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Lower termites, as well as their sister group, the subsocial wood-feeding cockroach
Cryptocercus, rely on flagellated eukaryotic symbionts in the hindgut to cooperatively
digest their wood diet. In Cryptocercus these flagellates undergo encystment cycles
tightly coordinated with the molting cycle of their host, yet the resultant cysts play
no demonstrated role in their transmission to neonates; the trophozoite stage of the
flagellates is passed directly from parents to offspring via hindgut fluids (proctodeal
trophallaxis). This pattern suggests that encystment is a vestige from a gregarious
cockroach ancestor, when the flagellates had a functional, two-stage life cycle and
the cysts were horizontally transmitted among hosts via coprophagy. The strong
integration between flagellate encystment cycles and host developmental physiology
in Cryptocercus indicates that the relationship of the flagellates with their proposed
gregarious cockroach ancestor was not commensal, but parasitic, with flagellates
likely obtaining benefits by taking advantage of host gut metabolites and ingested
plant debris. When vertical transmission evolved the parasites were ‘captured,’ and
their fitness became inescapably embedded in the fitness of their host. The vertical
transmission of gut flagellates and the origin of host subsociality via proctodeal
trophallaxis can be considered two sides of the same coin. From the host point of
view proctodeal trophallaxis marks the origination of parental care by provisioning
neonates with nourishment, metabolites and beneficial microbiota. From the flagellate
point of view, proctodeal trophallaxis was a shift from horizontal to vertical transmission,
pushing them from the parasitic to the mutualistic end of the symbiotic spectrum,
arguably making this host behavioral change the most critical juncture in the evolutionary
trajectory of the termite lineage.

Keywords: parasitism, symbiosis, Cryptocercus, evolution, lignocellulose digestion, commensalism

“. . . given the complexity of host-microbe interactions, humility and nuance are probably wise stances
when surveying the topic.”

–Casadevall and Pirofski, 2019

INTRODUCTION

Some of the best studied insect gut communities are those in termites (Robinson et al., 2010), yet
as in most symbiotic systems (Huitzil et al., 2018), mechanisms explaining the role of microbiota
in the social evolution of the host are poorly understood. The historic literature is dominated by
the role of the flagellated protists in the termite gut and their influence on termite social behavior.
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These protists die prior to the molt of their termite hosts
(reviewed by Nalepa, 2017) and must be regained by feeding
on the hindgut fluids of a donor nestmate, a behavior called
proctodeal trophallaxis (McMahan, 1969). This mandatory
interdependence between hosts led to the proposal that termites
originated as feeding communities bound by the necessity of
exchanging flagellates and only later evolved social care of the
brood (Cleveland, 1926; Cleveland et al., 1934; Lin and Michener,
1972; Wilson, 1975). The bulk of evidence, however, indicates
that protozoan death at host molt in termites did not precede
eusociality. It was a downstream effect of the initial stages of
the eusocial condition (alloparental care) and associated with
the physiology of developmental arrest and caste control in the
hosts (Nalepa, 1994, 2017). Nonetheless, the death of protists at
host molt was an evolutionary tipping point, in that beyond that
threshold, intrinsic processes in the system drove accelerating
change (Nalepa, 2015).

Here I review evidence that a pivotal change in the host-
flagellate relationship occurred very early in their shared
evolutionary history. Specifically, I examine how the shift from
horizontal transmission of protists in a distant gregarious
ancestor (as typified by extant gregarious cockroaches), to vertical
transmission in the immediate subsocial ancestor of termites
(as typified by the wood-feeding cockroach Cryptocercus, sister
group to termites) set the stage not only for the evolution
of eusociality in descendants, but also for their ecological
domination. A caveat is that reliance on conjectured historical
associations makes the illumination of processes that led to
current patterns challenging.

The term symbiosis used here is the currently accepted
one: a symbiont lives in or on a living host, implying neither
physiological dependence nor benefit or harm between the
organisms involved; it is an interaction between species. Further
categorization of symbiosis relates to the cost or benefits to each
partner. In commensalism the smaller partner benefits from the
relationship, with no fitness effect on the host. There are fitness
gains for both partners in mutualism, and a parasite benefits by
exploiting but not directly killing its host. The term symbiosis
is not synonymous with mutualism (Thompson, 1994; Corliss,
2002; Goater et al., 2014; Tipton et al., 2019).

THE HINDGUT MICROBIOME

The hindgut microbiome in Cryptocercus and lower termites is
a diverse assemblage of bacteria, archaea and viruses, as well as
two groups of protists from the “Excavata,” a deep branching
supergroup of Eukarya. Most protists are parabasalids, in the
phylum Parabasalia, and oxymonads, in the Class Oxymonadea,
Phylum Preaxostyla. Members of these two groups are of unclear
phylogenetic origin and unique to the termite lineage (Brune,
2011; Ohkuma and Brune, 2011). The bacterial members of
the hindgut community are affiliated with more than 15 phyla
(Hongoh et al., 2005; Ohkuma, 2008; Dietrich et al., 2014),
and many of those in Cryptocercus/lower termites are endo- or
ectosymbionts, associated with the surface, cytoplasm or nucleus
of the flagellates (Brune and Stingl, 2005; Noda et al., 2006,

2009, 2018; Ikeda-Ohtsubo and Brune, 2009; Sato et al., 2014;
Mikaelyan et al., 2017b; Hongoh and Ohkuma, 2018).

Although the physiology of host-microbial interactions in the
lineage is far from clear, it is unchallenged dogma (Bignell, 2011)
that neither Cryptocercus nor termites can exist without their
microbial partners (Cleveland et al., 1934; Breznak and Brune,
1994). The hosts, however, are not completely dependent on
flagellates for lignocellulose digestion (Slaytor, 1992). All studied
cockroach and termite species have endogenous cellulase genes
(Genta et al., 2003; Lo et al., 2003b, 2011; Watanabe and Tokuda,
2010; Tokuda et al., 2014) suggesting a widespread ability to
utilize cellulose-based materials as food in the clade. Only
Cryptocercus and lower termites have a collaborative relationship
with flagellates for lignocellulose digestion. The flagellates and
their prokaryotic symbionts orchestrate a microbial feeding chain
driven by the primary fermentations of carbohydrates to short-
chain fatty acids, the major source of energy for the host. Each
of the different flagellate populations appears to have a specific
role in lignocellulose digestion (Brugerolle and Radek, 2006;
Brune, 2011, 2014).

The hindguts of Cryptocercus and lower termites are flagellate
dominated communities. These unicellular eukaryotes can reach
population sizes of 105 per host individual, representing 60% of
total hindgut weight (Bignell, 2011; Brune, 2011). Nonetheless,
the literature on host-microbiome interaction in insects in
general and termites in particular is based primarily on their
bacterial and fungal symbionts (e.g., Aanen et al., 2002; Engel
and Moran, 2013; Mikaelyan et al., 2015a, 2017a; Graf, 2016;
Diouf et al., 2018; Otani et al., 2019). This is partly because
the mutualistic partnership with flagellates appears unique
among insects, but also because of methodological difficulties.
Analysis of genomic information in protists is more convoluted
than in prokaryotes because of their cytological complexity:
they have multiple chromosomes and carry large nuclear and
extranuclear genomes (Caron et al., 2009). High variability in
18S rDNA copy number and discordance between eukaryotic
genetics and morphology makes characterizing their microbiome
more challenging (Chabé et al., 2017; Popovic and Parkinson,
2018); technology, however, is advancing quickly (Hongoh, 2010;
Carpenter et al., 2013; Altermatt et al., 2015).

The flagellates of Cryptocercus and the lower termites are
derived from parabasalid and oxymonadid lineages that were
acquired before Cryptocercus and termites split in the late
Jurassic (∼140–170 Mya, Lo et al., 2003a; Lo and Eggleton, 2011;
Bourguignon et al., 2015); it is likely that Cryptocercus harbors
descendants of the original set of symbiotic flagellates that gave
rise to their current diversity (Carpenter et al., 2009; Ohkuma
et al., 2009). Most are found nowhere else in nature (Honigberg,
1970), however, a few taxa exhibit a much wider occurrence and
are present in cockroaches other than Cryptocercus as well as in a
variety of metazoan groups (Wenrich, 1935; Nalepa, 1991).

Here the focus is on the flagellated protists in the termite
lineage, with the understanding that they are just one link in
a vast array of complex metabolic networks distributed among
microbial populations (Hongoh, 2011). Attention is further
narrowed to the large flagellates known to engulf wood particles
extensively studied by L. R. Cleveland; I acknowledge a bias
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against the small, often bacterivorous protists in using this
approach. Although extraordinarily diverse, the large flagellates
will here be treated as a group, as they have variable but similar
responses to their environment during the molting cycle of their
host (see Nalepa, 2017), a central topic here.

FLAGELLATES

Flagellates are predominantly free-swimming organisms (Raven,
2000; Bogitsh et al., 2018), and require water for the trophic
stage of their life cycle. Most cannot tolerate the viscid,
moist rather than wet environments in which bacteria thrive
(Bradbury, 1987). The oxymonad and parabasalid flagellates are
furthermore amitochondriate and typically inhabit anoxic or
hypoxic environments, either free-living in rich organic matter in
the sediments of water bodies, or as symbionts in anaerobic sites
within their animal hosts (Brugerolle and Müller, 2000; Treitli
et al., 2018). Flagellates that live in hindguts originally derive from
free-living anaerobic protozoa (Wenrich, 1935; Fenchel, 1987),
an easy transition as hindguts satisfy both their major habitat
requirements: the hindgut environment is both liquid and anoxic,
with steep gradients at the oxic-anoxic interface (Brune, 1998;
Brune and Friedrich, 2000).

If desiccation and oxygen levels are not a problem, the active,
trophic phase of animal associated flagellates are able to travel
through the outside environment to a new host (Foissner, 2006).
Because protists are so fragile in the trophic stage of their
life cycle, however, it is reasonable to assume that dispersal
occurs primarily via cysts in terrestrial environments (Corliss
and Esser, 1974; Foissner, 2007; Parfrey, 2015). Encystment is
a complex, highly sophisticated, gene-regulated differentiating
process in which the mobile trophozoite transforms into
a dormant, resistant life stage. It typically involves drastic
cytoplasmic dehydration, metabolic inactivation, autophagic
activity, formation of a cyst wall, gene-silencing, and DNA repair
(Gutiérrez et al., 1998, 2001; Schaap and Schilde, 2018). The
‘biological goal’ of encystation is differentiation into a form
that can survive in unfavorable conditions. While encystment
of free-living protists allows them to survive harsh ecological
circumstances, cysts of animal associated protists are first and
foremost a transmission strategy (Bradbury, 1987; Vickerman,
2000; Corliss, 2002; Foissner, 2006; Lauwaet et al., 2007).

TRANSMISSION

The mechanism by which symbionts are transmitted is important
because it influences the extent to which symbiont fitness
interests are aligned with those of the host. There are
two basic strategies: horizontal transmission, which occurs
across positions in space and is assumed to be the basal
condition, and vertical, which takes place across generations in
time, from parent to offspring (Baquero, 2017). It is vertical
transmission that favors mutualistic relationships, because it
is the mechanism by which a lineage of symbionts becomes
consistently associated with a host, allowing the relationship to

become obligatorily codependent. Once ‘captured’ via vertical
transmission, selection on the symbionts becomes inescapably
embedded in selection on the host (Ewald, 1987; Alizon et al.,
2009; Sachs et al., 2011; Mushegian and Ebert, 2016; Fisher et al.,
2017; Brown and Akçay, 2019).

The evolution of transmission mode of hindgut flagellates
in the termite ancestor was closely associated with changes
in host social structure and feeding behaviors (Nalepa et al.,
2001). Horizontal transmission of microbes is typified by
extant gregarious cockroaches, where hatchlings are inoculated
primarily via coprophagy, the ingestion of feces produced by
conspecifics which contain protozoan cysts, bacterial cells and
spores (Hoyte, 1961b; Cruden and Markovetz, 1984; Hackstein
and Stumm, 1994). Vertical transmission is exemplified by
Cryptocercus, a subsocial cockroach whose neonates obtain their
gut symbionts by feeding directly on the gut fluids of parents
(proctodeal trophallaxis) (Seelinger and Seelinger, 1983; Nalepa,
1984; Park et al., 2002). These two taxa bracket the horizontal
versus vertical transmission dichotomy in cockroaches. The key
question, then, is how was the transition from horizontal to
vertical made, and what were the consequences for the flagellate-
host relationship?

Horizontal Transmission – Lophomonas
Model
In termite ancestors, the step prior to subsociality as exemplified
by Cryptocercus was likely a gregarious lifestyle, with groups of
kin and non-kin hosts of various developmental stages living
together in aggregations with a relatively fluid membership.
Gregarious behavior is the most basic social adaptation for
microbial transmission, and is exhibited to some degree by
a number of unrelated detritivores (Nalepa et al., 2001). The
ancestral host-flagellate relationship in the termite clade may
have been similar to the one extant gregarious cockroaches
have with Lophomonas, a flagellate found sporadically in several
species of synanthropic cockroaches and closely related to the
Trichonymphida found in the gut of Cryptocercus and lower
termites (Kudo, 1926b; Gile and Slamovits, 2012). Lophomonas is
typically found in 8–14% of examined hosts, but can reach levels
of 48% (see Martinez-Girón et al., 2017). As in other protists
found in non-Cryptocercus cockroaches (e.g., Lucas, 1927;
Kidder, 1937; Hoyte, 1961a), Lophomonas is not known to engulf
wood particles and is consistently described as a commensal
(Kudo, 1926a,b; Gile and Slamovits, 2012; Martinez-Girón and
Van Woerden, 2013; Martinez-Girón et al., 2017); there is,
however, no empirical evidence to support that categorization
(discussed further below).

Lophomonas has a basic two-stage life cycle (Hoyte, 1961a):
an active trophozoite (vegetative, trophic stage) in the gut, and
a cyst, the dormant, resistant stage excreted to the outside
environment by the host. Cysts of Lophomonas reach new
hosts via coprophagy; they then by-pass the gizzard and
digestive enzymes of the coprophage before reaching the fluid
environment of the gut (midgut, according to Lucas, 1927), where
the trophozoite emerges from the cyst and establishes itself anew
as part of the gut microbiome. Environmental conditions that
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FIGURE 1 | Models of transmission dynamics in gregarious cockroaches.
(1) Lophomonas model. Adults (A) do not molt, trophozoites and cysts are
present in the gut, cysts are present in the feces. Trophozoites and cysts are
present in the gut of molting and intermolt juveniles (B), cysts are present in
the feces. Neonates (C) hatch without protists in the gut. (2) Parasitic model.
Adults (A) do not molt, trophozoites are present in the gut, no cysts are
present in the feces. Trophozoites are present in the gut of intermolt juveniles
(B), no cysts in the feces; cysts are present in both the gut and feces of
molting juveniles. Neonates (C) hatch without protists in the gut.

trigger encystation of protists are not precisely defined, but may
occur in response to deficiency of nutrients, osmotic pressure,
temperature changes, low pH, accumulation of waste products,
and crowding (Bradbury, 1987; Bogitsh et al., 2018). Cysts of
Lophomonas are produced sporadically in both juvenile and
adult cockroaches, and can be found throughout the year (Kudo,
1926b). There is no evidence that encystation is coordinated with
host reproduction or development; both cysts and trophozoites
can be found in the gut during host ecdysis. Trophozoites survive
the molting process and the size and shape of cysts does not
change (Hoyte, 1961a) (Figure 1).

Horizontal transmission of Lophomonas is related to
gregarious behavior in cockroaches because coprophagy requires
some degree of site fidelity and host social contact (Nalepa et al.,
2001; Bignell, 2011). Aggregation sites serve as infection banks,
concentrations of fecal pellets containing encysted protists
together with potential hosts in a limited space. Transmission
of the flagellates relies on the excretory and feeding behavior of
the cockroaches, and dispersal of the protists in space depends
on the movement of the hosts among aggregation sites. It should
be noted, however, that airborne cysts of Lophomonas occur
and may cause a form of human bronchopulmonary disease
(Martinez-Girón and Van Woerden, 2013; Fakhar et al., 2019).

Vertical Transmission – Cryptocercus
In sharing a common ancestor with lower termites, Cryptocercus
provides evidence that both vertical transmission of symbionts
and metabolic interdependence between host and flagellates
were present prior to the evolution of eusociality (Noirot,
1995). Furthermore, the unique life history of Cryptocercus
can be assumed to reflect an early evolutionary stage of

the termite clade (Klass et al., 2008). Characteristics of
Cryptocercus most relevant to the evolution of symbiont
transmission are that they are subsocial, living in biparental
family groups, and that they are semelparous, i.e., they
produce a single clutch of eggs in their lifetime. Field
collections in both Asia and the United States are consistent
in finding that the basic social structure is a male-female
pair, together with a single cohort of offspring (Seelinger
and Seelinger, 1983; Nalepa, 1984; Nalepa et al., 1997;
Park et al., 2002).

Comparable to the flagellate Lophomonas noted above, the
flagellates in Cryptocercus have a basic two-stage life cycle:
the vegetative trophozoite, and the resistant cyst. Unlike
Lophomonas, however, factors initiating encystment cycles of
the flagellates in Cryptocercus are well characterized. Although
it was recently noted that data on interactions between host
physiology and gut microbiota are lacking (Macke et al., 2017),
the work of L. R. Cleveland on the flagellates of Cryptocercus
has been consistently overlooked; he clearly established the link
between host hormones and the encystment cycles of the gut
flagellates in Cryptocercus (reviewed by Nalepa, 2017). Rising
titers of host ecdysone associated with juvenile hosts entering
their molting cycle is the stimulus initiating encystment cycles
in all taxa of cellulolytic hindgut flagellates examined. The
timing of these physiological events in the host and symbionts
is tightly synchronized, but the signal pathways activated and
gene regulation and expression during the process are unexplored
(see Jeelani et al., 2012; Gao et al., 2015). Although some of
the resultant flagellate cysts are retained in the host hindgut
and others are passed in the feces, there is no evidence that
these cysts play a role in intergenerational transmission. The
social structure of Cryptocercus, combined with the physiology
of encystment of these particular protists mandates that flagellate
transmission could occur only via proctodeal trophallaxis from
parents (Nalepa, 1994). Adults pairs produce a single clutch of
eggs in self-excavated galleries in a rotting log, then remain
with that single cohort of offspring until parental death.
Consequently, older nymphs are not present in galleries when
adults reproduce, and cysts are never found in the feces of adults
or intermolt juveniles (Cleveland et al.1934). Thus, coprophagy
as a mechanism of intergenerational transmission is ruled out;
adults do not molt and therefore do not excrete cysts, and older
nymphs are absent from the social group. All protozoa in family
members originate from the hindgut fluids of founding parents
via parental care in the form of anal trophallaxis (Figure 2). After
flagellates are established in the gut of neonates at the third instar
(Nalepa, 1990), it is possible that cysts are exchanged among
siblings via coprophagy (Figure 2). Nonetheless, all flagellates
producing those cysts originated from parental hindgut fluids,
because all juvenile siblings acquired them as hatchlings via
parental trophallaxis.

THE FLAW

Although the Lophomonas to Cryptocercus model may offer
a plausible horizontal to vertical transition on the surface,
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FIGURE 2 | Transmission dynamics during colony ontogeny in the subsocial
wood feeding cockroach Cryptocercus. (1) Colony initiation. Adults (A) do not
molt, trophozoites are present in the gut, no cysts are present in the feces.
Neonates (C) hatch without protists in the gut. (2) Colony development.
Trophozoites are present in the gut of adults (A) and juveniles (B); cysts are
present in the gut and feces of molting juveniles.

there are flaws in the argument. In Cryptocercus, there is tight
integration of the encystment cycles of the flagellates with
hormonal cycles in juvenile hosts, despite the cysts having little
to do with intergenerational transmission. This suggests that
the strong physiological connectivity between host development
and the two-stage life cycle of the flagellates is an evolutionary
contingency, a trait inherited from a gregarious ancestor (Nalepa
et al., 2001). Such clear metabolic integration indicates that the
host-flagellate relationship in the ancestor of Cryptocercus was
unlikely to be commensal in the classical sense.

Commensals or Parasites?
Although non-pathogenic protozoans are commonly referred to
as commensals, this interpretation is problematic because they
are physiologically dependent on the host to complete their life
cycle and should be considered parasites (Bogitsh et al., 2018).
Indeed, the very definition of a parasite indicates an obligate
metabolic dependence on the host (Cheng, 1970; Goater et al.,
2014); the host has maximum fitness without the parasite, but
the parasite without a host has a fitness equal to zero (Combes,
2001). Even so, metabolic dependence on the host is a vague
criterion for characterizing the symbiotic relationship of a protist
living in the gut of a terrestrial insect, because wherever it
may fall on the symbiotic spectrum, it depends on the host gut
environment for the trophozoite stage of its life cycle. A flagellate
always benefits from the gut environment; consequently, its
symbiotic relationship may be better characterized in terms of
fitness effects on the host (see Casadevall and Pirofski, 2015).
It would be challenging if not impossible, however, to quantify
adverse effects of the flagellates on their cockroach partners;
in many parasites, negative effects on the fitness of the host
are undetectable (Goater et al., 2014); the same can be said of

cryptic benefits to the host. There may be a very narrow neutral
zone where costs and benefits to the host are in balance and
the relationship described as a true commensalism (Figure 3).
A range of undetectable effects likely occur on a microscale and
are mercurial depending on a number of subtle contextual factors,
including those originating from the vast array of other microbial
taxa in the gut, and host diet, digestive physiology, developmental
stage, and immune responses. Parasitism, then, may be best
described as the condition where host cost exceeds benefit,
whether or not the cost is detectable. Similarly, mutualism may be
thought to occur when the benefit to the host is greater than the
cost of hosting the flagellates. Nonetheless, undetectable effects
on the host are not amenable to measurement, thus making
interactions that fall into the commensalism range (Figure 3) a
vague theoretical construct (Zapalski, 2011).

The well-being of Lophomonas is known to be directly linked
to the well-being of its host (Hoyte, 1961a); it can be eliminated
from the gut by starving its cockroach partner, and benefits
from a host diet of carbohydrates (Armer, 1944). Its nutritional
needs are met by phagocytosing starch grains, fungi, spores,
small flagellates and bacteria found in the surrounding fluid
environment (Kudo, 1926b), but also may include metabolic
products of the host. Lophomonas clearly benefits from the host
gut environment, but detectable costs or benefits to its host
await further study.

Metabolic Connectivity
A commensal relationship is inconsistent with the physiological
level of host–flagellate life cycle integration that must have existed
in the gregarious predecessor of Cryptocercus, suggesting that the
relationship was on the parasitic end of the symbiotic spectrum.
The exquisite coordination of the complex encystment cycles of
the flagellates with the molting cycle of their host (see Nalepa,
2017) suggests that parasitic flagellates in the Cryptocercus-
termite clade were already present in a distant gregarious
ancestor. A two-stage life cycle that is synchronized with host
life history is a common feature among extant parasites (Møller
et al., 1993; Chávez-Munguía et al., 2007), and steroid hormones
in particular seem to stimulate the finely tuned developmental
shift to the dormant transmission stage (Lawrence, 1986, 1991;
Beckage, 1991). Encystment of Opalina ranarum, for example,
is coordinated with the breeding season of its amphibian host
via their gonadotropic and sex hormones (Bieniarz, 1950; El
Mofty and Smyth, 1964). The orchestration of host and symbiont
life cycles in the Cryptocercus-termite clade suggests that the
flagellates were highly integrated with host physiology long before
their host was dependent on the flagellates.

Why Coordinate Developmental Cycles?
In the gregarious ancestor, parasitic flagellates evolved to
respond to a shift in host hormonal titers in anticipation of
an appropriate time to initiate physiological changes associated
with dispersal as cysts outside the host body; encystment cycles
are frequently associated with seasonality of the environment or
other kinds of periodicity. Because parasite fitness is determined
primarily by transmission success (Vickerman, 2000; Combes,
2001; Leung and Poulin, 2008), there had to be a selective
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FIGURE 3 | Spectrum of symbiotic interactions in proposed models of the relationship of cockroaches to their gut flagellates. Parasitism and mutualism bookend an
unprovable theoretical interval (commensalism) within the continuum of the symbiotic spectrum (see Zapalski, 2011); undetectable effects do not lend themselves to
empirical proof. Because the protists always benefit from the relationship, the most relevant criteria for classification of the interaction are detectable damage or
benefit in the host, described by the damage response framework (Casadevall and Pirofski, 2015). Regardless of the degree of detectable or undetectable negative
impact on the host in the parasitic model, a change to vertical transmission would have strong potential to push the interaction to the mutualistic end of the spectrum.

advantage to coordinating encystment with the molting cycle of
the host. That advantage lies in the life history and behavior
of gregarious cockroaches. Aggregations are compatible with
parasite transmission events because emitters (molting juveniles),
vehicles (cyst-filled feces) and receivers (other potential hosts)
co-exist in time and space (Møller et al., 1993; Baquero, 2017).
Juvenile cockroaches are typically gregarious, coprophagous
(Bell et al., 2007) and the stages that molt. Although the life
cycle of the flagellates would reach a dead end in infected
adults, from the parasite point of view any juvenile host would
assure the production of cysts and therefore continuity of the
lineage (Figure 1).

Cost to Host
Gut flagellates must utilize host resources to meet their needs.
In so doing alterations to the nutrient/energy budget of the
infected host are expected. Parasites can cause anywhere from
undetectable to drastic changes in host fitness, but harm can
occur even with no measurable effect on the host. The cost
may be slight, but it always exists (Combes, 2005; Poulin, 2007;
Michalakis, 2009; Goater et al., 2014). To illustrate this point,
Combes (2001) noted that an ant weighing 1 mg that flies
on a Boeing 747 across the Atlantic costs the airline 10,000
molecules of fuel. The negative effect on host fitness is, however,
more complex than the simple pilfering of host nutrients.
An understanding of the mechanisms that link infection,
host metabolism, immunity and life history are required to
interpret the magnitude and direction of parasite-induced effects
(Vickerman, 2000; Michalakis, 2009; Goater et al., 2014). Hosts
may alter their physiology in a way that allows then to tolerate
the presence of the parasite, and other microbes resident in
the gut may play a role in shaping the way that the host
body responds to infections. A variety of potentially virulent

microbes are fairly harmless as long as they are part of a
rich natural community of other symbionts in the same host
(Poulin, 1995; Hudson et al., 2006). Avoidance of parasitism
by the host is difficult because systems of recognizing parasites
by hosts are limited (Perrot-Minnot and Cézilly, 2009), and in
cockroaches, coprophagy has benefits that may outweigh any
costs of parasitism. Cockroach feces offer fragmented, moistened
and softened fare, and are enriched with lipids, carbohydrates,
amino acids, unsaturated fatty acids, sterols, vitamins and cell
debris originating from the excretor, its resident gut fauna, and
the microbes that colonize the fecal pellet after its deposition
in the external environment. The bacteria on feces ‘predigest’
recalcitrant foodstuffs, detoxify unpalatable chemicals, and are
themselves utilized as food by the coprophage. Feces additionally
serve as inoculum in the horizontal transmission of beneficial gut
bacteria (reviewed by Nalepa et al., 2001; Bell et al., 2007). The
presence of a mildly detrimental microbe may be ‘tolerated’ as
a side effect of allowing beneficial species entry (Mushegian and
Ebert, 2016). A parasitic flagellate of cockroaches that insinuates
its cyst into this ingestible fecal bonanza has a high probability of
finding a new host.

TRANSITION FROM PARASITISM TO
MUTUALISM

Symbioses are rarely static; they comprise a fluid spectrum of
interactions from mutually beneficial to neutral to exploitative
(Parmentier and Michel, 2013; Méthot and Alizon, 2014;
Scharnagl, 2019). Although mutualistic relationships such as
the one between Cryptocercus and its flagellates can arise in
several ways from other interactions along the spectrum, many
if not most cases of mutualism originate from an antagonistic,
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parasitic relationship (Mayhew, 2006; Weiblen and Treiber, 2015;
Scharnagl, 2019). Mutualism differs from parasitism in only one
way: instead of one partner in the association exploiting the
other without reciprocity, in mutualism each partner exploits the
other (Combes, 2005). The most commonly cited catalyst driving
the change from parasitism to mutualism is the switch from
horizontal to vertical transmission. That shift in transmission
mode can lead not only to a reduction in parasite virulence
(Ewald, 1987; Yamamura, 1993; Read, 1994; Thompson, 1994;
Poulin, 2007; Schmid-Hempel, 2017), but also to evolution
of host-symbiont interdependence. Parasites become totally
dependent on host reproduction for their own transmission,
pushing the flagellates to evolve metabolically in a way more
favorable to the host (Yamamura, 1993; Herre et al., 1999;
Weiblen and Treiber, 2015). Novel interactions of vertically
transmitted symbionts with their host can originate and progress
rapidly under the pressure of adapting to the transformed
relationship, adjusting them as a unit to each other and to
their shared selective environment (McLaughlin and Cain, 1983;
Thompson, 1994; Leung and Poulin, 2008; Gilbert et al., 2010;
Gerardo and Hurst, 2017).

Host Domination
Parasites are inextricably linked to the host that houses
them, because the host is not only the resource base for a
parasite, but also its habitat and vehicle (Combes, 2001). The
establishment and maintenance of symbioses seem to be driven
largely by the top–down influence of the host (Scharnagl,
2019). Although there are numerous examples of parasites
driving changes in host behavior, these are predominantly in
parasites with complex life cycles (i.e., those that require more
than one host species to complete their life cycle) (Combes,
1991; Perrot-Minnot and Cézilly, 2009), not the basic two-
stage life cycle of the flagellates in Cryptocercus. Selection may
furthermore limit the evolution of host manipulation by any
one microbial taxon in the gut microbiome, because of the
large number of species and strains that compete with one
another for space and resources (Johnson and Foster, 2018;
Giudice, 2019).

The Behavioral Change
The shift from horizontal to vertical transmission in the termite
lineage lies squarely at the intersection between the evolution
of host family life and the co-evolution of the host–symbiont
relationship. The change from a gregarious social structure
with coprophagy as a mechanism of microbial transfer, to
family life with parents directly transferring gut microbiota to
offspring in a liquid medium with fleeting, if any, exposure
to oxygen is here proposed as the catalyst that drove the
change from the parasitic to the mutualistic end of the
spectrum in flagellates.

If the relationship between host and protists was originally
parasitic then the direct transfer of the flagellates from parents
to neonates via trophallaxis should be unexpected; hosts are
typically under selection to avoid parasitism (Moore, 2013),
particularly in the case of parents infecting vulnerable juveniles.
However, if the parasites were of low virulence (discussed below)

and if there were benefits to the direct transfer of hindgut
fluids for reasons having little to do with the parasitic effect
of the flagellates, then that host behavioral change is capable
of initiating a cascade of evolutionary events that eventually
results not only in host-flagellate mutualism but also termite
eusociality (Nalepa, 2015). It is the presence of fitness benefits
for either the host or the parasite that remains the crucial
criterion determining whether a behavioral change is adaptive
(Poulin, 1995).

Host Fitness Benefits
A variety of fitness benefits accrue to a host that relies
on trophallaxis rather than coprophagy to establish the gut
microbiota in neonates. In addition to the above listed advantages
of coprophagy, parental transfer of hindgut fluids would
provide a more consistent transfer of the core prokaryotic
assemblage associated with gregarious cockroach lineages
(Schauer et al., 2014; Mikaelyan et al., 2016). Bacteria in
cockroach guts display tremendous phylogenetic diversity, and
include members of Bacteroidetes, Firmicutes, Fibrobacteres,
and Proteobacteria (Dietrich et al., 2014; Mikaelyan et al.,
2015b). The assemblage is dominated by obligate anaerobes,
including those that break down structural polysaccharides of
plant-based detritus (Bignell, 1977; Cruden and Markovetz,
1979, 1984, 1987), produce semiochemicals that influence host
social behavior (Wada-Katsumata et al., 2015) and directly
affect development by regulating gene expression in their host
(Cruden and Markovetz, 1987; Jahnes et al., 2019). Another
advantage of trophallaxis is that metabolic products of the
parents and their resident microbial assemblage would not be
compromised by exposure to the outside environment; these
include hormones, enzymes, metabolites, and other chemicals
that may serve as physiological or behavioral signals. Perhaps
most importantly, vertical transmission of parasitic flagellate
trophozoites would subject protists to the digestive activities of
the cockroach at the receiving end of the interaction. While
cysts of parasites associated with gregarious cockroaches evolved
to withstand mastication, passage through the proventriculus
(gizzard), and digestion by the host prior to reaching the
hindgut, the large trophozoites are vulnerable and a potentially
high quality, proteinaceous food source (Grassé and Noirot,
1945; Grassé, 1952; Machida et al., 2001; Nalepa et al.,
2001; Brune and Ohkuma, 2011; Tokuda et al., 2014). This
makes it impossible to separate symbiont transfer from
nutrient transfer during gut fluid delivery (Nalepa, 2015)
particularly when early juvenile stages are the recipients.
The protozoan symbiosis is not established until the third
instar in Cryptocercus (Nalepa, 1990); prior to that flagellate
cytoplasm transferred from parents may help fuel their high
nitrogen requirements for growth. Proctodeal trophallaxis also
reinforces social structure because, unlike coprophagy, it requires
physical contact and behavioral interaction (McMahan, 1969;
Nalepa et al., 2001). Finally, the transfer of parental hindgut
fluid frees young cockroaches from the necessity of seeking
out fecal pellets, the distribution of which may be sporadic
depending on the population dynamics and the size of the
home aggregation.
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Trophallaxis as Parental Care
In insects, shifts in behavior play a central role in the
regulation of microbial associations and are contingent on the
evolutionary history of both the host and symbionts (Poulin,
1995; Ezenwa et al., 2012). Two aspects of cockroach evolutionary
history are relevant here. First, because coprophagy was already
established in the gregarious ancestor, the transition to proctodeal
trophallaxis was seamless. It is not a huge leap from feeding
on a fresh fecal pellet to feeding directly on hindgut fluids,
making trophallaxis a simple shift in an existing behavior (Nalepa,
1994; Nalepa et al., 2001). Second, there are a number of
independent origins of parental care in cockroaches where adults
feed neonates on bodily secretions (Bell et al., 2007: Table 8.4).
Given the recalcitrance of cellulose-based substrates, the onset
of trophallaxis can be envisioned as the most efficient way
to transfer nutritional resources to offspring (Nalepa, 1994).
This suggestion is reinforced by the observation of adults of
the wood-feeding cockroach Salganea feeding their young on
oral fluids but without evidence of symbiont transfer (Shimada
and Maekawa, 2011). Regardless of the selection pressure
driving the evolution of trophallaxis-based parental care in the
termite lineage, it had monumental consequences for the host–
symbiont relationship and is a prime example of how host
social organization can affect parasite transmission dynamics
(Ezenwa et al., 2016).

EVOLUTION OF THE MUTUALISM

Ecological Basis
The sign and magnitude of a host–symbiont interaction is
largely dependent on ecological context (Michalakis et al.,
1992; Bronstein, 1994; Méthot and Alizon, 2014; Coyte et al.,
2015; Bogitsh et al., 2018; Tipton et al., 2019): both that of
the host within its habitat, and of the host as habitat for
its microbiota (Bush et al., 2001; Goater et al., 2014). Trace
fossils indicate that the early ancestors of cockroaches and
termites fed on decaying plant matter, based on coprolite
structure and distinctive pith borings in the stems of tree
ferns (Labandeira and Phillips, 2002). Extant cockroach species
have furthermore maintained their close association with
rotting plant detritus in the natural environment, with plant
structural polymers playing a significant role in their nutritional
ecology (Roth and Willis, 1960; Nalepa and Bandi, 2000;
Bell et al., 2007). Given that protists are major decomposers,
contributing substantially to organic carbon mineralization
and nutrient recycling (Wetzel, 2001; Corliss, 2002; Geisen
et al., 2017), and that the liquid, anaerobic environment
of the cockroach hindgut is not far removed from that of
the anoxic sediments of water bodies, it seems likely that a
shared capacity for utilizing cellulose-based material was the
basis for the parasitic relationship in the gregarious ancestor.
The flagellates would be preadapted for feeding and survival
in the host digestive system, and the host gut would be
a concentrated and continuous source of macerated plant
detritus not only small enough for flagellates to phagocytose
(Watanabe and Tokuda, 2010), but also accessible with few

travel costs. The ingestion of particulate food via food vacuoles
and its subsequent digestion by enzymes is thought to be
a primitive feature of eukaryotic cells (Sleigh, 2000). Both
the parasite and the gregarious host, then, likely possessed at
least some capacity for cellulolytic digestion, either inherited
from their respective ancestors or acquired via horizontal gene
transfer from prokaryotes sometime during their evolutionary
history (Lo et al., 2003b; Davison and Blaxter, 2005; Todaka
et al., 2010; Sato et al., 2014). Bacteria are an important
source of new genetic sequences for eukaryotes (Brugerolle
and Müller, 2000; Sieber et al., 2017), and include those
that confer the ability to degrade plant carbohydrates, to live
anaerobically, and to adopt a parasitic life style. Each of these is
documented in members of the Excavata: in Giardia intestinalis,
Trichomonas vaginalis, Leishmania spp., and Trypanosoma spp.
(Husnik and McCutcheon, 2018).

Parasitism to Mutualism
The basis of the parasitic exploitation of the gregarious host
by the flagellates is suggested to be the diversion of host-
ingested detritus and associated prokaryotes for their own
nourishment, while providing few metabolic products that
increased fitness in the cockroach. If so, the parasites would
be of relatively low virulence because hosts could compensate
by changing their feeding behavior (Ponton et al., 2011;
Goater et al., 2014). A modest increase in feeding rate by
an ancestral gregarious cockroach may have been sufficient
to provide adequate nourishment for both the host and its
intestinal parasites.

If we accept this cellulolytic parasite scenario, then the
mechanisms leading to mutualism were present before these
single-celled organisms made the transition to that lifestyle.
The flagellates were not only adapted to the gut environment
but also dependent on the host, with their two-stage life
cycle highly integrated into the physiological underpinnings
of host development. It was a stable interaction, with the
flagellate potentially obtaining more fitness benefits than the
host. Cellulose digestion became a cooperative endeavor after the
flagellates were taken into host custody via vertical transmission,
pushing flagellates to the mutualism end of the symbiotic
spectrum. Parasites are adept at changing metabolic pathways
and evolve rapidly in response to new selective pressures (Poulin,
1998; Tachezy and Šmíd, 2008); they have a surprising stem
cell network controlled by intrinsic and extrinsic mechanisms
of cell conversion and differentiation (Niculescu, 2014). The
importance of protists in biogeochemical nutrient cycling in the
external environment (Geisen et al., 2017) furthermore suggests
that they have a wealth of metabolic capacities that could be
exploited by the host.

The currency exchanged (Wein et al., 2019) between the
ancestral cockroach and its flagellates depends on knowing the
physiological basis of the symbiotic partnership, a difficulty
given the complex cocktail of metabolites involved and
the derived nature of the microbiome in extant members
of the lineage. Nonetheless, many animal groups produce
cellulases on their own, but these are generally incomplete
and must be supplemented by symbiotic microorganisms
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(Lo et al., 2003b, 2011). Current evidence suggests that cellulose
degradation in the lower termites is initiated by enzymes in
the host salivary glands, then advanced in the hindgut by the
flagellates; this dual system has been proposed as a model of
efficient cellulose hydrolysis (Sugio et al., 2006; Ni and Tokuda,
2013). A reasonable assumption is that the flagellates shifted from
exploiting cellulose in the host gut, to making its digestion a
more efficient cooperative endeavor by integrating themselves
into the cellulolytic metabolic pathways of the host. Vertical
transmission (= proctodeal trophallaxis) was a first step leading
to the extraordinarily complex division of labor in the termite-
flagellate symbiosis, just as proctodeal trophallaxis (= vertical
transmission) was the first step eventually leading to division of
labor in the eusocial host (Nalepa, 2015).

Downstream Effects
An expected consequence of vertical transmission is the
initiation of a positive feedback loop between the newly minted
host-flagellate digestive capabilities and host food choices.
Increasing ability to metabolize lignocellulose would push
the host to include more of it in its diet, feeding back
on the metabolic contributions of the flagellate. A host diet
high in structural polysaccharides and the development of
the mutualistic partnership to fully digest it each establish
the conditions for the development of the other. Eventually
an ancestral cockroach that included rotted plant debris
in its diet could make the transition to an exclusively
wood diet, taking advantage of a relatively competition poor
ecological niche and allowing the host–symbiont partnership
to avail itself of the most abundant biomass on earth
(Ni and Tokuda, 2013).

Another evolutionary consequence of the direct transfer
of hindgut fluids was increased opportunity for protists to
form symbiotic relationships with prokaryotes (Nalepa et al.,
2001). Few symbiotic associations are recognized between
bacteria and free-living obligate anaerobic flagellates (Fenchel
and Finlay, 2010), but eukaryote-prokaryote relationships are
both prevalent and increasingly well documented in the guts
of Cryptocerus/lower termites. Their guts harbor a large pool
of diverse bacteria associated with protists (Noda et al.,
2009), and proctodeal feeding assures passage of established
microbial consortia. The relationship between gut eubacteria
and archaea with flagellates can be ecto- or endosymbiotic,
and may be coevolved and stable or exhibit frequent host
switches. Integration ranges from transient affairs to permanent,
obligatory partnerships, each of which provides an opportunity
for cross-feeding, for communication, and for genes to move
to a new genome (Hongoh et al., 2005; Noda et al.,
2007, 2018; Keeling and Palmer, 2008; Desai et al., 2010;
Hongoh and Ohkuma, 2018).

Functionally, the cellulose-rich diet of the cockroach host
ensures that the currency exchanged in these inter-microbe
relationships would involve overcoming the deficits of food
that has an excess of structural polysaccharides and a deficit
of nitrogen. Cellulose digestion is advanced in the hindgut by
the flagellates, but also by their associated bacteria (Tokuda
et al., 2014; Yuki et al., 2015; Treitli et al., 2019), as well as

by prokaryotes free-living in hindgut fluids (Ni and Tokuda,
2013). Gut bacteria acquire, conserve and recycle nitrogen, as
well as serve as direct sources of protein (Thong-On et al.,
2009; Desai and Brune, 2012; Tokuda et al., 2014; Tai et al.,
2016). The duo of nitrogen-fixing bacterial endosymbionts and
their cellulolytic protist host together enable the highly efficient
growth of their host termite (Hongoh et al., 2008). Although
the specifics of exchanged metabolites are yet largely unknown,
recent studies are starting to reveal the astounding degree of
complexity embodied in just one flagellate-bacteria relationship.
Flagellates not known to engulf wood particles, like Streblomastix
strix in the termite Zootermopsis, may have bacterial associates
that fix nitrogen, provide amino acids and cofactors, and digest
cellulose, some of which may fuel their flagellate host. The
bacteria in turn lack at least one essential enzyme, which may
be overcome by an exchange of intermediates with the flagellate.
Other members of the gut flagellate community seem to play
a role, and Streblomastix additionally internalizes and digests
its epibiotic bacteria (Treitli et al., 2019). These insect-protist-
bacterial relationships have been called triplex or tripartite (Brune
and Stingl, 2005; Noda et al., 2007) but recent work indicates that
additional terms may be needed. Utami et al. (2018) recently took
the nested symbioses to a fourth level: Treponema spirochetes
living on oxymonad protists in the gut of Cryptocercus/lower
termites have ectosymbiotic bacteria of their own (see also
Pramono et al., 2017).

A Conundrum
If flagellates are so adept at switching metabolic pathways, it
is a mystery as to why they retain their two-stage life cycle
in Cryptocercus. The metabolic and genomic complexity of the
encystment cycle suggests that it entails a substantial cost, and
construction of a cyst wall requires considerable investment
in protein and chitin (Eichinger, 2001). Cysts became largely
defunct for intergenerational transmission at the onset of anal
trophallaxis in the ancestral hosts, but the flagellates could
not revert to a functional two-stage life cycle via horizontal
transmission because of the concomitant change in host social
structure (Figure 2). Nonetheless, vertical transmission of
flagellates in Cryptocercus is unlikely to be as tightly coordinated
as vertically transmitted, obligate intracellular symbionts (e.g.,
Sacchi et al., 2000; Arab et al., 2020). There may always
be some noise in a transmission system that relies on host
behavior, and vertical transmission in Cryptocercus should be
considered high fidelity but not perfect (Tai et al., 2015).
The life history of Cryptocercus does not rule out horizontal
transmission but it is probably rare. Older, melanized juveniles
may leave the natal log and shelter temporarily in abandoned
or short, self-excavated galleries (Nalepa and Grayson, 2011).
Because these subadults have a molt or two left before maturity,
feces that contain cysts may be deposited outside their natal
gallery. It is unknown how long these cysts are viable (but is
amenable to testing).

It could be that a two-stage parasitic life-cycle is a difficult
habit to break. The flagellates may be trapped in a maladaptive
state because, like a variety of protozoan parasites (e.g., Clopton
et al., 2016) cysts are an obligate stage in the life cycle. Ancient
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FIGURE 4 | Self-reinforcing dynamics of vertical transmission on host-gut symbiont relationships in the termite ancestors. Consequences of vertical transmission
(proctodeal trophallaxis) on social evolution and life history of the host are addressed in Nalepa (2011, 2015, 2017).

events in phylogeny can commit a lineage forever, particularly
if the protist is dependent on its host (Poulin, 2007). Although
difficult to explain in evolutionary terms, there are other parasites
with a dead-end in their life cycle (Vickerman, 2000; Mushegian
and Ebert, 2016). In the human parasite Entamoeba histolytica,
for example, those amoeba that end up in deep tissue sites are
not further involved in the life cycle and reach a blind alley
(Goater et al., 2014).

Because trophallaxis eases selection pressure to retain costly
encystment cycles in the flagellates, a plausible explanation
for their existence is that their deep integration with host
physiology cannot be disengaged. This would accord with
the idea of host domination in the evolution of the lineage,
and with the ‘flagellate as victim’ hypothesis (Nalepa, 2017).
Cysts in the feces of molting Cryptocercus nymphs, as well
of vestiges of the encystment process in termites may be a
legacy of their distant gregarious past. Response of protists to
the molting hormones of the host nonetheless was strongly
influential further along their shared evolutionary trajectory
(Nalepa, 2017).

THE POWER OF HOST BEHAVIORAL
CHANGE

Figure 4 illustrates some of the self-reinforcing co-evolutionary
networks resulting from one host behavioral change: the shift
from horizontal to vertical transmission. The principle outcomes
are the transition from parasitism to mutualism in the flagellates,
host-flagellate interdependence, and the origination of their
cooperative partnership in processing lignocellulose. The latter
feeds back on host food choices, and continuous residency of the
flagellates in host gut fluids allowed for increased multilayered

prokaryotic-eukaryotic integration and collaboration. Such
feedback processes cement mutualisms and can accelerate during
co-evolution (Biedermann and Rohlfs, 2017).

It should be noted that the host behavioral change from
coprophagy to trophallaxis also had potent evolutionary
consequences for host social structure, as it was the genesis
of obligate subsociality and trophallactic exchanges in the
lineage. Hosts became dependent on flagellates, neonates became
dependent on parents, and eventually, termite colony members
became dependent on each other (Nalepa, 2015, 2017). Vertical
transmission additionally instigated or facilitated division of
labor on three known levels: between hosts and their gut
microbiota, among the diverse array of microbes that settled
into the host gut, and eventually, among the members of the
host social group. Arguably, then, it was the single key event in
the genesis of termites from cockroaches, reinforcing the idea
of behavioral change as a potent influence on the evolutionary
trajectory of host-symbiont lineages.
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