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Resumo

ROXINOL, José Augusto Martins, D.Sc., Universidade Federal de Vigosa, ou-
tubro de 2020. Os muiltiplos usos das fezes pelos cupins (Blattodea:
Isoptera). Orientador: Og Francisco Fonseca de Souza.

As fezes sdo notoriamente um tépico desagradavel para a maioria das pes-
soas. Entretanto, elas estao presentes no dia a dia de todos os animais e
exercem funcoes muito além da excrecao. Embora existam diversos exemplos
de uso das fezes pelos animais, raros sao os casos em que esses usos envol-
vam as fezes de conspecificos. Isso porque estas fezes podem representar um
alto risco de infeccao de patdgenos, ja que nelas, patéogenos podem se desen-
volver. Apresentamos neste trabalho uma revisao investigando os usos das
fezes pelos animais e em especifico o caso dos cupins que sao um dos raros
grupos de animais que passam a vida em contato direto com a préprias fe-
zes. O uso das fezes pelos cupins vale-se principalmente devido a acao dos
microorganismos ali residentes, e foi se incrementando ao longo da evolugao
das linhagens de cupins. Tamanha relevancia dessa massa fecal presente nos
ninhos dos cupins, que ela é atualmente considerada a resisténcia estendida
a doencas desses individuos, como ja demonstrado para Coptotermes formo-
sanus por Chouvenc et al. (2013). No interior dos ninhos dessa espécie ha
uma massa composta por fezes e madeira triturada, onde vivem micrébios que
agem no controle de patdgenos dos cupins. Aqui, apresentamos também um
trabalho empirico onde investigamos os mecanismos por tras desta resisténcia
estendida. Verificamos se os patdgenos poderiam ser impedidos de se desen-
volver (i) por efeito de exclusao competitiva promovida pelos microorganismos
benéficos, ou (ii) por um efeito de supressao direta oriundo de substancias pre-
sentes na massa fecal, sejam estas substancias liberados pelos microorganismos
benéficos ou pelo metabolismo dos préprios cupins. Usamos a massa fecal de
ninhos Cornitermes cumulans para avaliar seu efeito na sobrevivéncia desses
cupins expostos a infeccao de um fungo patogénico. Além disso, usamos essa
massa fecal com e sem a supressao de microorganismos para investigar se eles

afetam a germinacao do termitopatdgeno. Verificamos que a massa fecal nao



impede a infeccao patogeénica e consequente surgimento de doengas no corpo
dos cupins, mas diminui a reproducao do patogeno. E esse efeito é devido na
somente aos microorganismos da massa fecal, mas também a massa fecal em
si. Assim, esses resultados demonstram que a massa fecal de alguns cupins
nao atua aumentando a resisténcia a doencas diretamente nos individuos, mas
pode contribuir para sua saide geral. Mais que isso, a massa fecal prejudica
o desenvolvimento dos patégenos no ninho, atuando assim como uma agente
profilatico para a colonia, mesmo se os microorganismos benéficos nela resi-

dentes forem eliminados.

Palavras-chave: Entomopatégeno. Infeccao. Insetos. Microorganismos.
Solo.



Abstract

ROXINOL, José Augusto Martins, D.Sc., Universidade Federal de Vigosa, Oc-
tober, 2020. The multiple use of feces by mound termites (Blattodea:
Isoptera). Advisor: Og Francisco Fonseca de Souza.

Feces are notoriously an unpleasant topic for most people. However, they are
present in the daily lives of all animals and perform functions far beyond ex-
cretion. Although there are several examples of the use of feces by animals,
there are rare cases in which these uses involve conspecific feces. It is because
these feces can represent a high risk of infection, since pathogens can grow on
them. We present here a review investigating the uses of feces by animals and
especially for the case of termites, which are one of the rare groups of animals
that spend their lives in direct contact with their own feces. We found that
the use of feces by termites is mainly due to the action of microorganisms
residing there, and it was increased over the evolution of termites lineages.
Such is the relevance of the fecal mass in termite nest, that it is currently
considered to pose extended resistance to diseases, as already demonstrated
for C. formosanus by Chouvenc et al. (2013). Inside the nests of this species,
there is a mass composed of feces and crushed wood, where live the microbes
that control pathogens of termites. Here, we present an empirical work where
we investigate the mechanisms behind such an extended disease resistance.
We verified whether pathogens would be impaired (i) by competitive exclusion
from beneficial microorganisms, or (ii) by direct supression originated from
substances present in the fecal mass, be those liberated from microorganisms
or from termite metabolism itself. We used the fecal mass of nests C. cumu-
lans to evaluate its effect on the survival of these termites exposed to fugal
pathogenic infection. Besides, we use this fecal mass with and without the
suppression of microorganisms to investigate whether they affect the germi-
nation of termitopathogens. We found that the fecal mass does not prevent
pathogenic infection and the consequent emergence of diseases in the body of
termites, but it reduces the reproduction of the pathogen. And this effect is

not only due to the microorganisms in the fecal mass, but also to the some yet



unknown component of the fecal mass. Thus, these results demonstrate that
the fecal mass of some termites does not act to increase resistance to disease
in individuals themselves, but it can contribute to their overall health. Mo-
reover, it impairs the development of pathogens in the nest, thus acting as a
prophylactic agent for the colony, even if the beneficial microorganisms therein

resident would be elliminated.

Keywords: Entomopathogen. Infection. Insects. Microorganisms. Soil.
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Introducao Geral

As fezes sao uma exclusividade dos individuos do reino animal. Embora ela
possa causar repulsa na maioria de nés humano, é inegavel que ela esta presente
diariamente em nossas vidas, e de outros animais (Waltner-Toews, 2013). Ha
quem as classifique com um mero dejeto do tubo digestivo (Dethlefsen et al.,
2006; Kim et al., 2011; Rose et al., 2015). Entretanto, as fezes desempenham
papeis que vao muito além da participacao no processo digestivo. Muitos
animais utilizam as fezes em atividades como comunicagao, construcgoes, defesa
a inimigos, e até mesmo na alimentagao (King et al., 2016; Mizumoto and
Bourguignon, 2020; Hogstad, 2004; Korner et al., 2016; Diehl et al., 2015).

Ainda que as fezes tenham utilidade para muitos animais, é raro encontrar-
mos individuos que entrem em contato com as fezes de conspecificos (Weiss,
2006). Isso porque quando as fezes sdo deixadas expostas ao ambiente, elas
se tornam alvo de micrébios potencialmente patogeénicos (Blake et al., 1980;
Gilbert, 1997, Ibéiiez-Alamo et al., 2017). Esses micrébios usam as fezes como
um meio de cultura para seu desenvolvimento. Assim, os casos de animais
que utilizam ou estao em contato direto com as fezes sao em geral com fezes
oriundas de heteropecificos (Weiss, 2006).

Um dos tdnicos organismos que vive em meio as fezes de conspecificos e
parece nao ter problemas com isso s@o os cupins (Engel, 2019). Os cupins sao
insetos sociais que vivem em ninhos feitos em grande parte de fezes dos proprios
individuos que habitam o ninho (Grassé, 1958; Korb, 2008). Curiosamente, as
espécies de cupins que possuem os maiores ninhos e que também sao as mais
especiosas, s@o as que mais utilizam e mantém contato com suas fezes (Noirot
and Darlington, 2000; Bucek et al., 2019; Engel, 2019). Ainda que haja a
presenca de patdgenos presente em suas fezes e ninhos. Esse fato permanece
como um paradoxo para a biologia.

Neste trabalho investigamos o papel da massa fecal dos ninhos de cupins.
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Nossa pergunta principal é por que os cupins matém contato direto com suas
fezes dentro do ninho, ainda que elas possam abrigar patogenos? buscamos
identificar os mecanismos pelos quais alguns animais, como os cupins, lidam
intimamente com as fezes de conspecificos sem terem problemas com isso. Para
isso, dividimos este trabalho em dois capitulos. No primeiro capitulo (Cap.
2), apresentamos uma revisao sobre como acontece a utiliza¢ao das fezes pelos
animais, e em especifico para o caso dos cupins. No segundo capitulo (Cap.
3), apresentamos um trabalho empirico testando o efeito da massa fecal dos
ninhos de C. cumulans (Isoptera: Termitidae) na resisténcia dos cupins a
doencas patogénicas e também o seu efeito direto na reproducao de patégenos

dos cupins.
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We need to talk about feces - the truth about

the number two in animal societies

2.1 Abstract

Feces are present in the daily lives of animals. Far beyond metabolic, feces can
play a role in a range of activities in our biology. It is relatively easy to find
examples of animals using feces for of communication, construction, defense,
and even food. Although feces are a versatile resource for animals, they rarely
use their own feces to perform some of these functions. It is because feces are
a growth medium for microbes that are more likely to be pathogenic to the
fecal former. So the usual practice is to avoid oneself’s feces. However, ter-
mites are a rare animal group that live in close contact with their own during
all life, without concerns about it. Here we review the main implications and
limitations from feces usage by animals. In the end, we attempt to figure out
the mechanisms by which some animals, such as termites, deal so intimately
with feces without having problems with pathogens. In the particular case
of termites, we found that the symbiotic association with microbes may favor
feces usage. This may explain the reasons for the increase in feces usage over

the evolution of termites lineages.

Keywords: Evolution. Fecal. Termites. Pathogens. Symbiosis.
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2.2 Introduction

The feces, uniqueness from the animal kingdom, are the outcome of each indi-
viduals’ digestive process. It is through feces, that individuals discharge food
residuals, water, metabolites, chemical volatiles, and many microbes (Dethlef-
sen et al., 2006; Kim et al., 2011; Rose et al., 2015). But there are more things
in the feces than just waste. The feces are an elaborated microenvironment
that can bring us cues about how animal individuals and societies run their
history, behavior, and health issues (Dunn et al., 2010; Waltner-Toews, 2013;
Rodgers and Janecka, 2013; Dunn et al., 2013; Barberan et al., 2015). Howe-
ver, feces topics are usually unattractive for readers, who may be missing out
a valuable source of information about their biology (Lewin, 2001; Fitzpatrick
et al., 2013; McDonald et al., 2018).

Although we humans have a natural disgust for feces (Curtis et al., 2011),
many animals do not. Animals can use feces to communicate, to build dwellings
and nests, as a defense, to feed, or even so to improve their immunity (King
et al.,; 2016; Mizumoto and Bourguignon, 2020; Hogstad, 2004; Korner et al.,
2016; Holter, 2016; Diehl et al., 2015) . In spite of that, hardly any of these
animals eat or live in their feces their whole life, because it can also bring
them health problems (Weiss, 2006; Dunn et al., 2010; Walsh et al., 2013;
Ibafiez-Alamo et al., 2017). After all, as a rule, feces are a waste and a risk to
animals’ health (Rose et al., 2015). When the feces are left in the environment,
it becomes a target of ill-fated organisms that establishes and pullulates within
it (Foster et al., 2013). These organisms often include pathogens, who can
bring some harm or disease to the feces former (Blake et al., 1980; Gilbert,
1997; Ibafiez-Alamo et al., 2017). So, what is usual is that individuals adopt
hygienic behaviors and manage feces far away from where they feed and sleep,
avoiding any risk to their health (Weiss, 2006; Hart and Ratnieks, 2002; Sato
et al., 2003; Rose et al., 2015; Ibaiiez-Alamo et al., 2017).

Since the feces pose diseases’ risk to individuals, animal societies usually
concern with fecal accumulation near where they live (Sato et al., 2003; Lucas
et al., 2019; Farji-Brener et al., 2016). The more individuals, the more feces
production and accumulation, the more likelihood of pathogens’ build up and
consequential risk of disease, and so the more the society’ need to concern
about feces handling (Coté and Poulinb, 1995; Rifkin et al., 2012; Medina-
Medina et al., 2014; Czaczkes et al., 2015; Mukhtar et al., 2016).

However, there is a particular case of an animal society that is always in

touch with their feces without any problem. These are the termites. Termites
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are truly social societies that live as a coercive colony inside of a nest (Grassé,
1958; Korb, 2008). All types of termites’ nests have, if not at all, at least one
part composed by feces (Lee and Wood, 1971; Mizumoto and Bourguignon,
2020; Engel, 2019). In such nests, termites manipulate, walk on, and occasio-
nally eat these feces (Eggleton, 2010; Korb, 2010). These behaviors are more
common in the newest termites lineages, which build the biggest colonies and
comprise the & 70% of termite species (Noirot and Darlington, 2000; Bucek
et al., 2019; Engel, 2019). That is to say, intimate contact with large amounts
of feces seems to be a derived trait that is a rule for the vast majority of termite
species.

Therefore, living in the feces is not a concern to termites societies, even
though it seems a paradox in biology. Why does it happen? Why was this
behavior spread throughout termites’ lineages? Herein, we review the lite-
rature on the feces under a social context. We will attempt to figure-out
mechanisms by some animals, such as termites, deal so intimately with feces
without having problems with pathogens.

In this review, we also suggest that termites feces usage is a derivative trait
in Isoptera mediated by their symbiosis with the fecal microbes. Within these
scenarios, we aim to discuss how these fecal microbes contributes with the fecal

usage strategies on termites societies.

2.3 What are the feces?

Dung, stool, ordure and, an uncountable another way to say feces, is the
exclusive product derived from animal digestion (Hill et al., 2012). If you've
ever soiled your shoes on it, you probably don’t want to talk about it. Perhaps,
you've certainly had relief moments with yours, and so you should take a
moment to learn more about it. Although we may ignore the feces, it is present
and impactant for our daily life and for that of all other animals (Rowland,
1975). But, what are the feces, after all?

The feces are the solid or semisolid food residual mass egested by animals
(Rowland, 1975; Hill et al., 2012; Waltner-Toews, 2013). Everything that is in-
gested and is not metabolized by an animal or by its internal guests is released
in the fecal mass (Hill et al., 2012). In general, feces contain carbohydrates,
inorganic materials, lipids, minerals, proteins, toxins, and water that are deri-
ved from the food digestion (Ervin et al., 2013; Rose et al., 2015; Penn et al.,
2018). Besides such compounds, feces can hold a high diversity of hormones,

toxins, and enzymes that arise from the metabolism of the individual or its
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gut symbionts (Paton and Paton, 1998; Hill et al., 2012; Rose et al., 2015).
A high diversity of microbes can also be excreted in feces. This diversity of
elements make feces a gem cue to screaning the individual’s ecology and health
(Putman, 1984; Fitzpatrick et al., 2013; Barberan et al., 2015). All in all, the

individuals are not what they eat, they are what they excrete.

2.4 The feces role in the animal kingdom

The feces are daily present in animal lives (Rowland, 1975). Although it seems
to be just a waste of the digestive process, the feces are used by many animals
also for communication (Kappeler, 1990), buildings (Lee and Wood, 1971),
defense (Hogstad, 2004), nutrition (Nichols et al., 2008), or even to improve
their immune system (Diehl et al., 2015). In this section we review these feces

usage in the animal kingdom.

2.4.1 Communication

Many animals use feces’ odour to communicate and share information with
other individuals about territory occupancy, mate availability, group status,
or immune conditions (Roper et al., 1993; Jordan et al., 2007; Droscher and
Kappeler, 2014; Eppley et al., 2016). The feces’ odor marks are advantageous
to remain active for a long time even when the marker is absent, and also
is a honest and cheat-proof information source from another individual (Zala
et al., 2004; Ruibal et al., 2010; Pifieiro and Barja, 2012).

By defecating, individuals can mark their territory to avoid intruders. Due
this effect, many animals select especific places to defecate. For example,
the European Wildcat spread out their feces on specific plants that maximize
the dissipation of the odorous signal (Pifieiro and Barja, 2012). These marks
can affect the spatial distribution of males preventing agonistic encounters.
Similar, wolves, badgers, and lizards also use the feces to signal their territories,
and to inform their presence in the area (Zub et al., 2003; Roper et al., 1993;
Labra et al., 2002).

The feces can also inform the presence of a conspecific in the area, to
indicate social status or even the immune and physiological conditions of a
individual. Many species have sites where individuals defecate repeatedly,
with the aim of group communication (Droscher and Kappeler, 2014; Eppley
et al., 2016). The White-footed Sportive Lemurs live in an uncoercive family
group and each individual from the family group urinates and defecates in

the same tree as if it was a family’s latrine. Such a behavior reinforces the
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group bound relationship because the odor derived from their latrines informs
the family members of how is the health of other relatives, even if they rarely
meet (Droscher and Kappeler, 2014). The latrines have been used by several
animals since the middle-late Triassic (Fiorelli et al., 2013). On the other hand,
it only started to be used in our species with the emergence of cities (~ 3 mya)
(Wald, 2016). This latrines are considered a mark of our civilization, manly
due its sanitary importance (Antoniou et al., 2016; Wald, 2016).

Besides family latrines, there are communal latrines, which are bigger latri-
nes shared by many conspecifics. These communal latrines are often a form of
scent-marking behavior, hence a resource to olfactory communication and ter-
ritorialism (Jordan et al., 2007; Eppley and Donati, 2011; King et al., 2016).
For instance, Badgers, Raccoon Dogs, and Spotted Hyaena are true latrine
users and share information from the groups or about their territory (Roper
et al., 1993; Yamamoto, 1984; Mills and Gorman, 1987). Likewise, Meerkat
groups share communal latrines with neighboring groups aiming to monitor
each other by the odor, avoiding agonistic confrontations (Jordan et al., 2007).

While communal latrines are useful to inform territorial property of social
species, solitary ones use communal latrines mainly to inform about mate
availability, or to recognize non-specific and conspecific use of the area. For
example, in the ocelot societies, latrines provide clues on the reproductive
status of conspecifics while informing their presence to heterospecifics (usually
preys) (King et al., 2016). Likewise, white rhinos can discriminate by the feces
odor the territory of other males and, familiar or unfamiliar females, while the
feces odor of house mice males indicates to females the chance of this male
having any bacterial infection (Cinkovéd and Policht, 2015; Walsh et al., 2013).

Accordingly, in invertebrates such as Triatominae bugs, coackroaches, and
termites, to pose feces signals in latrine-like places can be helpfull to aggregate
conspecifics (Nalepa et al., 2001; Wada-Katsumata et al., 2015; Mosquera and
Lorenzo, 2020). This behavior is also conjectured as paving the origin of sym-
biotic mutualism with microorganisms in cockroaches and termites (Nalepa
et al., 2001; Legendre et al., 2015; Evangelista et al., 2019; Nalepa, 2020). The
aggregation runs because of aggregation” pheromones production in dictyopte-
rans that drove from volatile carboxylic acids produced by their gut microbes

community (Wada-Katsumata et al., 2015).

2.4.2 Building

While feces can be the animals’ social media, being useful to share information,

another peculiar way of feces usage is to build dwellings and nests. Such
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building method is used by many animals. In such animal buildings, the feces
are used as an organic cement to structure the building materials (Vilane,
2010; Millogo et al., 2016).

The termites are arguably the engineers that are more reliant on feces for
their buildings (Lee and Wood, 1971). Termite spread their feces in walls and
galleries inside of the nest (Cosarinsky, 2011; Korb, 2010). Is thought that
this feces can serve as a fertile medium to raise microbes that are beneficial to
the termite colony (Chouvenc et al., 2013). Furtermore, termite feces provide
moisture retention and cementing, which also contributes to the nest’ micro-
climate control (Wood, 1988). Some stingless bees can also build the external
part of their nest using a mass composed of feces and other materials (Medina-
Medina et al., 2014). Unlike termites, these bees keep the internal part of their
nests feces-free.

Other animals can also use feces produced by heterospecifics. For instance,
several ovenbirds in the family Furnariidae construct their nests adding dung
to the clay mass (Zyskowski and Prum, 1999; Irestedt et al., 2006). In addition
to its cementing properities, herbivores dung holds microbes and compounds
which show antiseptic action and exert prophylaxis (Gupta et al., 2016). More
close to us, our ancient cultures also employ cow dung in its home constructions
(Gur-Arieh et al., 2019).

2.4.3 Defense

The feces also can be used as a cheap alternative for defense, against enemies or
predators. Some human ancient civilizations are known to have made military
use of feces against enemies (Eneh, 2012). The weapon-agents of these feces
were putative pathogens carried by them, and their disgusting odors (Eneh,
2012). Likewise, some fieldfare birds eject their feces against predators that
attempt to prey their eggs. Such behavior is a deterrent against avian predators
because the feces’ chemical compounds impregnate and erode the insulating
properties of predator plumage (Hogstad, 2004).

Other defense strategies using feces are more passive, acting as camou-
flage or body shield. Some inquiline termites, for instance, defecate in front
of their heterospecific termite hosts, thereby preventing their direct contact
(Hugo et al., 2020). These strategies are not exclusive of little individuals
however. Some sperm whales, for example, eliminated feces in the sea when
feeling under threat. Such a behavior creates a fecal camouflage that avoids
potential harassment from dolphins (Scott and Cordaro, 1987). In other cases,

preys camouflage their position using their feces with other waste materials to
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build unattractive structures to predators. In case of orb-web spiders, these
structures are stick-like (Tso, 1998; Gonzaga and Vasconcellos-Neto, 2005), or
even like a bird dropping (Liu et al., 2015). On their turn, the larvae of the
tortoise beetle uses their feces to construct body shield structures that hinder
the predator’s attack (Eisner and Eisner, 2000).

Several chrysomelid beetles cover their eggs with feces, and their larvae do
it around themselves, both aiming to hide from predators (Eisner and Eisner,
2000). Besides acting as a physical barrier, these shield feces preset deterrent
or repellent compounds that work against predators’ onslaught (Vencl et al.,
2009).

Shield-like structures made of feces are also employed by termites to avoi-
ding pathogens build-up or to block the spread of odorous information. When
a conspecific die, its nestmate termites workers bury their corpse in feces to
avoid that microbes build-up and contaminate the nest (Chouvenc and Su,
2010; Chouvenc et al., 2012). Additionally, during confronts, termite soldi-
ers usually spray chemical compounds to harm the the enemy. Because these
compounds also serve to recrute other soldiers while driving workers away to
safety. After such enemy is obliterated, workers cover it with feces to interrupt

the chemical alarm signal transmission (Eisner et al., 1976).

2.4.4 Nutrition

Although it may sound strange, some individuals eat feces. Those individuals
are called coprophage (Soave and Brand, 1991). Coprophagous animals may
eat on feces derived from conspecifics or heterospecifics to obtain a dietary
or immune intake (Ebino, 1993). Certainly the most famous coprophage is
the dung beetle (Nichols et al., 2008). Dung beetles mostly feed on feces from
mammalian herbivores (Holter and Scholtz, 2006). They extract nitrogen from
feces microbial biomass and, essential amino acids and cholesterol from fecal
content (Holter, 2016).

While dung beetles are truly coprophagous because feces is the main re-
source of their diet, other animals also eat feces but are not strict copropha-
gous (Soave and Brand, 1991). These animals occasionally feed on other’
feces aiming to improve their nutritional demands (Fenolio et al., 2006). Such
behavior is related as an adaptative feeding strategy to energy supply in food
scarcity periods (Leuchtenberger et al., 2012). For example, during low food
availability seasons, many not strict coprophage species of birds, reptiles, and
mammals eat feces let by giant otters in their communal latrines. These ani-

mals eat the giant otters’ feces because it present high nutrient and microbial
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content (Leuchtenberger et al., 2012).

It is also common to found some especies that eat their own feces or from
conspecifics. In such a case the aim of this behavior is to recycle nutrients
and chemical compounds excreted through feces (Hirakawa, 2008; Sakamaki,
2010). For instance, voles, leporids, and other mammalian herbivores eat their
feces to extend the retention time of food in the gut and increase nutrient and
vitamins intake (Ebino, 1993; Lee and Houston, 1993; Hirakawa, 2008). In
some cases, youngs eat parent excrements to acquire microbes and enzymes
(Osawa et al., 1993; Tobey et al., 2006).

Likewise, some dermapterans earwings keep their feces inside the nest du-
ring their initial growth period (Kérner et al., 2016). Their juvenile relatives
exchange feces between themselves, in some food deprivation moments. By
decreasing these juveniles’ need for food, this behaviour decreases their compe-
tition and aggressiveness, acting also as a drive for social cooperation (Kérner
et al., 2016). Similarly, piglets have their weigth and white blood cell increa-
sed if they are exposed to their mothers’ feces in the nursery at the first days
post-partum (Aviles-Rosa et al., 2019). The same happens to koalas youngs
eat a substance called 'pap’, that originates from their mother’s caecum. The
microbes and enzimes present in this pap improve the joey’s ablility to digest

eucalyptus leaves (Osawa et al., 1993; Tobey et al., 2006).

2.4.5 Pathogen resistance

Besides dietary enrichment, some species eat feces to improve their immune
system (Diehl et al., 2015; Robertson et al., 2018). In such, neonates usually
eat the parents’ feces to increase the gut’ microbes content (Hirakawa, 2008).
Many of these microbes are symbiotic of these animal species and are verti-
cally transmitted through generations (Nalepa et al., 2001; Jahnes et al., 2019;
Nalepa, 2020). In rabbits, some symbiotic bacterias acquired from eaten feces,
adhere to gut mucosa and impair the occurrence of other pathogenic bacte-
rias (Combes et al., 2013). It is proposed that competitive exclusion and the
inhibition by antimicrobial substances are mechanisms behind this symbiotic
barrier effect (Combes et al., 2013).

Since the blatodeans ancestors, the termites’ behavior of living in groups in
dirty environments and surrounded by their feces has been maintained and in-
creased (Nalepa et al., 2001; Nalepa, 2015, 2020; Engel, 2019). In this scenario,
profitable microorganisms passed through the mesh of evolutionary pressures
and were favored in this environment (Bucek et al., 2019). In contrast, these

microorganisms were excellent competitors against termite pathogens (Zoberi
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and Grace, 1990; Roose-Amsaleg et al., 2004; Chouvenc et al., 2013; Sujada
et al., 2014; Chouvenc et al., 2018). Thus the termites and these microor-
ganisms coexisted, narrowing to the point of becoming symbiotics. Such a
relationship allowed termites to increase the number of individuals in their
colonies while they were able to increase the size of their nests, thus favoring
more areas and feces, which are important for the development of microorga-
nisms (Engel, 2019; Bucek et al., 2019). This symbiosis may have been one of
the reasons for the reduction in the diversity and activity of immune genes as
new termite lineages emerged (He et al., 2020).

The importance of fecal microbiota also is currently witnessed in the human
medicine. Alternative therapies as fecal implant are employed attempting to
increase diversity of microbes in human gut and alter the gut—brain communi-
cation, wich impact some gastrointestinal disorders, as colits (Giles et al., 2019;
Wang et al., 2019; Wargo, 2020), and also many psychopathology and affec-
tive co-morbidities, such as depression, anxiety states, and cocoaine addiction
(Dinan and Cryan, 2013; Kiraly et al., 2016; Xu et al., 2018). The efficiency of
these therapies relies in restoring lost essential gut’ symbionts. Such symbionts
are the humans’ old friends, that have long been helping humans to improve
their pathogen resistance (Rook, 2010; Rook et al., 2014).

2.4.6 Diseases source

Althoug feces can be used as comunication, building, defense, nutrition, or
pathogen control, feces as a disease source is one of the main concerns of
animals (Putman, 1984; Sato et al., 2003; Livingston et al., 2005; Walsh et al.,
2013; Waltner-Toews, 2013; Czaczkes et al., 2015; Farji-Brener et al., 2016;
Ib4iiez-Alamo et al., 2017; Lucas et al., 2019). When an animal defecates it
brings a growth medium to microbes (Foster et al., 2013), which may pose
pathogenic risks to those who enter in contact with these feces (Blake et al.,
1980; Gilbert, 1997; Ib4iiez-Alamo et al., 2017). Due to such risks, animal
societies usually concern with fecal accumulation near where they live (Sato
et al., 2003; Lucas et al., 2019; Farji-Brener et al., 2016).
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2.5 The feces’ use by termites in an eco-evolutive
context. Why keep feces inside the home

can be good?

The vast majority of animals which are able to profit from the use of feces
do not live for all lifetime enclosured by their feces (Dunn et al., 2010; Walsh
et al., 2013; Ibé4iiez-Alamo et al., 2017). In doing so, they avoid being exposed
to pathogens longer than strictly needed to a healthy use of the feces (Blake
et al., 1980; Gilbert, 1997: Foster et al., 2013; Ibafiez-Alamo et al., 2017).
Termites, however, pose a notable exception to this rule, as they do spend all
their lifetime surrounded and in continuous contact with their feces (Bignell,
2011).

The termites’ behavior of feces’ usage is derived from ancestral blattodeans
that already used feces for comunication or protection against pathogens (Fi-
gure 2.1) (Nalepa et al., 2001; Wada-Katsumata et al., 2015; Rosengaus et al.,
2013; Jahnes et al., 2019). Communication seems to be the first role for feces
in blatodeans, appearing very early in their oldest family (Nalepa et al., 2001;
Wada-Katsumata et al., 2015). Their feces contain a characteristic, odor pro-
duced by their gut microbes, that attracts and aggregates conspecifics (Nalepa
et al., 2001; Wada-Katsumata et al., 2015). Later on, in the last cockroach
family before termites, appear the use of feces as a source of pathogen control
(Rosengaus et al., 2013).
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Figura 2.1: Evolution of feces usage by termites lineages.
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After the cockroaches, raised the first isopteran species, called Lower Ter-
mites. These species form small colonies with dozens or hundreds of individuals
that live in a wood nest (Bignell, 2011). These termites truly eat their home,
which is a pure cellulose source. To diggest such cellulose, they are helped
by endosymbiont flagellate protist microbes, that live in their gut and diggest
the cellulosic fragments releasing glucose and other compounds necessary to
termites’ metabolic demands (Bignell, 2011; Nalepa, 2020).

The feces of these termites are rich in organic matter and microbes (Big-
nell, 2011). Most of them keep the produced feces inside the nest during all
the colony lifetime, rather than isolate or release it outside of the nest, as
does their cockroach ancestor and other social insects (Bignell, 2011; Medina-
Medina et al., 2014; Wada-Katsumata et al., 2015; Czaczkes et al., 2015). Tt
probably happens because, at least for some of these species, their feces con-
tain compounds and microbes that act against pathogens infection (Rosengaus
et al., 2013; Chouvenc et al., 2013; Peterson and Scharf, 2016).

Termites feces effectively impair pathogens to grow inside the nest, and
hence it has a prophyllactic role (Rosengaus et al., 2013; Chouvenc et al.,
2013; Peterson and Scharf, 2016). It is known that microbes found in termites’
feces, nest, and gut, are passed from parents to siblings and also between
colony residents, by proctodeal trophallaxis (Nalepa et al., 2001; Nalepa, 2015,
2020). This proctodeal trophallaxis is derived from ancestor blatodeans that
are coprophagous and often display this behavior (Nalepa et al., 2001; Wada-
Katsumata et al., 2015).

A important shift in the termite lineages occured in the last step of Lower
Termites, with the emergence of Coptotermes group from the Rhinotermitidae
family. Since Coptotermes group, termites conquered soil niches, and with
it there was a shift in their nest pattern, from wood to soil made (Bignell,
2011; Chouvenc et al., 2013; Engel, 2019). As soils are dirtier environments
than woods and have more microbe diversity, including entomopathogens, the
exploration of soil niches propitiates the acquision of pathogens (Milner et al.,
1998; Bruck, 2009; Sujada et al., 2014).

After Rhinotermitidae family, the Isoptera radiation raised their biggest
group, the Higher Termites, which comprise the single-family Termitidae.
Puzzling as it may sound, the Termitidae not only explore such a risky en-
vironment but they also form the most speciose and abundant family in the
Isoptera (Bignell, 2011; Engel, 2019). Their normally build nests which house
thousand to millions of individuals and can attain sizes that are enourmous

even from a vertebrate-scale perspective (Bucek et al., 2019; Engel, 2019; Mi-
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zumoto and Bourguignon, 2020).

If the issues related to living in dirtier environments were not enough, these
big colonies also accumulate their feces within their premises. While certainly
a problem for any other animal society, these feces seem to not bother the Ter-
mitidae at all. The Termitidae individuals use their feces to construct the nest,
mixing them with clay soil, saliva, and organic matter (Mizumoto and Bour-
guignon, 2020). These feces have cement proprieties that, after maturation
keep the nest hard (Wood, 1988).

The nest of Termitidae species present a high amount of fecal mass and
microbes in dedicated locals or even spread through galleries (Bignell, 2011).
The microbes from this dirty nest part are composed by symbiotic microbes
but also some pathogenic microbes. Oddly, such locals also shelter the termite
juveniles forms, who have their immune system still in development (Grassé,
1958; Traniello et al., 2002). Since also juveniles are in direct contact with
the potentially pathogenic microbes in addition to the symbionts, they are
the colony individuals most prone to pathogenic damage. Due to this, is
suspected that the feces and symbionts microbes act as a nests’ firewall against
termitopathogens infections, further plays the benefits previously mentioned
here. This idea is proposed by the extended disease resistance hypothesis
(Chouvenc et al., 2013).

The ectosymbionts’ relevance as antipathogenics seems to be more probable
in the recent termite’ groups because they, unlike elder lineages, present decre-
ased activity and diversity of their immune genes (He et al., 2020). Keeping
the feces inside the nest may favor the growth of ectosymbiont microbes able
to fight pathogenic ones. The success of the Isoptera seems hence tightly liked
to a summation of fecal managing behaviors, since defecation by an ancestor
cockroach that aggregated conspecifics until the peculiar behavior of keeping
feces inside the home to favor nutritional demands and promote diseases de-
fense. All these behaviors are notoriously mediated by microbes present in

their feces.

2.6 Conclusion

Although talking about feces is usually a bit unpleasant or creates discomfort
for most people, feces are part of the daily life of any animal, which includes
us. Faeces are used by animals as a means of communication, construction,
as a defense system, and even as food and a prophyllactic strategy. Here, we

highlighted that termites are a rare group of animals that use feces in all these
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tasks, in addition to living permanently in contact with their own feces.
Evidence shows that the use of feces by termites derives from the first
blatodeans as a form of communication and continued to be used as a way
of arresting pathogens, in the construction of nests and finally, in food. In
all these functions, the participation of symbiotic microbes is remarkable and
indicates a profitable relationship for both parties, termites and microbes. So
the usage of feces mediated by microbes may have far-reaching evolutionary

consequences, at least to termites societies.
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Fecal mass control pathogens but don’t

enhance disease resistance in mound termites

3.1 Abstract

Some termite species have a fecal compartment present in their nests. This
compartment is known to mediate extended disease resistance for such ter-
mites, because it harbours beneficial microbes which impair the growth of
pathogens, preventing infection. However, this hypothesis was tested in a ter-
mite species from the older Higher Termites group, that construct their nest
with feces and wood. The mechanisms behind this antimicrobial action, howe-
ver, are still under scrutiny. Pathogens could be impaired (i) by competitive
exclusion from beneficial microorganisms, or (ii) by direct supression origina-
ted from substances present in the the fecal mass, be those liberated from
microorganisms or from termite metabolism itself. Here we verified these two
hypotheses, using the fecal mass of C. cumulans’ nests to evaluate its effect
on the survival of these termites exposed to pathogens. We also used this
fecal mass with microbes present and suppressed to investigate whether these
microbes affect the germination of the termitopathogen. We found that the
fecal mass (i) promotes an increment in the survival of termites, (ii) does not
prevent the pathogenic infection in the body of termites, but (iii) it decreases
the pathogen’s germination. This decreasing effect is not only due to the pre-
sence of fecal mass’ microbes, but also to the some yet unknown component of
the fecal mass. These results demonstrate that the fecal mass of some termites
does not act improve individual immunity, but it can contribute to their overall
health. Moreover, it can impair the development of microbes in the nest, even
if the beneficial microorganisms therein resident would be elliminated.

Keywords: Infection. Pathogenic microbes. Prophylaxis. Social insects.
Soil.
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3.2 Introduction

A vast diversity of animals, plants, and microbes are often found forming
symbiotic link with termites (Roose-Amsaleg et al., 2004; Costa et al., 2009;
Joseph et al., 2013). Such a link is particularly tight for the case of microbes
inhabiting the termite gut (Brune and Dietrich, 2015). As with the termite
body holding symbionts in an specialized compartment — the gut —, some
termite nests have a distinct “waste” compartment rich in organic matter, soil
and termite feces were microbes pullulate (Chouvenc et al., 2013; Costa et al.,
2013; Barbosa-Silva et al., 2016; Moreira et al., 2018).

While exerting their action in cellulose degradation (Brune, 2014), termites
gut microbes also excrete chemical compounds that control pathogens and
increase the host’ disease resistance (Rosengaus et al., 2011; Sujada et al., 2014;
Peterson and Scharf, 2016). Likewise, microbes inhabiting the fecal nest’s
compartment of C. formosanus (Isoptera: Rhinotermitidae) provide disease
resistance to their cohabiting termite individuals (Chouvenc et al., 2013). This
has led Chouvenc et al. (2013) to postulate the “extended disease resistance
hypotheses”, which holds that the fecal nest compartment in Coptotermes
spp. would have a function of increasing the disease resistance of individuals
in addition to its sanitary role as a waste dump.

The mechanisms behind this antimicrobial action, however, are still under
scrutiny, focusing on a species from the Higher Termites group, C. cumulans
(Isoptera: Termitidae). Such termites belong to one of the most recent bran-
ches in the phylogeny of Isoptera, the Syntermitinae. Despite having large
nests as C. formosanus, unlike these latter, C. cumulans mixes feces with soil
—rather than wood— to build the internal nest compartment. In doing so, C.
cumulans would be more exposed to entomopathogenic soil as bacterias, ne-
matodes, and fungi from the genera Beauveria, Isaria (Cordycipitaceae) and
Metarhizium (Clavicipitaceae) (Bruck, 2009; Vega et al., 2009; Peng et al.,
2019).Puzzling enough, when opening a C. cumulans nest in the field, we
always observe most of the juvenile individuals gathered at this fecal compart-
ment (Grassé, 1958), as if it was a “nursery”. All these inherent traits of C.
cumulans biology seem to oppose a healthy lifestyle.

While asking why C. cumulans would keep such a potential source of in-
fections inside their nest, considering their biology, we hypothesize that the
nests’ fecal mass would (i) make termites “stronger” so that they resist better

13

to infections, or (ii) it make the pathogen “weaker”, retarding its growth and,

hence, preventing nest infections. Pathogens could be impaired by competitive
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exclusion from beneficial microorganisms, or by direct supression originated
from substances present in the the fecal mass, be those exsudates from mi-
croorganisms or from termite metabolism itself. Here we verified these two
hypotheses, that is to say, here we tested two distinct sets of mechanisms, one
focused on the increment of individual immunity by the feces stored in the
nest and another focused on the prophylactic role from this specialized fecal
nest compartment. To do so, we inspected the effect of the nest fecal mass
on the survival of C. cumulans individuals exposed to Metarhizium anisopliae
and also the effects of the fecal mass, with and without active microoganisms,

on the in-vitro growth of this fungus.

3.3 Material and Methods

3.3.1 Termite focal species and natural history

The C. cumulans (Kollar, 1832) is one of the mandibulate nasute termites that
compose the newest group of termites, the so-called Higher Termites (Emerson,
1952; Constantino, 2002). C. cumulans feed on ground grass litter and mainly
soil substrate (Donovan et al., 2001). The colony of C. cumulans is composed
of two castes, the reproductive caste, with one queen and one king, and the
non-reproductive caste, with thousands of soldiers and workers (Grassé, 1958).
The reproductive caste keeps the production of new individuals and the non—
reproductive caste act on the maintenance of the colony and the nest (Roisin,
2000). While termite soldiers and workers are normally seen in all nest gal-
leries, it is in the galleries composing the fecal compartment that youngsters
thrive (Grassé, 1958).

The nest of C. cumulans occurs on the soil surface in open grassland areas
in Brazil, Bolivia, Paraguay, and Argentina (Redford, 1984; Constantino, 2002;
Cosarinsky, 2011). The nest is ovoid (Grassé, 1958; Cosarinsky, 2011), whose
bottom stays implanted underground while most of its body protrudes above-
ground. Its above-ground height can reach just above two meters in height,
one meter in diameter at the ground base. Nests attaining a few more than
400 liters in volume are commonly found in the field (J. A. Roxinol, personal
observation, November 25, 2019).

This nest structure is bipartite, with a core and an external part (Grassé,
1958; Cosarinsky, 2011). The core, hereafter called fecal mass, is a compart-
ment rich in soil, grass litter, termite feces, and saliva (Menezes et al., 2017).

This part has larger galleries, similar to a carton hive (Grassé, 1958; Cosa-
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rinsky, 2011), where the juvenile termites (nymphs) thrive along with abundant
and diverse microbial community (Grassé, 1958; Costa et al., 2013; Menezes
et al., 2017). Such microbes are present in less amount in the soil adjacent to
the nest and in the termite gut (Costa et al., 2013). The outward nest part
forms a dry and cemented soil wall with threadlike and irregular galleries, that
act as a hard outer shell to the colony (Cosarinsky, 2011). This outward wall
can be as thick as five to 25 c¢m thickness in direct proportion to the nest

volume and colony ontogeny (Guimaraes, 2018).

3.3.2 Termites and nest fecal mass sampling

The nest fecal mass, worker and soldier termites were sampled from 18 un-
damaged nests found between 10 to 1000 meters apart at the municipality of
Vigosa, Minas Gerais state, Brazil (Table 3.2). No pest management procedu-
res have been recorded in the sampling area, no inquiline termite species were
found within these nests. Termite individuals presented no noticeable damage
or behavioral change before the trial started. Trials started later in the same
day of the sampling. Survival trials used samples from 4 nests and were carried
out in December 2019. The in vitro trials used samples from 15 nests (one of
them previously sampled for survival trials — Table 3.2), and were carried out
in August 2020.

The cold chisel and the gardening trowel tools used to open the nest, were
disinfected with 70% alcohol and flamed immediately before each nest sam-
pling. All nest were opened digging in their wall a hole g < 30 cm, at about
30% of the nest height from the ground and oriented to the east position. The
fecal mass was sampled using a disinfected forceps and stored in sterilized fal-
con tubes immediately after the nests were opened. Termites present in fecal
mass were removed before the fecal mass storage. After fecal mass storage, ter-
mites were also sampled and stored in boxes with fragments of the nest (using
a distinct box for each nest) and were immediately taken to the laboratory for
screening. In the laboratory, the termites from each box were collected with a
forceps and placed inside an individual Petri dish with a lid. Then, they were

transferred to the Petri dishes with the respective treatment settings.

3.3.3 Fungal spore preparation

The M. anisopliae was selected as a model organism for the trials based on
their potential pathogenicity to termites, and because it occurs naturally in the

soil and sometimes in termite nests (Kramm et al., 1982; Milner et al., 1998;
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Myles, 2002; Neves and Alves, 2004; Zimmermann, 2007). This M. anisopliae
strain is pathogenic and lethal to termites and other insects, but it is not a
commercial strain.

Aiming to certify that the M. anisopliae spores emerged from a termite
host, freeze-dried isolates of this M. anisopliae strain were previously cultivated
in a C. cumulans carcass. The body surface of this carcass was previously
subjected to antisepsis, to avoid other fungi contaminations. This antisepsis
was carried out by submerging the carcass individually in a solution of 6% of
hypochlorite sodium and sterilized distilled water. After being handily shaken
for 10 seconds, the carcass were washed twice in sterilized distilled water, by
submersion in microtubes. Then, these carcasss were placed in a Petri dish
layered with PDA (Potato Dextrose Agar — KASVI, Madrid, ES — 39 gr of
PDA in one liter of distilled water — concentration used herein all trials) with
0.002% of Chloramphenicol 25.0 mg. After the M. anisopliae germination over
the PDA medium and carcass, a sample of this fungus was taken and seeded
again in another Petri dish layered with PDA and Chloramphenicol. Lastly,
we took isolates from this Petri dish to prepare a pure fungal stock suspension
and use it subsequently according to each trial setup.

The stock suspension was prepared with 0.01 g of M. anisopliae spores in 20
ml of sterilized distilled water and 0.1% Tween 80 surfactant. Spores counting
was ran adding 10 pl suspension in a hemocytometer at 400x of magnification.
The M. anisopliae conidia concentration from the stock suspension used herein
all trials was 2.5 x 10® conidia/ml. All these preparation of the fungal stock

suspension were done according to Rosengaus and Traniello (1997).

3.3.4 Termite survival trial

Would the termites’ nest fecal mass make termites stronger so that they resist
to pathogen infections? To address this question, we exposed termites to M.
anisopliae and inspected their survival in the presence and absence of their
nest fecal mass. We also performed trial in the absence of pathogens and nest
fecal mass to assess the termites’ baseline survival.

Survival trials were performed on groups composed of one soldier plus 15
workers. Each group was sampled from a single termite colony. A total of
four nests were used (Table 3.2). Termites were confined in Petri dish plates.
This plates had each one of the two half parts with a idividual factor under
test. These halves part were previuosly layered with a fungal PDA growth
medium. Termites moved freely above the halves — factors — inside Petri dishes.

Treatments consisted of (i) M. anisopliae seeded over PDA in one half of the
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plate, with fecal mass over PDA on the other half; (ii) M. anisopliae seeded
over PDA in one half of the plate, with the other half free of fecal mass — just
PDA; (iii) fecal mass over PDA on the one half, with the other half free of M.
anisopliae — just PDA ; and (iv) the control — no M. anisopliae, no fecal mass,
just PDA in the halves (Figure 3.1). The plates had @ = 60 mm, height = 15
mm, and the termites’ density inside the plate was kept near 0.14 (that is, 14%
of the plate’s surface was occupied by the bodies of the termites themselves,
leaving 86% of the space free), aiming to avoid density bias effect on termites
behavior (Miramontes and DeSouza, 2008).

, 2 ) | _‘
Me+ FM+ Me+ FM- Me- FM+ Me- FM-

Figura 3.1: Experimental setup where termite groups were subjected to the
survival trial. Treatments were arranged combining the presence (+) or ab-
sence (-) of Metharizium anisopliae (Me) and termite nest fecal mass (FM) on
each half of the plate. In the absence of one of these factors, just sterilized

PDA growth medium was used.

Each half of the plate received 1.5 ml of solidified and sterilized PDA me-
dium with 0.002% of Chloramphenicol 25.0 mg. M. anisopliae fungus was
previously cultivated until sporulation (five days). This cultivation was done
inoculating 10 pl of the stock suspension of M. anisopliae directly in one half
side of the plate and pouring 1.5 ml of sterilized PDA medium above it. Fecal
mass treatments were prepared applying 1 g of grounded nest fecal mass over
the Petri dish half containing sterilized and solidified PDA medium. The nest
fecal mass was added to the plate immediately before the beginning of the
survival trial. The fecal mass used in each plate came from the same nest
as the termites under test. All preparations were done inside a flow chamber
using sterilized objects so that to minimize external contamination.

Survival observations were carried out every one hour, counting the number
and noting the caste of dead individuals inside each plate until all individuals
were dead. Survival evaluation began 30 minutes after termites were placed
in the Petri dishes with the treatments in a BOD incubator, at 25 °C £1 °C

in complete darkness. Three replicates for each treatment and each nest have



45

been used.

The causa mortis of individuals was inspected following the Rosengaus and
Traniello (1997). To do so, dead individuals were placed over a plate previously
layered with PDA medium so that microbes thereby grown could be identified.
The first, the seventh, and the fourteenth individual found dead in each plate
had its causa mortis determined.

The body surface of termites carcass was subjected to antisepsis before
causa mortis plating. This antisepsis was carried out as done before in the C.
cumulans carcase to fungal stock suspension preparation (Vide section 3.3.2).
After antisepsis, the carcases were plated in the center of the plate on a 3 ml
layer of sterilizedd and solidified PDA medium with 0.002% of Chloramphe-
nicol 25.0 mg. A sterilized cotton ball (= 0.1 g) soaked on 1 ml of distilled
water was placed at the internal edge of the plate to increase the moisture and
favor the fungi growth. The plates (& = 30 mm, height = 15 mm) were sealed
by wrapping them in cling film after plating the carcases. These plates were
incubated at 25 °C £1 °C in complete darkness until the microbes grew and
covered the termite carcass (five to 10 days after plating).

The causa mortis could then be identified. M. anisopliae infection was
identified by comparison to the fungal growth pattern in control plates contai-
ning previously aseptic termites carcases which were submerged in M. aniso-
pliae suspension (Supplementary material — Figure 3.5). Causa mortis could

then be classified as “M. anisopliae” or “other”.

3.3.5 In vitro trial

Here, we addressed the following questions: Would the nest fecal mass make
the termite pathogens weaker by affecting their growth? If it does, would this
weakening occur due to the presence of antagonic microbes in the fecal mass
or due to some intrinsic physical and chemical trait of the nest fecal mass
itself? To answer these questions, we carried out two in vitro trials comparing
the growth of termite pathogen fungus (M. anisopliae) in the presence of (i)
sterilized, (ii) non sterilized nest fecal mass with and and (iii) in the absence of
it. This was done using the method bellow as adapted from Rosengaus et al.
(1998, 2000) and Cole et al. (2020).

We prepared individual suspensions from each sample of nest fecal mass,
adding one gram of grounded nest fecal mass in 20 ml of sterilised 0.1% TWeen
80 surfactant. A second suspension from the same sample was prepared using
fecal mass which was sterilised by microwaves irradiation. Microwaves irra-

diation were used as an alternative to sterilising methods with chemicals or
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high temperature, because it cause less alteration in chemical composition of
substances (Darbar and Lakzian, 2007; Shareef et al., 2019). The effectivity of
such a sterilizing method has been shown by Islam and Weil (1998). To do so,
one gram of grounded nest fecal mass was placed in a glass plate and irradiated
in a 1400 W household-type microwave oven, with max energy power at 2450
Hz in the continuous mode for two minutes. These irradiated nest fecal mass
were so added to the 20 ml of TWeen 80 surfactant in sterilized falcon tubes.

Suspensions were so handly shook for one minute to foster detachment of
putative microbes and other possible compounds from the nest fecal mass.
Subsequently, 60 ul of supernatant suspension of either irradiated or non-
irradiated fecal mass was incubated in microtubes with 60 ul of the M. aniso-
pliae stock suspension for 24 hours at 25 °C on a rotating plate (150 rpm) in a
BOD incubator and under darkness. A mix of 60 ul M. anisopliae suspension
and 60 pl TWeen 80 was used as the control treatment to estimate the baseline
of the M. anisopliae conidia germination.

After incubation, 10 ul of each suspension was spread onto a microscope
slide containing 1 ml of sterilized and solidified PDA growth medium. Each
sample was run in triplicate, three slides per nest, and treatment. Another
replicate slide was prepared and inspected immediately, aiming to determine if
M. anisopliae conidia had germinated during the 24 hours incubation period.
The seeded slides were cultured for 18 hours at 25 °C 1 °C inside glass pla-
tes lined with one sheet of towel paper moistured with 3 ml of distilled water
to keep high moisture content. The microscopic slides were placed on top of
overturned plates and inside another glass plate avoiding direct contact with
the moistened paper sheets. These glasses plates were also sealed wrapping
on it with cling film to avoid external contamination. Immediately after 18
hours, conidia germination was evaluated counting the proportion of germina-
ted M. anisopliae conidia in 10 focal fields per slide, at 400x magnification

(Supplementary material — Figure 3.4).

3.3.6 Statistical analysis

The analysis of the survival trial inspected whether treatments (M. anisopliae
+ fecal mass, M. anisopliae alone, control) would affect the meantime elap-
sed from the experiment onset until a termite worker was found dead in the
plate. The data were subjected to censored survival analysis under the Weibull
distribution (Martinussen and Scheike, 2006), using the “survival” package in
R software (version 3.4.4). Modeling proceeded by building a full model, in-

cluding the three treatment setups, plus the nest identity as a blocking term.
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Model simplification by backward stepwise deletion was carried out aiming to
inspect consequent changes in deviance (Crawley, 2015). After only significant
terms persisted in the model, further simplification was done by amalgama-
ting levels within categorical variables one by one from the full model in the
crescent order of the meantime to death.

For the in wvitro trial, we contrasted the average of germination rate M.
anisopliae in the presence of three treatments: non-irradiated fecal mass; irra-
diated fecal mass; and control. Germination rate were evaluated 24 hours after
the beginning of incubations in liquid suspensions and 18 hours after seeding
on slides. The average rate of conidia germination of each treatment was ob-
tained from three replicate slides per nest. The germination rate in each slide
was obtained from ten random focal fields. Analyses were carried out under

Generalized Linear Modeling using R software (version 3.4.4).

3.4 Results

3.4.1 Termite survival trial

Infection by M. anisopliae was confirmed as the causa mortis of termites in
treatments containing this pathogen (Supplementary material — Table 3.1).
Termites exposed to M. anisopliae died faster than those not exposed to it
(the control treatment), and this deleterious effect of the fungus was not af-
fected by the presence of fecal mass (Figure 3.2 and Supplementary material
— Table 3.4). During the evaluation of this trials, we also observed that some
termite workers bury carcases with fecal mass (Figure 3.6). In addition, the
treatment type and nest identity significantly affected the termites’ survival
(Supplementary material — Table 3.3), and the fecal mass positivelly affected
termites’ survival (Figure 3.2). Statistical differences between treatment levels

are given in Supplementary material — Table 3.4.
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Figura 3.2: Workers of C. cumulans termites exposed to M. anisopliae died
faster than those not exposed to it (p<.001). Nest fecal mass did not protect
termites from mortality by M. anisopliae infection. Axes depict the propor-
tion of termites still alive in each treatment (x-var) as time elapses since the
begining of the experiment (x-var). Dots are the readings performed at each
occasion and colored clouds indicate the confidence intervals (95%) for each
curve). FM = just Fecal Mass exposition; Me = M. anisopliae exposition; Me

+ FM = M. anisopliae plus nest Fecal Mass exposition; and the Control =
absence both M. anisopliae and nest Fecal Mass.
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3.4.2 In vitro trial

The germination of M. anisopliae was negatively affected by the presence of fe-
cal mass (p = 0.0003) after 42 hours of interaction. Interesting, non-irradiated
fecal mass was more deleterious to M. anisopliae than was irradiated fecal
mass (p = 4.069 x 1071%) indicating the existence of at least two factors of
fungal deterrence: one that is sensitive to irradiation (resident microbes, for
instance) and another insensitive to it (Figure 3.3). M. anisopliae conidia do

not germinated before 24 hours of incubation in all treatment setups.



50

_—
g | —
& | [
[l -
% _
=
£ .
25 :
a2 = ;
) = H ]
= ! '
(=] : .
T 2 1
E G ——
E
5
& o =
o
o}
=
g )
L i
o '
[
I | T
fda WeFM WeFMir
Treatments

Figura 3.3: Termite nest fecal mass decreased the germination rate of M.
anisopliae conidia F(3,30) = 65.76, p = 1.08 1. The germination was lower
when the microbes were present in the fecal mass (that is, when the fecal mass
was not irradiated) F(2,31) = 82.54, p = 4.0697'°. Dots are averages of 3
readings, each one being, itself, an average of 10 focal fields in a given slide.
Data from 15 nests. Me = suspension of M. anisopliae alone, Me + FM =
suspension of M. anisopliae incubated with non-irradiated fecal mass, Me +

FMir = suspension of M. anisopliae incubated with irradiated fecal mass
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3.5 Discussion

Our results pointed to a neutral effect of the termite nest fecal mass in strengthe-
ning termite individuals against pathogen infection and mycosis (Figure 3.2),
which contradicted our first hypothesis. However, the results supported the
second hypothesis, since the termite nest fecal mass decreased the germination
of the termitopathogen fungus (Figure 3.3). We also found that the microbes
naturally residing in the fecal mass were able to deter the germination of M.
anisopliae, because non-irradiated fecal mass — with higher microbes content —
was more effective in impairing M. anisopliae than irradiated one (Figure 3.3).
Furthermore, because M. anisopliae deterrence still persisted in irradiated fe-
cal mass, it seems appropriate to state the fecal mass can control pathogens
even after the resident beneficial microbiota was elliminated.

These results suggest that if M. anisopliae conidia are taken from outside
to the core of the nest, their germination will be hindered by the fecal mass
microbes and by some other unknown factor associated to the fecal mass.
Whether or not these factors would be exsudates from a previous population
of beneficial microbes or even from termite metabolism itself, its beyond the
scope of this work. In the end, keeping feces inside the nest enhances colony
success in impairing epizootic risks in the nest. However, the fecal mass could
not increase the resistance of termites to disease when these individuals were
already stricken by the pathogenic infection (Figure 3.3). So, the nest fecal
mass can be said to have a prophylactic role that is exerted at the level of the
super-organism — the colony — but not directly in the individuals, as previously
asserted by Chouvenc et al. (2013). Once individuals are infected, the fecal
mass can not impair infections to build up.

It is also interesting to note that, even when microbes are elliminated (by
irradiation, Fig. 3.3), the prophylactic action of the fecal mass persist, even

though at a lower extent. This seem to indicate that the protection offered by
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the fecal mass seem not to rely entiretly on the actual presence of live colonies
of beneficial microbes. It is tempting to hypothesise on the origin of this
prophylaxis: on one hand, it might be simple accumulation of exudates from
the beneficial microbes themselves. On the other hand, one could suspect that
antimicrobial metabolites from termite origin could also be carried over along
with excretes. Clearly, these are hypotheses still in need of test. We provide
them here not only show the complexity of the mechanisms behind Chouvenc’s
extended disease resistance, but also point out the breadth of research avenues
opened by these results.

Additionally, the negative effect of the nest fecal mass and the microbes on
the germination of termitopathogen may also explain why C. cumulans youngs-
ters are so numerous in the fecal mass nest compartment (Grassé, 1958): since
their immune system is still under development (Traniello et al., 2002), it would
be safer for them to gather in a nest compartment where pathogen pullulation
is suppressed. If this suppression takes the pathogenic load to a nonlethal
dose, the fecal mass can be acting as the immune priming mechanism that
increase youngsters resistance to pathogens (Sadd and Schmid-Hempel, 2006;
Gélvez and Chapuisat, 2014; Sheehan et al., 2020). In this particular sense,
the fecal mass compartment is comparable to a clean nursery were youngsters
are protected against infections.

We also observed during the data sampling of the survival trial some C.
cumulans workers burying some carcases with the fecal mass (Figure 3.6). This
observation highlight that the termites can use the fecal mass as an ally to
fight the spread of pathogens. In fact, many termites species bury carcases to
minimize odor interference in their chemical communication (Chouvenc et al.,
2012), and also to control pathogen pullulation (Rosengaus et al., 1998).

On a more ecological tone, this negative effect of the fecal mass and their
microbes on the pathogen germination seems potentially relevant to the suc-

cess of the Termitidae family, the more speciose and abundant termite group
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(Bucek et al., 2019; Engel, 2019). Maybe not coincidentally, this special nest
compartment is present in Termitidae species usually holding large populati-
ons, such as Macrotermes bellicosus and our focus here, C. cumulans (Engel,
2019; Mizumoto and Bourguignon, 2020). This notion seems to find support on
the fact that, among Lower Termites, those having enormous success also have
such intimate contact with their own feces: C. formosanus is very abundant
and widespread (Redford, 1984; Cosarinsky, 2011).

It is also tempting to admit a link between the negative effect of the fecal
mass and their microbes on the germination of pathogens from the soil — here
observed — and the prevalence of fecal mass in soil-made nests, as the C.
cumulans case. Such a link may be particularly tighter for the case of Higher
Termites that are more prone to pathogens threats by living and feed in the
soil. After all, if the pathogens are suppressed their harm in the termite colony
is decreased, so more individuals would survive, and larger populations be
maintained. New research may disentangle the identity of the agents enrolled
within this symbiosis and the evolutionary implications of this relationship on
these species.

In conclusion, rather than being a waste structure, the fecal mass compart-
ment in C. cumulans nests seem to play a role in decreasing the reproductive
efficiency of soil termitopathogens. Such a role is played mainly due to the
presence of microbes in this mass. Here, we argue that in the Higher Termi-
tes the fecal mass seems more effective in playing a prophylactic role against
pathogens would found in the nest structure itself than in enhancing metabolic
resistance of individuals to disease. That is, the fecal mass and their microbes
can control soil pathogen carried to the nest core, but they do not enhance

disease resistance direction onto the metabolism of termites individuals.
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3.6 Supplementary Material

Tabela 3.2: Characteristics of the nests where the termites and the fecal mass were sampled

Identity Geodesic coordinates Altitude (m) | Height (cm) | Volume (L)“ Trial
Nest 01 | 20°46°59.05”S 42°50'42.79” W 702 86 168.2 survival
Nest 02 | 20°46°59.20”S 42°50°42.72"W 705 83 243.1 survival
Nest 03 | 20°46’57.20”S 42°50°47.00” W 706 51 108.8 survival
Nest 04 | 20°47°00.30”S 42°50°42.90” W 698 71 147.8 surv. & germ.
Nest 05 | 20°46’57.10”S 42°50°47.10" W 706 75 212.9 germination
Nest 06 | 20°47°00.50”S 42°50°54.80” W 764 97 412.8 germination
Nest 07 | 20°46’58.70”S 42°50°49.00” W 716 88 248.2 germination
Nest 08 | 20°46°58.20”S 42°50’51.10"W 737 71 117.2 germination
Nest 09 | 20°46’58.40”S 42°50°55.60” W 745 81 167.3 germination
Nest 10 | 20°47°00.60”S 42°50°53.10” W 758 91 130.6 germination
Nest 11 | 20°47°01.10”S 42°50753.30" W 764 102 319.5 germination
Nest 12 | 20°46759.70”S 42°50°47.00" W 728 107 335.0 germination
Nest 13 | 20°46759.60”S 42°50°48.40" W 712 80 228.2 germination
Nest 14 | 20°46°54.90”S 42°50'23.60” W 705 62 191.2 germination
Nest 15 | 20°46’53.00”S 42°50°22.60” W 737 121 142.5 germination
Nest 16 | 20°46’54.40”S 42°50'21.20" W 731 106 471.0 germination
Nest 17 | 20°46’55.60”S 42°50720.60” W 732 107 451.5 germination
Nest 18 | 20°46’57.70”S 42°50720.20" W 727 51 102.0 germination

2 The nest volume was calculated according to (Guimaraes, 2018).

19



Tabela 3.1: Results from the Causa mortis trial

Nest Identity | Treatment | Death Sequence | Causa mortis
Nest 01 Control First Another
Nest 02 Control First Another
Nest 03 Control First Another
Nest 04 Control First Another
Nest 01 Control Seventh Another
Nest 02 Control Seventh Another
Nest 03 Control Seventh Another
Nest 04 Control Seventh Another
Nest 01 Control Fourteenth Another
Nest 02 Control Fourteenth Another
Nest 03 Control Fourteenth Another
Nest 04 Control Fourteenth Another
Nest 01 MeBM First Another
Nest 02 MeBM First Another
Nest 03 MeBM First Another
Nest 04 MeBM First M. anisopliae
Nest 01 MeBM Seventh Another
Nest 02 MeBM Seventh Another
Nest 03 MeBM Seventh M. anisopliae
Nest 04 MeBM Seventh M. anisopliae
Nest 01 MeBM Fourteenth M. anisopliae
Nest 02 MeBM Fourteenth Another
Nest 03 MeBM Fourteenth M. anisopliae
Nest 04 MeBM Fourteenth M. anisopliae
Nest 01 Me First M. anisopliae
Nest 02 Me First Another
Nest 03 Me First M. anisopliae
Nest 04 Me First Another
Nest 01 Me Seventh M. anisopliae
Nest 02 Me Seventh M. anisopliae
Nest 03 Me Seventh M. anisopliae
Nest 04 Me Seventh M. anisopliae
Nest 01 Me Fourteenth M. anisopliae
Nest 02 Me Fourteenth M. anisopliae
Nest 03 Me Fourteenth M. anisopliae
Nest 04 Me Fourteenth M. anisopliae
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M. anisopliae (Me) conidia
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\
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a Treatments factors were: Nest fecal mass

(irradiated and non-irradiated). Control were
just Tween 80.

Figura 3.4: Experimental setup to quantify M. anisopliae conidia germination
rate, run in the termite nest fecal mass and termitopathogen fungus interaction
trial.



Tabela 3.3: Analysis of deviance results from the effect of nest fecal
mass on C. cumulans survival exposed to the pathogen M. anisopliae.
See Material & Methods for more details.

Df | Deviance | Resid. Df | -2«LL% | Pr (>x?)
Null NA | NA 238 2376.75 | NA
Treatments 3 167.73 235 2209.02 | 3.937%
Nest identity | 3 70.35 232 2138.67 | 3.6071

# LL = log-likelihood.

Tabela 3.4: Results of analysis of deviance from the model simplification by stepwise deletion from
the effects of nest fecal mass on C. cumulans survival exposed to the pathogen M. anisopliae. See

Material & Methods for more detail.

Model® | Terms® Resid. Df | -2xLL¢ | Test Df | Deviance | Pr (>x?)
Model 1 | All treatments 235 2209.02 | -3 —170.36 3.60~1°
Model 2 | Me+FM- and Me+FM+ | 236 2209.134 | —1 —0.12 0.73
Model 3 | Me+FM+ = Control 237 2245.68 | —1 —36.54 1.4979
Model 4 | Control = Me-FM+ 237 2268.96 | —1 —59.82 1.047 14

# Model built in the model simplification by stepwise deletion.
> Terms combined in the model. Terms abreviation meanings are: Me 4+ FM = presence of M.
anisopliae and nest fecal mass in the same treatment; Me = Just the presence of M. anisopliae

in the treatment.
¢ LL = log-likelihood.
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Figura 3.5: Causa Mortis paterns. a) Me infection, treatment Me alone; b)

Me infection, control; ¢) and d) Another microbe infection, treatment Me and
FM.
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Figura 3.6: Termites carcase buried with fecal mass. Dark mass pile, more
visible in left side.
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Conclusoes Gerais

A partir dos trabalhos apresentados nesta tese, concluimos que a importancia
das fezes para os animais vai muito além de ser a etapa final do processo
digestivo. As fezes sao utilizadas pelos animais como meio de comunicacao,
construgao, sistema de defesa e até como alimento e estratégia profilatica.
Dentre os animais que mais utilizam as fezes de conspecificos, os cupins sao
um grande destaque. Apresentamos aqui que um dos motivos que possibilitam
o uso e contato direto dos cupins com suas fezes é devido ao papel das fezes
na acao profilatica contra a infeccao de patdgenos no ninho. Esse papel é
desempenhado principalmente pelos microbios residentes na massa fecal dos
ninhos por diminuirem a capacidade reprodutiva de fungos termitopatogenos.
Para o caso de C. cumulans, a massa fecal e seus micrébios atuam prevenindo
a infecgao de patdgenos, entretanto ela nao é capaz de aumentar a resisténcias

dos individuos a doengas.



