChAd

dsDNA < 7.5 kb Broad host cell range, transient expression
Initially strong immunogenicity
Reduced immunogenicity (gutless Ad)
Pre-existing immunity in humans

AAV

2, 3, 5, 6, 8, 9 ssDNA < 4 kb Relatively broad host cell range
Limited packaging capacity of foreign DNA
> use of dual AAV vectors
Chromosomal integration > long-term expression
Strong immunogenicity against AAV re-administration
> use of different AAV serotypes re-administration

Alphaviruses

SFV, SIN, VEE,
M1

ssRNA
+ strand

8 kb Very broad host cell range, risk of neurovirulence
Very high transgene expression
Low immunogenicity
Transient and cytopathogenic vectors not appropriate
for chronic diseases but superior for acute diseases and
vaccine development
Flexibility to use RNA, DNA and viral particles

Flaviviruses

KUN, WNV,
DENV, TBE,
YFV

ssRNA
+ strand

6 kb Relatively broad host cell range
Transient expression
Relatively good packaging capacity
Established packaging cell lines

Measles virus

MV-Edm ssRNA
- strand

6 kb Relatively broad cell host range
Transient expression
Established reverse genetics and packaging cell lines
Oncolytic MV strains available for cancer therapy

Rhabdoviruses

Rabies
VSV

ssRNA
- strand

6 kb Relatively broad host cell range
Transient expression
High genetic stability
Envelope flexibility for pseudotyping
Established vaccinia-free packaging cell line

Herpes viruses

HSV, HSV-1 dsDNA > 30 kb Broad host cell range
Large insert capacity
Latent infection > long-term transgene expression
Low cytotoxicity
Oncolytic HSV for selective killing of tumor cells

(continued)
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Table 9.2 (continued)

Virus Genome
Insert
size Features

Retroviruses

MMSV
MSCV

ssRNA 8 kb Generally broad host range, but only dividing cells
Random integration into host genome
Long-term transgene expression

Lentiviruses

HIV-1, HIV-2
SIV, FIV, EIAV

ssRNA 8 kb Broad host range including non-dividing cells
Low cytotoxicity
Chromosomal integration
Long-term expression

Newcastle disease virus

ssRNA 4 kb Limited packaging capacity of foreign genes
Specific replication in tumor cells
Oncogenic NDV strains with reduced pathogenicity in
chicken

Reoviruses

dsRNA ND Oncolytic viruses targeting and killing cancer cells
Probably limited packaging capacity although
therapeutic genes are not needed

Poxviruses

VV
Avipox

dsDNA > 30 kb Broad host range
Excellent packaging capacity
Engineering of replication-competent vectors

Picornaviruses

Coxsackievirus
A21, B3
Poliovirus PV-1

ssRNA 6 kb Cell tropism
No chromosomal integration
Replication in some non-dividing cells
Oncolytic and attenuated strains

Polyoma viruses

SV40 dsDNA 17.7 kb Large packaging capacity
Broad host range: dividing and non-dividing cells
SV40-free VLPs
Vero packaging cell line

Chimeric viruses

SFV-VSV-G
AAV1-AAV2
VV-MMLV
AAV2-HBoV1-4,
AAV2-GBoV

ssRNA
ssDNA
ssRNA
ssDNA

NA
NA
NA
NA

Modified cell tropism, improved biosafety
Heparin column purified chimeric AAV
MMLV genomes expressed from VV-based particles
Efficient transduction of pHAE cells and hepatocytes

AAV adeno-associated virus, Ad adenovirus, ChAd Chimpanzee adenovirus, DENV Dengue virus,
EIAV equine infectious anemia virus, FIV feline immunodeficiency virus, GBoV gorilla bocavirus,
HBoV human bocavirus, HSV herpes simplex virus, KUN Kunjin virus, MMLV Moloney murine
leukemia virus, MMSV Moloney murine sarcoma virus, MSCV murine stem cell virus, MV-Edm
measles virus Edmonston strain, NA not applicable, ND not determined, NDV Newcastle disease
virus, pHAE primary human airway epithelia, RABV rabies virus, SFV Semliki Forest virus, SIN
Sindbis virus, SIV simian immunodeficiency virus, SV40 simian virus 40, TBE tick-borne enceph-
alitis virus, VEE Venezuelan equine encephalitis virus, VLPs Virus-like particles, VSV vesicular
stomatitis virus, VV vaccinia virus, WNV West Nile virus, YFV yellow fever virus
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development against Coronavirus disease (COVID-19) has been proven safe show-
ing good vaccine efficacy in human clinical trials (Voysey et al. 2021) receiving
Emergency Use Authorization (EUA) for vaccination of humans in the UK and
elsewhere. However, recently rare cases of vaccine-induced thrombotic thrombocy-
topenia (VITT) have been detected after mass vaccinations with Ad-based COVID-
19 vaccines (Greinacher et al. 2021; Muir et al. 2021).

9.3.2 Adeno-associated Viruses

Another frequently used virus family, especially for gene therapy, is adeno-
associated viruses (AAV). In contrast to Ad, the genome of AAV is ssDNA with a
limited packaging capacity of only 4 kb inserts of foreign DNA (Samulski and
Muzycka 2014). The advantages of AAV vectors relate to their low pathogenicity
and toxicity in vivo. And, due to their integration into the host genome, AAV can
provide long-term transgene expression (Park et al. 2008), which has been advanta-
geous in treatment of chronic diseases such as hemophilia (Nienhuis et al. 2017).
One major drawback of efficient application of AAV vectors has been the immune
response triggered by AAV, which has made gene therapy requiring repeated
administration inefficient (Mingozzi and High 2013). One approach to address the
AAV-induced immunogenicity comprises the application of different AAV sero-
types for each re-administration. Moreover, antibody-binding sites and epitopes
have been modified and AAV capsids have been engineered to re-direct tissue
tropism and facilitate passage through the blood brain barrier (BBB) (Rabinowitz
et al. 2019). Another approach involves the application of exosome-associated AAV
(exo-AAV) for liver gene delivery, which allows reduced vector dosage while
limiting preexisting AAV capsid immunity (Meliani et al. 2017). The small pack-
aging capacity of AAV (Grieger and Samulski 2005) has also been addressed by
engineering of dual AAV vectors either by fragmented, overlapping, trans-splicing
or hybrid vectors (McClements and MacLaren 2017).

9.3.3 Alphaviruses

Alphaviruses have an ssRNA genome surrounded by an icosahedral capsid structure
and an envelope containing spike proteins (Strauss and Strauss 1994). The unique
feature of alphaviruses and other ssRNA viruses is the self-replication of their RNA
genome and subgenomic RNA in infected host cells, resulting in approximately
200,000-fold RNA amplification. This feature together with the presence of strong
subgenomic promoters has therefore made these self-amplifying RNA (saRNA)
viruses to be considered attractive vectors for both gene therapy and vaccine
development due to the high levels of heterologous gene expression obtained
(Lundstrom 2019). Alphaviruses possess a relatively good packaging capacity of
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up to 8 kb of foreign gene inserts. The host range is also very broad, although some
concern has been associated with the neurovirulence of alphaviruses (Ylösmäki et al.
2013). Generally, replication-deficient alphaviruses have been applied, resulting in
transient heterologous gene expression, which is not in line with gene therapy
applications for chronic diseases. Moreover, alphaviruses are cytopathogenic by
inducing apoptosis of host cells (Li and Stollar 2004). In contrast, high levels of
transient expression are advantageous for cancer therapy and vaccine development.
Alphaviruses possess a unique flexibility as RNA replicons and DNA plasmids can
be used in addition to recombinant alphavirus particles for gene delivery and
vaccinations.

9.3.4 Flaviviruses

Flaviviruses are also ssRNA viruses, similar to alphaviruses with the saRNA feature
(Pijlman et al. 2006). In the case of Kunjin virus (KUN) RNA-, DNA- and viral
particle-based expression systems have been engineered. Other flaviviruses such as
West Nile virus (WNV) (Scholle et al. 2004), Dengue virus (DENV) (Pang et al.
2001), tick-borne encephalitis virus (TBE) (Gherke et al. 2003) and yellow fever
virus (YFV) (Jones et al. 2005) have been applied as expression vectors. Moreover,
packaging cell lines have been engineered for KUN (Khromykh et al. 1998) and
TBE (Gherke et al. 2003). Flaviviruses have a relatively good capacity for accom-
modation of foreign gene sequences and also a relatively broad host range. Similar to
alphaviruses, the flavivirus-based expression is transient making them applicable for
cancer therapy and vaccine development.

9.3.5 Measles Virus

Although measles viruses (MV) carry an ssRNA genome, in contrast to alphaviruses
and flaviviruses the measles virus genome is of negative polarity (Apostolopoulos
2016). The MV expression systems are based on replicating MV rescued from
cloned DNA constructs (Radecke et al. 1995). The gene of interest can be introduced
into different regions of the MV genome and recombinant MV particles are rescued
by reverse genetics in an HEK293 helper cell line (Singh et al. 1999). Syncytia
formed from HEK293 helper cells that were transfected with recombinant MV and a
plasmid expressing the MV polymerase L gene transferred to Vero cells produce
recombinant MV particles after three days. Like other saRNA viral vectors, MV also
generates transient expression showing promise in vaccine development (Hu et al.
2016). However, oncolytic MV strains such as the MV-Edmonston strain have also
been utilized for cancer therapy (Lange et al. 2013; Reddi et al. 2012).
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9.3.6 Rhabdoviruses

Rhabdoviruses are also saRNA viruses with a negative ssRNA polarity (Finke and
Conzelmann 2005). Reverse genetics systems have allowed the engineering of efficient
vectors for vaccine development and gene therapy, including oncolytic virotherapy.
Rhabdoviruses have demonstrated high genetic stability and tolerate changes in the
virus envelope. Among rhabdoviruses, both rabies virus (RABV) (Luo et al. 2016) and
vesicular stomatitis virus (VSV) (An et al. 2013) have been engineered as expression
vectors. Like for MV vectors, rhabdoviruses have been subjected to reverse genetics
and efficient recovery of VSV particles was achieved based on vaccinia viruses
(An et al. 2013). However, as vaccinia viruses induce strong cytopathogenic effects
in transfected cells and may also contaminate recombinant virus stocks, a vaccinia-free
packaging system for RABV was engineered in BHK cells (Ito et al. 2003).

9.3.7 Herpes Simplex Viruses

Herpes simplex viruses (HSV) contain a large dsDNA genome and possess an impres-
sive packaging capacity of more than 30 kb of foreign DNA (Holmes et al. 2000). Due
to their latent infection mode, HSV vectors can reside for life in neurons and can
therefore provide long-term transgene expression (Epstein et al. 2005). Furthermore,
deletion of non-essential HSV genes from the expression vector has substantially
reduced its cytotoxic effect on host cells (Holmes et al. 2000). Oncolytic HSV-1 vectors
have also been engineered for selective killing of human non-small cell lung cancer
(NSCLC) cells (Li et al. 2013). Incorporation of four copies of the microRNA-145
target sequences into the 30 end untranslated region of the HSV-1 essential viral gene
ICP27 resulted in selectively reduced cell proliferation of NSCLC cells.

9.3.8 Retroviruses

Retroviruses are enveloped viruses with an ssRNA genome, which can accommo-
date up to 8 kb of foreign inserts (Schambach and Morgan 2016). Due to generation
of intermediate dsDNA molecules in infected host cells, retroviruses can integrate
into the host genome. Because of their random chromosomal integration, problems
have arisen as for instance the insertion of the therapeutic gene into the LMO2
oncogene region, which resulted in development of leukemia in patients successfully
treated for SCID-X1 (McCormack and Rabbitts 2004; Hacein-Bey-Abina et al.
2008). However, the integration problem has been addressed by designing retrovirus
vectors for targeted insertion into the host genome and for large-scale retrovirus
production engineering of improved helper cell lines (Hu and Pathak 2000). The
major drawback of applying retroviruses is their incapacity to transduce non-dividing
cells, which has clearly shifted the focus to using lentivirus vectors instead.
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9.3.9 Lentiviruses

Lentiviruses belong to the group of ssRNA retroviruses, but in contrast to the latter
are capable of transducing both dividing and non-dividing cells (Vigna and Naldini
2000). The packaging capacity of 8 kb is similar to the classic retroviruses, but
lentiviruses present a broad host range and low cell cytotoxicity (Kay et al. 2001). In
contrast to classic retroviruses, lentiviruses have demonstrated non-random integra-
tion, favoring active transcription units (Ciuffi 2008). Moreover, it was demonstrated
that the HIV-1 integration site was controlled by the LEDGF/p75 protein and that a
fusion protein of the C-terminal HIV integrase-binding region of LEDGF/p75 and
the N-terminal chromodomain of heterochromatin protein-1alpha (HP1alpha) could
target HIV-1 vector integration and provide a safer lentivirus system for gene
therapy (Silvers et al. 2010). In addition to human lentiviruses, simian immunode-
ficiency virus (SIV) (Nakajima et al. 2000), feline immunodeficiency virus (FIV)
(Hartmann 2012) and EIAV (Olsen 1998) have been used for gene therapy
applications.

9.3.10 Newcastle Disease Virus

The negative sense ssRNA Newcastle disease virus (NDV) has been proposed as an
attractive vector for both vaccine development and cancer therapy (Ganar et al.
2014). The packaging capacity of foreign genetic material is limited to approxi-
mately 4 kb. NDV has demonstrated specific replication in human tumor cells
resulting in their killing (Reichard et al. 1992). This feature has attracted their
application as oncolytic agents for both preclinical and clinical studies (Schirrmacher
et al. 2001). More recently, a reverse genetics system was applied to engineer an
oncolytic NDV vector based on the mesogenic NDV-73 T strain with a modification
at the fusion protein (F) cleavage site. It significantly reduced pathogenicity in
chicken, but NDV still replicated in and killed human tumor cells (Cheng et al.
2016).

9.3.11 Reoviruses

Reoviruses are dsRNA viruses with oncolytic properties, therefore preferentially
capable of targeting and killing various types of cancer cells (Clements et al. 2014).
In addition to tumor killing, reoviruses invoke immunological stimulation
overturning tumor-induced immunosuppression, which promotes antitumor immune
responses (Gujar et al. 2010). Generation of a reverse genetics system has allowed
the insertion and expression of foreign genes such as the chloramphenicol
acetyltransferase (CAT) gene into reovirus vectors (Roner and Joklik 2001).
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Moreover, recombinant reovirus systems with tandem repeats and a tetravirus
2A-like element have proven successful for expression of heterologous polyproteins
(Demidenko et al. 2013). The size of foreign inserts has not been described in the
literature, probably because reovirus strains efficiently kill different types of cancer
cells and have not required additional therapeutic genes (Clements et al. 2014).

9.3.12 Poxviruses

Poxviruses, which are dsDNA viruses possessing an impressive and exceptional
packaging capacity of more than 30 kb of foreign inserts, and particularly vaccinia
virus, have been frequently used as delivery vectors for cancer immunotherapy
(Kwak et al. 2003). Vectors based upon avipox viruses have been engineered to
provide non-replicating vectors that are safer when used in non-avian species
(Pastoret and Vanderplasschen 2003). In another approach, tumor-selective replica-
tion-competent vaccinia virus (VV) vectors have been engineered (Zeh and Bartlett
2002). As these vectors cause no harm to normal cells, they can be utilized for killing
of cancer cells in cancer therapy. Moreover, it was demonstrated that systemic
immunity of VV in adult patients did not prevent transfection/infection of tumors
in vivo (Mastrangelo and Lattime 2002).

9.3.13 Picornaviruses

Among the small ssRNA picornaviruses, coxsackieviruses have been used as vectors
in oncology (Bradley et al. 2014). In this context, coxsackievirus A21 (CVA21)
(Bradley et al. 2014) and the attenuated coxsackievirus B3 (CVB3) (Kim and Nam
2011) have been used for vaccine development and therapeutic gene delivery. Also,
the poliovirus PV-1 has been engineered as an expression vector (Jia et al. 2002).
The small genome size and compact viral particle structure have limited the possi-
bilities of genome modifications (Ylä-Pelto et al. 2016). The features of picornavi-
ruses include cell tropism and replication in some non-dividing cells and absence of
integration into the host genome (Ylä-Pelto et al. 2016). Due to the global poliovirus
eradication campaign, coxsackieviruses are favored as expression vectors.

9.3.14 Polyoma Viruses

The simian virus 40 (SV40) has a dsDNA genome of only 5 kb in size (Kimchi-
Sarfaty and Gottesman 2004). However, SV40 is capable of incorporating larger
DNA inserts than its own genome, even up to a size of 17.7 kb. SV40 shows a broad
host range including both dividing and non-dividing cells. SV40-based vectors still
contain SV40 sequences, but in vitro packaging can generate virus-like particles
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(VLPs) free of any SV40 wild-type DNA sequences. To facilitate SV40 vector
production, a Vero cell-based packaging system has been engineered (Toscano
et al. 2017). Polyoma viruses and particularly SV40 virus should be considered for
gene therapy as they can efficiently deliver anti-viral agents, DNA vaccines, genes
for chemoprotection, suicide and anti-angiogenic genes and infect a wide variety of
dividing and non-dividing cells.

9.3.15 Chimeric Vectors

Finally, chimeric or hybrid gene therapy vectors are briefly summarized. Chimeric
systems have been reported for retroviruses with adeno-alphaviruses, HSV and VV
(Falkner and Holzer 2004). The classic approach comprises the generation of
pseudotyped vectors, which carry the genetic information of one virus and the
envelope from another virus leading to a modified cell tropism and enhanced
biosafety. For instance, SFV replicons have been packaged into VLPs expressing
the VSV glycoprotein (VSV G) providing modified cell tropism and a higher
biosafety level as VSV-G does not share any homology with the SFV genome
(Dorange et al. 2004). Moreover, chimeric or hybrid vectors have also been
engineered for AAV based on the different properties of AAV1 and AAV2 serotypes
(Hauck et al. 2003). Although AAV1 has shown superior expression in muscle and
other tissues, AAV2 showed high expression levels in the liver and can be efficiently
purified on heparin columns. Chimeric AAV1/AAV2 particles were generated with a
mixture of AAV helper plasmids leading to packaging of a mixture of particles with
both AAV1 and AAV2 capsid, which could be purified on heparin columns. The
chimeric AAV particles generated similar levels of expression in muscle tissue as did
AAV1 and equal levels compared to AAV2 in the liver. In another approach, hybrid
VV-retrovirus vectors have been engineered by applying defective VV for the
expression of functional Moloney murine leukemia virus (MMLV)-based vector
genomes (Holzer et al. 2004). The superior VV properties such as high packaging
capacity, stability and broad host range make hybrid VV-retroviral vectors promis-
ing vehicles for gene therapy applications. Hybrid vectors have also been engineered for
AAV and human bocavirus 1 (HBoV1) (Fakhiri et al. 2019). HBoV1, known to cross-
package AAV2 genomes can specifically transduce polarized human airway epithelial
(pHAE) cells. Moreover, hybrid AAV2-HBoV vectors were engineered for HBoV2-4
and gorilla BoV (GBoV). The hybrid AAV2-HBoV4 and AAV2-GBoV transduced
pHAE cells and primary human lung organoids. Moreover, hybrid AAV/BoV vectors
transduced primary human hepatocytes, skeletal muscle cells and T cells.

9.4 Preclinical Evaluation

As several examples have already been presented in Sect. 9.2 (Gene Therapy and
Vaccine Targets) (Table 9.1) a restricted number of examples of the most prominent
preclinical studies are presented in this section (Table 9.3).
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Table 9.3 Examples of preclinical gene therapy and vaccine studies

Indication Vector Target Response

Cancer

Bile duct MV SCD Tumor regression, survival benefit in mice

Breast HSV HF10 oHSV Tumor regression, prolonged survival

Caninea VSV IFN-β, NIS Safe delivery in dogs with naturally
occurring tumors

Colon HSV-2 oHSV Significant inhibition of tumor growth

SFV RNA LacZ Protection against tumor challenges in mice

KUN GM-CSF Cure of 50% of treated mice

CPXV FUC1 Tumor regression, survival benefit in mice

Glioma SFV EGFP Induced inhibition of tumor growth in mice

NDV GFP Prolonged survival in A549 tumor-bearing
mice

M1 oM1 Suppressed tumor growth, prolonged
survival

Liver MV SCD Selective killing of tumor cells

NDV IL-2, TRAIL Induced apoptosis

NDV sTRAIL Superior anti-tumor activity of
rNDV-IL-2-TRAIL

Lung SFV IL-12 Suppression of carcinoma, no cytotoxicity

RRV CD 87% tumor volume regression in rats

Pancreas Ad SYE Prolonged long-term survival of mice

AdSur SYE Oncolysis in PDAC cells

VSV MUC1 Complete tumor regression in mice

Reovirus oReovirus Significant reduction of tumor growth in
mice

PANVAC MUC1/CEA,
TRICOM

Suppression tumor growth in xenograft
model

SV40 SST2 MUC1 and CEA CTL responses in mouse
models

M1 oM1 Inhibition of tumor proliferation

Reovirus + anti-PD-1 Selective killing of tumor cells

CAV21 ICAM-1, DAF Superior in combination with checkpoint
blockade

CAV21 ICAM-1,
DAF + Dox

Tumor regression, elimination of
metastases in mice

Melanoma CPXV FUC1 Improvement after combination with
doxorubicin

KUN GM-CSF Induced inhibition of tumor growth in mice

NDV IL-2, IL-15 Cure of 67% of treated mice

NDV IL-2. TRAIL Suppression of tumor growth in mouse
model

CAV21 ICAM-1, DAF Superior anti-tumor activity of
rNDV-IL-2-TRAIL

Plasmacytoma VSV IFN-β, NIS Tumor regression in mice

Prostate VV NIS/radioiodide NIS Dose-dependent tumor regression in mice

(continued)
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Table 9.3 (continued)

Indication Vector Target Response

Thyroid MV-Edm oMV Enhanced tumor regression, prolonged
survival in mice Enhanced tumor killing

Metabolic

MPS VII AAV GUS Reversed disease phenotype in liver in mice

OTC AAV OTC High OTC liver levels, prolonged lifespan

FH AAV LDLR Normal serum lipid levels, no severe
atherosclerosis

T2D, obesity AAV FGF21 Reduced body weight, inflammation,
insulin resistance

T2D MSCV Insulin Reversal of diabetes in mice

MMTV Ad36 E4orf1 Improved glycemic control in mice on high
fat diet

Cardiovascular

Heart failure Ad βARKct Improved cardiac function in transgenic
mice

pMXs GMT Decreased infarct size in mice

Ad SERCa2a Restored heart functions in rat model

Ad SERCa2a Increased coronary blood flow in rat model

Ad VEGF Sustained VEGF expression in dogs

Ad HGF Improved heart function in swine model

Arrhythmia Ad Cx43 Prevention of atrial fibrillation in pigs

Ad KCNH2-G628S Elimination of atrial fibrillation in porcine
model

Hematological

Hemophilia A Ad FVIII Long-term expression of FVIII in mice

HIV FVIII Sustained FVIII production, hemostatic
correction

AAV8 FVII Clinically relevant FVII expression in dogs

Hemophilia B Ad FIX Long-term expression of FIX in mice

Ad FIX Therapeutic levels of FIX in dogs

AAV8 FIX-Padua Sustained levels of FIX in mice and dogs

PKD LV PKLR Corrected hematological phenotype in mice

PAD AAV9 EcSOD Significant recovery of hind-limb ischemia
in mice

Neurological

PD AAV GAD65 Significant improvement in PD symptoms
in rats

AAV TH, AADC, GCH-I Spontaneous dopamine production in
HEK293 cells

AAV GDNF Regeneration and functional recovery in
rats/monkeys

LV GDNF Regeneration and functional recovery in
rats/monkeys

LV GDNF Prevention of nigrostriatal degeneration in
monkeys

(continued)
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Table 9.3 (continued)

Indication Vector Target Response

Chronic pain

AD AAV GAD65 Successful therapy

AAV2/5 NGF Neuroprotection in mice for extended time

AAV APPsα Functional rescue of spatial reference
memory

LV GDNF Preserved learning and memory

LV Klotho Reduced cognitive deficits and AD-like
pathology

AAV APOE2 Safe and wide ApoE2 distribution in
primate brain

HD AAV5 HTT miRNA Prevention of mutant HTT aggregate
formation

AAV5 HTT miRNA Reduced RTT mRNA and protein levels in
minipigs

RTT AAV MeCP2 Extended survival in mice

Infections

Influenza A Ad5 HA Full protection in mice and chicken

VEE HA Complete protection in chicken

SFV HA, NP Complete protection in mice

HIV AAV HIV Gag Specific T and B cell responses

VV HIV Env-GM-CSF Superior immune response from fusion in
BALB/c mice

RV HIV-1 gp160 Solid memory CTL responses

SFV HIV-1
Gag/Env/polRT

Antigen-specific T cell responses in mice

EBOV VEE EBOV-NP Protection of mice against EBOV

VEE EBOV-GP, -NP Protection of mice and guinea pigs against
EBOV

VSV EBOV-GP Protection of macaques against EBOV

VSV EBOV-GP Protection of non-human primates against
EBOV

VSV MARV-GP Protection of non-human primates against
MARV

Ophthalmologic

Glaucoma AAV BDNF Protection of RGCs in glaucoma mouse
model

AAV MMP-3 Reduced intraocular pressure in mouse eye

XLRS AAV8 RS1 Improvement of retinal structure and
function in mice

EOSRD AAV2/5 RDH12 Reconstituted retinal reductase activity in
mice

Muscular

DMD Ad Δdystrophin Restoration of dystrophin-associated
proteins in vivo

AAV6 Micro-dystrophin Reduced skeletal muscle pathology,
extended lifespan

(continued)
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Table 9.3 (continued)

Indication Vector Target Response

AAV9 Micro-dystrophin Whole body skeletal muscle transduction in
dogs

OPMD AAV PABPN1 Normalization of muscle strength in mice

Lung

Cystic fibrosis AAV2 CFTR CFTR expression in rabbit lung up to
6 months

AAV2 CFTR CFTR expression in macaque lung up to
180 days

HIV LacZ β-gal expression in nasal airway epithelium
for 92 days

HIV CFTR Recovery of electric function in nasal
airways

HIV-VSV G LacZ β-gal expression in airways of marmosets

SIV-SeV GFP Transduction of respiratory epithelium in
mouse nose

aNaturally occurring tumors in dogs
AADC aromatic L-amino acid decarboxylase, Ad adenovirus, AD Alzheimer’s disease, AdSur
adenovirus with survivin promoter, APOE2 apolipoprotein E2, APPsα secreted amyloid precursor
protein, βARKct β-adrenergic receptor kinase carboxyl terminus, CAV21 Coxsackievirus A21, CD
cytosine deaminase, CFTR cystic fibrosis transmembrane conductance regulator, CX43 Connexin
43, DAF decay-accelerating factor, DMD Duchenne muscular dystrophy, EBOV Ebola virus,
EcSOD extracellular superoxide dismutase, EORSD Early-onset retinal severe retinal dystrophy,
FGF21 fibroblast growth factor 21, FH familial hypercholesterolemia, FIX blood-clothing factor IX
FUC1, fusion suicide gene 1, FVII blood-clothing VII, FVIII blood-clothing VIII, GAD65 glutamic
acid decarboxylase, GCH-I, GDNF glial cell-derived neurotrophic factor, GFP green fluorescent
protein, GTO cyclohydrolase I, GM-CSF granulocyte macrophage-colony stimulating factor, GMT
Gat4, Mef2c and Tbx5 genes, GP glycoprotein, GUS β-glucuronidase, HA hemagglutinin, HD
Huntington’s disease, HGF hepatocyte growth factor, HIV human immunodeficiency virus, HSV
herpes simplex virus, HTT huntingtin, ICAM-1 intercellular adhesion molecule 1, IL interleukin,
KCNH2-G628S dominant negative mutant of I(Kr) potassium channel alpha-subunit, KUN Kunjin
virus, LDLR low-density lipoprotein receptor, LV lentivirus, MARV Marburg virus, MeCP2
methyl CpG-binding protein 2, MMP-3 matrix metalloproteinase-3, MMTV mouse mammary
tumor virus, MPS VII mucopolysaccharidosis type VII, MSCV murine stem cell virus, MUC1
mucin 1, MV-Edm measles virus Edmonston strain, NDV Newcastle disease virus, NGF nerve
growth factor, NP nucleoprotein, NIS sodium iodide symporter, oHSV oncolytic HSV, oM1
oncolytic M1 alphavirus, oMV oncolytic measles virus, OPMD oculopharyngeal muscular dystro-
phy, OTC ornithine transcarbamylase, PABPN1 polyA-binding protein nuclear 1, PAD peripheral
arterial disease, PANVAC fowl pox and vaccinia virus, PD Parkinson’s disease, PDAC pancreatic
ductal adenocarcinoma, PKD pyruvate kinase deficiency, PKLR pyruvate kinase L/R, PNET
pancreatic neuroendocrine tumor, RDH12 retinol dehydrogenase, RGCs retinal ganglion cells,
RRV replicating retrovirus vector, RS1 retinoschisin 1, RTT Rett syndrome, RV rabies virus,
SCD super-cytosine deaminase, SeV Sendai virus, SFV Semliki Forest virus, SIV simian immu-
nodeficiency virus, SST2 somatostatin receptor tumor-suppressor 2, SV40 simian virus 40, SYE
tumor targeting SYENFSA ligand, T2D type 2 diabetes, TH tyrosine hydroxylase, TRAIL tumor
necrosis factor-related apoptosis inducing ligand, TRICOM three costimulatory molecules, VEGF
vascular epithelial growth factor, VV vaccinia virus, XLRS X-linked retinoschisis
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9.4.1 Cancer

In the context of cancer therapy, oncolytic adenoviruses demonstrated specific
targeting of pancreatic cancer cells after introduction of a pancreatic cancer cell-
targeting ligand SYENFSA (SYE) resulting in efficient oncolysis of pancreatic
ductal adenocarcinoma (PDAC) cells (Nagasato et al. 2017). Moreover, introduction
of the survivin promoter resulted in high transduction efficiency of the AdSur-SYE
vector in pancreatic neuroendocrine tumors (PNETs) and complete regression of
subcutaneous tumors after intratumoral injection of mice (Yamamoto et al. 2017). A
chimeric Ad type 5 and type 3 vector expressing the melanoma differentiation
associated gene-7 (MDA-7) and interleukin-24 (IL-24) showed selective tumor
killing after intratumoral injection, which also spread to distant tumors due to
bystander activity (Emdad et al. 2018). Alphaviruses have been applied for cancer
therapy due to their capability to generate high-level transient heterologous gene
expression and induction of apoptosis in infected cells (Liljeström and Garoff 1991).
For instance, administration of SFV particles expressing IL-12 via an implanted
cannula generated 87% reduction in RG2 gliomas in rats (Roche et al. 2010).
Moreover, local administration of replication-proficient SFV-EGFP particles
resulted in prolonged survival of mice implanted with A549 lung tumor xenografts
(Määttä et al. 2008). Interestingly, it has also been demonstrated that a single
intramuscular injection of 0.1 μg of SFV-LacZ RNA provided protection against
tumor challenges in mice implanted with colon tumors (Ying et al. 1999). Moreover,
administration of SFV-LacZ RNA to mice with pre-existing tumors generated
therapeutic effects and extended survival rates. In another study, the oncolytic
alphavirus M1, which can selectively kill zinc-finger antiviral protein (ZAP)-
deficient cancer cells, was administered intravenously at a dosage of 3 � 107 pfu
of M1 to mice with implanted 4 T1 mammary carcinoma or B16 melanoma cells
(Lin et al. 2014). That treatment resulted in high tumor tropism and efficient tumor
killing. Related to flaviviruses, KUN vectors expressing the granulocyte macrophage
colony-stimulating factor (GM-CSF) were intratumorally injected into mice that had
been implanted with subcutaneous CT26 colon tumors (Hoang-Le et al. 2009). The
outcome was a cure of more than 50% of treated animals with no tumors detected
18 months after administration. Furthermore, mice with implanted B16-OVA mel-
anoma tumors immunized with KUN-GM-CSF showed significant tumor regression
and a cure rate of 67% (Hoang-Le et al. 2009).

Measles viruses, especially the oncolytic MV-Edm, have been subjected to
various animal tumor models. For instance, expression of the sodium iodide
symporter (NIS) gene from the MV-Edm strain showed enhanced tumor killing in
a mouse model for anaplastic thyroid cancer (ATC) (Reddi et al. 2012). MV vectors
expressing the yeast-based bifunctional suicide gene encoding cytosine deaminase
and uracil phosphoribosyl transferase named super-cytosine deaminase (SCD)
showed efficient replication in tumor cells and furthermore resulted in killing of
human ovarian cancer cell lines and primary tumors (Hartkopf et al. 2013). More-
over, treatment of mice with hepatocellular carcinoma xenografts showed long-term
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virus replication in tumor tissue and the suicide therapy induced apoptosis-like cell
death (Lampe et al. 2013). Moreover, the MV-SCD was delivered to a human
cholangiocarcinoma (huCCT1) xenograft mouse model showing tumor regression
and significant survival benefit (Lange et al. 2013). Among rhabdoviruses, the
oncolytic VSV vector expressing interferon-β (IFN-β) and NIS showed a dose-
dependent tumor regression in mice implanted with syngeneic 5TGM1
plasmacytoma tumors (Zhang et al. 2016). In another dose-escalation study, the
VSV- IFN-β-NIS vector was intravenously injected into purposed-bred dogs with
naturally occurring tumors (LeBlanc et al. 2013). The maximum tolerated dose
(MTD) was 1010 TCID50 with only mild to moderate adverse events occurring
indicating safe systemic delivery. VSV vectors have also been applied for the
expression of the human mucin 1 (MUC1) showing a significant reduction in
tumor growth in PDAC-bearing mice (Hastie and Grdzelishvili 2012).

In the context of oncolytic HSV vectors, efficient replication in tumor cells has
been established leading to induced T cells and natural tumor killer cells, which
resulted in significant reduction of tumor growth and prolonged survival of treated
mice (Eissa et al. 2017). Moreover, application of an oncolytic HSV-2 vector
resulted in significant inhibition of tumor growth (Yang et al. 2016). In the context
of retroviruses, the nonlytic amphotropid retroviral replicating vector (RRV) Toca
51 was applied for expression of yeast cytosine deaminase (CD) (Huang et al. 2015).
Intravenous or intracranial administration of Toca511 in an orthotopic glioma model
resulted in prolonged long-term survival in immune-competent mice. Animals
exhibiting pre-existing immune responses to the vector also showed prolonged
survival, indicating the feasibility of vector re-administration.

Newcastle disease virus (NDV) possesses oncolytic activity, which has made it
attractive for cancer therapy (Niu et al. 2015). For instance, intratumoral adminis-
tration of both NDV-IL2 and NDV-IL15 showed suppression of tumor growth in a
mouse melanoma model. The survival rate was, however, superior for NDV-IL15
treatment compared with NDV-IL2. Moreover, in a tumor re-challenge experiment,
the survival rate was 26.6% higher in NDV- IL15 immunized mice than in those
receiving NDV-IL2. In attempts to engineer improved NDV vectors, reverse genet-
ics was applied on the oncolytic NDV D90 strain to generate a recombinant NDV
vector carrying the GFP gene (Chai et al. 2014). The rescued NDV-GFP vector
showed similar suppression of tumor growth and loss of body weight as the parental
D90 strain in athymic mice bearing implanted lung tumors. In another study, it was
demonstrated that NDV-based expression of TRAIL alone or in combination with
IL-2 (rNDV-IL-2-TRAIL) presented superior apoptotic function (Bai et al. 2014).
Moreover, the reduction of tumor development in mice treated with rNDV con-
structs was significantly higher compared to mice treated with the parental virus.
Studies in hepatocellular carcinoma and melanoma mouse models showed superior
survival of mice receiving rNDV-Il-2-TRAIL compared to mice treated with rNDV,
rNDV-IL-2 or rNDV-TRAIL alone. In another approach, the NDV Anhinga strain
was engineered to express a soluble form of TRAIL (NDV/Anh-TRAIL) leading to
efficient suppression of hepatocellular carcinoma without the presence of any sig-
nificant cytotoxicity (Wu et al. 2017).
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Oncolytic reoviruses are tumor selective and provide efficient tumor killing
making them attractive candidates for cancer therapy (Comins et al. 2008). For
example, pancreatic cell lines such as Panc1, MIApaca-2, PK1, PK9 and BxPC3
have shown susceptibility to reoviruses and enhanced Ras activity after reovirus
infection (Etoh et al. 2003). Moreover, in mouse xenograft models using Panc1 and
BxPC3 cell lines intratumoral reovirus administration suppressed tumor growth and
local injections demonstrated systemic antitumor responses in bilateral tumor
models. An oncolytic reovirus has demonstrated a significantly reduced disease
burden and prolonged survival in the syngeneic EMT6 mouse model for breast
cancer (Mostafa et al. 2018). Combination therapy of reovirus and the checkpoint
inhibitor anti-PD-1 antibody further enhanced the efficacy of breast cancer therapy.

Poxviruses, particularly vaccinia virus, have been applied for various cancer
indications such as pancreatic cancer (Al Yaghchi et al. 2015). One approach
comprises the PANVAC system, where recombinant vaccinia and fowl pox viruses
carry the MUC1 and carcinoembryonic antigen (CEA) genes, respectively (Madan
et al. 2007). Moreover, three costimulatory molecules, cluster of differentiation
B7.1, intercellular adhesion molecule-1 (ICAM-1) and leukocyte function-
associated antigen-3 (LFA-3), collectively named TRICOM elicited CEA and
MUC1 CTL responses in preclinical mouse models. In another approach, the
light-emitting GLV-2b372 vaccinia virus injected into hepatocellular carcinoma
(HCC) xenografts in the flank of athymic nude mice demonstrated a 50% decrease
in tumor volumes in comparison to a 400% increase in control mice after 25 days
(Ady et al. 2015). Furthermore, the GLV-1 h153 vaccinia virus expressing NIS
showed efficient killing of PC3, DU145, LNCaP and WPMY-1 prostate cancer cell
lines, which was enhanced by radioiodide treatment (Mansfield et al. 2016). In vivo
studies in prostate xenograft and transgenic adenocarcinoma of the mouse prostate
(TRAMP) models demonstrated a synergistic effect of VV-NIS and radioiodide
treatments related to tumor growth and survival rates compared to administration
of either virus-based or radiotherapy alone. In another study, the fusion suicide gene
FCU1 was introduced into the cowpox virus (CPXV) vector, which after systemic
administration showed accumulation in tumor cells with only low infection and
toxicity of normal cells (Ricordel et al. 2017). Intratumoral injection of CPXV-
FCU1 resulted in induced inhibition of tumor growth in U-87-MG glioblastoma and
LoVo colon cancer models.

Picornaviruses and particularly Coxsackievirus A21 (CAV21) have been used for
cancer therapy (Shafren et al. 2014). A single subcutaneous injection of CAV21
expressing ICAM-1 and decay-accelerating factor (DAF) reduced tumor burden and
showed efficient tumor regression in melanoma xenograft-bearing non-obese SCID
mice. In another study, a single intravenous administration of CAV21-ICAM-1-
DAF generated significant regression of pre-established tumors and elimination of
metastases in SCID mice with implanted T47D and MDA-MB-231-luc breast tumor
xenografts (Skelding et al. 2009). Combination treatment with intraperitoneal doxo-
rubicin hydrochloride further enhanced tumor regression (Skelding et al. 2012).

Finally, SV40 virus should be considered for cancer therapy due to its efficient
delivery of suicide and anti-angiogenic genes (Kimchi-Sarfaty and Gottesman
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2004). A replication-deficient SV40 vector has been engineered for pancreatic
cancer therapy by the introduction of a human telomerase RNA (hTR) tumor-
specific promoter and the somatostatin receptor tumor-suppressor 2 (SST2) gene
(Cordelier et al. 2007). Intratumoral administration of SV40.hTR-SST2 resulted in
inhibition of Capan-1 pancreatic tumor cell progression and proliferation in vivo.

9.4.2 Metabolic Diseases

AAV vectors have been investigated for more than 30 metabolic disease in small
animal models demonstrating complete phenotype correction in a substantial pro-
portion of them (Alexander et al. 2008). For instance, AAV vectors expressing
β-glucuronidase (GUS) have been applied for gene therapy of the lysosomal storage
disease mucopolysaccharidosis type VII (MPS VII) (Watson et al. 1998). It was
demonstrated that intramuscular AAV injection generated high local expression of
GUS, while intravenous administration resulted in low GUS activity in several
tissues reducing glycosaminoglycan levels in the liver to normal levels and reduced
storage granules dramatically. Furthermore, it was shown that a single intravenous
AAV-GUS injection provided sustained GUS expression, sufficient for reversing the
disease phenotype in mice. In another approach, AAV vectors expressing mouse
OTC were applied for the correction of metabolic defects in mouse liver (Moscioni
et al. 2006). The AAV-OTC treated mice showed high liver OTC activity and a
prolonged lifespan compared to control animals. In the context of familial hyper-
cholesterolemia, mutations in the LDL receptor gene causes severe hypercholester-
olemia and atherosclerosis. Therapeutic approaches comprise non-human primate
AAV-based LDL receptor expression in the liver, which resulted in nearly complete
normalization of serum lipid levels and prevention of severe atherosclerosis
(Lebherz et al. 2004).

Another potential target for AAV-based gene therapy is type 2 diabetes and
obesity targeting fibroblast growth factor 21 (FGF21) as a promising therapeutic
agent (Jimenez et al. 2018). Transgenic ob/ob mice or mice subjected to long-term
high-fat diet feeding showed substantial reduction in body weight, adipose tissue
hypertrophy and inflammation, and insulin resistance for more than a year when
treated with AAV-FGF21. In another approach, diabetic mice were subjected to
intrahepatic administration of mesenchymal stem cells transduced with the murine
stem cell virus (MSCV) retrovirus carrying the human insulin gene (Xu et al. 2007).
The procedure resulted in body weight increase and decrease in blood glucose levels.
Moreover, increased secretion of insulin into the serum and presence in the liver
were detected, and reversal of diabetes was observed for up to 6 weeks. A really
interesting finding relates to the anti-hyperglycemic properties of Ad36, more
specially its E4orf1 protein (Hegde et al. 2016). A mouse mammary tumor virus
(MMLV) retrovirus-based vector was employed to express the Ad36 E4orf1 gene in
C57BL/6 mice resulting in significantly improved glucose excursion despite a high
fat diet and also enhanced glucose clearance without increased insulin sensitivity,
which underscored the insulin-independent effect.
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9.4.3 Cardiovascular Diseases

Related to cardiovascular disease, a number of preclinical gene therapy studies have
been carried out with various viral vectors (Ishikawa et al. 2018). Cardiovascular
gene therapy has targeted adrenergic manipulation, calcium cycling proteins, angio-
genesis, cardiac regeneration, cardiac arrhythmias and the etiology of myocardial
infarction (Scimia et al. 2014). For instance, due to the negative effect on cardiac
functions of down-regulation of β-adrenergic receptors by G protein-coupled recep-
tor kinase-2 (GRK2) activity leading to heart failure, expression of the peptide
inhibitor β-adrenergic receptor kinase carboxyl terminus (βARKct) can boost cardiac
function and potentially prevent heart failure (Koch et al. 1995). Expression of the
βARKct from an Ad virus vector blocked GRK2 activity and resulted in improved
cardiac function in transgenic mice (Akhter et al. 1997). In another approach, the
pMXs retrovirus vector expressing Gata4, Mef2c and Tbx5 managed to reprogram
non-myocytes in the mouse heart to cardiomyocyte-like cells, which decreased
infarct size and modestly attenuated cardiac dysfunction (Qian et al. 2012).

In a rat model of heart failure, the decreased sarcoplasmic reticulum Ca2+ ATPase
(SERCa2a) activity associated with heart failure was restored by Ad virus-based
recombinant expression of SERCA2a (Miyamoto et al. 2000). The Ad-SERCA2a
treatment restored both systolic and diastolic heart functions to normal levels in
aortic constricted rats. Furthermore, Ad-SERCa2a therapy resulted in increased
coronary blood flow and reduced cardiomyocyte size in a type 2 diabetic rat
model (Sakata et al. 2007). In another approach, an AAV9 vector expressing the
inhibitor of protein phosphatase 1 (I-1c) was evaluated in a porcine model of heart
failure (Fish et al. 2013). Intracoronary infusion of AAV9-1-1c one month after
myocardial infarction prevented deterioration of cardiac function and resulted in
decrease in scar size.

Angiogenic peptides such as vascular endothelial growth factor (VEGF) can aid
in restoring blood flow in ischemic areas (Zachary and Morgan 2011). Pericardial
delivery of an Ad virus vector expressing VEGF (AdCMV.VEGF165) resulted in
sustained (8–14 days) pericardial expression of VEGF although it failed to improve
myocardial collateral prefusion in mongrel dogs (Lazarous et al. 1999). However, in
another approach Ad virus expressing the hepatocyte growth factor (HGF) resulted
in improvement of heart function in a postinfarct heart failure model in swine (Yang
et al. 2010).

Cardiac arrythmia has also been targeted by virus-based gene therapy (Scimia
et al. 2014). For instance, Ad virus-based expression of Connexin 43 (Cx43)
increased conduction velocity, prevented atrial fibrillation and reduced susceptibility
to tachycardia after myocardial infarction in pigs (Igarashi et al. 2012). Moreover, an
Ad virus expressing the dominant negative mutant of the I(Kr) potassium channel
alpha subunit (KCNH2-G628S) eliminated atrial fibrillation by prolongation of atrial
action potential duration in a swine model (Amit et al. 2010).
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9.4.4 Hematological Disorders

Among hematological disorders, hemophilia can be considered as the model target
for gene therapy (Nienhuis et al. 2017). Hemophilia, caused by mutations in blood
clothing factor VIII (FVIII) (hemophilia A) and factor IX (FIX) (hemophilia B), has
been frequently studied and evaluated in clinical trials. Therefore, a limited number
of preclinical studies are presented below. For instance, Ad vectors expressing FVIII
(Balagué et al. 2000) and FIX have demonstrated long-term expression in preclinical
hemophilic mouse models (Dai et al. 1995) and therapeutic levels of FIX have also
been obtained in hemophilic dogs (Fang et al. 1995). AAV is the most frequently
used vector for hemophilia therapy. In this context, dogs producing less than 1% of
normal FVII activity were treated with the liver directed AAV8 serotype expressing
FVII, which provided clinically therapeutic levels (15% of normal FVII) (Marcos-
Contreras et al. 2016). Moreover, a hyperfunctional FIX, FIX-Padua with the
R388L, expressed from AAV8 showed sustained FIX levels in dogs (Crudele
et al. 2015). An HIV-based monocyte lineage-restricted, self-activating lentiviral
vector (CD68-ET3-LV) expressing FVIII demonstrated safety and efficacy in mouse
models (Doering et al. 2018). Administration of CD38-ET3-LV-transduced stem-
cell antigen-1 cells to mice with hemophilia A provided sustained production of
FVIII and hemostatic correction.

Pyruvate kinase deficiency (PKD), causing hemolytic anemia, was subjected to
preclinical gene therapy evaluation in mice by transduction of hematopoietic stem
cells with a lentiviral vector expressing the pyruvate kinase L/R (PKLR) gene from
the human 3-phosphoglycerate kinase (hPGK) promoter (Garcia-Gomez et al. 2016).
Ectopic expression of the R-type specific PK isoform (RKP) normalized the ery-
throid compartment and corrected the hematological phenotype. Moreover, it was
confirmed that the lentiviral chromosomal insertion sites did not generated any
genotoxicity in transplanted mice.

In the context of peripheral arterial disease (PAD), murine hind limb ischemia has
served as a model (Niiyama et al. 2009). It has been demonstrated that AAV9-based
expression of extracellular superoxide dismutase in skeletal muscle, significantly
improved recovery from hind-limb ischemia in mice (Saqib et al. 2011).

9.4.5 Neurological Disorders

A large number of preclinical studies have been dedicated to neurological disorders
(Sudhakar and Richardson 2019). Mainly two strategies, symptomatic and
neurorestorative therapies, have been developed for Parkinson’s disease. In the
former approach, AAV vectors have been used for expression of glutamic acid
decarboxylase (GAD), more precisely GAD65, which significantly improved
Parkinson’s disease symptoms in rats (Kim et al. 2008). Furthermore,
AAV-GAD65 administration provided success in chronic pain models. Related to
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the neurorestorative approach, co-expression of the dopamine synthetic enzymes
tyrosine hydroxylase (TH), aromatic L-amino acid decarboxylase (AADC) and GTP
cyclohydroxylase I (GCH I) from three AAV vectors resulted in spontaneous
dopamine production in HEK293 cells and might contribute to therapy of
Parkinson’s disease (Fan et al. 2001). Moreover, both AAV and lentiviral vectors
have been employed for the expression of the glial cell line-derived neurotrophic
factor (GDNF) showing sustained GDNF delivery for 3–6 months leading to
regeneration and significant recovery in both 6-OHDA-lesioned rats and MPTP-
lesioned monkeys (Björklund et al. 2000). MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) is a biologically inactive compound which, as a prodrug, leads
to the production of MPP+ (1-methyl-4-phenylpyridinium) and thereby affects the
substantia nigra of the brain by destroying dopaminergic neurons. That destruction
permanently results in Parkinson’s disease symptoms. In another study lentiviral-
based GDNF injection into the striatum and substantia nigra of rhesus monkeys
treated with MPTP reversed functional deficits, completely prevented nigrostriatal
degradation, and reversed motor function deficits (Kordower et al. 2000).

In the context of Alzheimer’s disease, a hybrid AAV vector with the AAV2
genome and the AAV5 capsid structure was engineered to express the nerve growth
factor (NGF) (Wu et al. 2005). It was demonstrated that AAV-mediated NGF
delivery provided neuroprotection for an extended period of time. Another approach
has relied on overexpression of secreted amyloid precursor protein (APPsα) from
AAV vectors to affect Alzheimer’s disease (Fol et al. 2016). It was demonstrated that
APPsα overexpression resulted in a functional rescue of spatial reference memory
and mitigated synaptic and cognitive deficits in mice. Similar to Parkinson’s disease
therapy, the therapeutic potency of GDNF was evaluated by lentivirus-based deliv-
ery in MC65 human neuroblastoma cells and hippocampal astrocytes of 3xTg-AD
in vivo (Revilla et al. 2014). Overexpression of GDNF resulted in preserved learning
and memory in 3xTg-AD mice. Although recombinant GDNF did not significantly
reduce amyloid or tau pathology, it induced upregulation of brain-derived
neurotrophic factor (BDNF), which together with GDNF may contribute to the
protection of neurons from atrophy and degeneration. In another approach, a
lentiviral vector expressing the anti-aging gene Klotho was subjected to
intracerebroventricular administration in APP/presenilin-1 transgenic mice (Zeng
et al. 2019). Overexpression of Klotho in the brain effectively ameliorated cognitive
deficits and Alzheimer’s disease-like pathology. As it has been shown that the
apolipoprotein E4 (APOE4) allele increases the risk of developing Alzheimer’s
disease whereas the APOE2 variant can provide protection against late-onset
Alzheimer’s disease, it has been postulated that overexpression of APOE2 might
reverse or prevent progressive neurological damage (Rosenberg et al. 2018). For this
reason, an AAV vector expressing APOE2 was administered intracisternally to the
CNS of nonhuman primates showing safe and wide distribution of ApoE2.

In the context of the fatal progressive neurogenerative Huntington’s disease,
caused by a mutation in the huntingtin (HTT) gene, gene therapy approaches have
included AAV-based expression of miRNAs targeting HTT transcripts (Miniarikova
et al. 2017). AAV5-miHTT showed suppression of mutant HTT mRNA, which
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almost completely prevented mutant HTT aggregate formation and suppression of
DARPP-32-associated neuronal dysfunction. Furthermore, no immune response to
AAV5 or therapeutic precursor sequences were observed. Next, the AAV5-miHTT
vector was evaluated in the transgenic HD (tgHD) minipig model (Evers et al. 2018).
The outcome was significantly reduced human mutant huntingtin mRNA and protein
levels in all transduced brain regions.

Other neurodegenerative orders such as the X-chromosome linked Rett Syn-
drome (RTT) have been investigated by the expression of the transcription regulator
methyl CpG-binding protein 2 (MeCP2) delivered by AAV directly to the cerebro-
spinal fluid (CSF) (Sinnett and Gray 2017). The AAV-MeCP2 administration
resulted in extended survival of RTT mice, but also dose-dependent toxicity.

9.4.6 Infectious Diseases

Infectious diseases, especially viral infections, have been targeted in numerous
studies for vaccine development (He et al. 2015; Lundstrom 2020a). For instance,
Ad5 virus expressing the codon-optimized hemagglutinin (HA) gene for the A/Viet-
nam/ 1203/2004(H5N1) influenza virus strain provided full protection of immunized
mice from challenges with lethal doses of the homologous virus (Gao et al. 2006).
Moreover, a single subcutaneous injection generated full protection in chicken. In
another study, Venezuelan equine encephalitis virus (VEE), belonging to
alphaviruses, was applied for expression of the HA gene from the Hong Kong
influenza A virus isolate (A/HK/156/97) (Schultz-Cherry et al. 2000). Immunization
of chicken with VEE-HA particles provided protection against influenza A virus
challenges. Moreover, partial protection was observed in newborn chicken after
inoculation in ovo. In contrast, a single immunization at two weeks of age resulted
in complete protection. In a similar manner, Semliki Forest virus (SFV) particles
expressing the influenza virus HA and nucleoprotein (NP) genes provided protection
against lethal challenges with influenza virus in immunized mice (Fleeton et al.
2001).

Vaccine development against HIV and AIDS has been carried out by using
various viral vector systems. For instance, AAV vectors have been engineered for
the expression of HIV-1 Gag eliciting specific T and B cell responses (Lin et al.
2008). Moreover, the impact of the presence of AAV-specific neutralizing antibodies
has been addressed. It was demonstrated that inhibition of AAV2-directed Gag
responses occurred at 10 to 20-fold lower doses of human immunoglobulin than
what was required for inhibition of AAV7 and AAV8 vector immunogenicity. In
addition, vaccinia virus vectors have been used for HIV vaccine development. For
instance, a chimeric antigen consisting of HIV-1 Env and GM-CSF elicited a
superior HIV-specific cellular immune response in BALB/c mice compared to Env
alone (Rodr Guez et al. 1999). Rabies virus (RV) vectors have also been employed
for HIV-1 antigen production (McGettigan et al. 2001). A single inoculation of
RV-HIV-1 gp160 elicited a solid and long-lasting memory CTL response in mice,
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which was not restricted to the homologous HIV-1 gp160 but was also able to cross-
kill target cells expressing heterologous HIV-1 gp160. Self-amplifying alphaviruses
have also been applied for HIV vaccine development (Lundstrom 2019). For
example, SFV particles expressing the HIV-1 Env/Gag/polRT individually or in
combination elicited antigen-specific T cell responses in mice (Ajbani et al. 2017).

The dramatic epidemics of Ebola virus disease (EVD) have accelerated vaccine
development against Ebola virus (EBOV). For instance, VEE particles expressing
EBOV nucleoprotein (NP) were subjected to immunization studies in mice (Wilson
and Hart 2001). C57BL/6 mice vaccinated with VEE-EBOV-NP showed protection
against challenges with lethal doses of EBOV. In another study, it was demonstrated
that a single immunization of BALB/c mice and guinea pigs with VEE-EBOV-GP
particles or the combination of VEE-EBOV-GP and -NP particles provided protec-
tion against EBOV challenges (Pushko et al. 2000). In contrast, only mice and not
guinea pigs were protected after vaccination with VEE-EBOV-NP particles alone.
Additionally, macaques immunized with VSV particles expressing EBOV-GP were
completely protected against challenges with the West African EBOV-Makona
strain (Marzi et al. 2015). In another approach, a single administration of VSV
particles expressing the EBOV and Marburg virus (MARV) GPs provided complete
protection against three EBOV strains and MARV, respectively, in non-human
primates (Geisbert and Feldmann 2011).

9.4.7 Ophthalmological Diseases

Ophthalmological and especially retinal diseases have been frequently targeted for
gene therapy. In this context, AAV vectors were employed for the expression of
brain-derived neurotrophic factor (BDNF) to evaluate its potential effect in a rat
glaucoma model (Martin et al. 2003). Intravitreal injection of AAV-BDNF resulted
in retinal ganglion cell protection, which could support the application of
neurotrophic glaucoma therapy for lowering intraocular pressure. In another glau-
coma study, AAV-based overexpression of matrix metalloproteinase-3 (MMP-3)
showed efficient transduction of corneal endothelium, enhanced MMP-3 activity and
decrease in intraocular pressure (O’Callaghan et al. 2017). Moreover, the early-age
onset macular dystrophy X-linked retinoschisis (XLRS) is caused by loss of the
extracellular matrix protein retinoschisin 1 (RS1) (Bush et al. 2016). Administration
of an AAV8 vector expressing RS1 to the eye of Rs-1 knockout mice resulted in
significant improvement in retinal structure and function. Moreover, early-onset
severe retinal dystrophy (EOSRD), a genetically heterogenous group of diseases
associated with mutations in the retinol dehydrogenase 12 (RDH12) gene, has been
treated with an AAV2/5-RDH12 vector (Feathers et al. 2019). Subretinal injection of
Rdh-deficient mice reconstituted retinal reductase activity and decreased suscepti-
bility of light damage associated with Rdh12 deficiency.
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9.4.8 Muscular Diseases

Muscular diseases such as Duchenne muscular dystrophy (DMD) have been widely
studied as subjects for gene therapy (Chamberlain and Chamberlain 2017). Initially,
an Ad virus vector was used for the expression of truncated dystrophin cDNAs,
which restored dystrophin-related proteins in adult mouse skeletal muscle in vivo
(Yuasa et al. 1998). The large size of the dystrophin gene caused serious problems
for gene therapy applications, especially in the context of using AAV with a
packaging capacity of only 4 kb. A major improvement was experienced by the
demonstration that “micro-dystrophin” cassettes could be engineered (Sakamoto
et al. 2002). Moreover, the discovery of the new AAV6, AAV8 and AAV9 serotypes
allowed efficient delivery to all striated muscles in adult mice (Gregorevic et al.
2004). For instance, AAV6 expressing micro-dystrophin restored dystrophin expres-
sion in respiratory, cardiac and limb musculature in mice, also considerably reducing
skeletal muscle pathology and prolonging the lifespan of severely dystrophic mice
(Gregorevic et al. 2006). In a dystrophic canine model, intramuscular injection of
AAV6-micro-dystrophin showed delivery throughout a group of skeletal muscles
(Wang et al. 2012a). Robust micro-dystrophin expression was detected for at least
two years. Moreover, another study revealed that a single intravenous injection of
AAV9 resulted in whole body skeletal muscle transduction in neonatal dogs (Yue
et al. 2008). In contrast, cardiac muscles were barely transduced in dogs.

Oculopharyngeal muscular dystrophy (OPMD) is characterized by the late onset
of ptosis, swallowing difficulties, proximal limb weakness and nuclear aggregates in
skeletal muscles caused by a trinucleotide repeat expansion in the polyA-binding
protein nuclear 1 (PABPN1) gene (Malerba et al. 2017). AAV-based PABPN1
expression in a mouse model of OPMD resulted in substantial reduction of insoluble
aggregates, decrease in muscle fibrosis, and normalization of muscle strength.
Similar effects were detected in cells derived from OPMD patients.

9.4.9 Lung Diseases

Cystic fibrosis is an inherited disease caused by mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene, which causes damage to the
lungs, digestive system and other organs (O’Sullivan and Freedman 2009). Gene
therapy approaches for cystic fibrosis comprise the use of AAV2 vectors for the
expression of the CFTR gene (Flotte et al. 1993). The AAV2-CFTR vector was
delivered to one lobe of the rabbit lung via a fiber optic bronchoscope. The
recombinant CFTR was detected for up to 6 months in the airway epithelium.
Furthermore, a study in rhesus macaques showed vector-specific DNA and recom-
binant RNA expression for up to 180 days after infection (Conrad et al. 1996).

Lentivirus vectors have also been applied for gene therapy of cystic fibrosis
(Marquez Loza et al. 2019). An HIV-based system for in vivo delivery has
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been developed where mouse nasal epithelium is pre-treated with
lysophosphatidylcholine (LPC), which generated significant expression of
β-galactosidase from the HIV-LacZ vector (Limberis et al. 2002). Application of
the same procedure for the HIV-CFTR vector resulted in partial recovery of elec-
trophysiological functions in the nasal airway epithelium of CF knockout mice for at
least 110 days. In another study, a VSV-G pseudotyped HIV-1 based vector
expressing the LacZ gene was detected in the conducting airways and in alveolar
regions of marmosets but not in liver or spleen (Farrow et al. 2013). Simian
immunodeficiency virus (SIV) has also been pseduotyped with envelope proteins
from Sendai virus (SeV), which has been demonstrated to efficiently transduce
airway epithelial cells (Mitomo et al. 2010). The SIV-SeVGFP vector showed
clinically relevant transduction of respiratory epithelial cells in the mouse nose,
which persisted for at least 15 months and the vector could be readministered. The
SIV vector also showed transduction of human air-liquid interface cultures.

9.5 Clinical Trials

Due to more than 3000 gene therapy clinical trials conducted, of which two thirds
have been estimated to involve viral vectors, only a summary can be presented below
and in Table 9.4. The vaccine trials based on viral vectors will further increase the
number substantially. Treatments of various cancers naturally represent a large part
of the conducted clinical trials (Lundstrom 2018). For instance, 17 Japanese patients,
6 with recurrent breast cancer, 3 with recurrent head and neck cancer and 8 with
nonresectable pancreatic cancer, were subjected to intratumoral administration of
oncolytic HSV HF10 in a phase I dose-escalation clinical trial (Kasuya et al. 2014).
No adverse events were registered, and some therapeutic effects were observed
based on pathological findings, tumor markers and diagnostic radiography. In
another single arm, open-label phase I trial to treat nonresectable locally advanced
pancreatic cancer, patients were subjected to intratumoral administration of HSV
HF10 (Hirooka et al. 2018). Only adverse events unrelated to HSV HF10 treatment
were detected. Partial responses (PR) were observed for 3 patients, stable disease
(SD) for 4 patients and progressive disease (PD) for 9 patients. Moreover, prelim-
inary results from a phase II trial with HSV HF10 and ipilimumab (anti-CTLA-4)
showed a good safety profile and antitumor activity in patients with nonresectable or
metastatic melanoma (Eissa et al. 2017). In an open-label, ascending dose, multi-
center phase I trial in patients with recurrent or progressive high-grade glioma
(HGG), the Toca 511 replicating retrovirus (RRV) showed an overall survival of
13.6 months, which is statistically superior to the survival in the control group
(Cloughesy et al. 2016). The RRV Toca 511 has also been evaluated in phase
II/III clinical trials for glioma patients, showing highly encouraging preliminary
therapeutic efficacy (Inoko et al. 2018), In the case of MV vectors, a phase I trial with
the MV-Edm-Zagreb strain was conducted in patients with cutaneous T-cell lym-
phoma (Heinzerling et al. 2005). No dose-limiting toxicity was demonstrated, and
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Table 9.4 Examples of clinical trials conducted with viral vectors

Indication Vector/Target Phase Outcome

Cancer

Breast, head &
neck, pancreas

HSV HF10 I No adverse events, some therapeutic potential

Pancreatic HSV HF10 I PD and SD in some treated patients

Melanoma HSV HF10 + I Good safety profile, antitumor activity

PANVAC-VF III Significant reduction in tumor size in patients

HGG Ipilimumab I Prolonged survival in glioma patients

RRV Toca 511 II/III Preliminary encouraging therapeutic efficacy

CTCL RRV Toca 511 I Complete and partial tumor regression

Ovarian MV-NIS I/II Extended overall survival

Glioma MV-CEA I No dose limiting toxicity

Colorectal MV-CEA I Tumor regression in patients

NDV La Sota IV III Prolonged survival

Solid tumors NDV PV701 I Progression-free survival for 4–31 months

Hematological

Sickle-cell
anemia

LV- β(A-T87Q)-globin I/II Anti-sickling β-globin high for 15 months

Hemophilia A AAV-FVIII I/II 8–60% of normal FVIII levels

Hemophilia B AAV-FIX I/II Stable 5% FIX levels for 7 years, reduced
spontaneous bleedings in patients

Ophthalmology

AMD AAV2-sFLT01 I Good safety and tolerability

AAV2-sFLT01 IIa Maintained/improved vision in patients

LHON AAV2-ND4 I Visual acuity improvement in patients

AAV2-ND4 I Significant improvements of visual acuity

AAV2-ND4 I Improvements in visual acuity

Neurological

SMA AAV9-SMN I Improved motor function and survival

AAV9-SMN I Improved motor function and prolonged
survival

Muscular

DMD AAV9-miniDys I Patient enrollment in progress

AAV9-microDys I/II Expression for 90 days, study on hold

AAVrh74-microDys I/II Robust expression, functional improvements

AAV9-miniDys III Trial planned for end of 2020

Lung

Cystic fibrosis LV-CFTR Pre Safety preparation for Phase I

Immunodeficiency

SCID-X1 γRV-IL2RG I Lasting cure for 18 years follow-up, leukemia
developed in some treated individuals

SIN-γRV-IL2RG I None of treated patients developed leukemia

ALD SIN-LV-ABCD1 I Termination of progressive cerebral
demyelination

(continued)
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the treatment was well tolerated. Moreover, complete regression of one CTCL tumor
was observed in one patient and partial regression was achieved in 4 out 5 treated
tumors. In a phase I/II clinical trial MV-CEA was assessed for safety and tolerability
in recurrent ovarian cancer patients (Galanis et al. 2010). No dose-limiting toxicity
was observed, disease stabilization was achieved in 9 out 9 patients treated with 107–
109 MV-CEA particles, and a median overall survival of 12.15 months was
achieved, which is twice the expected overall survival. In another phase I study,
MV-CEA has been applied for treatment of recurrent glioblastoma multiforme with
doses of 105 to 2 � 107 TCID50 showing no dose limiting toxicity (Myers et al.
2008) (NCT00390299). In a phase I trial on 11 patients with advanced colorectal
cancer and other solid tumors, intravenous administration of poxvirus elicited a
potent TH1-mediated immunity against the poxvirus and possibly the cancer
(Downs-Canner et al. 2016). A mixed response with resolution of some liver
metastasis was observed in one patient and clinical regression of some lesions was
detected in another patient with cutaneous melanoma. In the context of NDV, a
phase II clinical trial was conducted on 79 patients with solid tumors by adminis-
tration of 1.2� 1010–1.2� 1011 pfu/m2 of the NDV PV101 strain, which resulted in
objective responses and progression-free survival ranging from 4 to 31 months
(Pecora et al. 2002). Moreover, in a phase III trial in 335 patients with colorectal
cancer NDV immunotherapy showed prolonged survival and short-term improved
quality of life (Liang et al. 2003). The poxvirus-based vaccine PANVAC-VF has

Table 9.4 (continued)

Indication Vector/Target Phase Outcome

ADA-SCID SIN-γRV-ADA,
SIN-LV-ADA

II Excellent safety and efficacy of treatment

SIN-LV-ABCD1 II Excellent safety and efficacy of treatment

Infectious

CMV VEE-gB/PP15/IE1
fusion

I Immune responses against CMV antigens

HIV VEE-HIV-Gag I Only modest immune responses in volunteers

MRKAd5, ALVAC I Limited HIV-1 inhibition

EVD VSV-ZEBOV
(EBOV GP)

III Protection against EDV

VSV-ZEBOV
(EBOV GP)

III Protection against EDV

AAV adeno-associated virus, Ad5 adenovirus 5, ADA adenosine deaminase, ALD adrenoleuko-
dystrophy, AMD age-related macular degeneration, CTCL cutaneous T-cell lymphoma, EVD
Ebola virus disease, FVIII factor VIII, FIX factor IX, γRV gamma retrovirus, HGG high-grade
glioma, HSV HF10 herpes simplex virus HF10 strain, IL2RG interleukin 2 receptor gamma
subunit, LHON Leber’s hereditary optic neuropathy, LV lentivirus, MV-CEA measles virus
expressing carcinoembryonic antigen, MV-NIS measles virus expressing sodium iodide symporter,
ND4 NADH dehydrogenase protein subunit 4, PR partial response, RRV replicating retrovirus,
SCID-X1 X-linked severe combined immune deficiency, SD stable disease, SMA spinal muscular
atrophy, SMN survival of motor neuron gene, VV vaccinia virus
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been subjected to a phase III study in 295 patients with injectable unresectable stage
IIIB, IIIC or IV melanoma (Chi et al. 2020). A more than 50% reduction in tumor
size was observed in 64% of injected tumors. Moreover, a reduction of more than
50% in tumor size was seen in one-third of un-injected non-visceral tumors and in
15% of visceral tumors.

Hematological diseases have also been targeted for gene therapy applications. In
this context, sickle-cell anemia, caused by a homozygous missense mutation in the
β-globin gene, has been subjected to therapeutic intervention by lentiviral vector-
based introduction of an anti-sickling β-globin gene into autologous hematopoietic
stem cells in a phase I/II trial (Ribel et al. 2017; NCT02151526). The level of
therapeutic anti-sickling β-globin remained high for 15 months without recurrence
of sickle crises. In the context of hemophilia, AAV vectors have been the system of
choice (Chapin and Monahan 2018). However, issues such as pre-existing neutral-
izing antibodies against AAV, elevated liver transaminase levels and immune-
related decrease in AAV-based transgene expression have raised concerns about
safety and efficacy in hemophilia trials (Mingozzi and High 2013). However,
utilization of different AAV serotypes for repeated administration has prevented
decrease in transgene expression levels. For this reason, at least 11 gene therapy
clinical trials have been conducted in hemophilia patients and at least six phase I/II
studies based on liver targeted AAV expression of either FVIII or FIX are in progress
(Spencer et al. 2016). One challenge of treating hemophilia A with AAV-based
FVIII expression is the FVIII gene size exceeding the packaging capacity of AAV.
One solution has been the deletion of the B-domain as it does not affect the
hemostatic function of FVIII (Arruda and Samelson-Jones 2015). In this context, a
phase I/II clinical trial was initiated and preliminary results from 6 patients receiving
a dose of 6� 1013 AAV-FVIII particles demonstrated 8–60% of normal FVIII levels
(Nathwani 2019). One approach to establish clinically relevant FVIII expression has
been to bioengineer FVIII constructs showing 10–100-fold higher levels than
observed for native human FVIII (Spencer et al. 2016). Related to FIX, it has been
demonstrated that AAV can improve FIX deficiency from severe to mild by expres-
sion of 3–7% of normal FIX levels (Nathwani et al. 2014). In a phase I/II clinical trial
initiated in 2011 stable dose-dependent increase in FIX levels in patients with severe
hemophilia B were achieved after a single AAV administration (NCT02576795)
(Nathwani 2019). The FIX expression levels remained stable at approximately 5% of
normal levels for 7 years providing substantial reduction in spontaneous bleeding in
hemophilia B patients.

Spinal muscular atrophy, a genetic disorder characterized by muscle weakness
and atrophy leading to infant mortality, is caused by deterioration of motor neurons
in the brainstem and spinal cord. In a phase I clinical trial, a one-time administration
of an AAV9 vector expressing the survival of motor neuron (SMN) gene provided
remarkable improvements in motor function and in survival rates in patients (Pattali
et al. 2019). In a phase I trial, 15 patients with SMA received a single intravenous
injection of AAV9-SMN, which resulted in prolonged survival, superior achieve-
ment of motor milestones and improved motor function (Mendell et al. 2017).
Related to the X-linked disorder DMD, a phase I open label, non-randomized,
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ascending dose study applying the AAV9-mini-dystrophin vector is planned for the
evaluation of safety and tolerability (Moorehead et al. 2020) (NCT03362502). In the
study, 15 boys in the age group of 4–12 years will be enrolled and they each will
receive a single intravenous infusion. The primary endpoints to be evaluated through
12 months include adverse events, dystrophin expression and distribution, and
assessment of muscle strength. Additional endpoints include muscle biopsies, bio-
markers and functional assessments. Additional AAV-based DMD clinical trials are
in progress such as a phase I/II study using AAV9 (NCT03368742), a phase I/II
using AAVrh74 (NCT03375164), and a phase III study using AAV9
(NCT04281485). Preliminary results from the phase I/II study with AAVrh74,
showing affinity to skeletal and cardiac muscle cells, demonstrated minimal adverse
events and good safety in 4 patients (Mendell et al. 2020). The AAVrh74-based
expression of micro-dystrophin was robust, the protein localization was correct and
functional improvements were seen in the patients.

Related to age-related macular degeneration, VEGF neutralizing proteins have
provided proven therapeutic efficacy. In this context, AAV2-based expression of
sFLT01 was applied for intravitreous injection in 19 patients, which demonstrated
good safety and tolerability at all tested doses (Heier et al. 2017). Next, a phase 2a
trial with rAAV-sFLT01 was conducted in 11 patients suffering from age-related
macular degeneration (Constable et al. 2016). No treatment-associated serious
adverse events were registered. The rAAV-sFLT01 treated patients showed
maintained or improved vision in comparison to control individuals.

The optic nerve disorder Leber’s hereditary optic neuropathy (LHON) is charac-
terized by rapid visual loss in one eye followed by visual loss in the other eye. This
neuropathy is caused by a mutation in the NADH dehydrogenase protein subunit
4 (ND4) gene (Ratican et al. 2018). AAV2-mediated ND4 expression has been
subjected to clinical trials, of which the safety and efficacy was evaluated in
9 patients with the G11778A mutation in the ND4 gene (Wan et al. 2016). Injection
of AAV2-ND4 into one eye showed significant improvement of visual acuity in
6 out of 9 patients. In another phase I study in 14 LHON patients, intravitreal
injection of AAV2-ND4 provided modest but statistically significant improvements
of visual acuity (Guy et al. 2017). In a third phase I trial in 15 LHON patients, it was
demonstrated that a single injection of rAAV2-ND4 was safe and well tolerated also
showing improvement in visual acuity (Vignal et al. 2018).

In preparation for the first-in-man clinical trial for lentivirus-based treatment of
cystic fibrosis, a hybrid promoter consisting of a cytosine guanine dinucleotide
(CpG)-free CMV enhancer/elongation factor 1 alpha promoter (hCEF) showed
highly efficient expression of functional CFTR in murine lung tissue and human
air-liquid interface cultures (Alton et al. 2017). The transduction efficacy, lack of
toxicity and the chromosomal integration site profile further supported the applica-
tion of lentivirus vectors for clinical trials on cystic fibrosis patients.

The probably most famous application of viral-based gene therapy relates to
SCID X1, the X-linked immunodeficiency in children (Fischer and Hacein-Bey-
Abina 2020). The first clinical gene therapy was conducted in 1999 with a defective
Moloney γ retrovirus (γRV)-derived vector expressing the interleukin-2 receptor
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gamma subunit (IL2RG) for ex vivo transduction of CD34+ cells. That first clinical
trial in Paris involved 10 SCID-X1 patients (Cavazzana-Calvo et al. 2000). The
treatment led to the development of a normal T cell count within 3–6 months in eight
patients with lasting clear-cut clinical benefit. After 18 years follow-up, all but one
patient is doing well, showing normal growth and not experiencing the opportunistic
infections characteristic of SCID-X1 disease. A similar study in London showed
sustained clinical benefit in all 10 patients enrolled (Gaspar et al. 2004). Unfortu-
nately, T cell acute lymphoblastic leukemia was discovered in some patients in both
studies 2–14 years after treatment due to the integration of the γRV vector into the
LMO2 oncogene locus in five patients and in the CCDN2 locus in one patient
(Hacein-Bey-Abina et al. 2008; Howe et al. 2008). Because of this setback, self-
inactivating γRV and lentivirus vectors have been engineered. A clinical trial with a
self-inactivating γRV vector found that none of the 9 treated patients developed
leukemia (Hacein-Bey-Abina et al. 2014). Moreover, leukemia has not been
discovered in a single of the 44 patients treated with either γRV or lentivirus self-
inactivating vectors (Fischer and Hacein-Bey-Abina 2020). In this context, a self-
inactivating lentivirus vector carrying the ABCD1 gene coding for an adenosine
triphosphate-binding cassette transporter was ex vivo transduced into hematopoietic
stem cells (HCTs) for gene therapy of X-linked adrenoleukodystrophy (ALD)
patients (Cartier et al. 2009). Re-infusion of HCTs resulted in termination of
progressive cerebral demyelination in two patients providing clinical benefits in
ALD. Another form of SCID, known as ADA-SCID, is caused by inherited defects
in adenosine deaminase (ADA) (Kohn et al. 2019). Today, more than
100 ADA-SCID patients have been treated with either γRV or lentivirus vectors
showing excellent safety and efficacy.

Infectious diseases have seen a large number of clinical trials on vaccines so only
some examples are given here and in Table 9.4. For instance, 40 CMV seronegative
volunteers were subjected to either intratumoral or subcutaneous administration of a
VEE alphavirus vector expressing the CMV glycoprotein B (gB) or the PP65/IE1
fusion protein in a randomized, double-blind phase I study (Bernstein et al. 2010).
Immune responses against all three CMV antigens were detected in all vaccinated
individuals. In another phase I study, healthy HIV-negative individuals received
subcutaneously VEE particles expressing a nonmyristoylated form of HIV-Gag in
the US and South Africa, which demonstrated good safety and tolerability although
only modest local immune and T cell responses were detected (Wecker et al. 2012).
Moreover, Ad5 viral vectors have been designed to elicit HIV-1-specific T cells in
healthy volunteers (Hayes et al. 2016). Immunizations resulted in CD8 T cell
responses although with limited HIV-1 inhibition breadth showing better efficacy
in antiretroviral naive HIV-1 infected volunteers naturally controlling viremia. In an
open-label, cluster ring vaccination phase III clinical trial 4123 individuals with
suspected EVD were subjected to immunization with VSV particles expressing the
EBOV GP from the Zaire strain named VSV-ZEBOV (Henao-Restrepo et al. 2015).
Another 3528 persons received a delayed vaccination. The immediate vaccination
group showed no EVD cases while in the delayed group 16 EVD cases were
discovered. In another phase III study in Guinea and Sierra Leone 2119 participants
were subjected to immediate immunization with VSV-ZEBOV and for 2041
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individuals the vaccination was delayed for 21 days (Henao-Restrepo et al. 2017).
Substantial protection against EBOV was also achieved in this study showing no
new EVD cases from 10 days after vaccination. VSV-ZEBOV was approved for
EVD by the FDA under the brand name Ervebo in December 2019 (Ollmann Saphire
2020).

9.6 COVID-19

For obvious reasons, due to the current pandemic COVID-19 vaccine development
has received plenty of attention. In addition to other approaches such as inactivated
and live attenuated vaccines, protein subunit and peptide vaccines, and nucleic acid-
based vaccines, viral vectors have been applied (Lundstrom 2020b) (Table 9.5). For
instance, the simian Ad virus vector ChAdOx1-S expressing the SARS-CoV-2 S
protein elicited strong humoral and cellular immune responses in mice and rhesus
macaques preventing pneumonia in immunized macaques (Folegatti et al. 2019; van
Doremalen et al. 2020). In another Ad5 based preclinical study, expression of
SARS-CoV-2 S induced strong immune systemic S-specific antibody and cell-
mediated immune responses in immunized mice and rhesus macaques (Feng et al.
2020).

A single intramuscular or intranasal vaccination with Ad5-S-nb2 protected
macaques against SARS-CoV-2 challenges. In another approach, a single immuni-
zation with Ad26 expressing SARS-CoV-2 S elicited binding and neutralizing
antibody responses and protected immunized hamsters against SARS-CoV-2
induced weight loss, pneumonia and death (Tostanoski et al. 2020). Additionally,
a single immunization with Ad26-SARS-CoV-2 S induced robust neutralizing
antibody responses in rhesus macaques and furthermore provided complete or
near-complete protection in bronchoalveolar lavage and naval swabs after SARS-
CoV-2 challenges (Mercado et al. 2020).

As lung is a vital organ for SARS-CoV-2 infection, the MVA poxvirus has been
proposed for application on mucosal surfaces of the respiratory tract as a candidate
for a COVID-19 vaccine (Förster et al. 2020). A non-replicating MVA-based VLP
vaccine against COVID-19 has now entered preclinical evaluation (https://www.
geovax.com/technology-pipeline/ infectious-diseases). In the case of MV, the full-
length SARS-CoV-2 S gene was introduced into two positions in the MV genome
(Hörner et al. 2020). The construct providing lower SARS-CoV-2 S protein levels
was stable and elicited efficient Th1-biased antibody and T cell responses in mice
after two immunizations. VSV vectors expressing the SARS-CoV-2 S protein
elicited neutralizing antibodies and provided protection against challenges with
SARS-CoV-2 in immunized mice (Case et al. 2020). Moreover, the replication-
competent VSVΔG vector, where the VSV G protein was replaced by the SARS-
CoV-2 S protein elicited neutralizing antibodies and protected Syrian golden ham-
sters against SARS-CoV-2 after a single immunization with 5 × 106 pfu of VSVΔG-
SARS-CoV-2 S particles (Yahalom-Ronen et al. 2020).
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Table 9.5 Viral vector-based COVID-19 vaccines

Viral vector/target Stage Response

Adenovirus

ChAdOx1-S Pre Strong immune responses, prevention of pneumonia in
primates

ChAdOx1-S Phase I/II Humoral and cellular responses in all participants

ChAdOx1-S Phase III Trial on hold due to suspect adverse events, but then
resumed

ChAdOx1-S Phase III Vaccine efficacy 70-90%

ChAdOx1-S EUA Vaccine approved for EUA in the UK on
January 4, 2021

Ad5-S-nb2 Pre Strong antibody-specific response, protection against
SARS-CoV-2

Ad5-S-nb2 Phase I Humoral and T cell responses in volunteers

Ad5-S-nb2 Phase II Robust immune responses

Ad5-S-nb2 Phase III Good safety and immunogenicity

Ad5-S-nb2 EUA Vaccine approved for EUA in China and other
countries

Ad26.COV2-S Pre Antibody responses, protection against SARS-CoV-2
in hamsters

Ad26.COV2-S Pre Antibody responses, protection against SARS-CoV-2
in macaques

Ad26.COV2-S Phase I/II Neutralizing antibodies in 90% of participants

Ad26.COV2-S Phase III Good safety and immunogenicity

Ad26.COV2-S EUA Vaccine approved for EUA by the FDA

rAd26-S/rAd5-S Phase I/II Good safety, humoral and cellular responses in all
participants

rAd26-S/rAd5-S Phase III Good tolerability, 91.6% vaccine efficacy

rAd26-S/rAd5-S EUA Vaccine approved for EUA in Russia

Poxvirus

MVA Pre Preclinical studies in progress

Measles virus

MV-SARS-CoV-2 S Pre Neutralizing antibody and T cell responses in mice

MV (TMV083) Phase I Weak immune responses, study discontinued

Lentivirus

LV-DCs Phase I/II Safety and immunogenicity evaluation of
LV-DC + antigen-specific CTLs

Rhabdoviruses

VSV-SARS-CoV-2 S Pre Neutralizing antibodies, protection in mice

VSV-SARS-CoV-2 S Phase I Weaker immune response than in COVID-19 patients,
study terminated

VSVΔG-SARS-CoV-2 S Pre Neutralizing antibodies, protection in hamsters

VSVΔG-SARS-CoV-2 S Phase I/II Study in progress

Ad adenovirus, ChAdOx1-S simian adenovirus expressing SARS-CoV-2 S protein, CTLs cytotoxic
T lymphocytes, EUA Emergency Use Authorization, LV-DCs lentivirus-transduced dendritic cells,
MV measles virus
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Based on encouraging results from preclinical evaluation, several clinical trials
have been launched (Table 9.5). In this context, in the first-in-human, dose-
escalation, non-randomized phase I study, three doses of 5 � 1010, 1 � 1011 and
1.5 � 1011 Ad5-SARS-CoV-2 S particles were administered to 108 healthy volun-
teers for safety, tolerability and immunogenicity evaluations (Zhu et al. 2020b)
(ChiCTR2000030906). Despite some minor pain reactions, no serious adverse
events were recorded. Peak humoral responses against SARS-CoV-2 were detected
28 days after vaccination and rapid SARS-CoV-2-specific T cell responses were
registered 14 days post-vaccination. Furthermore, the vaccine candidate was safe
and induced robust immune responses in the majority of individuals after a single
dose in a phase II clinical trial (Zhu et al. 2020a). The Ad5-SARS-CoV-2 S has been
evaluated in phase III trials (NCT04526990, NCT04540419) and has received EUA
in China and some other countries. Interim results from a phase I/II study on the
Ad26.COV2-S vaccine in 805 healthy volunteers in Belgium and the US elicited
neutralizing antibodies in 90% of participants (Sadoff et al. 2021). Moreover,
several phase III studies have been conducted (NCT04505722, ISRCTN14722499),
which has resulted in EUA by the FDA (Ad26.COV2-S FDA Approval Status.
drugs.com/history/ad26-cov2-s.html (accessed on September 2, 2021). Controversially,
the Sputnik V vaccine, developed by the Gamaleya Research Institute of Epidemi-
ology andMicrobiology in Russia, was approved in Russia before completion of any
phase III trial and even publication of preclinical and clinical findings (Callaway
2020). Sputnik V, the rAd26 and rAd5 vector-based vaccine (expression of the S
protein, i.e. rAd26-S and rAd5-S) had at the time of approval only been evaluated in
76 volunteers. Finally, weeks after the approval the results from two phase I/II
clinical trials were published (Logunov et al. 2020). In phase I, the volunteers
received intramuscularly either one dose of rAd26-S or rAd5-S (NCT04436471).
In the phase II prime-boost regimen, participants were administered intramuscularly
rAd26-S followed by rAd5-S 21 days later (NCT04437875). Most adverse events
observed were mild and no serious events were seen. SARS-CoV-2- specific anti-
bodies were detected in all vaccinees. The immunization showed a good safety
profile and induced strong humoral and cellular immune responses. Although
approved weeks earlier, it is stated in the publication that “further investigation is
needed of the effectiveness of this vaccine for prevention of COVID-19” (Logunov
et al. 2020). Additionally, interim results from a phase III trial showed good
tolerability and 91.6% efficacy of the Sputnik V vaccine (Logunov et al. 2021).
Related to the chimpanzee Ad virus vector ChAdOx1, preliminary results on safety,
reactogenicity and immunogenicity from a phase I/II trial showed no serious adverse
events in healthy volunteers after a single intramuscular injection of 5 � 1010

particles (Folegatti et al. 2020). Moreover, SARS-CoV-2-specific neutralizing anti-
bodies were detected in 32 (91%) of 35 immunized individuals. All participants
elicited both humoral and cellular immune responses after a booster dose. These
encouraging results enabled a large-scale evaluation of vaccine efficacy in a ran-
domized, double-blind, placebo-controlled multicenter phase III trial in 40,000
adults, which started in August 2020 (NCT04516746). However, in early September
it was announced that the phase III trial was put on hold due to suspect adverse
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events occurring in one participant (Phillips et al. 2020). Following an investigation,
the trial resumed. Interim results from the phase III trial (NCT04516746) showed
vaccine efficacy of 70.4% after data were combined from two dosing regimens
(www.ox.ac.uk/news/2020-11-23-oxford-university-breakthrough-global-covid-19-
vaccine). The study demonstrated that that a higher efficacy of 90% was achieved by
using a 50% dose for the prime vaccination and a standard dose for the boost
immunization. In contrast, standard prime-boost dosing showed 62% efficacy.
Moreover, based on interim analysis of a phase III trial, the vaccine showed an
acceptable safety profile and efficacious against symptomatic COVID-19 (Voysey
et al. 2021). On January 4, 2021, the ChAdOx1-S vaccine was approved in the
UK for EUA.

In the context of lentiviruses, a phase I/II clinical trial is in progress in Shenzen
China in 100 healthy volunteers using a lentivirus vector containing minigenes of
multiple conserved regions of SARS-CoV-2 (NCT04276896). Lentivirus transduced
DCs (LV-DC), 5 � 106 cells, will be subcutaneously administered in combination
with intravenously injected 1 � 108 antigen-specific CTLs for safety and immuno-
genicity evaluations. The MV-SARS-CoV-2 S vaccine candidate TMV-083 has also
been subjected to a phase I clinical trial. However, early reports of disappointingly
weak immune responses in healthy volunteers led to the termination of the trial
(NCT04497298). Similarly, a phase I clinical trial on the VSV-SARS-CoV-2 S
V590 vaccine was discontinued due to immune responses being weaker than seen
in convalescent COVID-19 patients (NCT04569786). The VSVΔG-SARS-CoV-2
vaccine is currently evaluated in a phase I/II clinical trial (NCT04608305).

9.7 Approved Drugs

Although gene therapy has encountered serious setbacks with the death of patients
treated with an Ad vector for OTC deficiency, a non-life-threatening disease
(Lehrman 1999) and the retrovirus-based therapeutic intervention of SCID-X1
patients resulting in leukemia (McCormack and Rabbitts 2004; Hacein-Bey-Abina
et al. 2008; Fischer and Hacein-Bey-Abina 2020), the field has experienced a true
renaissance in recent years.

The first gene therapy drug (Gendicine™) based on viral vectors, an oncolytic Ad
virus vector expressing the p53 gene, was approved already more than 12 years ago
in China (Räty et al. 2008). More than 30,000 patients have been treated for cancers
with p53 mutations and head and neck cancers with Gendicine™ showing good
safety records and superior response compared to standard therapies, especially in
combination with chemotherapy and radiotherapy (Zhang et al. 2018). Moreover, a
second-generation oncolytic HSV expressing GM-CSF was approved in the US and
Europe for melanoma treatment (Fukuhara et al. 2016; Kaufman et al. 2010).
Although success in gene therapy drug development has been achieved, a warning
example is illustrated by Glybera™, the AAV-based treatment of the monogeneic
inherited disease lipoprotein lipase deficiency (Ylä-Herttuala 2015). Despite
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approval in Europe, UniQure did not apply for a license renewal for the continued
clinical use of Glibera™ because of lack of demand for the rare disease. In the
context of viral vector-based vaccines, the EBOV vaccine based on the
VSV-ZEBOV vector was approved by the FDA under the brand name Ervebo in
December 2019 (Ollmann Saphire 2020). For more information of approved gene
therapy-based drugs a list can be found at https://www.fda.gov/vaccines-blood-
biologics/cellular-gene-therapy-products/approved-cellular-and-gene-therapy-
products.

9.8 Conclusions and Future Aspects

Since the first applications of viral vectors, the progress of gene therapy has been
astonishing. Despite the setbacks with the treatment of the non-life-threatening
disease OTC with Ad virus (Lehrman 1999) and the retrovirus-based therapy of
SCID-X1 leading to leukemia (Fischer and Hacein-Bey-Abina 2020), extensive
vector development regarding safety and delivery issues has led to a renaissance in
gene therapy. Numerous preclinical studies have showed proof-of-concept for var-
ious disease indications applying different viral vector systems. Moreover, clinical
trials have confirmed safety, tolerability and efficacy in patients suffering from
different ailments. Similarly, viral vector-based vaccine development has shown
promising results in both preclinical studies and clinical trials. Moreover, several
viral vector-based gene therapy drugs and vaccines have been approved in China,
Europe and the US.

Despite these positive developments, there is need for further improvement of
gene therapy technologies related to vector engineering from the safety and delivery
point of views. It should also be seen as an advantage that a multitude of vector
systems are developed as clearly no single system can address all issues related to
delivery, targeting, and duration of transgene expression. Obviously, the current
COVID-19 pandemic has accelerated vaccine development, and in this context viral
vectors also play an important role as has been confirmed by EUA of several Ad
virus-based COVID-19 vaccines (Regulatory Approval of COVID-19 Vaccine
AstraZeneca—GOV.UK. Available online: www.gov.uk (accessed on September
2, 2021); Ad26.COV2-S FDA Approval Status. drugs.com/history/ad26-cov2-s.
html (accessed on September 2, 2021)).
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Chapter 10
Eukaryotic Virus Interactions
with Bacteria: Implications for Pathogenesis
and Control

Melissa K. Jones, Erin A. Almand, Anand Soorneedi, and
Matthew D. Moore

Abstract As has been highlighted by the recent COVID-19 pandemic, eukaryotic
viral infections impose a considerable public health and economic burden. Such viral
infection occurs in the presence of other microorganisms like bacteria, and in many
cases the composition and presence of these microorganisms has been found to
influence numerous factors and outcomes associated with viral infection. Such
interactions between eukaryotic viruses and bacteria will be surveyed in this chapter.
Specifically, these interactions have potential to enhance or inhibit viral infection in
numerous ways through both direct and indirect interactions. Such interactions also
occur in numerous tissues throughout the host body, with special focus on the effect
of the bacteria in the intestines and lungs. Finally, the chapter will conclude by
presenting the latest set of work on the influence of host bacteria on SARS-CoV-2
infection, while identifying areas of needed future research.

10.1 An Introduction to Virus Interactions with Bacteria

Viral infections are dependent on several different factors which can be broadly
divided into three categories: host factors, environmental factors, and the microbiota.
Host factors include but are not limited to expression of viral receptors, regulation of
cellular tropism of the viruses, regulating the immune response to viral infection, and
transmission, among others (Neu and Mainou 2020).

Studying the role of host microbiota in virus infections has gained traction in
recent years thanks to efforts by various research groups. Briefly, the host microbiota
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represents the entirety of microorganisms inhabiting an organism, and plays a major
role in viral infection. Much of that role is accomplished through direct interaction,
often by interacting either with the virus particles or by producing microbial products
which can bind to the virus particles and regulate the viral life cycle (Bradley and
Jackson 2008; Wilks and Golovkina 2012). Commenting on the role of components
other than bacteria that make up a bulk of the microbiota in regulating viral
infections is beyond the scope of this review. This review will focus on the bacterial
component of microbiota and its role in regulating viral infection. Though Eukary-
otic viruses are not entirely at the mercy of bacteria for their survival, bacteria can
regulate several aspects of viral fitness by regulating virion stability, increasing
coinfection rates, enhancing viral diversity/recombination, and other functions
(Karst 2016). Further, the binding of viruses to bacteria can in some cases impact
the bacterial biology.

10.2 Evidence for Direct Interactions Between Viruses
and Microbiota

Influenza virus has been shown to bind to several groups of Gram-negative and
Gram-positive bacteria which confers a fitness benefit for the bacteria during sub-
sequent binding of those bacteria to host cell receptors. Furthermore, the release of
progeny influenza virus particles from host cells can mediate a subsequent enhanced
binding of bacterial strains to those host cells (Rowe et al. 2019). This was previ-
ously observed for bacterial pathogens including Streptococcus pneumoniae,
Morxella cattarhalis and Staphylococcus aureus (Kang and Kang 2021; Spacova
et al. 2021). This enhanced binding of bacteria to host cells following attachment to
influenza virus is due to neuraminidase activity of the influenza virus particles.
Briefly, the neuraminidase can promote cleavage of host sialic acids whose compo-
nents in turn can provide energy for bacterial growth. Also, the neuraminidase can
facilitate bacterial binding by disrupting both host mucus and host glycans (Engevik
and Engevik 2021; Wei and Pieters 2021). The activity of neuraminidase could be
detrimental to some bacterial species which rely on the host mucus and glycans for
efficient binding and entry into respective cells. The association of bacteria with
virus could be mutually beneficial in that the binding may help virus particles to
remain stable in the extracellular environment during transmission and the bacterial
species in return can rely on the virus particles for enhanced adhesion to host cell
receptors. These interspecies interactions could also have potential immunological
implications because antigen-presenting cells bearing from both pathogen species
can elicit a much stronger immune response and is not uncommon (Rowe et al.
2019).
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10.2.1 Respiratory Syncytial Virus-Bacterial Interactions
Facilitate Streptococcus pneumoniae Infection

The efficacy of RSV-bound S. pneumoniae to infect airway epithelial cells has been
shown to increase when compared with unbound bacteria (Smith et al. 2014).
Furthermore, flow cytometry studies have unraveled the role of RSV G-protein in
mediating the binding of RSV to S. pneumoniae (Avadhanula et al. 2007). Mouse
studies have also shown that RSV not only helps S. pneumoniae bind more effi-
ciently to bronchial epithelial cells but also aids in increasing colonization and
invasiveness of the bacterial species.

10.2.2 Gut Microbiota in the Pathogenesis of Intestinal
Viruses

The human gut microbiome is host to approximately 1014 organisms which help
maintain homeostasis (Acevedo and Pfeiffer 2021). This is achieved by regulating
several aspects of the immune system including immune cell homeostasis and
function, mediating T-cell immune response, producing antimicrobial peptides and
other products that can regulate inflammation etc. The gut microbiota has been
shown to play a major role in regulating infection by the gastroenteritis-producing
viruses rotavirus and norovirus (Huang 2020; Segrist and Cherry 2020; Tarris et al.
2021). These effects could either be stimulatory or inhibitory depending on the
players involved. Most of the studies on bacteria-virus interactions in the context of
the GI-tract were carried out in animal or cell culture models using surrogate viruses
and thus have their own shortcomings. A recent study on the role of gut microbiota
in rotavirus infection has revealed that bacterial strains belonging to the
Ruminococcus and Oxalabacter genera can interact with the human rotavirus and
significantly reduce viral infectivity in vitro (Gozalbo-Rovira et al. 2021). The
binding of Ruminococcus gauvreauii to rotavirus is mediated by histo-blood group
antigen (HBGA)-like substances. The data from this study points to the negative
correlation between Ruminococcus levels and antibody titers against rotavirus and
opens new possibilities for antiviral development.

Bacterial derived short chain fatty acids (SCFAs) help fill a gap in our under-
standing of microbiota-virus interactions. Many SCFAs such as butyrate, propionate
and acetate are produced as byproducts of dietary fiber fermentation by bacteria,
most notably by anaerobic Gram-positive Firmicutes of the Clostridia class (Lee
et al. 2020). Notably, SCFAs can affect enteric virus infections by (i) altering
expression of specific immune response genes and (ii) altering intestinal metabolism
in general. Mice treated with streptomycin exhibited reduced shedding of the enteric
picornavirus coxsackievirus B3 (species enterovirus B), but not poliovirus (species
enterovirus C) pointing to the possibility of distinct microbial dependence among
closely related viruses (Acevedo and Pfeiffer 2021). The mechanism behind how
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SCFAs can regulate enteric virus infection remains unknown and needs further
studies.

Enteric virus infection is also dependent on host bile acid metabolism mediated
by the microbiome, as demonstrated by studies on human norovirus. Bile acids can
bind to the norovirus capsid protein and facilitate efficient binding to CD3001f, a
receptor for murine norovirus (Kong et al. 2021). Bacteria mediated bile acid
modification can suppress murine norovirus infection in the proximal intestine
indicating the role of bacteria in negatively regulating enteric virus infection
(Acevedo and Pfeiffer 2021). Furthermore, bile acids have also been shown to
negatively regulate rotavirus infection by downregulating rotavirus-induced lipid
synthesis. Taken together, these studies indicate the role of bacteria-modified bile
acids in regulating enteric virus infection.

10.3 Circadian Rhythms of the Microbiota: Potential
Implications for Viral Infection

Growing evidence about circadian rhythms and their role in regulating the host
microbiota and host responses has led to several questions about the possible role of
these rhythms in enteric virus infection (Mazzoccoli et al. 2020). Circadian disorders
can lead to microbial dysbiosis which in turn could affect enteric virus infection
(Borrmann et al. 2020; Maiese 2020; Ray and Reddy 2020; Sultan et al. 2021).
While our knowledge about the role of circadian rhythms in regulating host cell
immune responses and microbial dysbiosis is limited, it would be interesting to study
their role in enteric virus infections as it could help answer some of the most
important questions about the role of a host’s 24-h cycle in enteric virus infections.

10.4 Role of Viruses in Enhancing Bacterial Superinfections

In the case of Influenza A virus, susceptibility to secondary infections is quite
common due to several factors as elucidated by studies in mice models (Paget and
Trottein 2019; Rynda-Apple et al. 2015). The multifactorial mechanism involves but
is not limited to changes in the respiratory barrier, epithelial cell death and mucin
degradation brought about by influenza A infection. These changes render the host
cells susceptible to infection by bacteria by exposing new attachment sites
(Robinson et al. 2015). Influenza A virus can also disrupt the ciliary mechanism of
the lung epithelial cells thereby impairing the bacterial clearing mechanism (Kuek
and Lee 2020). The immune response post-influenza A infection is significantly
altered as evident by disruption of macrophages and neutrophils leading to a rapid
decline in the host’s antibacterial defenses. Bacterial superinfection post-influenza
infection is mediated by type III interferons, which act by disrupting the nasal
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microbiome (Barman et al. 2021). While the underlying mechanism of how influ-
enza A infection can lead to subsequent bacterial infections is still under investiga-
tion, overwhelming evidence from animal model studies point toward altered nasal
barrier functions and dysregulated immune responses. These studies arm us with
evidence about active sites that potentially can be targeted during viral infections to
prevent subsequent bacterial superinfections.

10.5 Role of Microbiome in Shielding from Viral Infections

Evidence for the role of commensal bacteria (an integral part of the microbiome) in
preventing infections by invading viral pathogens is increasing. Commensal bacteria
prevent invasion and colonization of viruses by eliciting immune responses that are
inhibitory for virus replication. Studies have shown that infant mice primed with
Corynebacterium pseudodipthericum improved their resistance against RSV infec-
tion by modulating the immune response through TLR-3 activation. Similar protec-
tive effects were observed when Lactobacillus rhamnosus was used to treat infant
mice before infection with RSV. The role of commensal bacteria in restricting
infection by viral pathogens can be attributed to the various factors expressed by
these bacteria. One such factor expressed by Staphylococcus epidermidis has been
designated an extracellular matrix-binding protein and prevents influenza virus
infection by directly attaching to the virus particles and thereby blocking their
adhesion to the host cells.

Another study with the enteric picornavirus, encephalomyocarditis virus (EMCV,
species cardiovirus A), has shown that the intestinal microbiome plays a prominent
role in protecting the host from systemic virus infection by enteric viruses. Depleting
the microbiota using an antibiotic cocktail in mice exacerbated mortality, viremia
and viral replication in the brain following infection by EMCV. This is due to an
impaired innate immune response which otherwise would be mounted against
EMCV systemic infection. Upon monocolonization with Blautia coccoides, which
naturally is an enteric commensal and formerly named Clostridium coccoides, the
antibiotic-treated mice exhibited alleviated EMCV pathogenesis and restricted viral
replication. This antiviral result is achieved by promoting type I interferon response
in macrophages, which restricts EMCV infection. That study illustrates the role of
specific commensal bacterial species in regulating type I IFN mediated innate
immune response upon viral infection (Yang et al. 2021).

10.6 Effects of Virus Binding on Bacteria

Enteric viral infection can have direct implications for the bacteria which comprise
the microbiome. These bacteria influence mucin production, alter the permeability of
the intestinal barrier through regulation of tight junctions, and modulate innate
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immune responses (Al-Asmakh and Hedin 2015; Monedero et al. 2018; Schroeder
2019). Therefore, changes in presence or composition of microbiome as the result of
viral infection may contribute to the demonstrated bacterial enhancement of enteric
viral replication. Viral infection often results in significant disruptions in the com-
mensal microbiota. During human norovirus infection, a significant loss in both
microbial diversity and richness are observed with a specific increase in
Proteobacteria and a decrease in Bacteroidetes (Nelson et al. 2012). Similar changes
are seen during murine norovirus infection (Hickman et al. 2014). In this murine
model of infection, it has also been shown that levels of bacterial species typically
considered protective for the host (e.g. Lactobacillus) are reduced during infection
(Lee and Ko 2016). When present, these bacteria are hypothesized to increase IFNβ
and IFNλ expression, thus, their removal during infection would dampen these
critical anti-viral responses leading to enhanced viral replication. Likewise, during
rotavirus infection, significant decreases in Bacteroidetes and Firmicutes with an
increase in Proteobacteria are also observed (Jang et al. 2019). However, it has been
shown that rotavirus infection can not only result in changes at the genus level, but
can induce species level changes as well. For example, human rotavirus infection
shifts the predominant Bacteroides spp. from B. vulgatus and B. stercoris to
B. fragilis (Zhang et al. 2020). The implications of this very specific shift are not
yet known, however, B. fragilis is considered an opportunistic pathogen in the gut
and its predominance may lead to increased intestinal barrier permeability.
Astrovirus infection has also been shown to decrease the presence of “healthy”
commensal bacteria. Studies have shown that Bifidobacterium is significantly
reduced during human astrovirus infection (Ma et al. 2011). Changes in microbiome
diversity are recapitulated in mouse models where astrovirus infection results in a
decrease in microbial diversity and a disruption in bacterial composition (Cortez
et al. 2019).

In addition to enteric viral infections invoking perturbations in the intestinal
microflora, eukaryotic viral infections occurring in other locations of the body
have also been demonstrated to result in changes to the gut microbiome. Infections
with the retroviruses designated human immunodeficiency viruses (HIV), the
orthomyxoviruses that cause influenza, the hepadnavirus hepatitis B (HepB), and
the flavivirus hepacivirus C (hepatitis C, HCV) all result in alterations in the
composition of the intestinal microbiota with significant reductions in microbial
diversity which oftentimes includes an increase in abundance of potentially patho-
genic species (Aly et al. 2016; Dang et al. 2012; Groves et al. 2018; Inoue et al.
2018; Li et al. 2014; Wang et al. 2017; Xu et al. 2012; Yildiz et al. 2018). With all of
these viruses, changes in the intestinal bacteria not only altered local host responses,
but also impacted disease at the local sites of viral replication (Li et al. 2019).
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10.7 Enteric Virus-Bacteria Interactions

The ability of commensal bacteria to alter enteric viral infection appears to be
ubiquitous given that the microbiota has been shown to play a role in enhancing
infection for every viral pathogen studied to date (Jones et al. 2014; Kane et al. 2011;
Kuss et al. 2011; Robinson et al. 2014; Robinson and Pfeiffer 2014; Uchiyama et al.
2014). The ability of the intestinal flora to alter infection was first brought to light by
two independent research groups studying either the picornavirus species enterovi-
rus C (poliovirus) or the retrovirus mouse mammary tumor virus (MMTV) (Kane
et al. 2011; Kuss et al. 2011). These simultaneously published studies not only
brought the role of commensal bacteria to the forefront, but they also immediately
revealed that bacteria can impact infection through very distinct mechanisms, with
enhancement of viral replication at times occurring either via direct interaction
between bacteria and viruses, or indirectly through bacterial modulation of the
immune response.

10.7.1 Direct Interactions

Norovirus, poliovirus and reovirus are all capable of binding to the bacterial surface
(Almand et al. 2017a, b; Berger et al. 2017; Erickson et al. 2018), indicating that
these direct interactions may play a role in the bacterial enhancement of viral
infection. For poliovirus and MMTV it has been determined that the viruses bind
to the bacterial LPS (Kane et al. 2011; Kuss et al. 2011). Human noroviruses are well
established to bind to histo-blood group antigens on host cells (Tan et al. 2004).
Commensal bacteria can also express HBGA-like glycans on their surface and it is
likely that these compounds can mediate norovirus attachment (Miura et al. 2013).
However, these viruses can also bind to non-HBGA expressing bacteria, indicating
there are other surface molecules that may allow for viral attachment (Almand et al.
2017a, b, c). Reoviruses also associate with commensal bacteria, likely through
interactions with LPS and peptidoglycan (Berger et al. 2017). For some viruses,
these interactions have been established to play a direct role in enhancement of viral
infection. For example, during poliovirus infection, interactions with LPS stabilize
the virion and enhance viral attachment to host cells (Robinson et al. 2014).
Interactions with LPS also enhance the thermostability of reovirus (Berger et al.
2017). For human noroviruses, interaction with HBGA-like compounds on the
bacterial surface can also protect against high heat stress (Li et al. 2015). There is
some evidence that viral interaction with bacterial surface components may also
enhance viral attachment to target cells, but this is only true for some cell types
(Jones et al. 2014). However, a conflicting recent report suggests that binding to
bacteria does not enhance virion stability for multiple human norovirus surrogates
co-cultured with E. cloacae and subjected to bleach and heat treatment (Deng et al.
2019).
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10.7.2 Indirect Immune-Mediated Interactions

Enteric virus interactions with commensal bacteria can also have indirect effects on
viral infection. One widely described example is the ability of virus-bacterial
interaction to suppress host anti-viral immune responses (Baldridge et al. 2015;
Grau et al. 2020; Kane et al. 2011; Wilks et al. 2015). Co-presentation of bacterial
and viral antigens can lead to the induction of bystander suppression which ulti-
mately dampens anti-viral immune responses and allows for persistence of MMTV
(Jude et al. 2003; Kane et al. 2011; Wilks et al. 2015). During murine norovirus
(MNV) infection, it appears that commensal bacteria suppress IFN-L responses
which allow for viral persistence during chronic infection (Baldridge et al. 2015;
Wilen et al. 2018). Type III IFNs also influence regionalization of acute murine
norovirus infection through the activities of commensal bacteria. Specifically, trans-
formation of bile acids by commensal bacteria leads to priming of type III IFN
response resulting in suppression of norovirus infection in the proximal small
intestine (Grau et al. 2020). In addition to altering immune responses, commensal
bacteria can indirectly impact viral infection through promotion of viral recombina-
tion. Although the precise mechanisms by which this occurs are not yet known, it has
been shown that poliovirus interactions with commensal bacteria can lead to
increased viral co-infection and promote viral? genetic recombination during viral
replication (Erickson et al. 2018). This phenomenon could ultimately increase virus
adaptability as well as lead to the emergence of new viral strains.

For example, HIV infection results in a significant reduction in enteric commen-
sal microbial diversity with a simultaneous increase in the abundance of potentially
pathogenic species. This reduced microbial richness is accompanied by an increase
in Firmicutes, and proteobacteria phyla (Sun et al. 2016; Vujkovic-Cvijin et al.
2013). Influenza infection also alters the gut microbiota, although changes to specific
bacterial phyla depend on the animal model and viral subtypes used. However,
Firmicutes are decreased in nearly all the studies. During hepatitis B and hepatitis C
infection, composition of the enteric bacterial community is altered and enrichment
of the potentially pathogenic bacteria is accompanied by a decrease in beneficial
bacteria. There are even some specific bacterial species that can “indirectly maintain
barrier permeability by producing metabolites associated with reduced expression of
the rotavirus toxin NSP4 (Gonzalez-Ochoa et al. 2017). Rotavirus infection also
leads to changes in diversity and composition of the microbiome, however, its
impacts on specific bacterial populations differ compared to noroviruses and
astroviruses (Chen et al. 2017). Transiently, enteric viral infections can be associated
with decreases in enteric bacterial diversity and significant alterations in bacterial
composition of the microbiome (Chen et al. 2017; Dinleyici et al. 2018).

Antimicrobial peptides produced by commensal bacteria may also have antiviral
properties. The bacteriocin duramycin, that is produced by Streptomycetes, has been
shown to prevent cellular entry by the flavivirus Zika by blocking the TIM1
co-receptor (Tabata et al. 2016). Subtilosin that is produced by Bacillus disrupts
late infectious stages of the alphaherpesviruses Human alphaherpesvirus 1 (HSV 1)
and Human alphaherpesvirus 2 (HSV 2) (Caignard et al. 2013; Quintana et al. 2014).
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10.7.3 Respiratory Virus-Bacteria Interactions

While the gastrointestinal tract provides an ideal, nutrient-rich location for microbes
to colonize and multiply, the respiratory tract is generally considered a low-nutrient
environment, lined with bacteriostatic compounds, and a wide range of body
temperature zones (Dickson et al. 2016, 2017). The upper respiratory tract (URT)
is an interconnected pathway that provides the external openings, and thus the
exogenous sources of microbes to the respiratory system. The URT contains the
anterior nares, nasal and oral cavities, middle ear, sinuses plus the pharynx and top
portion of the larynx. The lower respiratory tract (LRT) is comprised of the lower
portion of the larynx, trachea and lungs, made up of bronchi, bronchioles and alveoli.
The microbial richness is higher in the upper respiratory tract, which contains
components of the skin microbiome and species generally isolated to the respiratory
tract; however, the lower respiratory tract also contains a distinct bacterial population
(Hament et al. 1999; Hanada et al. 2018). Due to their proximity and bidirectional
flow, there are a lot of similarities between the microbes that colonize or cause
infection in these areas. The lung microbiota, in particular, is influenced by the rest
of the respiratory tract, as microbial immigration is its main source of colonization
(Dickson and Huffnagle 2015), generally through microaspiration (Venkataraman
et al. 2015; Dickson et al. 2016). Microorganisms in this area are also dependent on
the rate of elimination from the region, and the rate of reproduction (Dickson and
Huffnagle 2015). This bacterial movement may increase during a bacterial infection,
as the microbial burden will increase, and is also subject to influence from gastro-
intestinal reflux, medications and prolonged periods in a supine position (Dickson
et al. 2016). With a lot of bacterial movement occurring between the upper and lower
respiratory system, there are lots of opportunities for infections, both bacterial and
viral in nature.

Disease in the respiratory tract may follow many different paths. However,
typically an acute viral respiratory infection may be followed up by a prolonged
and clinically significant bacterial infection (Diavatopoulos et al. 2010; Avadhanula
et al. 2006). While there is debate on the timing and scale of interaction during
subsequent and potential coinfections, respiratory infections provide an interesting
look at the struggle between commensal bacteria, pathogens and the immune system.
In general, virus-bacteria interactions in the respiratory system may be broken into
two categories: indirect effects on the bacterial contingent of the microbial commu-
nity and direct effects on its individual component species. There are some viruses
that require certain inputs from bacterial neighbors, whereas other viruses cause
shifts in the respiratory terrain, affecting the overall diversity of microbes in the area,
and skewing the population towards opportunistically pathogenic microbes
(Beadling and Slifka 2004; Neu and Mainou 2020). The combination of a viral
respiratory infection superimposed by a bacterial infection is the difference between
infection of swine by the swine influenza virus, which produces a disease that
typically is relatively mild, and the very severe disease known as swine flu. Swine
flu occurs when the influenza virus infection is accompanied by infection with the
bacterial species Haemophilus influenzae (Shope 1931).
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For the virus mediated microbiome shifts, these may be due to cellular damage
after an infection, accompanied by increased presence of microbial adhesion pro-
teins, and inappropriate immune system function (Vareille et al. 2011; Almand et al.
2017a; Bosch et al. 2013). Epithelial cell damage occurs in a variety of ways during
an infection. Many viruses replicate intracellularly, causing damage to the host cell,
and in some cases causing cell lysis or apoptosis. This viral cytotoxicity results in a
loss of epithelial integrity, (Folkerts et al. 1998) ultimately disrupting the protective
barrier and inhibiting the hosts repair mechanisms. The loss of this protective barrier
exposes extracellular proteins such as fibronectin, which are often upregulated in the
presence of certain viruses, like the picornaviral species rhinovirus A, B, and C, and
those upregulated proteins also comprise binding targets for many bacterial species
(Bosch et al. 2013). In addition to destroying the cells, and exposing potential
binding sites, some viruses, such as the orthomyxoviruses that cause influenza and
the paramyxoviruses which cause parainfluenza, make enzymes to aid bacterial
adhesion. These viruses create neuraminidase, which cleaves oligosaccharides and
exposes bacterial binding sites, creating niches for bacterial colonization (Peltola
et al. 2005; Peltola and Mccullers 2004; Tappert et al. 2013). While the enzymatic
actions of these viruses directly damaging respiratory epithelium allows the sur-
rounding bacteria to flourish, some respiratory viruses are also capable of causing an
immune system malfunction, leading to an ineffective immune response against
bacteria in the area, and potentially resulting in a super infection (Vareille et al.
2011). In some instances, the host response feedback loop that should be clearing the
microbial invader, instead actually promotes its growth. In the lungs, the production
of intra-alveolar catecholamines, part of the alveolar inflammatory response associ-
ated with viral infections yields an increase in Streptococcus pneumoniae biofilm
production, growth and virulence leading to acute cases of pneumonia (Dickson
et al. 2016; Kanangat et al. 1999).

The interplay between viruses and bacteria is complex, and each human
microbiome is unique. Despite the inherent differences in microbial communities,
some pattern shifts and specific pathogen interplay is conserved across infections. In
a broad sense, the common respiratory pathogens Haemophilus influenzae and
Streptococcus pneumoniae are isolated more frequently and in larger numbers
from patients with viral infections, versus healthy individuals, suggesting at a
minimum, there is a link promoting bacterial colonization post viral infection
(Avadhanula et al. 2006; Smith et al. 1976).

10.8 The Respiratory System: Microbiome Shifts

Upper respiratory infections constitute the bulk of total respiratory infections, with
the vast majority of illness caused by viruses (Kemper Alston and Fahrner 2003).
While pneumonia (lower respiratory infection) causes the highest levels of mortality,
otitis media is an enormous issue for young children (Bosch et al. 2013). Rhinovi-
ruses are the most prevalent respiratory infections, however parainfluenza virus,
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respiratory syncytial virus (RSV), coronavirus, adenovirus, and as well the picorna-
viruses previously known as echoviruses and coxsackieviruses, also are common
culprits in terms of causing respiratory infections (Jain et al. 2001; Kemper Alston
and Fahrner 2003). Clinically, these infections usually present themselves as the
common cold, sinusitis or pharyngitis. When in isolation, these infections have
excellent outcomes, many resolving without medical intervention; however, com-
plications may arise when the infection does not stay localized, but rather infects
larger portions of the respiratory tract (Jain et al. 2001).

The normal microbiota of the upper respiratory tract depends on the specific
physical location, but includes Corynebacterium, Moraxella, Staphyloccocus and
Streptococcus (Depner et al. 2017). Of these common inhabitants, many bacteria are
opportunistic pathogens, behaving as commensals until conditions permit additional
colonization and disease. In contrast to other body sites, the healthy microbiome of
the upper respiratory tract is less diverse than the disease state, making pathogenic
shifts and newcomers more obvious. Although the underlying mechanisms may be
similar, i.e. increased bacterial adherence to respiratory cells, or impair macrophage
function, (Mallia et al. 2012) each of these shifts is specific to the causative viral
agent. For influenza, the nasopharynx bacterial community dramatically shifts from
the typical Staphyococcus and Streptococcus dominated microflora to a diversity
highlighted by an increased abundance of Prevotella, Streptobacillus,
Porphyromonas, Granuliticatella, Veillonella, Fusobacterium and Haemophilus.
Rhinoviruses are the leading cause of upper respiratory tract infections in young
children, and this leads to an associated increase in Streptococcus and Haemophilus
(Depner et al. 2017; Rosas-Salazar et al. 2016). While these produce interactions of
virus and bacteria that are predominately indirect in nature, they remain distinct,
suggesting there are nuances to virus-bacteria co-infections.

Acute Otitis Media (AOM), a classically bacterial infection, has been shown to be
poly-microbial in nature, as viruses commonly play a pivotal role in a switch to
increased bacterial virulence and pathogenicity. In a study, over half of the children
with a viral URT progressed to AOM if either Streptococcus pneumoniae,
Haemophilus influenzae, or Moraxella catarrhalis was present, compared to only
10% of individuals without these pathogens present (Van Den Broek et al. 2019). In
this disease association, influenza A virus, coronavirus NL63, and RSV promote
inflammation and bacterial adherence. In addition to modifying host immune sys-
tems and interfering with antibiotic activity, these viruses also alter mucous proper-
ties and prevent the clearance of bacteria in this area (Marom et al. 2012). From a
bacterial perspective, there are multiple microbiome profiles associated with this
condition, some of which are deemed protective, making individuals less susceptible
to infections, while some others are considered riskier, or more prone to infections.
The helpful bacterial species include: Corynebacterium, Dolosigranulum,
Propionibacterium, Lactococcus, and Staphylococcus. Conversely, a shift to
Haemophilus, Rothia and Actinomyces improves the likelihood of an infection.
Additionally, while these microbes may be part of the normal, healthy flora, an
overabundance or large presence of Moracellaceae, Streptococcaceae or
Pasteurellaceae, moves the microbiome from a healthy state to one commonly
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associated with AOM. To further develop the profile for individuals at risk to
contract an AOM infection, when comparing the middle ear fluid, these individuals
all contained common pathogens S. pneumoniae, H. influenzae, Moraxella
catarrhalis, Turicella otitidis and Staphylococcus auricularis (Van Den Broek
et al. 2019).

Rhinovirus and RSV are common in young children and present similar symp-
toms clinically. Despite these commonalities, the effect on the microbiome is virus
dependent. In infants with only an RSV infection, there is an abundance of
Firmicutes, particularly Streptococcus, with a low abundance of Proteobacteria,
specifically two commonly implicated pathogens are often present: Haemophilus
and Moraxella. Conversely, rhinovirus trends towards low Firmicutes and high
Proteobacteria, in addition to an increase in Neisseria (Allen et al. 2014; Mansbach
et al. 2016). This increased pathogenesis be due to the ciliary injury caused by RSV.
By promoting localized disruption through ciliostasis, the result is mucus agglom-
eration, and the mucociliary transport mechanism typically used to remove bacteria
becomes ineffective and disorganized (Tristram et al. 1998). Another mechanism,
typically observed with rhinovirus infections is macrophage impairment. An
increase in viral load additionally suppresses the immune system, limiting the
number of antimicrobial peptides released, and promoting bacterial colonization
(Mallia et al. 2012). Coupled with these bacterial interactions, both RSV and
rhinovirus are commonly linked with another viral co-infection, the parvoviruses
of the genus Bocavirus. (Hamilos 2015; Lukkarinen et al. 2014; Moesker et al. 2015)
While the acute viral presence in the region often may be limited, these infections
have lingering effects on the respiratory microbiome. Infants with RSV show a
decrease in Staphylococcus aureus when compared to their counterparts, with an
increase in Haemophilus influenzae, a pathogen also linked to the proinflammatory
response and the development of childhood asthma (Fraenkel et al. 1995; Rosas-
Salazar et al. 2016).

Although not commonly thought of as a respiratory pathogen, the effect of
Human Immunodeficiency Virus (HIV) on the oral cavity is well documented
(Asai and Nakashima 2018). Opportunistic oral infections may be found in the
majority of HIV patients (up to 80%), (Dang et al. 2012) potentially due to a
dramatic microbiome remodel in the presence of an HIV infection. The oral
microbiome of HIV positive individuals tends to shift away from a commensal
population with high levels of Lactobacillus and Streptococcus, moving towards a
pathogenic profile featuring known respiratory nuisances Prevotella
melaninogenica, Rothia mucilaginosa, Veionella parvula, Neisseria and
Haemophilus. This trend towards pathogenic species for individuals with an already
compromised immune system is troubling, especially given that HIV positive
individuals may lose lung function following a bout with pneumonia, a phenomenon
not found with the HIV negative community (Asai and Nakashima 2018; Dang et al.
2012; Vidya et al. 2016).

Adenoviruses commonly cause respiratory tract infections, and have been shown
to increase the binding of Streptotoccus pneumoniae, however in this regard adeno-
viruses do not affect all Streptococcus pneumoniae strains equally. Adenoviruses
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expose additional pneumococcal binding sites to promote binding of bacterial strains
which already exhibit binding capabilities, and thus these bacteria seem to become
more adhesive. These cytopathic changes in the respiratory monolayer alter the
mucosa, making it more hospitable for colonization. In vitro this pattern was
observed for human adenovirus types 1, 2, 3, and 5. Human adenovirus type
9, which is not associated with respiratory disease, does not increase bacterial
adherence (Hakansson et al. 1994). Adenoviruses also are associated with pediatric
acute gastroenteritis (Kumthip et al. 2019).

10.8.1 The Upper Respiratory System: Direct Interactions

In addition to oral infections and lesions, HIV also causes negative effects for
periodontitis. In this instance, the same bacterial species commonly implicated in
disease, Porphyromonas gingivalis, Prevotella intermedia, and Fusobacterium
nucleatum, may be responsible for triggering HIV infection from latency. These
bacteria interact directly with dendritic cells through surface-pattern recognition
receptors. The lipopolysaccharides of these Gram-negative bacteria interact with
the HIV promoter within these dendritic cells, which can contribute to reactivating
the latent virus (Huang et al. 2011).

10.8.2 The Lower Respiratory System: Microbiome Shifts

Lower respiratory infections are a leading cause of morbidity and mortality world-
wide, especially amongst young children and the elderly (Troeger et al. 2018).
Although many pathogens are capable of creating an infection without additional
help, bacterial-virus co-infections are not only common, but may be responsible for
increased disease severity. Common members associated with a healthy respiratory
microbiome include Prevotella, Pseudomonas, Fusobacterium, Porphyromonas,
Haemophilus, Veillonella, and Streptococcus (Dickson et al. 2017; Morris et al.
2013).

Somewhat surprisingly, members of the Herpesviridae family, which include
Cytomegalovirus, Epstein-Barr Virus, Herpes Simplex Virus and Varicella-Zoster
Virus, are commonly associated with infections in the lower respiratory tract. These
viruses are capable of infecting nearly all mucocutaneous sites on the human body,
and gain access to the lungs through seeding from other portions of the respiratory
tract, like the mucosal layer in the endotracheal tube (Bouza et al. 2011; Chen et al.
2020; Friedrichs et al. 2013; Simoons-Smit et al. 2006). These viruses may also gain
entry through reactivation of a latent infection. When herpes simplex virus was
recovered from patient bronchoalveolar lavage (BAL) samples, Pseudomonas
aeruginosa and Stenotrophomonas maltophilia were also frequently recovered
(Park 2005).
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In some instances, such as with influenza, a stable microbiome with
Alloprevotella, Prevotella and Bacteroides is commonly associated with a decreased
risk of infection (Hanada et al. 2018). Interestingly, research also shows that when
individuals are infected with influenza, the respiratory tract gains diversity, specif-
ically an increased abundance of Prevotella, Streptobacillus, Porphyromonas,
Granuliticatella, Veillonella, Fusobacterium and Haemophilus versus the normal
predominant species of Staphylococcus aureus and Streptococcus (Depner et al.
2017; Rosas-Salazar et al. 2016). This shift in diversity may play a role in the spread
of bacteria throughout the LRT. Furthermore, the virus up-regulates bacterial adher-
ence, reduces the activity of neutrophils, and alters the signaling environment,
repressing the immune system in the nasopharynx and allowing subsequent coloni-
zation within the nasopharynx (Diavatopoulos et al. 2010). S. pneumoniae especially
is linked with severe clinical outcomes from viral infections of the lower respiratory
tract, where cellular changes disrupt cilia on the epithelium, disrupting and causing
necrosis in the bronchi, plus lesions in the lungs (Walsh et al. 1961). Although the
data is still emerging on the global pandemic coronavirus, SARS-CoV-2, prelimi-
nary data suggests this virus also causes a microbiome shift. Conserved across
infected patients is an overexpression of Prevotella genes. Predictive modeling
suggests these proteins support viral growth and replication (Khan and Khan 2020).

10.8.3 The Lower Respiratory System: Direct Interactions

In a healthy lung, the predominant bacteria are Prevotella, Veilonella, and Strepto-
coccus;(Depner et al. 2017) however, the relative abundance of these organisms is
greatly impacted by microbial populations within the upper respiratory system, as
overgrowths and increased pathogens in the upper respiratory tract will lead to
increased microbial growth in the lungs (Hanada et al. 2018). Many illnesses that
manifest in the lungs subsequent to viral infections begin with microbial overgrowth
in the upper respiratory tract that migrates to the lower respiratory tract (Takase et al.
1999). Of the viruses targeting the lower respiratory tract, Respiratory syncytial virus
(RSV) is the most common, especially in children (Thorburn et al. 2006). In contrast
to indirect interactions and microbial community adjustments based on the viral
infection environment, some respiratory viruses directly interact with their bacterial
counterparts.

In the lower respiratory system, paramyxoviruses such as RSV and parainfluenza
virus are responsible for increased bacterial adhesion by upregulating bacterial
receptors on host cells and promoting proinflammatory cytokine release
(Avadhanula et al. 2006). Parainfluenza virus possesses a hemagglutinin-
neuraminidase envelope glycoprotein and although the mechanistic role of this
enzyme remains uncertain it enhances bacterial binding, including Streptococcus
pneumoniae (Beadling and Slifka 2004; Hament et al. 1999). A more developed
understanding exists regarding the mechanism behind the role of influenza viruses in
bacterial adhesion. The influenza viruses have a neuraminidase, which is required for
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activation of the viral hemagglutinin membrane glycoprotein—a critical step in
making the virus infectious—but the influenza neuraminidase may also cleave sialic
acid on the surface of respiratory cells, exposing bacterial binding targets. In addition
to influenza virus aiding bacterial adhesion, there are three mechanisms that bacterial
species such as Staphylococcus aureus and Aerococcus viridans use to bolster viral
infection. These bacteria (1) secrete proteases capable of cleaving hemagglutinin,
(2) convert plasminogen to plasmin through kinases that activate some specific
influenza strains and (3) promote the release of host proteases by increasing inflam-
mation, further activating influenza (Böttcher-Friebertshäuser et al. 2013; Tashiro
et al. 1987; Lee et al. 2019).

There is a strong correlation between human metapneumovirus and lower respi-
ratory infections in otherwise healthy children, specifically bronchiolitis and croup.
A potential explanation for this disease burden is direct and indirect interactions
between the virus with S. pneumoniae during coinfection. The bacterial capsule or
pneumolysin of the bacteria penetrates into the respiratory mucosal layer, inhibiting
ciliary clearance, and exposing susceptible host cells to viral attack. Once exposed,
bacterial cell wall lipopeptides enhance viral binding to these host cells thereby
promoting infection and that joint pathogenesis can spread throughout the lower
respiratory tract. This increased spread is further enhanced through bacterial evasion
of the host innate immune responses, facilitating increased inflammation and acti-
vation of the respiratory immune system (Verkaik et al. 2011; Williams et al. 2004).

10.9 SARS-CoV-2 Interaction with Bacteria

The current SARS-CoV-2 pandemic has garnered much attention due to the devas-
tating loss of life and economic impact it has left. At the time of writing, SARS-CoV-
2 has claimed more than 3.5 million lives worldwide and continues to claim more
lives in developing nations where several factors are contributing towards rapid
infection. There is increased interest in understanding the mechanism behind these
infections in the context of contributing host factors and the gut microbiome. A
recent molecular docking study has shown that Nisin, an antimicrobial peptide
produced by lactic acid bacteria and used as a food grade preservative, can compete
with the receptor binding domain (RBD) of SARS-CoV-2 in binding to the hACE2
receptor (Bhattacharya et al. 2021). This study underscores the importance of using
Nisin as an effective treatment option against SARS-CoV-2. Additional early reports
also suggest a potential role of the gut microbiota in SARS-CoV-2 infection and
disease outcome (Dhar and Mohanty 2020; He et al. 2020; Kalantar-Zadeh et al.
2020; Moore et al. 2020). SARS-CoV-2 could facilitate dysbiosis of local and distant
microbiota by disrupting homeostasis of resident oral bacteria.
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Role of oral microbiota in dysbiosis and susceptibilty of distant microbiomes during SARS-CoV-2
infection (Xiang et al. 2021)
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While the oral cavity along with the nasal cavity is one of the primary routes of
SARS-CoV-2 entry into the body, much attention has been focused on the nasal
route of entry. The oral route of SARS-CoV-2 entry is important as transcriptome
studies by Song et al. have shown elevated levels of ACE2 and TMPRS22 expres-
sion in the salivary glands than in their lung counterparts (Ren et al. 2021). Recent
studies have also pointed to the possibility of contaminated saliva acting as a
potential source of infection owing to the fact that salivary glands serve as a reservoir
for SARS-CoV-2 (Li et al. 2020). The hallmark symptoms of SARS-CoV-2 infec-
tion, loss of smell and taste, can be attributed to the elevated expression of ACE2 in
the oral mucosa. However, the role of elevated ACE2 expression in dysregulating
chemical perception in non-neural cells needs to be investigated further. The role of
SARS-CoV-2 infection in disrupting the local microbial communities cannot be
completely ruled out. A study on the nasopharynx microbiota in SARS-CoV-2
positive patients indicated a significant decrease in Fusobacterium periodonticum
(Nardelli et al. 2021). Further follow up studies employing animal models to better
understand the role of SARS-CoV-2 infection in disrupting the local microecological
balance and dysbiosis are needed as SARS-CoV-2 infections can predispose patients
to superinfections by other opportunistic pathogens. Infection with SARS-CoV-2
can not only influence the microbiota of the oral and nasopharyngeal cavities but can
also affect distal organs. Since the respiratory and gastrointestinal systems share the
oral cavity as a common route of passage, it is highly likely that disruption in the
microbiota of one of these systems could have a cascading effect on the others. This
phenomenon is not new as evidenced by development of inflammation in the gut
caused by immune response mounted against periodontal pathogens. A few of the
questions that remain unanswered about the potential role of SARS-CoV-2 infection
are: (i) If SARS-CoV-2 has a significant role in dysbiosis of the oral microbiota then
(ii) Is there a correlation between oral microbiota dysbiosis and the outcome of
disease severity in SARS-CoV-2 patients and (iii) what might be the impact of
medication and other treatment modalities for SARS-CoV-2 oral infection upon
symbionts which are critical to microbial health of the respiratory and gastrointes-
tinal systems. By utilizing large scale metagenomics approaches to understand the
connection between the human microbiome and SARS-CoV-2 infection, coupled
with multi-omics studies, we will gain a better understanding of the interactive role
of microbiota on SARS-CoV-2 and vice versa. The data from such studies can help
to better design diagnostics, treatment, and prognostic modalities against SARS-
CoV-2 infections.
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