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ABSTRACT

This project was completed to understand the evolution of the ability to digest

wood in termite symbiotic protists. Lower termites harbor bacterial and protist sym-

bionts which are essential to the termite ability to use wood as a nutritional source,

producing glycoside hydrolases to break down the polysaccharides found in lignocel-

lulose. Yet, only a few molecular studies have been done to confirm the protist species

responsible for particular enzymes. By mining publicly available and newly gener-

ated genomic and transcriptomic data, including three transcriptomes from isolated

protist cells, I identify over 200 new glycoside hydrolase sequences and compute the

phylogenies of eight glycoside hydrolase families (GHFs) reported to be expressed by

termite hindgut protists.

Of those families examined, the results are broadly consistent with Todaka et al.

2010, though none of the GHFs found were expressed in both termite-associated pro-

tist and non-termite-associated protist transcriptome data. This suggests that, rather

than being inherited from their free-living protist ancestors, GHF genes were acquired

by termite protists while within the termite gut, potentially via lateral gene transfer

(LGT). For example one family, GHF10, implies a single acquisition of a bacterial xy-

lanase into termite protists. The phylogenies from GHF5 and GHF11 each imply two

distinct acquisitions in termite protist ancestors, each from bacteria. In eukaryote-

dominated GHFs, GHF7 and GHF45, there are three apparent acquisitions by termite

protists. Meanwhile, it appears prior reports of GHF62 in the termite gut may have

been misidentified GHF43 sequences. GHF43 was the only GHF found to contain

sequences from the protists not found in the termite gut. These findings generally

all support the possibility termite-associated protists adapted to a lignocellulosic diet

after colonization of the termite hindgut. Nonetheless, the poor resolution of GHF

phylogeny and limited termite and protist sampling constrain interpretation.
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Chapter 1

INTRODUCTION

1.1 Lignocellulosic Biomass

Currently, petroleum is the dominant feedstock in various fuel and material en-

terprises (Sanderson, 2011). As the global supply of crude oil is non-renewable and

concerns mount regarding its contribution to global climate change, carbon-neutral

alternatives are being investigated (Jensen et al., 2017). First generation biofuel ap-

proaches focused on sugar, starch, and vegetable oils as feedstock, though their appeal

is limited as they compete with food in the market and in land use (Scharf and Bou-

cias, 2010). Using lignocellulosic materials, especially non-edible biomass, in place of

fossil fuels is attractive as being potentially more eco-friendly and sustainable (Isikgor

and Becer, 2015). Lignocellulosic biomass is the most abundant bio-renewable source

of organic carbon on earth (Liu et al., 2011). Non-food agro-industrial biomass is

available as waste byproducts from a variety of industries, making it an appealing

source of bio-sourced feedstock (Anwar et al., 2014). These second-generation feed-

stocks include forestry remnants as well as the non-edible portions of crops (Serrano-

Ruiz et al., 2011; Soccol et al., 2017). Agricultural residues like corn stover, sugarcane

bagasse, coffee pulp, and corn cobs are often burnt for energy, sent to landfills, or

sometimes used as cattle feed (Rodrigues Mota et al., 2018; Van Wyk, 2001). Munic-

ipal solid wastes like paper, food, and yard scraps as well as sawdust and other waste

from the pulp and paper industries are likewise underutilized (Saha, 2003).

Three types of carbon-based polymer make up lignocellulose: Cellulose, hemicel-

lulose, and lignin along with various minerals and proteins. The hemicellulose and
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lignin form a matrix around the cellulose microfibrils (Nieves et al., 2015). Different

sources such as hardwoods, softwoods, municipal, or agricultural waste have vary-

ing compositions of these component polymers (Jensen et al., 2017). Lignocellulosic

biomass can be treated to create many value-added chemicals; alternatives which

can be used as the starting compounds for the biosynthesis of many synthetic poly-

mers civilization has come to rely upon (Isikgor and Becer, 2015). The component

monomers can be fermented to ethanol, acetic acid, or lactic acid; simple starting

materials which can be chemically transformed into commodity chemicals used as

building blocks for antifreeze, paints, pharmaceuticals, or polyester resins (Serrano-

Ruiz et al., 2011). They can also be further processed into value-added chemicals for

polymer precursors to biodegradeable and biocompatible materials for packaging or

prosthetics (Van Wyk, 2001).

To reduce lignocellulose into fermentable sugars, the substrate must be reduced in

size, subjected to pretreatment, and enzymatically hydrolyzed (Zhang et al., 2006).

At present, converting lignocellulosic biomass to its more useful components in a

cost-effective manner is a challenge for several reasons; recalcitrance, substrate het-

erogeneity, and feedback inhibition (Behera et al., 2017). Cell wall recalcitrance

refers to its remarkable resistance to chemical degradation, which has been shaped

by long-range coevolution between photosynthetic organisms, herbivores and decom-

posers (Rodrigues Mota et al., 2018). The strength of cellulosic materials is deter-

mined by its structural organization and chemical composition. Crystalline cellulose

microfibrils provide the primary structure and strength to cell walls. The cellulose is

embedded in a matrix of hemicellulose. Lignin coats and impregnates the polysac-

charide networks, providing rigidity and strength (Jordan et al., 2012). The lignin

cross-linkages must be separated via a pretreatment step before the cellulose and

hemicellulose can be processed into useful monomers (Brown and Chang, 2014).
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Each pretreatment step, whether chemical, physical, or enzymatic increases the

energy cost of utilizing woody feedstocks (Rashamuse et al., 2017). After it has

been mechanically ground down, pretreatment approaches include extreme physio-

chemical environments with some combination of high or low pH, high temperature,

pressure, or salt concentration (Sanderson, 2011). These treatments can separate

the lignin fraction, decrease crystallinity, and increase the surface area exposed for

further treatment (Guerriero et al., 2015). In addition to allowing access to the

polysaccharides, delignification is appealing because lignin is emerging as a potential

feedstock for the production of aromatic chemicals (Machas et al., 2019). Lignin is a

complex aromatic heterogeneous polymer which makes up approximately 30% of the

fixed carbon in nature and makes up 15-25% of municipal solid waste (Raychoudhury

et al., 2013; Van Wyk, 2001). It has been considered a major industrial by-product

for at least seventy years and has potential for additional applications (de Gonzalo

et al., 2016).

Though it is usually burned for its energy content, lignin utilization needs to in-

crease in order to make bio-refineries more cost-competitive with petroleum (Varman

et al., 2016). Because lignin is made up of aromatic compounds, the derived prod-

ucts of its breakdown can be toxic to organisms and interfere with further hydrolysis

and fermentation steps (Gı́rio et al., 2010). The varied composition of different lig-

nocellulosic feedstocks and the choice of pretreatment step means there is a wide

variation in the amount of toxic phenols generated by the lignin separation. If organ-

isms or enzymes are to be applied to these mixtures, they must be able to withstand

industry-relevant production standards (Allgaier et al., 2010).

In biological systems, some organisms respond to this stress using metabolic detox-

ification pathways or by producing laccase enzymes or peroxidases to oxidize the phe-

nols (Nicolaou et al., 2010). Other ways organisms cope with aromatic or lipophilic

3



compounds include upregulation of efflux pumps and other methods of membrane

modification (Machas et al., 2019). After the lignin is removed via a pretreatment

process, the holocellulose fraction remains, made up of the polysaccharide compo-

nents: hemicellulose and cellulose (Zhang et al., 2006).

The carbohydrate potential of biowastes can be exploited after solubilization to its

component sugars (Van Wyk, 2001). Saccharification is the process of breaking down

polysaccharides such as starch or cellulose into its component sugars. Polysaccharides

could be released via saccharification into the component sugars for fermentation and

subsequent use as carbon-neutral biofuels or feedstocks for other bio-based biorefinery

programs (Marriott et al., 2015). The holocellulose requires a complex suite of en-

zymes to break down its components for further hydrolysis (Rashamuse et al., 2017).

Hemicellulose makes up about 15-35% of plant cell walls and has the potential to

be a valuable source of fermentable sugars (Hongoh, 2011). It is a highly branched

polysaccharide, comprised of varied pentose and hexose units, such as xylan, mannan

and arabinose, along with sugar acids which together form cross-linking glycans to

stabilize the cellulose microfibrils (Rodrigues Mota et al., 2018). The diverse structure

of hemicellulose requires a variety of enzymes to degrade it into sugars: core enzymes

to cleave the backbones and ancillary enzymes to depolymerize the hemicellulose and

relieve steric hindrances to saccharification. As depolymerization occurs, different

linkages are exposed that glycoside hydrolases can access (Bhattacharya et al., 2015).

After some combination of pretreatment and enzymatic hydrolysis, saccharifica-

tion results in a mix of soluble sugars in solution. Depending on the specifics of the

pretreatment, inhibitory compounds derived from hemicellulose can also be released,

such as furfurals or weak acids (Behera and Ray, 2016). These molecules can interfere

with fermentation or further processing of the product (Nicolaou et al., 2010). Side-

products notwithstanding, the sugar mixture resulting from enzymatic hydrolysis is

4



still a challenge to ferment efficiently, as commercial fermentation organisms do not

easily metabolize pentoses (Marriott et al., 2015). Some bacteria can utilize mixed

sugars, producing acids or solvents rather than ethanol (Saha, 2003). Pentoses are

challenging to ferment, as microbes in monoculture have been shown to suffer from

hexose repression, wherein glucose is preferred over xylose metabolism and cells divert

cellular resources toward one metabolic pathway over another (Bajwa et al., 2009).

Cellulose is a homo-polymeric polysaccharide made up of strands of β (1→4) linked

glucose molecules. The cellulose chains are arranged in parallel, with hydrogen bonds

tightly linking them into the characteristic crystalline structure (Jensen et al., 2017).

Cellulose is challenging to break down; the glycosidic bonds and crystal structure of

cellulose resists deconstruction (Juturu and Wu, 2014). Conversely, the homogeneity

of cellulose allows it to be degraded into glucose units, which can be used as starting

compounds for biosynthetic processes or fermented for biofuel (Van Wyk, 2001).

Physical and chemical approaches can be taken to pretreatment of the biomass.

These treatments add to the cost of conversion and make the component polymers

more accessible for cellulase enzymes, which are also costly to commercialize (Jordan

et al., 2012). These are the types of challenges that biological systems have impres-

sively tackled to overcome these barriers, and studying these systems can aid efforts

to likewise utilize these fuels. Investigating methods of enzymatic saccharification can

supplement and maybe one day supplant mechanical and physical pretreatments.

1.2 Carbohydrate-active Enzymes

Due to the varied structures polysaccharides can take on, a multiplicity of enzymes

has evolved to tackle the breakdown of lignocellulosic material. Glycoside hydrolases

break bonds between sugars. Previously, enzyme classification was done by grouping

enzymes by substrate and the type of reaction they performed into enzyme commis-
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sion numbers (EC numbers). This system allows enzymes to be differentiated by the

reactions they perform. Evolutionary convergence from different lineages to catalyze

the same reaction results in non-homologous isofunctional enzymes to be grouped

within the same EC number.

To supplement the EC system of classifying enzymes, glycoside hydrolases were

grouped into families based on amino acid sequence similarities (Henrissat, 1991).

This was proposed to include structural and mechanistic properties of related en-

zymes. As of May 2019, there are 165 GHFs, which are numbered sequentially upon

discovery. This organization takes into account convergent or divergent evolutionary

events. Each GHF represents a group of evolutionarily related enzymes. Though an

enzyme may diverge from the reaction catalyzed by its homolog, it remains in the

same family.

These families are further organized into phylogenetically related clans, ordered

alphabetically from GH-A through GH-R. Each clan is united in the tertiary struc-

ture of the constituent families. The members of each clan share three-dimensional

structural motif and catalytic mechanism (Durand et al., 1997). Some of the larger

families have been broken down into subfamilies. Information on these proteins and

their classification is kept updated and available online at the Carbohydrate-Active

Enzymes database (CAZy; HTTP://WWWcazy.org). This classification system has

been found useful and expanded to accommodate other enzyme classes: glycosyltrans-

ferases, polysaccharide lyases, carbohydrate esterases, and auxiliary activities. As of

May 2019 within glycoside hydrolases alone there are 645752 enzymes classified into

families and an additional 10201 that have not yet been classified (Lombard et al.,

2014).
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1.3 Termite Biology and Symbioses

Termites are eusocial insects, with specialized worker, soldier, and reproductive

classes (Aanen and Eggleton, 2017). The termite lineage evolved eusociality before

hymenopterids, but are much less well-studied (Korb et al., 2015). Termites are

relatives of cockroaches, having evolved from omnivorous ancestors and acquired a

suite of protist symbionts which allowed them to specialize in a diet of cellulosic

materials (Radek et al., 2018). For convenience, the term “lower termite” refers

to the deeper-branching families: Mastotermitidae, Archotermopsidae, Hodotermiti-

dae, Stolotermitidae, Kalotermitidae, and Rhinotermitidae. These families share the

characteristic of harboring symbiotic protists in their hindguts; it is thought that the

family Termitidae subsequently lost their protist symbionts. Termitidae comprises a

clade referred to as the “higher termites”.

Termites are major decomposers of plant matter worldwide, being found on every

continent except Antarctica (Brune, 2014). Termites are broadly categorized as dry-

wood, dampwood, or humus-feeding. Various termites feed on wood, leaves, humus,

fungi, dung or soil, though nearly all lower termites are wood feeders (Abdul Rahman

et al., 2015). Lower termites are drywood and dampwood feeding, with the exception

of the family Hodotermitidae, which mainly eat dead grasses.

Termite biomass is highest in the tropics and subtropics, where they play a major

role in soil engineering and carbon cycling (Jouquet et al., 2011). The termitosphere

offers many ecosystem services, though a few species are notorious pests of man-made

buildings. Among the lower termites are found the most nuisance termite species

which cause damage to woody buildings and structures. Family Mastotermitidae

forms the deepest branch and retains the most ancestral features, and Mastotermes

darwiniensis is among the world’s most destructive termites (Watanabe et al., 2006).
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Coptotermes formosanus (family Rhinotermitidae) is a problem in Japan and the

United States, though Reticulitermes (Rhinotermitidae) is the most destructive genus

in the United States (Arakawa et al., 2009; Baker and Marchosky Jr, 2005).

In the termite gut, cellulose and hemicellulose are degraded within 1 day, though

lignin is excreted with little modification (Ke et al., 2010). Mastication reduces wood

into small pieces, serving as a mechanical pretreatment of the woody material. The

salivary glands excrete termite-endogenous cellulases to begin the process of degra-

dation. Depending on the species, the gut generally holds about 1µL of material,

including the symbionts and ingested wood. In higher termites, the bacterial commu-

nity handles H2 metabolism, CO2-reductive acetogenesis, and N2 fixation (Warnecke

et al., 2007). The lower termites have a more simply formed gut, consisting of a

foregut, midgut, paunch, colon, and rectum. The paunch is the dilated portion of the

hindgut, densely populated with flagellates. The higher termites include examples

that feed on grass, lichen, litter, soil, or wood, and lacking protist symbionts they

have a longer, narrower gut with regions of distinct pH. (Hongoh, 2011).

Termites molt on a regular basis, shedding their gut microbiota along with their

exoskeleton. Given the fundamental nature of the interaction between termites and

their symbionts, it is important to maintain. The specialized protists inhabiting

the lower termite hindgut are not known to encyst and are not believed to survive

outside of their termite hosts, instead they are transferred between members of the

same colony (Noda et al., 2007). To replenish the symbionts, lower termites regu-

larly inoculate themselves via proctodeal trophallaxis or coprophagy (Scharf et al.,

2017). Vertical inheritance strongly shapes the microbiome of both higher and lower

termites (Abdul Rahman et al., 2015).

Termites have traditionally been classified as an insect order, Isoptera, and are

now understood to be phylogenetically nested within cockroaches. The sister lineage
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to termites is the subsocial wood-feeding cockroach, Cryptocercus, which lives in

family groups, feeding on woody materials (Chouvenc et al., 2016). Together termites

and cockroaches form Blattodea which includes major wood decomposers and pests

worldwide (Evangelista et al., 2019).

Distinguishing lower termites from higher termites (Termitidae), lower termites

and the wood roaches are notable for having a symbiotic relationship with protist

symbionts within their enlarged hindgut chamber. These flagellate protists are im-

portant for the breakdown of lower termites’ cellulose-intensive diet (Noda et al.,

2018). This is an ancient association, dating back to the divergence of Cryptocercus

and the lower termites (Bourguignon et al., 2015). A Miocene termite amber fossil

was found with the symbiont community of protists, spirochetes, and other bacteria

having been preserved from 20 million years ago (König et al., 2013). Symbionts can

be obligate, requiring the host species to survive, or can be facultatively symbiotic,

able to survive both inside the host and elsewhere (Bright and Bulgheresi, 2010). In

general there is a symbiotic system comprised of the termite host, a core group of

obligate flagellates and bacteria, as well as secondary facultative symbionts (Duarte

et al., 2018). The termite provides a habitat and a food source for its symbionts, while

the symbionts assist with nitrogen cycling, immune function, and electron transfer in

hindgut fermentations (Brune, 2014; Hussain et al., 2013).

When a new colony is founded, the king and queen bring with them the full

complement of symbionts that will be shared with their colony. Reproductive alates

in Nasutitermes, a higher termite, were shown to have at least as diverse microbiota as

the non-reproductive classes (Diouf et al., 2018). However, compared to their workers,

lower termite alates have been shown to have lower numbers of protists in their gut

while preparing to swarm (Benjamino and Graf, 2016). This is a vertical method of

transmission, from one generation to the next. With this method of transmission, it
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is still unknown at what point termites acquired which parabasalid symbionts and

associated lignocellulolytic abilities.

The lower termite microbiome includes bacteria, archaea, and protists. This com-

plex symbiotic environment is understood to be the basis of their success in degrad-

ing woody material (Cleveland, 1924a). The protist symbionts are a major part of

the lower termite microbiome, accounting for up to one-third the total insect vol-

ume (Inoue et al., 2007). Indeed, a study on protist diversity in lower termites has

suggested that greater protist diversity may be a driver of adaptation in invasive ter-

mites (Duarte et al., 2018). It has also been proposed the failure of entomopathogens

as a source of termite control may be due to the strong symbiotic collaboration be-

tween termites and their microbiome (Peterson and Scharf, 2016). Reflecting the

vertical transmission, the particular suite of protists found within a termite species

is characteristic of that species.

Phylogenetic studies have been undertaken to attempt to clarify the evolutionary

history of the protists with respect to their termite hosts. An early study examining

cospeciation in the triplex symbiosis involving protists in the genus Pseudotricho-

nympha and their hosts in the termite family Rhinotermitidae concluded the pro-

tists and their bacterial symbionts showed almost complete codivergence with their

hosts (Noda et al., 2007). A study examining the phylogeny of Trichonympha from

various termite hosts, using small subunit rRNA gene sequences, did not provide

strong support for strict co-speciation with their hosts (Boscaro et al., 2017).

Protists are unicellular eukaryotes, found within all major branches of the Eu-

karyotic tree of life (Pawlowski et al., 2012). Protists living in the termite hindgut

are in the superorder Excavata, all from the phylum Parabasalia or the order Oxy-

monadida within the the phylum Preaxostyla (Hongoh, 2011). In the literature

termite-associated protists are often referred to simply as flagellates. The relation-
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ship between host and symbiont is further complicated by the historical reliance on

morphology to build parabasalid phylogeny, and molecular evidence continues to im-

prove understanding of their relationships. Though the phylogeny of Parabasalia is

not fully resolved, it is clear that termite-associated protists are not monophyletic

and there were multiple occurrences of free-living parabasalids colonizing the termite

hindgut (Čepička et al., 2017). It is unknown how and when select parabasalids

evolved the ability to digest wood, as this ability is not seen in their free-living rela-

tives. There are few protists identified to which a particular GHF enzyme has been

attributed (see Table 1.1).

In general, parabasalid termite symbionts evolved to be very large compared to

their free-living relatives, with multiple flagella. This is a hypermastigote phenotype,

adapted for phagocytosis of wood particles. Long thought to be evolutionarily related,

molecular evidence has shown hypermastigotes to be polyphyletic (Čepička et al.,

2017). The hypermastigote phenotype is understood to have evolved multiple times

from smaller, structurally simpler parabasalids (James et al., 2013). In contrast, the

oxymonad termite symbionts tend to be either highly motile or attach themselves to

the termite hindgut wall (Brune, 2014).

Within the anoxic center of the termite hindgut protists engulf the wood particles

and release acetate, carbon dioxide and hydrogen gas. This anaerobic fermentation

takes place within specialized organelles derived from mitochondria, called hydrogeno-

somes, which are found within of the parabasalid symbionts (Inoue et al., 2007).

The oxymonad symbionts lack hydrogenosomes and their metabolism is largely un-

explored (Tamschick and Radek, 2013). Termite protists are understood to be are

anaerobic, increasing the partial pressure of O2 is used in studies to kill off the protists

without harming the termites. Without their protist symbionts, termites continue to

feed on wood but starve within a few days (Cleveland, 1924b).
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Aerotolerant Enterococcus and Lactococcus bacteria have been isolated from ter-

mite and other insect hindguts, with high potential rates of O2 reduction (Brune and

Friedrich, 2000). The microbial community quickly metabolizes any O2 that diffuses

from the termite gut epithelium into the lumen (Ebert and Brune, 1997). A com-

bination of methanogens and homoacetogens are spatially organized to make use of

the nutrient and oxygen gradient within the lumen, being largely anoxic toward the

center and increasingly oxic radially (Tholen and Brune, 2000). The methanogens are

aerotolerant and are densely located on the gut epithelium, where they metabolize

H2 and CO2 (Ohkuma, 2003). The bacterial community is persistent within species,

but relative abundances can fluctuate with diet changes (Waidele et al., 2017). Tre-

ponema spirochaete ectosymbionts of oxymonads have been shown to encode genes

for reductive acetogenesis from H2 and CO2.

In this complex environment, the flagellates even support obligate mutualistic

endosymbiotic bacteria which are not found outside the termite gut (Reuß et al.,

2015). Most gut protists have been shown to have endosymbiotic Bacteroidales within

them or ectosymbiotic spirochetes firmly attached onto their cell surface (Noda et al.,

2009). Endosymbiotic methanogens are also found within termite gut protists (Noda

et al., 2009).

Bacterial inhabitants of termite and wood-feeding cockroaches include several

phyla, including Actinobacteria, Actinomycetes, Bacteroidetes, Deltaproteobacte-

ria, Firmicutes, Proteobacteria, Spirochetes, and Verrucomicrobia (Berlanga, 2015).

There are also three candidate bacterial phyla, lineages which are found only within

termites and have not been found elsewhere in surrounding environments (Ohkuma,

2008). It has been shown that gut bacteria tend to be specialized symbionts, consis-

tent within a genus of termites (Hongoh et al., 2005). Other studies have indicated

that the bacterial termite gut inhabitants are more variable over evolutionary time
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than the protist inhabitants (Waidele et al., 2017). The bacterial inheritance is also an

area of active study. For example, the phylogeny of Cryptocercus bacterial endosym-

bionts has been shown to be congruent with that of the host species (Che et al.,

2016). Different protist lineages acquired their bacterial endo- and ecto-symbionts

independently from the host hindgut bacteria and once the association is established

can likewise cospeciate (Tai et al., 2016). Investigating the roles of microbes in higher

and lower termite digestive activities allows us to examine the potential history of

the gain of wood digestion in termite-associated protists and the loss of such protists

in higher termites.

1.4 Glycoside Hydrolases in Lower Termites

In order to clarify the relationship between termites and their protists in relation

to lignocellulosic digestion, this thesis examines several previous studies documenting

glycoside hydrolases found in specific protists within the termite hindgut (see Ta-

ble 1.1). Studies which rigorously identify and characterize the enzymes of interest

allow a more confident interpretation of expression and functionality in vivo. The

functionality and expression of the enzymes being examined is especially important

when approaching a project that relies heavily on DNA and RNA sequences. Be-

cause the termite protists are so difficult to establish in culture, alternate methods

have been utilized to determine which protists are responsible for specific enzyme

activities in the lower termite hindgut. Given these data are so important in building

and interpreting the phylograms, they will be reviewed here briefly.

In 2002, Watanabe et al. isolated endo-β-1,4-glucanases from the hindgut ex-

tract of Coptotermes lacteus and confirmed them to be different than the endogenous

endoglucanases produced by the termite salivary glands. Using polymerase chain re-

action (PCR)-based cloning on the hindgut and individual protists isolated from Cop-
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Table 1.1: Protist-specific Glycoside Hydrolases
Author GHF Protist Termite

Watanabe et al. 2002 GHF7
Holomastigotoides mirabile
Pseudotrichonympha grassii

(Coptotermes sp.)

Nakashima et al. 2002 GHF7 Pseudotrichonympha grassii (Coptotermes sp.)
Li et al. 2003 GHF45 Deltotrichonympha nana (M. darwiniensis)
Inoue et al. 2005 GHF5 Cononympha leidyi (C. formosanus)
Arakawa et al. 2009 GHF11 Holomastigotoides mirabile (C. formosanus)

totermes formosanus hindgut, they determined the sequences were GHF7s from the

trichonymphid Pseudotrichonympha grassii and the spirotrichonymphid Holomastigo-

toides mirable. These were then expressed in Escherichia coli and endoglucanase (EC

3.2.1.4) activity was verified by screening in sodium carboxymethylcellulose (CMC) in

agarose, tetrazolium blue confirmed the release of glucose equivalents. Importantly,

the mRNA recovered was poly-A-tailed, a trait specific to eukaryotes. They also ran

a negative RT-PCR control to preclude bacterial contamination (Watanabe et al.,

2002).

Also in 2002, Nakashima et al. designed primers using the conserved catalytic

center of GHF7 with the amino acid sequences of the N-terminus of the cellulase com-

ponent of Coptotermes formosanus hindgut fluid and used these to amplify, clone,

and sequence the cellulases. The poly-A-tail-based cloning method was used to ex-

clude the possibility of extra- or intra-cellular archaea or bacteria associated with the

flagellates in the hindgut. RT-PCR was run using using a single cell of each flagel-

late species as a template to determine the origin of the obtained genes, and only

the Pseudotrichonympha grassii sample was amplified to the expected size. Multiple

sequence alignments showed homology with GHF7 cellobiohydrolases. The sequence

was then sub-cloned into an Escherichia coli vector and expressed and screened on

CMC-LB plate and stained with Congo red to confirm expression (Nakashima et al.,

2002).
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Using micro-manipulated nuclei from the cristamonad protists Koruga bonita and

Deltotrichonympha nana isolated from the lower termite Mastotermes darwiniensis

Li et al. 2003 used a nested RT-PCR approach to sequence GHF45 sequences. These

were complete with a poly-A tail, a start and stop codon, and signal peptides similar

to cellulases previously sequenced from Reticulitermes speratus protists (Li et al.,

2003; Ohkuma et al., 2000).

The next GHF attributed to a protist species was in 2005. A GHF5, subfamily

2, was attributed to Spirotrichonympha leidyi from Coptotermes formosanus (Inoue

et al., 2005). Because recent molecular and morphological evidence demonstrates the

type species Spirotrichonympha from Reticulitermes is phylogenetically distinct, pre-

viously described Spirotrichonympha isolated from host genera Coptotermes and Het-

erotermes has been reinstated to its original Japanese genus description Cononympha

and will be referred to as such going forward (Jasso-Selles et al., 2017). Inoue et al.

2005 purified poly-A-mRNA from the gut contents of Coptotermes formosanus and

prepared a recombinant phage library. This library was screened for cellulolytic activ-

ity against CMC using Congo Red staining. The positive plaques were transferred to

a plasmid vector for amplification and sequencing. The resulting sequence included a

poly-A-tail and was used to make gene-specific primers, which were then applied to

PCR-amplified genomic DNA for each protist, confirming the organismal source was

Cononympha leidyi. This was further confirmed using whole-cell in situ hybridization,

showing the enzyme localized within Cononympha leidyi. The enzyme was also het-

erologously expressed in E. coli and enzyme activity was characterized (Inoue et al.,

2005).

Arakawa et al. 2009 did a functional screening for xylanases from Coptotermes

formosanus and verified their role in the gut via the elution profile. The N-terminal

amino acid sequences were used to design primers, from which the corresponding

15



cDNA were successfully cloned. RT-PCR was used to confirm the xylanase was ex-

pressed by the spirotrichonymphid Holomastigotoides mirabile (Arakawa et al., 2009).

Warnecke et al. 2007 undertook the first hindgut metagenomic study of a termite,

the higher termite Nasutitermes ephratae, using the third proctodeal segment of its

hindgut paunch. They also did a proteomic analysis of the clarified gut fluid for

cellulose and xylan hydrolysis. These data provide a higher termite microbiota to

contrast with the carbohydrate-active enzymes found in lower termites (Warnecke

et al., 2007).

1.5 Approach

This study sought useful and interesting new insights into this complicated sym-

biotic system, particularly in the areas of evolution, speciation, symbiosis and protein

diversity. In particular, to investigate the evolutionary history of the termite-protist

association and an exclusively wood-eating lifestyle, this thesis compares the glycoside

hydrolases found in published termite-associated protists with new data generated in

the Gile lab (see Table 1.2). Single-cell transcriptome sequencing was done on two

protists: Trichonympha isolated from the hindgut of Hodotermopsis, a lower termite,

and Lophomonas isolated from Periplaneta, the American cockroach. For compari-

son with a free-living relative a transcriptome from Pseudotrichomonas was sequenced

from culture.

Trichonympha is part of the order Trichonymphida, comprised entirely of pro-

tists found in cockroaches and termites. For example, Trichonympha can be found

in Cryptocercus cockroaches, as well as the lower termites Hodotermopsis and Reti-

culitermes (Cleveland et al., 1934). Lophomonas is part of clade Lophomonadida,

sister to Trichonymphida. Because Lophomonas is found in the omnivorous Periplan-

eta American cockroach, comparison provides an opportunity to contrast a protist
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living in a lignocellulosic environment with one that potentially lacks that special-

ization (Koidzumi, 1921; Gile and Slamovits, 2012). Pseudotrichomonas is part of

the clade Trichomonadida, distinct from both Lophomonadida and Trichonymphida.

Unlike the other two single-cell transcriptomes investigated, Pseudotrichomonas is a

free living protist and therefore has different selective pressures and requirements for

survival. Seeking GHFs in these transcriptomes will supplement those GHF represen-

tatives previously identified in Holomastigotoides and Cononympha, both of which are

in the termite-cockroach-symbiont order Spirotrichonymphida. Spirotrichonymphida

is outgroup to Trichomonadida, Lophomonadida, and Trichonymphida (Čepička et al.,

2017).

Additionally, unpublished Coptotermes formosanus whole-gut shotgun-sequenced

metagenome assembled reads were provided by Gillian Gile for analysis. The data

was paired end 2 by 150, 2 lanes in hi seq. This dataset includes bacterial, archaeal,

protist, and termite sequences. Though this study focuses on the protist role in

lignocellulosic degradation, the bacterial presence is expected to shed light on the

origins of cellulases and hemicellulases in termite protists, particularly in those cases

where a GHF contains both bacterial and protist sequences.

Table 1.2: Unpublished Datasets

Author Data Termite
Gile unpublished Metagenome Coptotermes formosanus

Gile unpublished Single-cell transcriptome
Trichonympha
(Hodotermopsis)

Gile unpublished Single-cell transcriptome
Lophomonas
(Periplaneta)

Gile unpublished Transcriptome
Pseudotrichomonas
(in mixed culture)
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Chapter 2

METHODS

2.1 Transcriptome Assembly

The raw reads were retrieved for transcriptome shotgun assembly (TSA) or short-

read archive (SRA) from the National Center for Biotechnology Information (NCBI).

454 pyrosequencing metagenome data for Coptotermes formosanus was retrieved

from SRA under accession SRX105331 (Xie et al., 2012). For Reticulitermes, Il-

lumina short reads were retrieved as follows: R. flavipes, SRA accession SRX565295

and SRX565296; R. grassei, SRA SRX565297-SRX565305; and R. lucifugus, SRA

SRX565306 and SRX565307 (Dedeine et al., 2015; Gayral et al., 2013). Coptoter-

mes gestroi 454 reads from soldier and worker were retrieved under SRX854076 and

SRX854079, respectively (Franco Cairo et al., 2016). Important datasets are given in

Table 2.1.

Table 2.1: Lower Termite Hindgut Omic Databases
Author Data Termite

Todaka et al. 2010

Expressed Sequence Tags
GHF5, GHF10, GHF7,
GHF11, GHF8, GHF45,
GHF43, GHF62

Reticulitermes speratus
Hodotermopsis sjostedti
Neotermes koshunensis
Mastotermes darwinensis
Cryptocercus punctulatus

Xie et al. 2012 Metagenome Coptotermes formosanus
Hussain et al. 2013 Expressed Sequence Tags Coptotermes formosanus

Dedine et al. 2015 Metatranscriptome
Reticulitermes lucifugus
Reticulitermes flavipes
Reticulitermes grassei

Franco Cairo et al. 2016 Metatranscriptome Coptotermes gestroi
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The reads in the FASTQ files were trimmed for quality with Trimmomatic version

0.38 using standard parameters, removing reads with a length of <25 bp and those

with a mean quality <15 in a sliding window size of 4. For each set of SRA data,

the appropriate primers for the sequencing method were specified for trimming (e.g.

TruSeq2 primers for GAII machines, etc.) (Bolger et al., 2014; MacManes, 2014).

FastQC was run for quality checks before and after trimming to ensure quality after

trimming was acceptable and no adapters remained in the data. The pooled reads

for each species were assembled using Trinity version 2.4.0 (Haas et al., 2014). The

generated contigs and the remaining orphan sequences were used as databases in local

blast searches.

2.2 Data Mining and Exploration

The protein sequences (accession numbers given in Todaka et al. 2010) were used

for local BLAST searches of the assembled transcriptomic data; amino acid sequences

were used as queries against the assembled nucleotide databases. Using NCBI Basic

Local Alignment Search Tool (BLAST) command line application TBLASTN, po-

tential homologs were retrieved with a cutoff E-value threshold of ≤1e-05. Results

were compared against the NCBI non-redundant (NR) protein sequence database via

reciprocal BLAST, to verify the best hit for each sequence was the GHF expected

and aligned with an NCBI Conserved Domain Database entry for that GHF.

GHF transcript contig hits identified by reciprocal blast were inspected manually

to check identity and reading frame, then were translated to amino acid sequences to

be aligned. The amino acid sequences were trimmed to the annotated protein family

(Pfam) motifs, where available in NCBI (Finn et al., 2014). For those sequences

annotated, Table 2.2 lists the Pfam motifs which sequences were trimmed to. Some

alignments included long bacterial sequences lacking the Pfam motif annotation and
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Table 2.2: Number of Taxa and Sites in GHF Alignments

Taxa Initial Trimmed Pfam Annotation

GHF5 233 2178 322 PF00150
GHF7 226 851 467 PF00840
GHF8 94 1104 245 PF01270
GHF10 173 3117 303 PF00331
GHF11 123 1593 197 PF00457
GHF43 161 1287 200 PF04616
GHF45 106 715 179 PF02015

so were aligned untrimmed, causing the overall alignment length to be inflated (see

Table 2.2). The initial alignments also appear inflated because the inclusion of a few

sequences with large insertions.

After translation, new and previously published sequences were aligned with MUS-

CLE version 3.8.1551 using default settings: a hydrophobic window size of 5; cluster-

ing with UPGMB, a combination of unweighted pair group method with arithmetic

mean (UPGMA) and neighbor joining; iteration 1 using k-mer clustering distance

measure “kmer6 6”; iteration 2 used the bipartite refinement distance “pctid kimura”;

tree scoring done by the sum-of-pairs score; with a maximum of 16 iterations (Edgar,

2004). The alignment was then then refined by eye in Aliview version 1.25 (Larsson,

2014). To remove uninformative insertions, excess gaps, and ambiguously aligned

regions the aligned proteins were trimmed using trimal, “automated1” setting to au-

tomatically select the best trimming strategy for each alignment. This setting is a

heuristic method which computes specific score thresholds based on cumulative graphs

of column gap and similarity scores (Capella-Gutiérrez et al., 2009).

2.3 Phylogenetic Analysis

To further confirm GHF membership and complete the initial exploration of the

data mining results, minimum evolution (ME) trees were inferred using FastTree
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version 2.1.10 with Shimodaira-Hasegawa (SH) tests providing local branch sup-

port (Price et al., 2009). FastTree consists of three phases. Initial topology is done

with a combination of fast neighbor-joining with relaxed neighbor-joining. The refin-

ing topology step is a balanced minimum evolution phase; mixing nearest-neighbor

interchanges with subtree-prune-regraft moves. The final stage is approximating max-

imum likelihood. For the ML step, FastTree uses the Jones-Taylor-Thornton (JTT)

model of amino acid evolution and uses a “CAT approximation” single rate of evo-

lution for each site to account for the varying rates of evolution across sites (Price

et al., 2010). Trees were rooted using outgroups where family justified it, including

diverse taxa where possible (Davies et al., 2018). Figure generation was done with

online visualization software Evolview version 3 (He et al., 2016).

GHF11 and GHF45 were selected for further phylogenetic analysis to evaluate

support for their multiple distinct clades from lower termite guts. For each fam-

ily the amino acid sequences were aligned and trimmed as described above. Maxi-

mum likelihood (ML) phylogeny estimation was carried out using randomized axel-

erated maximum likelihood for high performance computing RAxML-HPC version

8.2.12 (Stamatakis, 2006). Support for ML topologies was assessed by percentage

of 1000 total bootstrap replicates. ProtTest version 3.4.2 was used to determine

the best amino acids replacement models and analysis parameters. ProtTest recom-

mended WAG+G+F for GHF11 and LG+I+G for GHF45. For comparison, ML was

also run using the substitution models selected by Todaka et al. 2010; LG+G+I+F

and WAG+G for GHF11 and GHF45, respectively. The final ML optimization like-

lihoods for trees built from both models were compared and the higher scoring tree

was used for each analysis; for GHF45 WAG+G, while for GHF11 WAG+G+F had

the higher final ML optimization likelihood.
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Bayesian inference (BI) analysis was carried out on amino acid alignments for

GHF11 and GHF45 using Mr.Bayes version 3.2.7a (Ronquist and Huelsenbeck, 2003).

BI analyses were run using a mixed substitution model estimation with four chains,

three heated and one cold. Posterior probabilities were generated by sampling a

tree every 100 generations. The first 25% of trees generated were discarded in the

burn-in phase. Before generating a concensus tree, GHF11 was run for 20 million

generations, GHF45 was run for 15 million generations. Convergence was assessed

via average standard deviation of split frequencies (ASDSF) ≤0.02 due to the many

taxa. This ASDSF is useful for mainly assessing the most well-supported parts of the

tree (Ronquist et al., 2012).
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Chapter 3

RESULTS AND DISCUSSION

3.1 Glycoside Hydrolase Family 5

3.1.1 GHF5 Background and History

GHF5 is part of clan GH-A, which is the largest of the clans containing the

most glycoside hydrolase member-families. GH-A contains two of families reported

to be found in the lower termite hindgut, GHF5 and GHF10 which are investigated

in this thesis. Clan GH-A also contains GHF1, GHF2, GHF17, GHF26, GHF30,

GHF35, GHF39 GHF42, GHF50, GHF51, GHF53, GHF59, GHF72, GHF79, GHF86,

GHF113, GHF128, GHF147, GHF148, GHF157, and GHF158 (Lombard et al., 2014).

They share a conserved (β/α)8 fold catalytic module and catalyze hydrolysis of glyco-

sidic bonds, with two glutamate residues implicated as the catalytic nucleophile and

proton donor, respectively. They take part in a double-displacement hydrolysis mech-

anism, resulting in the anomeric carbon retaining its stereochemistry (Zhang et al.,

2008). Though amino acid sequence can vary considerably between enzymes within

a clan, the three dimensional structures are well-conserved (Henrissat and Davies,

1997).

GHF5 was the first glycoside hydrolase family described, being given the name

glycoside hydrolase family A, but was later renamed under a numerical naming

scheme (Henrissat et al., 1989; Henrissat and Bairoch, 1993). GHF5 is the largest of

all glycoside hydrolase families, as of May 2019 GHF5 contains 13792 members, of

which 563 are biochemically characterized with EC numbers (Lombard et al., 2014).

Among these members, only seven amino acid residues are strictly conserved (Collins
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et al., 2005). GHF5 is among the most diverse groups of glycoside hydrolases, with

51 subfamilies (Aspeborg et al., 2012). GHF5 endo-acting and exo-acting glycoside

hydrolases cover a variety of specificities; its members including cellulases, xylanases,

arabinoxylanases, mannosidases, licheninases, and chitosanases.

Endo-acting hydrolases randomly cleave internal bonds of polysaccharides, creat-

ing new chain ends for other enzymes to act on. Many GHF5 members are endo-acting

glucanases, which hydrolyze D-glucose polysaccharides, include examples of cellu-

lase, laminarinase, licheninase, glucanohydrolase, and xyloglucan-specific glucanase.

Other endo-acting GHF5 members work on xylose-, mannose-, arabinogalactose, or

glucosamine-substituted polysaccharides. Exocellulases degrade cellulose from either

the reducing or non-reducing ends of the polymer, generally releasing disaccharides

or monosaccharides. Other exo-acting glycosyl hydrolases work on non-carbohydrate

glycosyl-substituted molecules.

3.1.2 GHF5 in Termites and Across Life

Members of GHF5 are found within archaea, both anaerobic and aerobic bacteria,

and within eukaryotes including fungi, nematodes, protists and insects (Aspeborg

et al., 2012). In termites, bacterial GHF5 cellulases have been identified within the

metagenome of the higher termite Nasutitermes. The GHF5 found within Nasutiter-

mes were confirmed to have cellulase activity via functional genomic screens and

contained secretion signal peptides, which indicates the GHF cellulase activity in

higher termites takes place within the luminal fluid (Warnecke et al., 2007). These

carbohydrate-active enzymes are being found widely across termite-protist symbioses

as well, originating from the protists (Tartar et al., 2009).

The first GHF5 found in a termite protist was found in Cononympha leidyi via

functional screening and was subsequently cloned, expressed and its activity charac-
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terized (Inoue et al., 2005). Across termites and Cryptocercus, Todaka et al. 2010

indicated evidence of LGTs of bacterial GHF5s to termite-associated protists, deter-

mining GHF5 along with GHF7 are part of a “core enzyme set” acquired by early

termite-associated protists. At the time, there were five sub-families within GHF5

and termite-associated protists were shown to have representatives nested within bac-

teria in GHF5 subfamilies GHF5 1, GHF5 2, and GHF5 4. Support for this topology

was low, however alternative topologies without this nesting were rejected by SH

tests (Todaka et al., 2010a).

LGT of 16S pseudogenes has been documented between Trichonympha and its

endosymbiotic bacteria, therefore LGT of useful cellulases is entirely plausible (Sato

et al., 2014). The genome of an ectosymbiont of the oxymonad protist Dinenympha

was recently sequenced, containing GHF5 13 sequences. GHF5 13 currently lacks

experimental characterization of enzyme activity (Yuki et al., 2015). Additionally,

Franco Cairo et al. 2016 found GHF5 transcripts from the xylophagous protists and

bacteria inhabiting Coptotermes gestroi but did not make sub-family determinations

within the larger GHF5 phylogeny.

GHF5 was rooted with GHF10 as they are both in clan GH-A, sharing a com-

mon ancestor and conserved (β/α)8 fold catalytic module (Cantarel et al., 2009).

GHF10 sequences of the following taxa comprise the root to the GHF5 phylogram:

three fungi, two archaea, two bacteria, and two termite protists. GHF5 sequences

were abundant in the Trichonympha single-cell transcriptome, and were found across

several nodes of the GHF5 phylogeny (Figure 3.1). Along with previously published

sequences, this work identified seven distinct sequences from the single-cell transcrip-

tome of Trichonympha, along with a sequence from the assembled Reticulitermes

flavipes metatranscriptome, and three sequences from the Coptotermes formosanus

metagenome. Trichonympha GHF5 sequences were found in GHF5 1, GHF5 2, and
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Figure 3.1: GHF5 Phylogeny Overview.
Overview of minimum evolution phylogram of GHF5 amino acid sequences,

computed on FastTree v. 2.1.10. Black arrows indicate GHFs identified in this
work. Font colors indicate sequences from the gut of lower termite genus: blue,
Coptotermes; red, Reticulitermes; purple, Mastotermes; dark green, Neotermes;

light green, Hodotermopsis; brown Cryptocercus. Dots at nodes indicate SH
support values: gray dots 50-79; black dots 80-100. Leaf decorations indicate

termite-associated organisms: red stars, protists; blue circles, termite-associated
bacteria; brown squares, termite-associated fungi. Branch colors represent GHF5

subfamilies as determined by Aspeborg et al. 2012. Outgroup rooting was done with
GHF10 sequences, indicated by a triangle representing the collapsed outgroup.
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GHF5 4, forming monophyletic clades with previously identified termite protists in

these subfamilies. This is consistent with the findings of Franco Cairo et al. 2016 and

Todaka et al. 2010, finding three subgroups of protist GHF5s.

Termite protists in GHF5 1 were nested within bacterial sequences from Gammapro-

teobacteria and Actinobacteria (Figure 3.3). GHF5 2 had a termite protist clade

nested within uncultured gut bacteria (Figure 3.2). The Coptotermes formosanus

metagenome contributed two sequences to the termite protist clade and one sequence

within the bacterial portion of GHF5 2. GHF5 2 also contains a clade of herbivorous

nematodes.

Within the assembled Reticulitermes flavipes metatranscriptome there was an ad-

ditional GHF5 4, which branched with the sole previously published termite pro-

tist sequence from Hodotermopsis (Figure 3.4). These termite protist sequences

were nested within bacterial branches, including a clade of bacterial sequences from

the higher termites Nasutitermes, Trinervitermes, and Microtermes. Elsewhere in

GHF5 4, two sequences from the Coptotermes formosanus metagenome branched

with a bacterial Nasutitermes sequence. GHF5 4 also includes a clade of anaerobic

gut fungi (AGF), phylum Neocallimastigomycota.

In addition to those subfamilies already identified to contain protist termite GHF5s,

the Trichonympha single-cell transcriptome contained a sequence branching with

a Streptomyces GHF5 18 (Figure 3.4) and a sequence branching with a Prevotella

GHF5 21 (Figure 3.2). Four Coptotermes formosanus metagenome sequences grouped

with an Ascomycete GHF5 22 and one branched with an actinobacterial GHF5 29

(Figure 3.4). There were also some sequences falling within poorly resolved areas of

the tree, unable to be assigned to any particular subfamily (Figure 3.3). This includes

two sequences from Trichonympha, one from Reticulitermes flavipes and seven from

Coptotermes formosanus. Notably, GHF5 transcripts were absent in the Lophomonas
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Figure 3.2: GHF5 Phylogeny Inset 1.
Inset 1 from figure 3.1. From bottom to top inset 1 includes colored branches
indicating GHF5 21 (chartreuse), GHF5 5 (aqua), GHF5 8 (dark orchid), and

GHF5 2 (tomato).

and Pseudotrichomonas transcriptomes, possibly indicating a LGT event in the pro-

tist class Trichonymphea early within the termite-protist relationship after divergence.

As GHF5 has been found in all termite guts sampled to date, protist-originating GHF5

transcripts are likely to be found in other lower termite hindguts.
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Figure 3.3: GHF5 Phylogeny Inset 2.
Inset 2 from figure 3.1. From bottom to top inset 2 includes colored branches

indicating GHF5 16 (aquamarine), GHF5 11 (fuchsia), GHF5 27 (cyan), GHF5 53
(forest green), and GHF5 1 (light seagreen). Black branches were not able to be

assigned to an established GHF5 subfamily.

3.2 Glycoside Hydrolase Family 7

3.2.1 GHF7 Background and History

GHF7 is one of the earliest discovered and largest families of glycoside hydrolases.

The conserved 3D architecture is the β-jelly-roll structure which acts on polysac-

charide main chains (Nagy et al., 2016). Depending on the protein, GHF7 proteins

function as a reducing-end cellobiohydrolase (CBH) or endoglucanase (EG). Unlike

GHF5, the enzymatic activity catalyzed by members of this family follow phylogeny.

The CBH and EG are the two major clades of GHF7, presumably resulting from a

duplication and diversification event, wherein the CBHs have a tunnel-forming loop

domain which allows them to bind to the ends of long-chain polysaccharides and act

as exoglucanases.
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Figure 3.4: GHF5 Phylogeny Inset 3.
Inset 3 from figure 3.1. From bottom to top inset 3 includes colored branches

indicating GHF5 subfamilies: GHF5 18 (pale turquoise), GHF5 13 (light skyblue),
GHF5 31 (lawngreen), GHF5 10 (burlywood), GHF5 7 (gold), GHF5 12 (red),

GHF5 26 (dark turquoise), GHF5 22 (crimson), GHF5 36 (blue), GHF5 37 (brown),
GHF5 39 (coral), GHF5 52 (yellow-green), GHF5 34 (sienna), GHF5 15 (green),
GHF5 9 (pale violet-red), GHF5 14 (light green), GHF5 29 (magenta), GHF5 28

(dark cyan), GHF5 25 (spring green), and GHF5 4 (hot pink). Black branches were
not able to be assigned to an established GHF5 subfamily. Outgroup rooting was

done with GHF10 sequences, indicated by a triangle representing the collapsed
outgroup.

3.2.2 GHF7 in Termites and Across Life

GHF7 appears to be exclusively eukaryotic, with the few putatively bacterial

members being identified in environmental sequencing results. GHF7s were first

characterized to particular termite protists as EGs in Pseudotrichonympha grassii

and Holomastigotoides mirable from Coptotermes formosanus. Pseudotrichonympha

grassii CBHs were also found (Nakashima et al., 2002; Watanabe et al., 2002). To-
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daka et al. 2010 found termite protist GHF7 sequences across all sampled lower

termites and Cryptocercus, concluding it to be part of the ”core enzyme set” upon

which termite specialization in wood-eating derived. They found two distinct and

supported clades dividing endoglucanases (EGs) and cellobiohydrolases (CBHs). As

the closest relatives within both clades were fungal, the genes were considered to be

innate genes rather than foreign acquisitions and that the termite-associated protist

GHF7 proteins evolved concomitant with their cellulolytic symbiotic system (Todaka

et al., 2010a).

GHF7 was rooted with GHF11 as they both retain a β-jelly-roll structure (Collins

et al., 2005). GHF11 sequences of the following taxa comprise the root to the GHF7

phylogram: three bacteria, two termite protists, and one fungus. In line with previous

studies there is a clade of termite-associated protists within each of these two major

divisions (Figure 3.5). The Trichonympha transcriptome contained six distinct GHF7

EGs, spread throughout the termite protist clade. The published metatranscriptomes

yielded GHF7 EGs; eleven from Reticulitermes flavipes, six from Reticulitermes gras-

sei, and four from Coptotermes gestroi (Figure 3.2.2). The Coptotermes formosanus

metagenomes had nine. Because GHF7 appears to be exclusively eukaryotic and

these sequences are within the termite protist clade it can be safely assumed these

are eukaryotic and of protist origin. The EG branch also contains Ascomycete fungi

and Daphnia (a planktonic crustacean).

From the transcriptome data, the CBH GHF7 termite protist clade contained a

Trichonympha sequence, eleven Reticulitermes flavipes sequences, seven Reticuliter-

mes grassei sequences, and one Coptotermes gestroi sequence (Figure 3.2.2). From

the Coptotermes formosanus metagenomes, three sequences were found in the termite

protist clade. In addition to the termite-associated protist clade the CBH branch con-
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Figure 3.5: GHF7 Phylogeny Overview.
Minimum evolution phylogram of GHF7 amino acid sequences, computed on

FastTree v. 2.1.10. Black arrows indicate GHFs identified in this work. Font colors
indicate sequences from lower termite genus gut: blue, Coptotermes; red,
Reticulitermes; purple, Mastotermes; dark green, Neotermes; light green,

Hodotermopsis; brown Cryptocercus. Dots at nodes indicate SH support values:
gray dots 50-79; black dots 80-100. Leaf decorations indicate termite-associated

organisms: red stars, protists. Outgroup rooting was done with GHF11 sequences,
indicated by a triangle representing the collapsed outgroup.
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tains a more diverse set of taxa, including representatives of Oomycetes, Ciliophora,

Haptophyta, Dinophyceae, Ascomycota, and Basidiomycota.

The transcriptomic data show Trichonympha throughout both the CBH and EG

termite clades, while Lophomonas and Pseudotrichomonas were not found to have

GHF7 transcripts (Figure 3.5). Termite gut metatranscriptomes from Reticulitermes

flavipes, R. grassei, and Coptotermes gestroi all had GHF7 transcripts in the EG and

CBH groups. The same was found of the Coptotermes formosanus gut metagenome.

The incredible diversification and persistence of EG and CBH GHF7 enzymes in

lower termites indicates it is an important enzyme family for this group. The rooted

analysis shows the termite protist clade as the deepest branch with fungal, protist,

and animal sequences and the termite protist CBHs branching later. These findings

are consistent with an ancestral acquisition and duplication of a GHF7 protein that

was retained in those taxa which have a need to deconstruct cellulose. However, given

the lack of concordance with organismal phylogeny it is possible parabasalid GHF7

evolution involved lateral transfers.

3.3 Glycoside Hydrolase Family 8

3.3.1 GHF8 Background and History

Glycoside hydrolase family 8 was previously known as ”Cellulase Family D” and

is comprised of chitosanases, lichenases, cellulases and xylanases. GHF8 shares clan

GH-M with GHF48, characterized by an (α/α)6 fold catalytic module. Clan GH-M

proteins use an inverting mechanism to hydrolyse polysaccharide bonds. It has been

verified the catalytic proton donor in GHF8 is an asparagine residue, and the base is

theorized to be a glycine.
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Figure 3.6: GHF7 Cellobiohydrolases.
Inset 1 from figure 3.5.
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Figure 3.7: GHF7 Endoglucanases.
Inset 2 from figure 3.5.
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3.3.2 GHF8 in Termites and Across Life

GHF8 is mostly encoded by prokaryotic organisms, however there is growing evi-

dence of multiple LGT events of GHF8 early within the AGF lineages from Fibrobac-

ter and Bacillales (Murphy et al., 2019). Therefore it is possible there are other GHF8

proteins utilized by eukaryotes. Todaka et al. 2010 reported three GHF8 sequences

in their EST analysis, one each from Reticulitermes speratus, Neotermes koshunensis,

and Mastotermes darwinensis. However there were no GHF8 sequences among those

ESTs uploaded and there was no phylogenetic tree or inference provided in the pa-

per (Todaka et al., 2010a). Other authors have reported GHF8 in lower and higher

termite datasets, however these have not been subject to phylogenetic analysis.

GHF48 sequences served as the outgroup to GHF8 due to their being members

of the same clan (Bourne and Henrissat, 2001). GHF48 sequences of the following

taxa comprise the root to the GHF8 phylogram: three bacteria, two beetle, and one

fungus. Like in other GHFs there is a group of diverse termite-associated protist, or

possibly bacterial sequences (Figure 3.8). GHF8s were found in all three assembled

Reticulitermes metatranscriptomes, the single-cell transcriptome from Trichonympha,

both Coptotermes formosanus metagenomes, and the Coptotermes gestroi metatran-

scriptome. With the exception of some Coptotermes metagenomic sequences found

in the bacterial portions of the tree, all GHF8 sequences mined formed one termite-

associated clade.

There were three GHF8 transcripts from Trichonympha, which grouped with other

termite-associated sequences (Figure 3.8). The Trichonympha GHF8s were found

to group with poly-A selected metatranscriptome transcripts from Reticulitermes

flavipes and Reticulitermes grassei within the termite protist clade. This group also

contains metatranscriptome sequences from Coptotermes formosanus and Coptoter-
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mes gestroi. The Coptotermes sequences were monophyletic within the termite-protist

clade. The termite symbiotic clade is nested within a group of Bacteroidetes and Pre-

votella, groups associated with living in gut environments. This could point to an

LGT event, however, the position of a Reticulitermes flavipes sequence near the base

of this bacterial clade indicates this might not be the case.

The AGF clade is sister to the termite-associated GHF8s (Figure 3.8). Like the

anaerobic gut fungi group, termite-associated protists likely benefited from a lat-

eral gene transfer, allowing them to adapt to and exploit the hindgut environment.

Coptotermes formosanus metagenome GHF8 grouped with Treponema, a known ec-

tosymbiont of termite protists. The clade containing Treponema also groups with

characterized reducing-end xylose releasing exo-oligoxylanases, indicating these se-

quences are likely bacterial and may catalyze the same reaction. Single-cell tran-

scriptomics found no GHF8 transcripts within Pseudotrichomonas nor Lophomonas.

3.4 Glycoside Hydrolase Family 10

3.4.1 GHF10 Background and History

GHF10 was formerly known as ”cellulase family F” prior to extensive enzymo-

logical characterization. GHF10 is a member of the Clan GH-A, as is GHF5. The

members of Clan GH-A have a conserved (α/β)8 barrel, originally described for triose-

phosphate isomerase (TIM barrel) (Collins et al., 2005). GH-A is a clan of retaining

glycoside hydrolases, with a glutamate as the catalytic nucleophile and a glutamate as

the general acid/base. GHF10 characterized members are exo-xylanases (EC 3.2.1.8),

which are predominantly found in GHF10 and GHF11 though some have been found

in GHF5, GHF8, GHF30, and GHF43 (Lombard et al., 2014). Xylanases play an im-
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Figure 3.8: GHF8 Phylogeny.
Minimum evolution phylogram of GHF8 amino acid sequences, computed on FastTree
v. 2.1.10. Black arrows indicate GHFs identified in this work. Font colors indicate se-
quences from lower termite genus gut: blue, Coptotermes; red, Reticulitermes. Dots
at nodes indicate SH support values: gray dots 50-79; black dots 80-100. Leaf deco-
rations indicate termite-associated organisms: red stars, protists. Outgroup rooting
was done with GHF48 sequences, indicated by a triangle representing the collapsed
outgroup.

portant role in depolymerizing hemicellulose. Interestingly, most xylanases of GHF10

and GHF11 are monospecific with one functional domain (Nguyen et al., 2018).

3.4.2 GHF10 in Termites and Across Life

Characterized GHF10 sequences are broadly distributed in bacterial and fungal

genomes, though there are characterized examples of GHF10 in Viridiplantae and
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Fungi (Nguyen et al., 2018). AGF have been demonstrated to have received their

GHF10s from Clostridiales and unnested bacteria, the production of which assists in

their survival on lignocellulosic foodstuffs within a gut environment (Murphy et al.,

2019). To handle dietary hemicellulose, higher termites are hypothesized to rely on

increasing humification of their diet as well as their bacterial symbionts to produce

the needed xylanases in their diet, as demonstrated in Nasutitermes (Dietrich et al.,

2014; Warnecke et al., 2007). Pseudacanthotermes militaris, a fungus-farming higher

termite has also been shown to harbor bacteria which produce GHF10 (Bastien et al.,

2013).

Lower termites are dependent on protist symbionts to break down xylan in the

hindgut, though GHF10s have also been found in Treponema azotonutricium, a

spirochaete bacteria found in lower termites (Rashamuse et al., 2017). Regarding

protists enzymes, Todaka et al. 2010 reported that GHF10 formed a monophyletic

group including ESTs from all termites sampled except Reticulitermes speratus, which

was absent. This lead them to propose GHF10 was shared by a recent common ances-

tor in lower termites but was secondarily lost at or just after Reticulitermes diverged

from the main termite lineage. The termite gut-derived sequences formed a clade

with the closest sequence from the bacterium Rhodothermus marinus (Todaka et al.,

2010a).

In this work, the GHF10 phylogeny was rooted with GHF5 sequences as its out-

group due to their shared evolutionary origins (Cantarel et al., 2009). GHF5 sequences

of the following taxa comprise the root to the GHF10 phylogram: five bacteria and

four termite protists. For highly supported relationships, the overall topology was

in congruence with the Todaka et al. 2010 topology, with the root being placed

between Viridiplantae and termite protists (Figure 3.9). The addition of new taxa
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Figure 3.9: GHF10 Phylogeny.
Minimum evolution phylogram of GHF10 amino acid sequences, computed on

FastTree v. 2.1.10. Black arrows indicate GHFs identified in this work. Font colors
indicate sequences from lower termite genus gut: blue, Coptotermes; red,
Reticulitermes; purple, Mastotermes; dark green, Neotermes; light green,

Hodotermopsis; brown Cryptocercus. Dots at nodes indicate SH support values:
gray dots 50-79; black dots 80-100. Leaf decorations indicate termite-associated

organisms: red stars, protists; blue circles, termite-associated bacteria; black
squares, termite-associated fungi. Outgroup rooting was done with GHF5
sequences, indicated by a triangle representing the collapsed outgroup.

40



and sequences did disrupt some aspects of the internal topology, particularly for long

branches which are not well-supported.

A Reticulitermes flavipes sequence was found in the assembled metatranscriptome,

its presence indicating Reticulitermes was not found in Todaka et al. 2010 either due

to a lack of coverage or GHF10 has not actually been lost in all Reticulitermes (Fig-

ure 3.9). The Reticulitermes flavipes GHF10 branched with high SH support with

Hodotermopsis sjostedti. One Coptotermes formosanus and one Coptotermes gestroi

sequences were found within the protist clade sister to Cryptocercus, branching early

within the termite protist clade. There were seven Trichonympha single-cell tran-

scriptome transcripts, found only in the termite-associated protist clade with their

host, Hodotermopsis sjostedti. This is notable because trichonymphids are also found

in Cryptocercus, Reticulitermes, and Coptotermes but not in Mastotermes nor Neoter-

mes. The termite-associated protist clade was nested within a Firmicutes-dominated

bacterial group, which still included Rhodothermus marinus as the deepest branch.

Additionally, there were thirteen Coptotermes formosanus metagenomic sequences

found, distributed throughout the bacterial groups elsewhere in the tree. In the tran-

scriptomes there were no Lophomonas nor Pseudotrichomonas GHF10 sequences,

which would imply the GHF10 sequences in termite protists are not ancestrally de-

rived (Figure 3.9).

3.5 Glycoside Hydrolase Family 11

3.5.1 GHF11 Background and History

GHF11 was among the earliest glycoside hydrolase families classified and was

formerly known as family G. With GHF12, it forms clan GH-C, a retaining clan

of glycoside hydrolases characterized by a β-jelly roll 3D structure. Because this
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structure is retained, it allows the use of GHF7 members as an outgroup when rooting

the GHF11 tree (Collins et al., 2005). This can be done as their parent clans are both

characterized by the β-jelly-roll fold (Naumoff, 2011). As of May 2019 there are

1019 bacterial GHF11s and 524 eukaryotic GHF11s in CAZy (Lombard et al., 2014).

GHF11 is a family of endo-β-1,4 and endo-β-1,3 xylanases with a glutamate serving as

the catalytic acid and another glutamate serving as the catalytic nucleophile. Much

like GHF10, GHF11 is important for depolymerizing the hemicellulose component of

wood.

3.5.2 GHF11 in Termites and Across Life

GHF11s are found among bacteria, algae, fungi, protists, gastropods, and arthro-

pods (Prade, 1996). GHF11 is important to many cellulolytic rumen eukaryotes,

with several examples of its acquisition via LGT. The AGF Neocallimastigomycota

GHF11s were obtained from the bacterial phyla Fibrobacter and Clostridiales, groups

common in gut environments (Murphy et al., 2019). Determining the donor in LGTs

is always challenging and more evidence is needed to clear up the donors of the

Ascomycete and Basidiomycete fungi (Álvarez-Cervantes et al., 2016). Another eu-

karyotic group found in the rumen, ciliates, are thought to have acquired GHF11

xylanases from Firmicutes bacteria to adapt to the anaerobic, carbohydrate-rich gut

environment (Ricard et al., 2006).

Within the dual cellulolytic system of the lower termite GHF11 is contributed

by protists (Tartar et al., 2009). Of the few single-cell parabasalid transcriptomes

published, GHF11 was identified within Holomastigotoides mirable, isolated from a

Coptotermes formosanus (Arakawa et al., 2009). Lower termite hindgut metatran-

scriptomes have identified GHF11 transcripts in Coptotermes, as well as in Retic-

ulitermes and Hodotermopsis (Hussain et al., 2013; Todaka et al., 2010a). This is
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Figure 3.10: GHF11 Maximum Likelihood Phylogeny Overview.
Maximum Likelihood phylogram of GHF11 amino acid sequences, computed on

RAxML v. 8.2.12 using WAG+G+F substitution. The scale bar represents branch
length (as number of DNA substitutions/site). Black arrows indicate GHFs

identified in this work. Font colors indicate sequences from lower termite genus gut:
blue, Coptotermes; red, Reticulitermes; light green, Hodotermopsis. Numbers at
nodes indicate bootstrap support values over 65 before the slash and posterior

probability over 0.90 after the slash, where applicable. Leaf decorations indicate
termite-associated organisms: red stars, protists; blue circles, bacteria. Outgroup
rooting was done with GHF7 sequences, indicated by a triangle representing the

collapsed outgroup.
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consistent with Spirotrichonymphid symbionts in Coptotermes, Reticulitermes, and

Hodotermopsis. These spirotrichonymphids are not found in other sampled lower ter-

mite lineages Cryptocercus, Mastotermes, or Neotermes. Because Todaka et al. 2010

identified GHF11s clustered together with low support in Reticulitermes speratus and

Hodotermopsis sjostedti they hypothesized GHF11 to be found only in subterranean

termites. Noting the short branch lengths, it was inferred that these genes share a

recent common ancestor. It was also observed the termite protists formed a mod-

erately supported clade with bacteria and AGFs as their closest relatives (Todaka

et al., 2010a).

GHF7 sequences of the following taxa comprise the root to the GHF11 phylo-

gram: five fungi, two termite protists, a ciliate, and a dinoflagellate. In the recently

assembled metatranscriptomes, four additional GHF11s were found in Reticulitermes

grassei and three were found in Reticulitermes flavipes (Figure 3.10). These clustered

with the previously described termite protist cluster with Hodotermopsis sjostedti and

Reticulitermes speratus (Figure 3.11). In addition to the ME exploratory analysis, BI

and ML analyses were run on the GHF11 data to further investigate the possibility

of lateral gene transfer in this family. This clade is reasonably well-supported in the

ME, ML, and BI analyses. Because GHF11 was not found in Neotermes, Mastoter-

mes, or Cryptocercus these sequences likely belong to a protist only found within

Reticulitermes and Hodotermopsis, such as such as the oxymonads Pyrsonympha or

Dinenympha or the spirotrichonymphids Spirotrichonympha or Microjoenia. Deeper

branching to this termite-associated protist clade was a clade containing anaerobic

gut fungi and bacterial GHF11s from the higher termite, Microtermes (Figure 3.11).

Forming a second termite-associated group were two sequences from the Coptoter-

mes gestroi metatranscriptome and two from the Coptotermes formosanus metagenomes

which nested with the Spirotrichonymphid protist Holomastigotoides mirable sequences
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Figure 3.11: GHF11 Maximum Likelihood Phylogeny Inset 1.
Inset 1 of figure 3.10. The scale bar represents branch length (as number of DNA

substitutions/site).

from Coptotermes formosanus (Figure 3.12). Sister to this clade is a group of bacte-

rial sequences including bacterial GHF11s from compost samples. These results imply

two LGT events from bacteria to early termite-associated protists. Coptotermes is

also a subterranean termite, which would seem to support the hypothesis that GHF11

is found in the subterranean termites. The bootstrap and posterior probability scores

are shown for highly supported branches in Figures 3.10, 3.11, and 3.12. The overall
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Figure 3.12: GHF11 Maximum Likelihood Phylogeny Inset 2.
Inset 2 of figure 3.10. The scale bar represents branch length (as number of DNA

substitutions/site).

topology supports the ME phylogram. The Coptotermes clade is supported but lack

of phylogenetic resolution prevented definitive identification of its closest relatives

(Figure 3.12). GHF11 sequences were not found within the transcriptomes of Tri-

chonympha, Lophomonas, nor Pseudotrichomonas, implying the GHF11 groups in the

lower termite hindgut are not ancestrally derived, nor contributed by trichonymphids.

These results support two independent acquisitions of GHF11 in the termite hindgut.
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3.6 Glycoside Hydrolase Family 43 and 62

3.6.1 GHF43 Background and History

GHF43 is united with GHF62 with a conserved 5-fold β-propeller catalytic domain

in clan GH-F (Nurizzo et al., 2002; Naumoff, 2011). Clan GH-F is comprised entirely

of inverting enzymes, inverting the stereochemistry of the anomeric carbon atom of

its substrate. GHF43 is one of the largest glycoside hydrolase families, containing

various debranching enzymes, particularly useful for deconstructing arabinoxylans

in hemicellulose: xylanase, xylosidase, arabinase, arabinofuranosidase, and galactosi-

dase (Mewis et al., 2016). Arabinoxylans are the major component of grass and cereal

hemicellulose (Gı́rio et al., 2010). Xylans are the third most abundant biopolymers

on earth, found in the cell walls of all grasses and the secondary cell walls of dicots.

Endo-1,4-β-xylanase (EC 3.2.1.8) catalyzes endohydrolysis of xylans and can be found

in GHF5, GHF8, GHF10, GHF11 and GHF43. Xylan 1,4-β-xylosidase (EC 3.2.1.37)

hydrolyzes xylobiose, freeing monomeric xylose from the non-reducing termini of from

short xylooligosaccharides during the final breakdown of plant cell-wall hemicellulose

and are found in GHF1, GHF2, GHF3, GHF30, GHF39, GHF43, GHF51, GHF52,

GHF54, GHF116, and GHF120 (Brüx et al., 2006).

After D-xylose, L-arabinose is the second-most abundant pentose in hemicellu-

lose and pectin (Seiboth and Metz, 2011). Arabinan endo-1,5-α-L-arabinanase (EC

3.2.1.99) catalyzes endohydrolysis of arabinans and thus far has only been found

in GHF43. Non-reducing end α-L-arabinofuranosidase (EC 3.2.1.55) hydrolyze the

terminal α-L-arabinofuranoside residues in α-L-arabinosides and is found in GHF2,

GHF3, GHF43, GHF51, GHF54, GHF62, and GHF155. Galactan 1,3-β-galactosidase

(EC 3.2.1.145) hydrolyzes terminal, non-reducing β-D-galactose residues from galac-

topyrans and is found in GHF16 and GHF43.

47



3.6.2 GHF62 Background and History

GHF62 is part of clan GH-F with GHF43, sharing a five-bladed β-propeller ter-

tiary structure (Naumoff, 2012). Because of their shared origins, GHF62 is used as the

outgroup to GHF43 (Lagaert et al., 2014). Unlike the more diverse GHF43, GHF62 is

comprised solely of non-reducing end α-L-arabinofuranosidases (EC 3.2.1.55). Arabi-

nofuranosidases are xylan and arabinan debranching enzymes, catalyzing the release

of arabinofuranosyl residues from lignocellulose or pectin. This enzyme activity is

found in GHF2, GHF3, GHF43, GHF51, GHF54, and GHF62 though only GHF62

contains a single enzyme activity. The majority of GHF62 members are bacterial, and

the eukaryotic members described so far are fungal, as of April 2019 there are 364

proteins total. Todaka 2007 et al. reported finding arabinofuranosidases of GHF62 in

Reticulitermes speratus with an environmental cDNA library approach. In a meta-

expressed sequence tag analysis in 2010 Todaka et al. reported GHF62 members in

protist-enriched gut samples of Reticulitermes speratus and Neotermes koshunensis

though the sequences were not among those uploaded to GenBank. Warnecke et al.

2007 reported not finding GHF62 in higher termite Nasutitermes metagenome, and

Tartar et al. 2009 did not find GHF 62 in lower termite Reticulitermes flavipes nor

in its protists.

3.6.3 GHF43 and GHF62 in Termites and Across Life

Given the diversity of function thus far characterized in GHF43, it may be unsur-

prising that the family has been split into 37 phylogenetically distinct subfamilies, 21

of which contain characterized members (Mewis et al., 2016). The majority of GHF43

members are bacterial, with some eukaryotic. The multicellular eukaryotes are mostly
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Figure 3.13: GHF43 and GHF62 Phylogeny Overview.
Minimum evolution phylogram of GHF43 amino acid sequences, computed on

FastTree v. 2.1.10. Black arrows indicate GHFs identified in this work. Font colors
indicate sequences from lower termite genus gut: blue, Coptotermes; red,

Reticulitermes. Dots at nodes indicate SH support values: gray dots 50-79; black
dots 80-100. Leaf decorations indicate termite-associated organisms: red stars,

protists; blue circles, termite-associated bacteria; black squares, termite-associated
fungi.

49



fungal with a few plant rotifer examples. The few GHF43 protist representatives are

from ciliates, haptophytes, and stramenopiles, scattered among the subfamilies.

In a metagenome of the GI tract of the higher termite Nasutitermes GHF43

proteins made up 3% of identified glycoside hydrolases, and were attributed to tre-

ponemes (Warnecke et al., 2007). A functional metagenomic screening of the higher

termite Pseudacanthotermes militaris identified GHF43 in Clostridiales and Bac-

teroides sequences (Bastien et al., 2013). Yuki et al. 2015 reported a GHF43 in a

whole genome shotgun amplification of a bacterial ectosymbiont of the oxymonad

protist Dinenympha from Reticulitermes speratus. In a meta-expressed sequence tag

analysis, there were two GHF43 sequences in Reticulitermes speratus attributed to

protists (Todaka et al., 2010a). Xiao Jing Liu, 2016 reported EC 3.2.1.8, EC 3.2.1.37,

and EC 3.2.1.55 in a metatranscriptome of the protistan community in R. flavi-

ceps, however they were not classified into GHFs nor are the sequences available.

While GHF43 representatives have been found in the lower termite hindgut meta-

transcriptome of Coptotermes formosanus, they have been ascribed to the bacterial

inhabitants (Xie et al., 2012; Zhang et al., 2012).

GHF62 sequences were not in the transcriptomes of Pseudotrichomonas, Tricho-

nympha, nor Lophomonas (Figure 3.13). GHF62s were also lacking in assembled

metatranscriptomes of R. flavipes, R. grassii, R. lucifugus, and C. gestroi. The C.

formosanus metagenome had two blast hits for GHF62, however both were too short

to produce meaningful alignments. Therefore further GHF62 being reported in lower

termite DNA or functional screening assays is unlikely.

GHF43 was located in the transcriptome data for Pseudotrichomonas and Lophomonas

but lacking in the termite symbiote Trichonympha (Figure 3.13). After assembly,

searching the previously published protist-enriched termite hindgut transcriptomes

of R. flavipes, R. lucifugus, R. grassei, C. formosanus, and C. gestroi revealed no
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Figure 3.14: GHF43 and GHF62 Phylogeny Inset 1.
Inset 1 of figure 3.13.
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Figure 3.15: GHF43 and GHF62 Phylogeny Inset 2.
Inset 2 of figure 3.13.

additional GHF43 enzymes. When blasted against GHF43 representatives, the C.

formosanus metagenome data contained many GHF43 hits, the majority of which

are likely bacterial. A few of these hits branch with termite-associated representa-

tives such Treponema, an intracellular endosymbiotic bacterium of termite protists

(Figure 3.14 and 3.15). Another branched with Reticulitermes (Figure 3.14) and

another with Pseudotrichomonas and Lophomonas (Figure 3.15). However, these
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associations tended to have low support, potentially exacerbated by the differences

when comparing metagenomic samples with metatranscriptome data.

Pseudotrichomonas is also in culture with bacteria so it is possible the tran-

scripts are bacterial. Overall, the GHF43 tree is consistent with other phylogenetic

examinations of this gene family, in which transcripts cluster with the subfamily des-

ignations and enzyme function. The relative paucity of GHF43 enzymes from the

protist-enriched metatranscriptomes of wood-feeding lower termites may reflect the

lack of grasses in their diet, whereas grass-eating and fungal farming termites would

be expected to have them. Consistent with Su et al. 2016, it should be expected

that the hemicellulose composition of a higher termite gut will more closely resemble

the bacteria found in lower wood-feeding termites than that of their fungal farming

relatives.

3.7 Glycoside Hydrolase Family 45

3.7.1 GHF45 Background and History

GHF 45 was formerly known as cellulase family K and was later renamed under

the numerical naming scheme (Henrissat and Bairoch, 1993). The canonical struc-

ture of GHF45 is a six-stranded β-barrel domain with a seventh strand hydrogen

bonded to the barrel. It is different to the jelly-roll structure of other glycoside hy-

drolases because the β-strands run both parallel and antiparallel (Davies et al., 1993).

The mechanism of hydrolysis is inverting, with aspartic acid residues serving as the

catalytic nucleophile and the catalytic proton donor.

Within GHF45, there has been confirmed endo-β-1,4-glucanase activity (EC 3.2.1.4),

mannan endo-β-1,4-mannanase (EC 3.2.1.78), and xyloglucan-specific endo-β-1,4-

glucanase (EC 3.2.1.151) activities. As of May 2019 there are 408 GHF45 enzymes
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listed in the CAZy database. Of these, 374 are eukaryotic. The family is distantly

related to plant expansins, though no GHF45 members have been described within

Viridiplantae (Lombard et al., 2014).

3.7.2 GHF45 in Termites and Across Life

GHF 45 is largely found in ascomycete fungi so far, and to a lesser extent, ba-

sidiomycetes. There is some evidence the GHF45 was inherited from a common

ancestor of Ascomycota and Basidiomycota, however the remaining phyla of fungi

have not been as well sampled to date (Palomares-Rius et al., 2014). Though Neo-

callimastigomycota have been shown to have received most of their GHFs via LGT

from gut bacteria, GHF45 appears to be native within Fungi (Murphy et al., 2019).

Within Metazoa, there are a few apparently isolated instances of GHF45 across

invertebrates, being found in Mollusca, Nematoda, and Arthropoda (Busch et al.,

2019). It is thought that the mollusk and bacterial GHF45 genes are be a subfam-

ily within GHF45 because they exhibit low sequence similarity to the rest of the

GHF45 members while protist GHF45 are more closely related to insects. In nema-

todes, the GHF45s appears to have been acquired via LGT to fungus-feeding nema-

todes from Ascomycete fungi, class Sordariomycetes, and used to exploit the novel

niche of plant parasitism (Palomares-Rius et al., 2014). A recent study examined the

function and phylogeny of GHF45 in Phytophaga beetles (order Coleoptera, super-

families Chrysomeloidea+Curculionoidea) and across Opisthokonta. Consistent with

Palomares-Rius et al., Busch et al. found nematodes to be monophyletic. Of the

arthropod-derived sequences, Phytophaga beetles form a monophyletic clade most

closely related to budding yeast (Saccharomycetales), distinct from the nematode-

related Sordariomycetes fungi. Oribatida mites formed a monophyletic clade sepa-

rate from the beetles while Collembola springtails grouped together with a bacterial
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sequence. They concluded that arthropods did not share an ancestral GHF45. They

also showed rotifers and tardigrades as a clade with the AGF Neocallimastigomycota

elsewhere in their GHF45 phylogram. Excitingly, they also undertook a functional

screening of 37 GHF45 sequences from 5 species of beetle, being able to distinguish

how amino acid substitutions result in altered substrate specificity. They concluded

GHF45 is especially prone to substrate shifts and subsequent diversification within a

lineage (Busch et al., 2019).

The first glycoside hydrolase of protist origin was a member of GHF45 in Retic-

ulitermes speratus, attributed to the trichonymphids Trichonympha agilis and Ter-

anympha mirabilis (Ohtoko et al., 2000). Shortly after that, GHF45 proteins were iso-

lated and sequenced from Koruga bonita and Deltotrichonympha nana, hypermastig-

ote Parabasalids within Mastotermes darwiniensis (Li et al., 2003). It should be noted

that Koruga and Deltotrichonympha are now considered likely synonyms (Čepička

et al., 2017). It has been previously reported Coptotermes lacteus may lack symbionts

coding for GHF45 as they were not found in the hindgut extract when screened for

endoglucanase activity (Watanabe et al., 2002). Todaka et al. 2010 showed GHF45s

from termite protists grouped with beetle GHF45s, separate from Fungi and nema-

todes (Todaka et al., 2010a). Within the non-fungal clade they found GHF45 se-

quences in Reticulitermes speratus, Hodotermopsis sjoestedti, and Cryptocercus punc-

tulatus branching together and Mastotermes darwiniensis being its own distinct clade.

There were no GHF45 sequences found in the Neotermes koshunensis sampled.

With the data mined from assembled metatranscriptomes, there were three well-

supported nodes within the protist cluster, with additional GHF45 sequences in Reti-

culitermes, Coptotermes formosanus and Coptotermes gestroi, as well as in the gut

metagenome of Coptotermes formosanus (Figure 3.16). The failure of an earlier

study to identify these transcripts in Coptotermes may be due to their screening for
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Figure 3.16: GHF45 Maximum Likelihood Phylogeny.
Unrooted maximum likelihood phylogram of GHF45 amino acid sequences,

computed on RAxML v. 8.2.12 constructed with a WAG+G substitution model.
The scale bar represents branch length (as number of DNA substitutions/site).

Black arrows indicate GHFs identified in this work. Font colors indicate sequences
from lower termite genus gut: blue, Coptotermes; red, Reticulitermes; purple,

Mastotermes; light green, Hodotermopsis; brown Cryptocercus. Numbers at nodes
indicate bootstrap support values. Leaf decorations indicate termite-associated

organisms: red stars, protists.

endoglucanases, while the Coptotermes associated sequences might be glucomannases

or glucoxylanases. The new Coptotermes GHF45s formed a monophyletic group with

metatranscriptome sequences from Cryptocercus, Hodotermopsis, Reticulitermes. The

placement of a Trichonympha GHF45 within this group indicates this clade is made
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up of protists of the family Trichonymphidae, consistent with the identities of the

host termites.

None of the new GHF45s found within this study are in the Mastotermes clade,

the second major protist group within GHF45 (Figure 3.16). This may be due to the

evolutionary distance between the cristamonad parabasalids inhabiting Mastotermes

and those found within the other termites sampled. Given the distance between their

flagellates, Neotermes would be expected to appear in this group, however Todaka

et al. 2010 did not report any GHF45 sequences from Neotermes koshunensis, these

results support GHF45 being secondarily lost in Neotermes. The third protist clade

consisted of Reticulitermes and Hodotermopsis sequences but lacked Trichonympha.

This is consistent with either a spirotrichonymphid parabasalid or possibly the oxy-

monads, Pyrsonympha or Dinenympha.

Similar to Todaka et al., beetle sequences clustered within the termite-associated

symbionts (Figure 3.16). Within the otherwise strictly protist group, Coleoptera was

sister to Geotrichum, a saccharomycetes fungi. This was supported in both the BI

and ME analyses. BI and ML analysis favored the WAG+G model of substitution,

placing Coleoptera within the protist group. However, ML analysis did not show good

bootstrap support for the position of this group, and showed disagreement between

the WAG+G and LG+I+G substitution models. Given the uncertainty of the position

of Coleoptera, it is possible GHF45 was acquired once by protists and subsequently

by Coleoptera. However, if beetles acquired GHF45 from protists GHF45 should also

be found in Pseudotrichomonas and Lophomonas.
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Chapter 4

CONCLUSION

This study is a revised phylogenetic examination of the protist contribution to

glycoside hydrolase enzymes found within the lower termite hindgut. As sequencing

technology has become cheaper and more widespread the growing body of raw data

available on the termite hindgut has grown. In the past decade genomes for more

taxa have been sequenced and additional proteins have been characterized. Mean-

while, glycoside hydrolase families have grown and their evolution has become better

understood. Increased computing power and molecular tools allow a methodical ap-

proach to surveying this new information. Specifically, data mining was done on

metatranscriptomic data made available for three new species of Reticulitermes and

two species of Coptotermes. In addition to the data available to the public through

NCBI, this work was also able to include data from three protist transcriptomes;

including the free-living parabasalid Pseudotrichomonas, the omnivorous cockroach

symbiont Lophomonas, and the obligate wood-eating termite symbiote Trichonympha.

The purpose of this study was to find glycoside hydrolases within these data and in-

corporate them into the existing body of knowledge and contextualize them within

the scant protist-specific GHFs which had previously been identified, bolstered by

new parabasalid transcriptomes.

Of the eight GHFs examined, the only family to contain sequences from Pseudotri-

chomonas and Lophomonas did not contain any sequences from Trichonympha. If the

transcriptome coverage was good, the absence of GHF43 from Trichonympha could

mean GHF43 was present in a shared ancestor of these three protists and secondarily

lost in Trichonympha. This could explain the previously published Reticulitermes
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GHF43 members, which could be from a related trichonymphid also found in Retic-

ulitermes, Teranympha. The unpublished Coptotermes formosanus gut metagenome

information shows some putative protist members within the termite protist clades,

and the bacterial metagenome GHFs help shed light on the ecology of wood digestion

in the Coptotermes hindgut.

Additional enzymes were found in all three GHF5 subfamilies previously known to

contain termite protists and supports the bacteria-to-parabasalid LGT explanation

for the origin of termite protist GHF5s (Todaka et al., 2010a). GHF5 is a family

that includes many bacterial and fungal members. While GHF5 was lacking in Pseu-

dotrichomonas and Lophomonas single-cell transcriptomes, there were sequences from

Trichonympha that fell within and others outside of the three previously known sub-

families known to contain termite protists. This hints at perhaps more, unrecognized

GHF5 acquisitions in the ancestors of modern termite protists. Regardless of origin,

it is clear GHF5 is important to termites, given its persistence and diversification

within multiple termite lineages.

Much like GHF5, GHF7 shows a similar level of abundance and variety in the ter-

mite samples. This may point to an ancient dependence on GHF7 early in the termite

lineage hypothesized in Todaka et al. 2010. Candidate close relatives were unable to

be identified for termite GHF7s. GHF7 is dominated by fungal sequences. However,

this phylogeny lacks concordance with organismal phylogeny makes inferences about

origin from this dataset suspect. Inconclusive phylogenetic results like this highlight

the need for additional approaches to the question of lateral gene transfer between

eukaryotes. Though Lophomonas and Pseudotrichomonas lacked representation in

all the glycoside hydrolase families, save GHF43, their absence from eukaryotic trees

like GHF7 is especially resounding, as it indicates this gene was not inherited from a

deeper eukaryotic shared ancestor.
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Though GHF8 had not previously been subjected to phylogenetic examination

with emphasis on the protists, these results support GHF8 presence within termite-

associated protists. Rooting the tree with a member of the same clan helped to

indicate the direction of diversification. Most of GHF8 is bacterial, much like GHF45.

The phylogeny shows a termite-associated clade similar to what is seen in other

GHFs. Three genera containing five species of termite harbored GHF8 sequences

in this clade. Notably this protist clade also includes a monophyletic Coptotermes

set of sequences within that clade. The monophyly of Coptotermes compared to the

mixed Reticulitermes and Hodotermopsis topology perhaps reflects the intermingling

of Reticulitermes and Hodotermopsis ancestral flora (Radek et al., 2018). The location

of a fermenting bacterial clade between the termite protist clade and a more basal

Reticulitermes sequence makes inference of an LGT event less clear. Interpretation

without additional data is challenging if the outlying Reticulitermes sequence is indeed

of protist origin.

Typical of the glycoside hydrolases in termite-associated protists, GHF10 forms a

diverse clade. The ME phylogeny provides some support for the the putative LGT of

GHF10 to termite protists from bacteria. Previously thought to be secondarily lost in

Reticulitermes, the discovered presence of a Reticulitermes flavipes GHF10 sequence

indicates that not all Reticulitermes have lost their GHF10 xylanases. Because xylan

is a sizable portion of lignocellulosic biomass it is unsurprising that it has been con-

served. If other species of Reticulitermes are shown to have actually lost their GHF10

enzymes, this could be another instance of selective loss of protist symbionts within

a species of termite. It is also possible that the presence of other gut xylanases from

GHF11 relieves the selective pressure for protists to maintain their GHF10 enzymes.

The additional Reticulitermes GHF11s fell within the established termite protist

clade with other Reticulitermes and Hodotermopsis sequences. Though these termite
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genera are distantly related, they have closely related protist symbionts from the

parabasalid families Trichonymphida and Spirotrichonymphida. The relatedness of

their GHF11 sequences is consistent with a putative fauna transfer to a Reticuliter-

mes ancestor (Radek et al., 2018). This clade may belong to the spirotrichonymphid

Microjoenia, which have been shown to be xylanolytic (Tarayre et al., 2015). The

placement of this group termite-associated GHF11s clustered with rumen fungal se-

quences and certain bacteria, lending further support to the association between AGFs

and termite gut protists (Todaka et al., 2010a). Also exciting is the additional Cop-

totermes sequences put into phylogenetic context with the Holomastigotoides mirable

GHF11s. H. mirable is the only parabasalid GHF11 that has been confirmed to be

produced by a particular protist. The phylogenetic analyses included BI, ML, and

ME analyses; all of which pointed toward a second acquisition of a GHF11 from gut

bacteria to protists with strong support for both termite protist clades. The addition

of new termite gut and protist data updates the previous understanding where there

was only one inferred acquisition of GHF11 by termite protists.

Between the six species of lower termite examined in these datasets, not one was

able to produce a convincing example of a GHF62 of protist origin. While the possi-

bility remains that there has not been enough coverage, it seems likely that GHF62

is absent in the termite gut. Because GHF62 and GHF43 are both in clan GH-F, it is

possible GHF43 sequences had been misidentified as GHF62 due to similarity when

previous termite protist studies were seeking family identification. The information

available through NCBI has expanded dramatically in the past decade, allowing for

more accurate identification of sequences.

Within GHF45 there has been a proliferation of new sequences available, particu-

larly with beetles, nematodes, and AGF representatives. The expansion of eukaryotic

representation available for this family provides tantalizing hints as to the acquisi-
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tion and proliferation of specialized gene function. The protist representation within

GHF45 does not contradict fungal origin of the family. Because the non-termite pro-

tists sampled lack GHF45, it appears there were three independent acquisitions of

GHF45 in Cristamonadida, Spirotrichonymphida, and Trichonymphida.

Diverse, protist-specific clades were featured in GHF5, GHF7, GHF8, GHF10–

nearly all the GHFs examined. These clades included as few as three and as many

as all six of the termite genera examined, and the importance of these families is

underscored by those instances where multiple Reticulitermes or multiple Coptoter-

mes sequences were occurred together within one of these groups. In these cases the

reinforced presence of a GHF member in multiple species in a genus also implies the

data had good coverage across those datasets. GHF11, GHF43, and GHF62 did not

exhibit these diverse protist groups. Given the sequence diversity we see in these

termite protist clades, it is possible additional termite sampling could reveal hidden

protist relatives in these groups.

The conclusions drawn rely on good coverage for the transcriptomes, metatran-

scriptomes, and genomes sampled here. Because data is drawn from a diversity of

sources and technologies over time, inconsistencies are to be expected. Having a total

of four species from Reticulitermes drawn from two different studies lends confidence

in the clades and conclusions drawn here. Further, two species of Coptotermes were

sampled from three datasets, one metatranscriptome and two metagenomes. This

provides experimental as well as biological replication and the inclusion of the bac-

terial sequences from the genomes allow a more comprehensive examination of the

microbial diversity within this complex symbiotic system.

In an effort to focus on the question of termite protists, this thesis only examined

eight glycoside hydrolase families that were previously implicated as important in the

lower termite hindgut. It is possible that in the intervening time since the last major
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phylogenetic examination there have been additional or changed GHF classifications.

There have been cases where GHF families or subfamilies are merged or split (Aspe-

borg et al., 2012). Or there are situations as seen here with GHF62 where expanded

sampling makes more accurate family determinations possible. This work helps to

more accurately place, and in some cases recontextualize, GHFs that had previously

been found in protists. The additional sequences from individual protists combined

with metagenome mining allow for a more accurate determination of the role particu-

lar protists play within the cellulolytic system of the lower termite hindgut and helps

to illuminate the origin of the GHF genes.
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B. Larget, L. Liu, M. A. Suchard and J. P. Huelsenbeck, “MrBayes 3.2: efficient
Bayesian phylogenetic inference and model choice across a large model space”, Syst.
Biol. 61, 3, 539–42 (2012).

Saha, B. C., “Hemicellulose bioconversion”, J. Ind. Microbiol. Biotechnol. 30, 5, 279–
291 (2003).

Sanderson, K., “Lignocellulose: A chewy problem”, Nature 474, 7352 SUPPL. (2011).

Sato, T., H. Kuwahara, K. Fujita, S. Noda, K. Kihara, A. Yamada, M. Ohkuma and
Y. Hongoh, “Intranuclear verrucomicrobial symbionts and evidence of lateral gene
transfer to the host protist in the termite gut”, ISME Journal 8, 5, 1008–1019,
URL www.dx.doi.org/10.1038/ismej.2013.222 (2014).

Scharf, M. E. and D. G. Boucias, “Potential of termite-based biomass pre-treatment
strategies for use in bioethanol production”, Insect Sci. 17, 166–174, URL
www.doi.wiley.com/10.1111/j.1744-7917.2009.01309.x (2010).

Scharf, M. E., Y. Cai, Y. Sun, R. Sen, R. Raychoudhury and D. G.
Boucias, “A meta-analysis testing eusocial co-option theories in termite
gut physiology and symbiosis”, Commun. Integr. Biol. 10, 2, 1–13, URL
www.dx.doi.org/10.1080/19420889.2017.1295187 (2017).

Seiboth, B. and B. Metz, “Fungal arabinan and L-arabinose
metabolism”, Appl. Microbiol. Biotechnol. 89, 6, 1665–1673, URL
www.link.springer.com/10.1007/s00253-010-3071-8 (2011).

Serrano-Ruiz, J. C., R. Luque and A. Sepúlveda-Escribano, “Transforma-
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