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Abstract

Termites have been found associated with the decline of Casuarina equisetifolia (ironwood), an
important agro-forestry species in Guam. While the ironwood tree decline (IWTD) was first
reported in 2002, its association with termites as well as with bacteria Ralstonia solanacearum
and Klebsiella species (K. oxytoca and K. variicola) was determined in 2010 and 2012
respectively. In 2019, the termite species attacking the ironwood trees were identified as
Nasutitermes takasagoensis, Coptotermes gestroi, and Microcerotermes crassus. However, the
role of termites in IWTD is not known. Since termites are repositories of bacteria and consume
wood, termite foragers might feed on ironwood trees infested with IWTD-associated pathogens
and spread these pathogens from infested to healthy trees. We hypothesized that termite workers
are vectors for the pathogens associated with IWTD. The bacterial communities of worker
samples collected from sick and healthy ironwood trees were analyzed through 16S rRNA gene
sequencing. Relation of the bacterial community of worker samples with tree-, plot-and location-
related factors was also analyzed. Feeding experiments were performed to investigate if wood
consumption by termite workers was influenced by the bacterial load of ironwood. The ability of
workers to ingest and sustain R. solanacearum bacteria was determined through feeding
experiments. Ralstonia spp. were not detected in any of the N. takasagoensis samples regardless
if they were collected from trees with confirmed Ralstonia infection or healthy trees. One C.
gestroi sample and none of the M. crassus samples showed Ralstonia. Four N. takasagoensis
samples and one C. gestroi sample showed Klebsiella species albeit in low amounts. Tree Health
and Site Management impacted the bacterial community of both N. takasagoensis and C. gestroi
workers. The bacterial community of N. takasagoensis workers was also impacted by Presence

of Ralstonia, Altitude, Plot Average Decline Severity, Plot Average Decline, Proportion of Dead
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Tree in the Plot, and Proportion of Trees with Termite Damage in the Plot. The feeding
experiments showed that termite workers can ingest R. solanacearum bacteria, however, the
bacteria are not able to thrive in the body of healthy workers. We concluded that termite workers

are not vectors for the potential pathogens associated with IWTD.



Introduction

Casuarina equisetifolia (Ironwood), a tree species with remarkable utilities and significance, has
been in decline in Guam, which is a Micronesian island (Athens and Ward 2004, Stone 1970,
Fosberg et al. 1979, Elevitch and Wilkinson 2000). In 2002, Bernard Watson noticed that 20 of his
10-year old ironwood windbreak trees on this farm were in poor health (Mersha et al. 2009, Mersha
et al. 2010). The trees exhibited two sets of symptoms. Grouped together were five trees with wilt
symptoms, which consisted of a rapid upward progression of yellowing and death of foliage. These
trees were dead within 6 months, while retaining much of their dead foliage. Scattered among
healthy trees, in at least two locations were 15 trees that exhibited foliage thinning, and branch
die-back. Over time, the severity of symptoms would increase and often end in tree death within
5 years. This condition would eventually be referred to as ironwood tree decline (IWTD). From
an informal survey of tree sites across Guam, it become apparent that tree wilt was rare, whereas
IWTD was widespread and likely impacting the health of Guam’s ironwood population. In
addition to the external symptoms of IWTD are internal symptoms of wood staining and ooze
formation (Schlub 2013). The ooze contained various bacteria including Ralstonia, Klebsiella,
Kosakonia, Enterobacter, Pantoea, Erwinia and Citrobacter. Among these bacteria, Ralstonia
solanacearum and Klebsiella species (K. oxytoca and K. variicola) were frequently isolated and

studied (Schlub 2013, Ayin et al. 2019, Schlub et al. 2020).

The mechanism behind the transmission of IWTD associated pathogens from trees in decline to
healthy trees is still unclear. Various potential abiotic and biotics factors have been studied to

understand their role in association with IWTD. Many have been ruled out as IWTD contributors



including the wood-rotting fungi (Phellinus spp.), beetles (Protaetia pryeri and Protaetia
orientalis), and the gall-inducing wasp Selitrichodes casuarinae Fisher & La Salle (Campora 2005,
Schlub 2010, Mersha et al. 2011, Schlub 2013). However, the level of human management at an
ironwood tree site, the presence of the wood-rotting fungus and termites on a tree were shown to
be significantly associated with IWTD (Schlub 2010). In 2019 it was determined that the presence
of the wood-rotting fungus Ganoderma australe on the roots or base of a tree was a significant
predictor of IWTD. Additionally, it was determined that the presence of R. solanacearum was a
predictor, but not the presence of Klebsiella spp. or K. oxytoca. However, wetwood bacteria
(Klebsiella spp) were significantly related tothe rate of ooze formation in a cross-section and the
percent cross-sectional area with bacterial wetwood. Although previous studies have identified a
strong association between IWTD and termite infestation, the role of termites as a potential vector

of IWTD associated pathogens has not been studied.

Our study aimed at understanding the role of termites as a potential vector in IWTD. We performed
deep sequencing of the bacterial communities present in three different termite species named
Nasutitermes takasagoensis, Coptotermes gestroi and Microcerotermes crassus, that infest
ironwood trees in Guam to detect the presence of pathogens associated with IWTD (Park et al.
2019). The association of bacterial communities of these termites with respect to various tree-,
location-, and plot-related factors was analyzed. We performed feeding experiments with M.
takasagoensis and C. gestroi workers to understand if termites show any difference in consumption
among ironwood with different pathogen loads. Termites were fed with Ralstonia solanacearum,
a pathogen associated with IWTD, to determine the ability of termites to ingest and sustain this

pathogen inside their bodies. Recognizing the role of termites in IWTD can give a new direction
2



to the decades long ongoing research to preserve ironwood trees in Guam, for example, by
designing an effective Integrated Pest Management plan for combating the decline in ironwood

trees.



Chapter 1. Literature Review
1.1. Guam

Guam is the largest and southernmost of the Mariana islands present in Micronesia (Lazaro et al.
2020, Donnegan and Butler 2004, Young 1988, Safford 1905, Tracey et al. 1964). It is a territory
of the United States (Rottman 2004). Guam is located at latitude 13°28 N and longitude 144°45°
E (Tracey et al. 1964). The island is 48 kilometers in length, 4 to 18 kilometers in width, 160
kilometers in circumference with an area of 549 square kilometers and population density of 2,007
per square kilometers (Young 1988, Tracey et al. 1964). The highest mountain on the island is
Mount Lamlam with an altitude of around 406 meters, which make Guam the third highest of the

southern Mariana Islands (Young 1988).

The island originated about 70 million years ago and is comprised of two distinct parts (Donnegan
and Butler 2004, Young 1988, Tracey et al. 1964). The northern half of the island is a smooth
limestone plateau bordered by cliffs. On the plateau are three hills, Mount Santa Rosa and
Mataguac Hill are volcanic outcroppings and Barrigada Hill is a limestone outcropping (Young
1988, Tracey et al. 1964). The southern half of the island is a result of volcanic eruptions. It is
irregular and consists largely of igneous rock. Due to the porous limestone, the Northern part does
not contain any streams (Young 1988, Tracey et al. 1964). However, numerous streams flow on
the impermeable volcanic rocks of the southern half (Ward and Brookhart 1962). The soil of Guam
is made up of three different parent materials, coralline limestone, residuum derived from tuff and
tuff breccia, and water deposited coral sand

(https://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx). Guam consists of two barrier




reefs named Cocos, and Luminao due to which the shoreline of the island has many beaches

(Tracey et al. 1964).

The island of Guam experiences a tropical marine climate, which is warm and humid moderated
by seasonal trade winds and a wet and dry season (Young 1988). Being a tropical island, Guam
possesses a rich biodiversity that includes a variety of flora and fauna (Lazaro et al. 2020,
Donnegan and Butler 2004, Safford 1905, Stone 1970). However, the biodiversity of Guam is
under threat. Native species of Guam are being negatively impacted by invasive species such as
cycad scale (Aulacaspis yasumatsui), Rhinoceros beetle (Oryctes rhinoceros), Leucaena
leucocephala, Vitex parviflora, Brown Tree Snake (Boiga irregularis), African tulip tree
(Spathodea campanulata), among others (Lazaro et al. 2020, Moore and Smith 2008). Diseases
have also caused threats to various plant species of Guam. Betal nut tree population were
drastically reduced for a few years due to bud rot disease (Drenth 2004). The number of coconut
trees in Guam has been depressed for decades due to Coconut Tinanga Viroid (Wall and Randles
2003). Since 2002, ironwood trees in Guam are also experiencing a sudden decline and the reasons

and mechanisms behind this decline is still being investigated (Schlub 2013, Schlub et al. 2020).

1.2. Ironwood tree

Casuarina equisetifolia, also called ironwood, she-oak, horsetail, beefwood, Australian pine and
‘gago’, is spread across the island of Guam (Stone 1970, Fosberg et al. 1979, Diouf et al. 2009).
Ironwood trees are known to be indigenous to Australia, Malaysia, Southeast Asia, and the
Melanesian and Polynesian regions of the Pacific (Safford 1905, Swearing 1997). Ironwood trees

frequently grow on disturbed sites such as beaches, land-fills, wetlands, roadsides, cleared land,



and vacant lots (Morton 1980, Elfers 1998). Hammock communities and swamps are described as
its natural habitat (Binggeli 1997). [ronwood trees have been continually propagated in Guam for
hundreds of years as confirmed by the records of soil pollen samples (Athens and Ward 2004).
However, these trees do not compete with native tree species in the limestone forests (Moore

1973).

Ironwood trees belong to the Casuarinaceae family (Diouf et al. 2008, Chonglu et al. 2010). These
trees are evergreen angiosperms (Diouf et al. 2008). The bark is brittle with reddish brown to grey
color. Ironwood trees have thin needle-like, jointed, greyish green branchlets bearing the
anatomical minute tooth-shaped leaves (Chonglu et al. 2010). The flower type of Guam’s
population is 80% monoecious, and 13% dioecious trees of which 3% are male (Schlub et al.
2011). The fruits have small and winged seed formed in brown cone-like woody clusters
(Swearingen 2005). Healthy ironwood trees in Guam have an estimated life span of 45 to 90 years

and may grow up to 24 m in height with a diameter at breast height of 92 cm (Schlub et al. 2020).

Ironwood trees are fast-growing trees that can grow at a rate of 1.5-3 meters per year (Swearingen
and Plant Conservation Alliance 2005). The favorable annual temperature range for the tree is
22°C to 27 °C and average rainfall requirement varies from 700 to 2000 millimeters (NRC US
Advisory Committee on Technology Innovation 1980, Duke 1983, Snyder 1992). Since ironwood
trees are salt-tolerant trees and can withstand partial water logging, they are found growing on
marginal lands (Pinyopusarerk and House 1994). The trees are also tolerant of typhoon damage,
due to which they can survive on the Mariana Islands where typhoons are frequent (Pinyopusarerk

and House 1994). Ironwood trees also have an ability to fix atmospheric nitrogen by forming root
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nodules with microbial associations (Diouf et al. 2008).

Ironwood trees are one of the most significant agro-forestry species of Guam (Elevitch and
Wilkinson 2000). The trees are tightly integrated into the environment of the island because of
their cultural, ecological and environmental importance. In Guam, the trees are commonly used as
fuelwood, windbreak, shelterbelt and mulch. Ironwood trees are also used as ornamental plants
along the roadside in urban areas. In other areas, ironwood trees have been found to be highly
effective in controlling erosion, stabilizing sand dunes, reclaiming marshy soils and combating
desertification (Vietmeyer 1986, Snyder 1992). In Guam, ironwood trees also serve as a perch for
predatory birds (Chonglu et al. 2010, Schlub et al. 2020). Ironwood trees are an important perching
tree for the white-collared Kingfisher (Todiramphus chloris) and Mariana Fruit Dove, Ptilinopus

roseicapilla (Marshall 1949).

1.3. Ironwood tree decline

A forestry inventory in 2002 surveyed over 115,000 ironwood trees larger than 12.7 centimeters
in diameter at breast height and reported that ironwood trees are among the healthiest tree species
on the island (Donnegan and Butler 2004). The same report claimed the ironwood tree to be one
of the eight species of tree growing larger than 28 cm in diameter. During the same year, a local
farmer, Mr. Bernard Watson observed that his ironwood trees were dying prematurely (Schlub
2013). His trees were less than 10 years old and were planted in windbreaks. The trees exhibited
two distinct kinds of symptoms. Within a group of 10 trees, 5 trees showed wilting symptoms with
a rapid yellowing of foliage, tip burn of two lower branchlets and tree death within 6 months. The

dead foliage often remained on the tree giving the tree a singed appearance (Mersha et al. 2009,



Mersha et al. 2010). The other symptom observed on the farm was a gradual and uniform thinning
of foliage leading to lethal progressive dieback of branches. By the time the Natural Resources
Personnel with Commander Navy Region Marianas became aware of trees dying in large numbers
at the Naval station in 2004, approximately one-third of the trees at that place were dead. By 2005,
the decline was widespread in Guam; hundreds of trees were dead, and thousands of trees exhibited
symptoms of decline (Schlub 2013). The condition of foliage thinning and dieback on ironwood

was referred to as [ronwood Tree Decline (IWTD) (Mersha et al. 2009, Mersha et al. 2010).

A five-day IWTD conference was held in January 2009. The participants visited fourteen sites to
collect samples, reviewed literature regarding the tree and concluded that Guam’s ironwood trees
are not only dying from natural causes but are also in a state of the decline attributed to various
biotic and abiotic factors. A survey of 1,427 ironwood trees from 44 sites was conducted to study
the factors that could possibly have an impact on the tree (Schlub 2010). Factors such as disease
severity, number of branches, circumference at breast height, density, fire damage, typhoon
damage, presence of conk, presence of termites, latitude, longitude, altitude, and human
management were studied (Schlub 2010). A statistical modeling technique known as logic model
was applied to analyze the data. The trees were visually categorized based on branch fullness and
extent of dieback symptoms. The decline severity (DS) was classified into discrete values from 0
to 4. A perfectly healthy tree with full foliage will have a decline severity value of 0. With a
decrease in foliage on its branches the value of decline severity will increase; 0= symptomless, 1=
slightly damaged, 2= distinctly damage, 3= heavily damaged, 4= nearly dead (Schlub 2010).
Presence of termites, presence of conks, and level of human management were found significantly

associated (p <0.01) with decline severity of the tree (Schlub 2010). A tree having termites, conks,
8



or higher level of human management is more likely to have IWTD as compared to the tree without

termites, without conks and less human management (Schlub 2010).

The bacterial pathogen Ralstonia solanacearum was discovered in the ooze and tissue samples of
declining ironwood trees by Melody Putman using immunostrips (Agdia, Inc.) (Schlub et al. 2011).
An additional survey conducted in 2012 confirmed the presence of R. solanacearum and Klebsiella
spp. (K. oxytoca, K. variicola) in the ooze of diseased trees through Loop-mediated isothermal
amplification (LAMP) primers developed by Kubota et al. (2011). Ayin et al. (2015) showed that
strain of R. solanacearum isolated from ironwood trees in Guam is closest to R. solanacearum

strain GMI1000.

Ralstonia solanacearum is an aerobic, motile, soil-borne and xylem-residing bacterium found on
six continents which causes bacterial wilt disease of many crops (Yabuuchi et al. 1995). Over 50
dicot and monocot families are hosts of R. solanacearum (Yabuuchi et al. 1995, Hayward 1991,
Denny 2007). The pathogen forms a heterogenous species complex that contains thousands of
distinct strains. Ralstonia solanacearum can persist in soil or water reservoirs for long periods
(Alvarez et al. 2008), and when in contact with a suitable host, it can enter the plant through
wounds or lateral root emergence points (Denny 2007). Thereafter it colonizes the water-
transporting plant xylem vessels and thrives there (Denny 2007, Xue et al. 2020). Massive
production of exopolymeric substances likely contributes to the clogging of the xylem channels,
leading to blockage of water transport, followed by symptoms like wilting leaves, stunted growth,
stem discoloration, and death (Denny 2007, Xue et al. 2020).

The two species of Klebsiella isolated from ironwood trees, K. oxytoca and K. variicola, are
9



facultative anaerobic and non-motile bacteria (Brisse et al. 2021). Klebsiella species are among
the bacteria that cause wetwood symptoms in the tree resulting in brown discoloration of the wood
(Hartley et al. 1961, Jeremic et al. 2004). The central core of the tree is usually impacted when the
tree is attacked by Klebsiella species (Schlub 2013). The bacteria are translocated by the xylem
vessels of C. equisetifolia seedlings following wound inoculation (Schlub 2013). Along with R.
solanacearum and Klebsiella spp. (K. oxytoca, K. variicola), various other bacteria from genera
such as Pantoea, Enterobacter, Citrobacter, Erwinia, and Kosakonia, have been isolated from the
ooze of ironwood trees (Ayin et al. 2019). However, R. solanacearum, Klebsiella oxytoca and K.

variicola, are consistently present in declining trees (Schlub 2013).

Hollowing of trunks, which is a symptom of termite attack was observed in ironwood trees under
decline in Guam (Schlub 2013). Although termites were rarely observed on young trees and not
all diseased ironwood trees showed termite damage, it was important to study their association
with this problem since there is a possibility that termite attacks were accelerating the decline by

causing feeding damage (Schlub 2013).

Initially, the termite species attacking ironwood trees of Guam were not identified (Schlub 20107?).
In 1946, Light mentioned the presence of three termite species in Guam, Cryptotermes domesticus
(Haviland), Neotermes connexus Snyder, and Prorhinotermes inopinatus Silvestri. In addition,
previous reports of termite infestation in Guam considered the termites attacking structures in
Guam as Coptotermes formosanus (Hromada 1970, Lai 1977, Su and Tamashiro 1987). Su and
Scheffrahn (1998) conducted a termite survey in Guam and reported the presence of six species

through morphological identification. These six termite species were Coptotermes vastator Light,

10



Cryptotermes dudieyi Bank, Microcerotermes sp., Nasutitermes sp., Cryptotermes sp., and
Prorhinotermes sp. However, they did not find any C. formosanus specimens. A recent
phylogenetic analysis has shown that the C. vastator specimens found in Guam by Su and
Scheffrahn in 1998 are synonymous to C. gestroi termites (Yeap et al. 2007). In a recent study by
Park et al. (2019), termites were collected from ironwood trees in Guam. Using morphology and
DNA barcoding technique, termites were identified based on the closest match to GenBank
sequence references as Nasutitermes takasagoensis, Coptotermes gestroi, Microcerotermes

crassus and Microcerotermes species (Park et al. 2019).

1.4. Termites
1.4.1. General biology and evolution

Termites are social and cryptic insects and are considered as most efficient organism for
degradation of lignocellulose. Termites belong to the order Blattodea, superfamily Blattoidea and
epifamily Termitoidea (Inward et al. 2007, Zhang 2011). Termites are most abundant in tropical
and subtropical climatic zones (Brune 2014, Arora et al. 2022). Termites prefer moist warm
environments due to their soft cuticles (Bignell 2011). Nine families and more than 3000 different
species of termites have been found around the world (Arora et al. 2022, Krishna et al. 2013). The
termite colony consists of several morphologically and functionally distinct castes (Bignell 2011).
Workers are wingless, usually blind, and sterile (except for family Hodotermitidae), helping the
colony in constructing nests, in foraging for food and water, in digesting plant material with the
aid of symbiotic gut microbes and feeding other members of the colony (Bignell 2011). Soldiers
are also blind, sterile and are unable to feed themselves; however, they protect the colony from

predators using the mandibular defenses or by chemical squirts (Bignell 2011). The reproductive
11



forms consist of the queens and kings as well as the nymphs and alates, from which they originate
(Bignell 2011). In some termite species, if the primary reproductives die, they are replaced by
neotenic reproductives. These neotenic reproductives can be nymphoids or ergatoids. The
nymphoids or secondary supplementary reproductives are developed from nymphs and the
ergatoids or tertiary supplementary reproductives are developed from workers (Bignell 2011,

Yashiro and Matsuura 2014).

Around 150 million years ago, in the Late Jurassic period, some omnivorous cockroaches acquired
flagellated protists, also called as flagellates, within their hindgut (Bignell et al. 2011, Brune 2014,
Bourguignon et al. 2015). The presence of flagellates enabled that group of cockroaches to feed
on wood (Bignell et al. 2011, Brune 2014, Bourguignon et al. 2015). These were the sub-social
cockroaches from the Genus Cryptocercus (Brune and Dietrich 2015). Termites are the sister group
of Genus Cryptocercus (Brune and Dietrich 2015, Arora et al. 2022, Lo et al. 2000). Descendance
of termites from cockroaches has been confirmed by both morphological and molecular
assessment (Inward et al. 2007a, Inward et al. 2007b). Like cockroaches, termites are
hemimetabolous and have styli at the rear end of the abdomen (Harris 1957). Some wood-boring
species of cockroaches consume decaying wood and require intestinal protozoa to digest the
cellulose (Lo and Eggleton 2011). There are considerable similarities between the protozoa present
in these cockroaches and the ones present in primitive termites (Krishna and Weesner 1969).
Moreover, the ancestors of termites as well as wood feeding cockroaches form their oothecae
internally and share the behavior of intraspecific coprophagy along with gregariousness (Inward
et al. 2007). The nitrogen-recycling behavior of the termite is also inherited from its cockroach

ancestors which consumes exuviae and performs cannibalism to obtain nitrogen (Nalepa 1994,
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Raina et al. 2008, Chouvenc and Su 2012, Kakkar et al. 2016a, Moore 1969, Mullins and Su 2018).
The termites that retained close similarities to wood-feeding cockroaches including cellulolytic
flagellates are called “lower” termites (families Archotermopsidae, Mastotermitidae,
Stolotermitidae, Kalotermitidae, Hodotermitidae, Stylotermitidae, Rhinotermitidae and
Serritermitidae). About 60 million years ago, in the Eocene period, a termite lineage lost flagellates
and the role of flagellates was replaced by fungi and bacteria (Ni and Tokuda 2013, Bignell et al.
2011, Arora et al. 2022, Otani et al. 2014, Aanen et al. 2002). These termites are called “higher”
termites (family Termitidae). These “higher” termites are highly successful in survival as more
than 80 percent of the current termite species belong to eight subfamilies (Apicotermitinae,
Cubitermitinae, Foraminitermitinae, Macrotermitinae, Nasutitermitinae, Sphaerotermitinae,

Syntermitinae and Termitinae) within the family Termitidae (Brune 2014).

1.4.2. Feeding preference of wood-feeding termites

All termite species consume lignocellulose that is present in cell walls of plants (Arora et al. 2022).
Lignocellulose is the major compound in wood and most abundant biomolecule on earth (Arora et
al. 2022, Brune 2014, Breznak and Brune 1994). Lower termites feed only on wood while higher
termites have diversified their diets to include fungi, dung, and humus, along with wood (Brune
2014, Donovan et al. 2001, Eggleton and Tayasu 2001, Wood and Johnson 1986). Although wood-
feeding termites are capable of eating and digesting any wood, it has been observed that termites
can prefer to feed on one type of wood over the other. Various feeding preference experiments
have been conducted to determine the preference or aversion of termites for a particular wood,
when two or more than two types of woods are offered. Kofoid and Bowe (1934) suggested species

of termite, type of wood, the moisture content of the wood, type and amount of extractives in
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wood, difference between heartwood and sapwood, hardness of the wood and the extent of any
previous attack by fungi or other insect, as factors determining preference of wood by termites. A
review by Thorne (1998) also identified temperature, caste ratio of the colony, mortality rate and
size of food source as the factors affecting wood preference of termites. Wolcott (1946, 1953)
showed that termites tend to resist feeding on wood with high resin as well as high lignin content.
Marchan (1964) depicted the impact of lignin, ash, and protein content of the wood on the termite
preferences. Reticulitermes flavipes workers avoided wood with high hardness in a study
performed by Behr et al. (1972). Many studies have shown the impact of fungi on the food
preference of termites. Smythe et al. (1971) and Getty and Haverty (1998) showed preference of
C. formosanus and R. flavipes workers for fungal decayed wood over non decayed wood. Studies
have also shown that amount and stage of fungal decay also impact wood preference (Getty and

Haverty 1998, Lenz et al. 1991).

1.4.3. Dual digestion system of termites and symbionts

Termites perform a complex process for the degradation of lignocellulose that they consume.
Lignocellulose is difficult to digest. The lignocellulose microfibrils have glycosidic bonds and are
connected by a network of hemicelluloses (Brune 2014). The cellulases access glycosidic bonds
from chain ends or amorphous regions as the access of cellulases to the crystalline core is hindered
by hemicelluloses. Presence of lignin hinders the digestion process (Brune 2014, Watanabe et al.
2010). For digesting the lignocellulose, the digestive enzymes produced by the termites on their
own are not sufficient. Therefore, termites make associations with various microbes that assist
termites in digesting the lignocellulose. These microbes can either be exosymbionts or

endosymbionts. Exosymbionts help some termites in digesting the wood outside the body of these
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termites (Makonde et al. 2013). Fungi act as exosymbiont for digestion in fungus-feeding termites
(Poulsen et al. 2014, Otani et al. 2014). Endosymbionts are present exclusively in the termite
hindgut and help termite workers in completing wood digestion after initial breakdown by the
workers’ own wood digesting enzymes in fore- and midgut (Nakashima et al. 2002a, Breznak and
Brune 1994, Sethi et al. 2014, Peterson et al. 2015, Brune 2014). Since both the termites and the
symbionts cannot survive without each other, these symbionts are called mutualistic obligate
symbionts (Cleveland 1926, Brune 2014). The endosymbionts consist of bacteria, archaea and
flagellates (Makonde et al. 2013, Ohkuma and Brune 2010, Arora et al. 2022). All termites possess
bacteria and archaea while only lower termites have flagellates (Brune 2014). Cleveland proved
the importance of flagellate symbionts for the survival of lower termites as absence of flagellates
in the gut of termite caused death of termites due to starvation (Cleveland 1926, Breznak and Brune

1994, Brune 2014).

The wood ingested by termites is initially crushed into small pieces by mandibles and gizzard in
foregut, thereby increasing the surface area of wood (Watanabe and Tokuda 2010, Brune 2014).
In the midgut, endoglucanases begin the hydrolysis of cellulose to produce oligosaccharides. The
endoglucanases are secreted by salivary glands in lower termites and by midgut epithelium in
higher termites. The resulting oligosaccharides are cleaved to glucose by B-glucosidases. The
digestion processes in foregut and midgut only achieve partial degradation of lignocellulose. The
digestion of crystalline cellulose and hemicelluloses is accomplished by mutualistic symbionts
present in hindgut with the help of glycosidic hydrolases such as exoglucanases, endoglucanases
and B-glucosidases. The lignocelluloses are converted into polysaccharides, hydrogen and acetate.

These products are eventually converted into short-chain fatty acids to be resorbed by the termite
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(Watanabe and Tokuda 2010, Brune 2014, Brune and Dietrich 2015).

Lower termites have flagellates in hindgut that possess glycosidic hydrolases (exoglucanases and
endoglucanases) and hemicellulases (xylanases, arabinosides, mannosidases) for digestion of
lignocellulose to produce acetate, hydrogen and carbon dioxide (Bignell et al. 2011). The lactate
and formate produced by flagellates within the hindgut during the digestion process is converted
into acetate and carbon dioxide by bacteria. So far, around 500 different flagellates species have
been identified (Song et al. 2021, Jasso-Selles et al. 2020, Inagaki et al. 2020). These flagellates
belong to phylum Parabalasia and Class Oxymonadea of phylum Preaxostyla comprising 60-90
percent weight of termite worker’s hindgut (Brune 2014). These cellulolytic flagellates also help
termites in recycling and accessing nitrogen as well as in hydrogen cycling (Inoue et al. 2005,
2007, Cleveland 1926, Katzin and Kirby 1939, Ohkuma 2003, Sethi et al. 2014). The flagellates
interact with bacteria present within the gut (Husseneder 2010). Habitat, feeding habits and caste
of termites also determine the diversity of flagellates within them (Embley and Martin 2006,

Bourguignon et al. 2015, Yamin 1979, Kitade and Matsumoto 1998).

In lower termites approximately twenty-nine bacterial phyla have been identified in termites, out
of which around eleven are core phyla (Arora et al. 2022). For instance, Reticulitermes flavipes
workers have Spirochaetes, Elusimicrobia, Firmicutes, Bacteroidetes, Proteobacteria and
Fibrobacteres as major phyla and Verrumicrobia, Actinobacteria and Tenericutes as minor phyla.
In Coptotermes formosanus workers, Bacteroidetes are the most dominant phylum, followed by
Firmicutes, Spirochaetes, Actinobacteria, Proteobacteria and Tenericutes (Husseneder et al. 2010).

Higher termites lack flagellates and therefore cellulolytic bacteria in the hindgut secrete glycoside
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hydrolases that help in lignocellulose degradation (Brune 2014). Wood-feeding higher termites
have Spirochaetes as their dominant phylum followed by Fibrobacteres, Bacteroidetes and
Firmicutes (Hongoh et al. 2006, Vikram et al. 2021). Fungus-feeding higher termites (family
Termitidae, subfamily Macrotermitinae) live in symbiosis with fungi from phylum Basidiomycota
(dominant in gut) and Ascomycota (dominant in nest) (Makonde et al. 2013, Moriya et al. 2005,
Visser et al. 2009, Zhou et al. 2019). The digestion takes place in two cycles. In the first cycle,
workers ingest plant litter along with fungal spores. The undigested feces are deposited on fungus
gardens present in the nest. In the second cycle these termites consume the preprocessed plant fiber
and nutrients are absorbed in the body (Brune 2014, Wood and Thomas 1989, Radek 1999, Poulsen
et al. 2014, Otani et al. 2014). Phyla such as Bacteroidetes and Firmicutes are dominant in fungus-
feeding termites. Other phyla such as Spirochaetes, Proteobacteria and Margulisbacteria are also
present within these termites (Hongoh et al. 2005). Dung-feeding higher termites feed on
lignocellulose which is partially humified. The humified lignocellulose has lower cellulose content
and more nitrogenous products than wood (Brune 2014). Because of presence of high amounts of
peptides in humus, these termites have highest abundance of phylum Firmicutes. Spirochaetes is
the second dominant phylum within these termites, followed by phylum Bacteroidetes and

Proteobacteria (Brune 2014, Thongaram et al. 2005).

Phylum Spirochaetes helps in reductive acetogenesis, fermentation, nitrogen fixation and acts as
endosymbiont of flagellates (Warnecke et al. 2007, Breznak and Leadbetter 2006, Droge et al.
2008). Bacteroidetes play an important role in lignocellulose degradation, nitrogen fixation and
recycling (Ohkuma et al. 1996, Noda et al. 2006). Phylum Firmicutes is involved in lignocellulose

digestion, nitrogen fixation, chitin and sugar degradation and acetogenesis (Poulsen et al. 2014,
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Husseneder 2010). Phylum Margulisbacteria exploit phylum Spirochaetes as their hydrogen sinks

(Utami et al. 2018).

Archaea are responsible for anaerobic methanogenesis in both lower and higher termites (Brune
2010, Hongoh and Ohkuma 2010, Leadbetter et al. 1998, Leadbetter and Breznak 1996, Ohkuma
and Brune 2010, Paul et al. 2012, Shi et al. 2015). Sixteen families of Archaea have been identified
in termite guts (Arora et al. 2022). Archaea produce methane from excess hydrogen generated
during fermentation of polysaccharides (Purdy 2007). The utilization of excess hydrogen also
helps flagellates in increasing efficiency of cellulose digestion. The diversity of archaea is higher
in higher termites as compared to lower termites (Brune 2014, Paul et al. 2012). The methane
produced during this process make termites a useful source for biofuel production (Sun and Chen

2010).

1.4.4. Methods for identification of symbionts

A plethora of microorganisms present within the termites are still uncultured and unknown. In
order to identify these microorganisms, a wide range of techniques have been employed by the
researchers. Methods such as microscopy, biochemical tests, immunological assays, among others,
have been conventionally used to identify these microorganisms (Houpikian and Raoult 2002,
Jarvinen et al. 2009). Most of the conventional identification methods require culturing of these
microorganisms on standard media under laboratory conditions, which rely on factors such as
temperature, pH, and nutrition, as a result making it almost impossible to culture all the microbes
present in a sample (Kamble et al. 2020, Stewart 2012). Only less than 1% of microorganisms

present in nature can be cultured, while the rest of them are still unculturable (Solden et al. 2016,

18



Santos et al. 2020, Rashid and Stingl 2015). This drawback of conventional microbiological

techniques poses major constraints to the study of microbial diversity.

Initially, Sanger sequencing was used to sequence the microbial communities (Sanger et al. 1977).
But this sequencing technique required cloning of 16S rRNA gene after the amplification and
could only allow the analysis of individual sequences, making the evaluation of the microbial
communities in the environmental sample, a tedious and costly process. The introduction of Next
Generation Sequencing technologies, within the last decade, revolutionized microbial diversity
studies, as it has reduced the cost and increased the efficiency of DNA sequencing (Kircher and
Kelso 2010, Goodwin and McCombie 2016, Mardis 2008). Different approaches can be utilized
for the taxonomic and phylogenetic studies of microbiota in termite samples. In whole genome
sequencing, the entire DNA sequence within an individual can be analyzed, including both coding
and non-coding regions of DNA (Morris et al. 2021). Metagenomics involves analysis of the
microbial DNA from environmental communities by sequencing and assembling the whole
genomes of all the microbes present within the sample (Handelsman et al. 1998). Whole genome
sequencing provides the broadest view of an individual’s genome. It is used for detecting and
analyzing variations within the individual, and for identifying the organism at a resolution lower
than the species level (strain level identification). When single or multiple genes within the
microbial genomes of the sample are targeted using specific primers, it is called amplicon
sequencing or metataxanomics (Suenaga and Suenaga 2012). Amplicon sequencing is
synonymous with DNA barcoding, which involves sequencing a standard region of DNA with
variable regions called “barcodes” for taxonomic identification of the species (Arnot et al. 1993,

Herbert et al. 2003). The process in which DNA barcoding is used to simultaneously identify
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multiple species within an environmental DNA sample with the help of universal or group-specific
primers is known as DNA metabarcoding (Creer et al. 2016). Sequencing in which a particular
region of the genome is targeted provides higher coverage and throughput, takes lesser time and
is less laborious than whole genome sequencing because of the small sequence read length.
Targeted genome sequencing is mostly used for taxonomic profiling. Whole and targeted genome
sequencing techniques do not provide sufficient information about the functional profile of the
individual; for which transcriptomics, 1,e., RNA sequencing to measure levels of gene expression,
is used. Metatranscriptomics is a study of genes that are expressed by the microbial community

within a given sample (Aguiar-Pulido et al. 2016).

Dubnau et al. (1965), and Woese (1987) had reported the significance of the 16S rRNA gene for
studying prokaryotic taxonomy and phylogeny. Approximately 1500 nucleotides long 16S rRNA
is present in 30S small ribosomal subunit of a prokaryotic cell along with a set of 21 proteins
(Bottger 1989, Harmsen and Karch 2004). The 16S rRNA gene has a critical role in the initiation
of protein synthesis in prokaryotic cells (Bottger 1989, Harmsen and Karch 2004). The unique
characteristics of this gene makes it the most common genetic marker used for the taxonomic
profiling of prokaryotes (bacteria and archaea) (Santos et al. 2020, Janda et al. 2007, Patel 2001).
The 16S rRNA gene sequence is ubiquitous, highly conserved in all prokaryotic organisms, and
contains multiple hypervariable regions (Amit 2014, Woese and Fox 1977). The presence of
conserved regions makes this gene suitable for designing universal primers, while the variable
regions (V1-V9) help in taxonomic identifications (Gutell et al. 1993, Clarridge 2004, Gray et al.
1984, Relman 1999, Baker et al. 2003). Because of the presence of variable regions within the

gene, it i1s not mandatory to sequence the full-length16S rRNA gene; as depending on the purpose
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of the study and the organism being studied, an individual or combination of variable regions can

be chosen (Suenaga and Suenaga 2012).

The different sequencing platforms produce reads of different base pair lengths and can be used
for different purposes based on the requirements of the research. Short read sequencing platforms
such as SOLiD (Valouev 2008), 454 pyrosequencing Roche (Margulies 2005), Ion Torrent’s PGM
(Thermo Fisher) (Rothberg 2011), Illumina (Bennett 2004), as well as long read sequencing
platforms Pacific Biosciences (PacBio) (Eid 2009), and Nanopore (Kono and Arakawa 2019),
produce millions of reads in a single sequencing run. [llumina is the most popular high throughput
sequencing technology for short length reads (Goodwin and McCombie 2016, Escobar-Zepeda et
al. 2015, Kumar et al. 2019, Sandmann et al. 2017). However, output of 50 bp to 300 bp sequence
length by Illumina does not allow whole 16S rRNA gene sequencing; due to which the variable
regions within the gene are mostly utilized for 16S gene analysis with [llumina (Wommack et al.

2008).

However, the sequence output from next generation sequencing techniques could contain some
erroneous reads, significant variation among the quality scores of sequencing reads, and deviation
from desirable library fragment sizes (Leasi et al. 2018, Zinger et al. 2019, Weiss et al. 2017).
These issues can lower the quality of the raw data for downstream analyses. To overcome these
issues, various types of analysis tools can be used. These tools can filter out reads with lower
quality scores and remove less abundant and spurious sequences. The sequences of 16S rRNA
gene regions generated after metabarcoding can be analyzed using open-source pipelines such as

MOTHUR (Schloss et al. 2009), MG-RAST (Keegan et al. 2016), and QIIME2 (Caporaso et al.
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2010), which involve steps such as demultiplexing, denoising, taxonomic analysis, phylogenetic

analysis, and diversity analysis.

QIIME2 (‘Quantitative Insights Into Microbial Ecology’) is a next-generation microbiome
bioinformatics platform that is used for analyzing and interpreting the raw sequencing reads
(Caporaso et al. 2010). This pipeline is developed to enhance the reproducibility of the results
obtained during a study. QIIME2 deciphers the results of sequencing data by performing quality-
filtering, sequence alignment, phylogenetic tree formation and taxon-based diversity analysis
(Bolyen et al. 2019). Since QIIME?2 is based on plugin architecture, it incorporates other programs
such as DADA2 (Callahan et al. 2016), BLAST (Camacho et al. 2008), MAFFT (Katoh et al.
2002), FastTree 2 (Price et al. 2010), among others, to contribute to the assessment. The interactive
visualization tools (QIIME 2 View) provided by this pipeline allows interpretation of data. Output
of QIIME?2 is presented in the form of amplicon sequence variants (ASVs) in which 100% identical

sequence reads are combined into unique representative sequences (Edgar 2016).
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Chapter 2. Taxonomic Profiling and Diversity Analysis of Bacterial
Communities of Nasutitermes takasagoensis Workers Associated with
Ironwood Trees (Casuarina equisetifolia) in Guam

2.1. Introduction

Casuarina equisetifolia, the ironwood tree, has been a part of the natural ecosystem of Guam for
thousands of years (Athens and Ward 2004, Stone 1970, Fosberg et al. 1979, Elevitch and
Wilkinson 2000). The tree can be found all around the island including forests areas, beaches, and
road shoulders (Mersha et al. 2009). The ironwood tree has remarkable properties and utilities
ranging from being an excellent wind breaker, mulch, fuel wood and construction wood to
contributing to land reclamation and soil fertility improvement by reducing soil erosion and fixing
atmospheric nitrogen (Pinyopusarerk and House 1993, Touati et al. 2016, Conglu et al. 2010, Diouf
et al. 2009, Mersha et al. 2009, Schlub 2013). This evergreen angiosperm grows very fast and has
an ability to grow to as large as 92 cm in diameter (2002 forest resources report, Donnegan et al.
2004). All these qualities make the ironwood tree one of the most significant agroforestry species

of Guam.

However, in 2002, a sudden death of ironwood trees in the field of a local farmer in Guam was
reported (Mersha et al. 2009). The trees that were dying showed symptoms such as yellowing and
thinning of foliage, dieback, and droplets of ooze and areas of wetwood in the cross-section. The
ironwood trees exhibiting these symptoms are unable to recover and gradually die over a course
of several years. This condition has been referred to as [ronwood Tree Decline (IWTD) in Guam
(Mersha et al. 2009, Mersha et al. 2010, Schlub et al. 2011, Schlub 2013). Over the past two

decades, the number of locations in Guam where IWTD occurs appears to have changed little since
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the peak of IWTD 15 years ago (Schlub et al. 2020). Tree death continues at these IWTD hotspots,

but at a slower rate than in years past (Schlub et al. 2020).

Ralstonia solanacearum, a pathogen known to cause bacterial wilt (Yabuuchi et al. 1995, Smith
1896), was detected in the wood drill shavings and ooze from ironwood trees under decline using
immunodiagnostic strips (Agdia, Inc.) (Mersha et al. 2010, Schlub et al. 2011, Schlub 2013). A
strain of R. solanacearum was isolated from cultures obtained from bacterial ooze of infected
ironwood trees and was shown to cause wilting symptoms in healthy ironwood seedlings (Ayin et
al. 2013, 2015, Paudel 2020). Two species from genus Klebsiella (K. oxytoca and K. variicola),
that cause wetwood symptoms in plants (Hartley et al. 1961, Jeremic et al. 2004), were also isolated
from bacterial ooze of infected ironwood trees and were regarded as likely opportunistic pathogens
for IWTD (Ayin et al. 2015, Ayin et al. 2019). Ralstonia solanacearum and wetwood bacterial
species Klebsiella spp. were consistently isolated from bacterial ooze of infected ironwood trees

(Schlub 2013).

The Ralstonia and Klebsiella spp. penetrate the tree through root wounds. Once inside, they travel
through the roots water-transport xylem vessels into the tree’s stem (Denny 2007, Schlub 2013).
A major difference between the wilt pathogen Ralstonia and the wetwood bacteria such as
Klebsiella is the fact that Ralstonia colonizes a tree’s sapwood and young xylem vessels (roots,
stem, and branches) which ultimately leads to clogging the vessels and wilting of the host, whereas
Klebsiella growth is limited in young xylem vessels and does not appear to influence the transport
of water (Schlub 2013, Schlub et al. 2020). The highest quantity of wetwood bacteria are found in

the tree’s heartwood where xylem cells are compacted, filled with resins, and no longer transport
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water (Schlub 2013, Schlub et al. 2020). Along with Ralstonia and Klebsiella, bacterial isolates
from infested ironwood trees in Guam included also bacteria from the genera Kosakonia,

Enterobacter, Pantoea, Erwinia and Citrobacter (Ayin et al. 2019).

One of the principal modes of transmission of plant diseases caused by pathogens are insect vectors
(Agrios 2008, Harris and Maramorosch 1980, Heck 2018, Cilia et al. 2011, Wielkopolan et al.
2021, Perilla-Henao and Casteel 2016, Ghosh et al. 2017). Plant pathogens can either be dependent
on an insect host for their survival or an insect can be just a medium for the spread of that pathogen
from one plant to another. Insects can transmit plant pathogens externally, e.g., when pathogens
stick to the mouthpart or body of the insect, as well as internally by carrying them inside their
digestive tract where the plant pathogen may or may not multiply (Agrios 2008, Gedling et al.
2018). All plant pathogenic viruses, phytoplasmas, and some fungi, bacteria, protozoa, as well as
nematodes are internally transmitted by insects while some fungi and bacteria can also be

transmitted externally on the insect bodies (Agrios 2008, Perilla-Henao and Casteel 2016).

Various insects including beetles, gall wasp and termites have been found attacking ironwood trees
in Guam (Mersha et al. 2009). The presence of beetles (Protaetia pryeri (Janson) and Protaetia
orientalis (Gory and Percheron) on ironwood trees was found not to be associated with IWTD
(Campora 2005). The gall wasp (genus Selitrichodes) that damages the tip of the branchlets on
ironwood trees was also found unlikely to be associated with IWTD as the symptoms of IWTD
initiate from the roots (Schlub 2013). A survey of 1,427 ironwood trees across the island
determined presence of termites on the ironwood trees as a significant factor associated with IWTD

(Schlub 2010, Schlub et al. 2011). Heavy infestations of termites on declining ironwood trees have
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been observed (Mersha 2009, Schlub 2013). Symptoms of termite attack such as tunnelling,
hollowing of trunk, and presence of conspicuous nests have been commonly found on ironwood
trees in Guam. The termites attacking ironwood trees in Guam were identified as Nasutitermes
takasagoensis (Nawa) (Blattodea: Termitidae), Coptotermes gestroi (Wasmann) (Blattodea:
Rhinotermitidae), Microcerotermes crassus Snyder (Blattodea: Termitidae) and another
Microcerotermes species by the closest match of their DNA barcodes to reference sequences in
NCBI GenBank (Park et al. 2019). Over 90% of ironwood trees in Guam that had an infestation
with live termites were attacked by a species from the Nasutitermes takasagoensis species complex

(Park et al. 2019).

As a member of so-called “higher” termites, Nasutitermes takasagoensis (Family Termitidae)
workers harbor a mutualistic hindgut microbiome constituted by prokaryotes (Inward et al. 2007,
Brune 2014, Kohler et al. 2012). The core bacterial phyla present in Nasutitermes spp. include
Spirochaetaes, Fibrobacteres, Bacteroidetes, Firmicutes, Proteobacteria, Actinobacteria, and
Margulisbacteria (TG3 phylum) (Rossmassler et al. 2015, Vikram et al. 2021, K&hler et al. 2012,
Hongoh et al. 2006, Miyata et al. 2007, Warnecke et al. 2007). Most of the bacteria present within
the termites are obligate symbionts because they are important for the termite colonies’ survival
and reproduction (Hongoh et al. 2008, Brune 2014). Meanwhile termite bodies can also harbor
transient bacteria from the environment that are not always present in their gut. These
environmental bacteria can enter the termite gut with consumed plant matter or attach to the surface
of the body integument whereby they can be ingested through grooming. Survival of
environmental bacteria in the gut of termites depends on whether these bacteria are adapted to the

conditions in the termite gut determined, for example, by host species, diet, pH, and O> and H»
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gradient (Mikaelyan et al. 2017, Husseneder et al. 2009, Rahman et al. 2015, Tai et al. 2015). If
termites come in contact or ingest wood infested with the pathogens associated with IWTD, these
pathogens could stick to the body surface or enter the termite bodies. which might cause termites
to spread these pathogens to other trees while foraging. Thus, it was hypothesized that members
of N. takasagoensis, which represents the major termite species associated with IWTD, are vectors
for pathogenic bacteria causing IWTD. To test this hypothesis termite samples were collected from
healthy and sick ironwood trees that were negative or positive for Ralstonia infestation in Guam
in order to (1.) describe the bacteria taxa associated with workers of N. takasagoensis attacking
ironwood trees in Guam to test if termites carry plant pathogens, (2.) test for relations between the
tree-, plot-, and location-related factors associated with ironwood trees attacked by N.
takasagoensis workers and microbial diversity of those N. takasagoensis worker samples, (3.)
determine if N. takasagoensis termites prefer feeding on parts of ironwood trees with low pathogen
content compared to high pathogen content, and (4.) determine whether R. solanacearum bacteria

are ingested and survive in the termite gut.

2.2. Materials and methods
2.2.1. Samples and metadata
2.2.1.1. Termite samples

Forty-two N. takasagoensis termite samples were collected from ironwood trees in 2019-20 on the
island of Guam by the team of the University of Guam (Figure 1). The samples including soldiers
and worker termites were partitioned into 70% ethanol (for morphological identification) and 95%
ethanol (for Illumina sequencing) and were shipped to Louisiana State University. Diagnostic

characters of each soldier were examined visually under a stereo microscope (Leica MZ16) using
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the published keys such as Chhotani (1997) and Liang and Li (2016) for morphological species
identification. Tree data was recorded for each termite sample. This included information on the
tree-related factors (Table 1), on the plot-related factors (Table 2), and on the location-related

factors (Table 3).

2.2.1.2. Tree-related factors

Presence of Ralstonia: Each tree from which termite samples were collected, was assayed by lab
members at the University of Guam for R. solanacearum using R. solanacearum-specific
immunodiagnostic test kits manufactured by Agdia, Inc. of Elkhart Indiana. U.S.A. (Ayin et al.
2015). This kit screens plant/bacterial culture samples for R. solanacearum using an antigen-
antibody based test. The kit contains ImmunoStrips® and sample bags containing BEB1 buffer.
Upon successful completion of the reaction, two lines consisting of a control line and a test line
can be seen. Presence of both the lines within 30 minutes at any intensity, was considered a positive
indication of the presence of Ralstonia in the sample. However, this test does not measure

concentration of Ralstonia.

Decline Severity (DS): The ironwood trees in Guam were categorized into five categories based
on the level of damage and fullness of branches at the time termites were sampled. This
categorization was performed based on visual inspection described by Schlub et al. (2010). Trees
with no disease symptoms (symptomless) were given a DS value of 0, trees that were showing a
few symptoms (slightly damaged) were given a DS value of 1, trees with visible disease symptoms
(distinctly damaged), were given a DS value of 2, trees that were showing severe disease symptoms

(heavily damaged) were given a DS value of 3 and trees that had shed almost all their leaves and
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were about to die (nearly dead) were given a DS value of 4 (Schlub 2010).

Tree Health: Assessment of ironwood trees decline was further simplified by categorizing trees as
healthy or sick based on their DS values. Symptomless trees (DS = 0) were categorized as healthy

while those with symptoms (DS = 1 through 4) were categorized as sick.

2.2.1.3. Plot-related factors

Plot Average DS: A "plot" was described as the circular area with a radius of =30m, with a tagged
termite sample tree at its center. The Plot Average DS was determined by, first, adding the DS
values of all the live trees within the plot and dividing the sum by the number of live trees within

that plot. Average DS = (DS; + DS, + ---DS,)/n (where "n" = total number of live trees within

plot).

Plot Average Decline: The average decline of the plot was determined by the percentage of sick

trees relative to the total number of live trees in the plot.

Proportion of Dead Trees in Plot was determined by dividing the number of dead trees by the total

number of trees within a 30m plot radius.

Proportion of Trees with Termites in Plot was determined by dividing the number of live trees
with termite activity within a given plot by the number of live trees. The termite activity was

determined based on the presence of termite nests or tunnels on the tree.

2.2.1.4. Location-related factors

Geographical location was the name of the area (village in Guam) in which the ironwood tree was
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located from which a termite sample was taken.

Altitude was measured from the base of the tree with respect to mean sea level (in meters).

Altitude Classification: An altitude less than 100 meters was classified as “low” and altitude

greater than 100 meters was classified as “high”.

Parent Material refers to unconsolidated, relatively unweathered minerals or organic matter from
which soil at the tree location developed. The information regarding parent material was retrieved
using Soils section of Natural Resources Conservation Service by United States Department of

Agriculture (USDA) (https://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx). The

parent material coralline limestone is referred to as “lime”, residuum derived from tuff and tuff

breccia is referred to as “tuff” and water deposited coral sand is referred to as “sand”.

Site Management describes the condition of the site in terms of the level of human management.
If a site was not managed at all, for example an abandoned lot, it was categorized as not managed.
Sites such as farm wind-rows were categorized as moderately managed and well-managed sites,

such as golf courses; were categorized as highly managed.
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Figure 1. Map of ironwood tree sites where 42 samples of Nasutitermes takasagoensis termites
were collected. Tree metadata for each termite sample can be found in Table 1, 2, and 3.
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Table 1. Tree-related metadata for Nasutitermes takasagoensis termite samples.

::Hnﬁ;e Presence of Tree Decline Tree Health
D Ralstonia Severity

19-77 Positive heavily damaged Sick
19-78 Negative nearly dead Sick
19-79 Negative distinctly damaged  [Sick
19-80 Negative symptomless Healthy
19-81 Negative slightly damaged Sick
19-82 Positive heavily damaged Sick
19-83 Negative nearly dead Sick
19-84 Negative symptomless Healthy
19-85 Positive nearly dead Sick
19-86 Negative nearly dead Sick
19-87 Positive slightly damaged Sick
19-88 Negative slightly damaged Sick
19-89 Negative symptomless Healthy
19-90 Negative distinctly damaged  |Sick
19-91 Negative slightly damaged Sick
19-92 Positive slightly damaged Sick
19-93 Negative symptomless Healthy
19-94 Negative nearly dead Sick
19-95 Negative slightly damaged Sick
19-96 Negative slightly damaged Sick
19-98 Negative heavily damaged Sick
19-99 Negative slightly damaged Sick
19-100 Negative symptomless Healthy
19-101 Negative slightly damaged Sick
19-102 Negative symptomless Healthy
19-103 Negative slightly damaged Sick
19-104 Negative symptomless Healthy
19-105 Negative slightly damaged Sick
19-106 Negative slightly damaged Sick
19-107 Negative symptomless Healthy
19-108 Negative symptomless Healthy
19-109 Negative slightly damaged Sick
20-123 Positive heavily damaged Sick
20-125 Positive nearly dead Sick
20-126 Positive heavily damaged Sick
20-129 Positive slightly damaged Sick
20-130 Positive nearly dead Sick
20-131 Positive nearly dead Sick
20-132 Positive nearly dead Sick
20-133 Positive nearly dead Sick
20-134 Positive nearly dead Sick
20-135 Positive nearly dead Sick

32



Table 2. Plot-related metadata for Nasutitermes takasagoensis termite samples.

Termite

. Proportion of Dead  |Proportion of Trees
;&;mple Plot Average DS  |Plot Average Decline Trees in Plot with Termites in Plot
19-77 2 0.42 0.5 0.33
19-78 0.47 0.03 0.03 0.39
19-79 1.5 0.5 0 0.5
19-80 0.91 0.09 0.03 0.66
19-81 1.29 0.29 0 0.62
19-82 3 1 0.39 0.48
19-83 3.36 1 0.26 0.63
19-84 0.88 0.12 0.03 0.56
19-85 1.98 0.55 0 0.4
19-86 4 1 0 1
19-87 1 0 0 1
19-88 0.9 0.3 0 1
19-89 1.07 0.26 0.07 0.63
19-90 1.08 0.29 0.08 0.22
19-91 0.86 0.14 0.08 0.26
19-92 2.1 0.68 0.11 0.6
19-93 0.83 0.13 0.06 0.45
19-94 0.33 0.03 0.08 0.16
19-95 0.59 0.12 0.09 0.17
19-96 0.88 0.16 0.09 0.51
19-98 0.8 0.2 0 0.6
19-99 3 1 0.14 0.71
19-100 1.06 0.33 0.1 0.6
19-101 0.84 0.2 0.13 0.39
19-102 0.82 0.21 0.08 0.22
19-103 1.54 0.38 0.26 0.29
19-104 0.92 0.04 0.16 0.19
19-105 0.92 0.14 0 0.33
19-106 1.06 0.2 0.03 0.36
19-107 1.21 0.55 0.08 0.08
19-108 0.44 0.04 0.17 0.57
19-109 0.67 0.11 0 0.57
20-123 1.62 0.31 0.38 0.24
20-125 2 0.77 0.13 0.27
20-126 4 1 0 1
20-129 1.65 0.51 0.1 0.66
20-130 2.2 0.7 0.09 0.36
20-131 2.2 0.7 0.09 0.36
20-132 3.4 1 0.29 0.62
20-133 3.07 1 0.38 0.54
20-134 3 0.89 0.61 0.26
20-135 2.9 1 0.58 0.21
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Table 3. Location-related metadata for Nasutitermes takasagoensis termite samples.

Termite Geographical . Altitude Parent Material |Site
sample . Altitude (m) e e

D Location Classification  |Classification |Management
19-77 Watsons Farm Yigo 170 High Lime Moderate
19-78 Watsons Farm Yigo 164 High Lime Moderate
19-79 Watsons Farm Yigo 171 High Lime Moderate
19-80 Watsons Farm Yigo 161 High Lime Moderate
19-81 Watsons Farm Yigo 168 High Lime Moderate
19-82 UOG Ija Station 96 Low Tuff Moderate
19-83 UOG Ija Station 92 Low Tuff Moderate
19-84 Mangilao Golf Course 129 High Lime High
19-85 Mangilao Golf Course 127 High Lime High
19-86 Mangilao Golf Course 117 High Tuff High
19-87 Mangilao Golf Course 126 High Tuff High
19-88 Ritidian 12 Low Sand Moderate
19-89 Ritidian 21 Low Sand Moderate
19-90 Cocos Island 20 Low Sand None
19-91 Cocos Island 12 Low Sand None
19-92 Mangilao Golf Course 124 High Lime Moderate
19-93 Thousand Steps 17 Low Lime None
19-94 Ysrael Beach 5 Low Sand None
19-95 Ysrael Beach 7 Low Sand None
19-96 Sagan Kotturan Chamoru (45 Low Lime None
19-98 AAFB 164 High Lime High
19-99 AAFB 160 High Lime Moderate
19-100 Duenas Beach 11 Low Sand Moderate
19-101 Duenas Beach 12 Low Sand Moderate
19-102 Tarague Beach 21 Low Sand High
19-103 Watsons Farm Yigo 168 High Lime None
19-104 Watsons Farm Yigo 169 High Lime None
19-105 Watsons Farm Yigo 173 High Lime None
19-106 Watsons Farm Yigo 163 High Lime None
19-107 Watsons Farm Yigo 171 High Lime None
19-108 UOG Yigo Station 178 High Lime Moderate
19-109 UOG Yigo Station 142 High Lime Moderate
20-123 Watsons Farm Yigo 163 High Lime Moderate
20-125 UOG Mangilao 67 Low Lime None
20-126 UOG Mangilao 81 Low Lime High
20-129 Mangilao Golf Course 129 High Lime High
20-130 UOG Yigo Station 173 High Lime Moderate
20-131 UOG Yigo Station 173 High Lime Moderate
20-132 UOG Ija Station 96 Low Tuff Moderate
20-133 UOG Ija Station 93 Low Tuff Moderate
20-134 UOG Ija Station 82 High Tuff Moderate
20-135 UOG Jja Station 110 High Tuff Moderate
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2.2.2. DNA extraction, primer selection and Illumina sequencing

Total DNA was extracted from the termite workers received from Guam in 95% EtOH using the
DNeasy Blood & Tissue kit (Qiagen, Germantown, MA). Five workers per sample were pooled
and homogenized in lysis buffer (Buffer AL, DNeasy Blood & Tissue kit) using a sterile pestle
(Thermo Fisher Scientific, Wilmington, DE). The concentration of DNA was confirmed using an
Invitrogen Qubit 4 Fluorometer (Thermo Fisher Scientific, Wilmington, DE) with the Qubit
dsDNA BR Assay Kit (Invitrogen™, Life Technologies™) and 2.5 ul/ng DNA per sample was

shipped to the University of New Hampshire for next-generation sequencing.

To select the most informative region for detecting and separating Ralstonia strains by their DNA
sequence, 130 16S rRNA gene full-length (1.4k) sequences of different Ralstonia solanacearum
strains were retrieved from NCBI GenBank, aligned using Geneious Prime (Version 2022.2.1)
software and examined for variability among different V-regions (V1-V3 and V4 regions). The
V1-V3region had 87.5% identical sites and V4 region had 93.5% identical sites. The V1-V3 region

showed more variability and was selected for next generation sequencing.

Library preparation and Illumina sequencing were performed at the University of New Hampshire
Hubbard Center for Genome Studies. The V1-V3 hyper variable region of the bacterial 16S rRNA
gene was amplified from the genomic DNA samples using one forward (27F) and two reverse
primers (519Rmod and 519Rmodbio) to capture a broad range of biodiversity (Thomas et al. 2019,
Miya et al. 2015). Successfully amplified PCR products were sequenced on the 2x250bp Illumina

NovaSeq platform following Illumina Nextera Dilute library protocol (Illumina, San Diego, CA).
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2.2.3. Bioinformatics and statistical analysis

The Quantitative Insights into Microbial Ecology (QIIME2) pipeline (Caporaso et al. 2010, Estaki
et al. 2020) version 2021-4, accessible on a server of the Hubbard Center for Genome Studies at
the University of New Hampshire, was used to perform sequence data analysis. Demultiplexed
sequencing reads were obtained from University of New Hampshire after [llumina sequencing in
FASTQ format. Demultiplexing involves sorting the reads to the samples to which they belong
using barcode sequences. These barcodes are sequences of base pairs that are attached uniquely to
each sample before combining the samples for sequencing during library preparation. The
downstream analysis was started with visualizing the demultiplexed reads using the demux plugin
in QIIME2. The DADA?2 plugin in QIIME2 was used for denoising of single-end and paired-end
reads (Callahan et al. 2016). All demultiplexed reads had Phred quality scores >30. Primer
sequences were removed and forward and reverse reads were truncated to 251 nucleotides. Since
a considerable number of forward and reverse reads were not sufficiently overlapping, paired ends
were not merged, and only forward reads were subjected to denoising and chimera removal using
the DADA2 algorithm. A table containing amplicon sequence variants (ASVs), i.e., unique
sequences or “bacterial strains” and a representative sequence file showing sequences of all the
ASVs were obtained as a result of the DADA2 procedure. Sequences from the same sample
generated with two different reverse primer sets were merged. All the sequences used in this study

were submitted to GenBank (BioProject ID PRINA883256).

Rarefaction is a process in which samples are sub-sampled to equal sample size to allow
comparison independent of sample size. The sequencing process typically results in different total

sequencing depth (number of reads) among samples. Therefore, rarefaction was employed to
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subsample sequence reads without replacement to the common sequencing depth that was equal
to the sample with the lowest sequencing depth (50,277) so that samples can be compared at the
same sequencing depth for diversity analysis. Alpha rarefaction curves showing alpha diversity as
a function of the sequencing depth (number of resampled sequences) were plotted using alpha-
rarefaction method of the qiime diversity plugin. Three different alpha diversity indices were
measured. The ASV richness index measures number of ASVs. Phylogenetic distance between the
ASVs was computed using Faith’s Phylogenetic Diversity (PD) index (Faith 1992). The Shannon
diversity index scales the richness of ASVs based on their evenness (Shannon and Weaver 1949).
The leveling of the alpha rarefaction curves signifies that sequencing depth used for the analysis
was enough to capture most of the diversity present within the samples. Along with sequencing
depth, samples were also compared based on equal sampling size and equal completeness
(coverage). Sample-size and coverage-based rarefaction and extrapolation sampling curves were
generated using an R package iNEXT (iNterpolation/ EXTrapolation) (Hsieh et al. 2016). The
INEXT package uses Hill numbers to represent the effective diversity present in a sample (Chao
et al. 2014, Hsieh et al. 2016). The effective diversity was described as “the number of equally
abundant species that would be needed to give the same value of a diversity measure” (Chao et al.
2014). Hill numbers are a class of diversity measures (parameterized by ¢) that quantify effective
diversity by integrating both relative abundance and richness (MacArthur 1965, Chao et al. 2014,
Hill 1973). In general, according to Chao et al. (2014) species richness is measured at =0, which
quantifies number of species, Shannon diversity (q=1) measures the effective number of species
by counting species in proportion to their abundance and Simpson diversity (q=2) measures the

effective number of dominant species. In this study, Hill numbers i.e., ASV richness (g = 0),
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Shannon diversity (¢ = 1), and Simpson diversity (¢ = 2) were used to estimate the effective
diversity of bacteria strains (ASVs) within the samples (Chao et al. 2014, Hsieh et al. 2016). To
obtain sample-based rarefaction curves, effective diversity was plotted against the number of
samples and to obtain coverage-based rarefaction curves, effective diversity was plotted against
estimated coverage. Both sample-, and coverage-based rarefaction curves were also extrapolated

to compute the effective diversity when sample size was doubled.

The SILVA reference database was used for taxonomic assignment of ASVs. SILVA

(http://www.arb-silva.de) is a public database that contains aligned ribosomal RNA sequence data

from Bacteria, Archaea and Eukaryota which has been quality checked (Quast et al. 2013). The
BLAST algorithm (Camacho et al. 2009) was used to taxonomically classify ASVs obtained after
denoising based on the sequences in SILVA 132 reference database (Quast et al. 2013). The
pairwise identity cutoff of 97% was used for the purpose of taxonomic assignment of the reads.
All the ASVs that showed less than 97% sequence identity to the reference sequences in the SILVA
database remained unassigned and were filtered from the ASV table using filter-table method in
qiime taxa plugin. From the filtered ASV table, bar plots showing relative abundances of taxa
within each sample were generated using barplot method in qiime taxa plugin. Using the BLAST+
algorithm, the top 20 ASVs according to total number of reads across all the samples were assigned
to the top BLAST hit in the NCBI GenBank database (Benson et al. 2015) to obtain more detailed
taxonomic assignment as GenBank contains more sequence reads albeit less carefully curated than
SILVA database. The MAFFT method (Katoh et al. 2002) was used for multiple alignment of
sequences and the highly variable positions from the alignment were filtered out using mask

command (Lane 1991). From these aligned and masked sequences, a midpoint-rooted phylogenetic
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tree was generated (Price et al. 2010).

Alpha diversity represents the taxa and their abundances within samples while beta diversity
represents the difference in diversity among groups of samples. Incidence-based (ASV richness,
Faith’s PD) and abundance-based (Pielou’s evenness, Shannon diversity) alpha diversity indices
were calculated using core-metrics-phylogenetic, alpha-correlation, and alpha-group-significance
method of giime diversity plugin in QIIME?2 at the lowest sequencing depth of 15,951 common to
all samples obtained after filtering out the unassigned ASVs. ASV richness measures number of
ASVs present within a sample (DeSantis 2006), Faith’s PD measures length of phylogenetic tree
branches of all ASVs present within a sample (Faith 1992), Pielou’s evenness measures relative
evenness of ASVs present within a sample (Pielou 1966), and Shannon diversity calculates
diversity based on richness and evenness of ASVs present within a sample (Shannon and Weaver
1949). Kruskal-Wallis ANOVA (H) (Kruskal and Wallis 1952), followed by false discovery rate
correction using Benjamini-Hochberg procedure (Benjamini and Hochberg 1995) was used to
determine the group significance for factors with categorical data, i.e., Presence of Ralstonia, Tree
DS, Tree Health, Location, Altitude Classification, Parent Material, and Site Management (Table
1, and 2). Spearman rank (rs) tests were used to assess correlations for factors with numerical data,
i.e., Altitude, Plot Average DS, Plot Average Decline, Proportion of Dead Trees in Plot, and

Proportion of Trees with Termites in Plot (Table 1, 2, and 3).

Beta diversity, i.e., the differentiation of the microbial composition between termite samples
grouped by factors, was analyzed at 999 permutations using Permutational Multivariate Analysis

of Variance (PERMANOVA) based on the weighted Unifrac distance metric which takes
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abundance and phylogenetic distance into account (Anderson 2001, Lozupone and Knight 2005).
PERMANOVA is a non-parametric multivariate statistical test. It calculates the distance between
two groups by comparing the F value of data obtained after random permutation to the original F
value (Anderson 2001). The PERMDISP test at 1000 permutations was performed to ensure the
homogeneity of variance of the bacteria composition among groups of termite samples determined
by multivariate spread. It compares dispersion within groups using F test. Homogeneity of variance
is an important assumption of PERMANOV A-based tests because being robust tests, they do not
take dispersion of the samples into consideration while calculating differences in beta diversity.
After testing the significance of each factor for beta diversity using one-factorial PERMANOVA
tests, the multifactorial PERMANOVA test, also known as ADONIS (Anderson 2001) was used
for the factors that were found significant, to confirm their significance and determine the
interactions between these factors. The beta diversity was calculated using core-metrics-
phylogenetic, beta-correlation, beta-group-significance, and ADONIS method of giime diversity
plugin in QIIME2 at the lowest sequencing depth of 15,951 common to all samples obtained after
filtering out the unassigned ASVs. The results of ADONIS test were visualized as non-metric
Multi Dimensional Scaling (NMDS) plots. The NMDS ordination based on weighted Unifrac
distance matrix was generated using the metaMDS function in R package vegan, ggplot2, and

ggordiplot (Oksanen et al. 2018).

Differential abundances in taxa responsible for differences among the groups within factors
significant for beta diversity, were determined using Analysis of Compositions of Microbiomes
with Bias Correction (ANCOM-BC) in QIIME2 (Lin and Peddada 2020). This method provides

p-values for individual taxa that are differentially abundant and corrects the false discovery rate of
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the samples using Benjamini-Hochberg procedure (Lin and Peddada 2020, Benjamini and

Hochberg 1995).

2.2.4. Feeding experiments to assess consumption of R. solanacearum by N. takasagoensis
workers

2.2.4.1. Termite samples for feeding experiments

Three different feeding experiments were conducted during a four-week stay at the University of
Guam to assess feeding preference of N. takasagoensis workers (1) depending on the presence of
R. solanacearum and wetwood bacteria in natural ironwood pieces (four-choice tests), (2) between
R. solanacearum inoculated C. equisetifolia wood and control with no R. solanacearum
inoculation (two-choice tests) and (3) to test whether R. solanacearum is ingested and survives in
the termite gut by force-feeding N. takasagoensis workers on R. solanacearum inoculated filter
paper (no-choice tests) (Figure 2). For four- and two-choice tests, three colonies of N.
takasagoensis were collected from Bernard Watson’s farm (GPS coordinates: 13°56702°,
144°.87746’), Mangilao Golf Couse (13°47111°,144°8452”) and UOG Yigo Station (13°53308°,
144°87222"). Parts of N. takasagoensis nests were transported to the laboratory and were dissected
to extract the termites immediately after being collected from the field. All the experimental units
were set up on the same day. No-choice tests were conducted with N. takasagoensis termites
collected from ironwood tree logs brought into the lab from UOG Campus
(13°43020°,144°80008”), UOG Yigo Station (13°53356°, 144°87116’) and UOG Yigo Station
(13°53288°,144°87163’). For all bioassays, the experimental units were maintained in the dark at

26 £ 2 °C. Dead termites were removed daily, and the numbers of dead termites recorded.
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Figure 2. a) Four-choice tests were set up in Petri dishes containing four C. equisetifolia wood pieces: 1 (red) was negative for R.
solanacearum and contained low amounts of wetwood bacteria, 2 (green) was positive for R. solanacearum and contained low amounts
of wetwood bacteria, 3 (yellow) was negative for R. solanacearum and contained high amounts of wetwood bacteria, and 4 (black) was
positive for R. solanacearum and contained high amounts of wetwood bacteria, b) Two-choice tests consisted of Petri dishes with two
C. equisetifolia wood pieces: R. solanacearum inoculated wood and control with no R. solanacearum inoculation ¢) No-choice tests
used Petri dishes with R. solanacearum inoculated filter paper. Images were taken by Garima Setia.
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2.2.4.2. Four-choice tests between four C. equisetifolia wood pieces having different amounts
of R. solanacearum and wetwood bacteria

For the treatments in the four-choice test, four C. equisetifolia trees with positive or negative test
results for R. solanacearum and low or high amounts of wetwood bacteria were cut through the
trunk to obtain the wood pieces for the test (Figure 3). To eliminate cross contamination, the
circular saw was surface sterilized with 10% Clorox solution between trees. Log pieces were sliced
in roughly 2 cm thick disks using a circular saw. Then, wood pieces (approximately 0.5x2x1.5
cm?®) were cut from the central portion of the disks with a chisel and hammer; thereby, maximizing
the recovery of wetwood tissue. Trees without wetwood stains in their center were assumed to
contain low amounts of wetwood bacteria (Figure 3 a and b) while trees with visible dark stains in
the center were assumed to contain high amounts of wetwood bacteria (Figure 3 c and d). In
addition, tests for R. solanacearum were performed (using immunodiagnostic strips (Agdia, Inc.)
to select four treatments: (1) R. solanacearum negative and low wetwood bacteria (Tree location:
Yigo Experiment Station (13°533523°, 144°871081°)) (2) R. solanacearum positive and low
wetwood bacteria (Tree location: Yigo Experiment Station (13°533523°, 144°871130’)) (3) R.
solanacearum negative and high wetwood bacteria (Tree location: Bernard Watson’s Farm
(13°34.026°, 144°52.584’)) (4) R. solanacearum positive and high wetwood bacteria (Tree

location: Bernard Watson’s Farm (13°34.028°, 144°52.597°)).
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Figure 3. Image showing cross-sections of ironwood tree trunks being (a) R. solanacearum
negative with low amounts of wetwood bacteria (b) R. solanacearum positive with low amounts
of wetwood bacteria (c) R. solanacearum negative with high amounts of wetwood bacteria and (d)
R. solanacearum positive with high amounts of wetwood bacteria. Images were taken by Garima
Setia.
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These wood pieces were weighed, and their initial weight was recorded. Each of the four wood
pieces was placed with equal distance in a Petri dish (145x20mm) filled with sand at 12% moisture
level. The experiment was designed following a randomized complete block design using 15
experimental units with five replicates from each of the three colonies. For each replicate 300
workers and 60 soldiers of N. takasagoensis were released into the Petri dishes. After three weeks,
the final weight of all four wood pieces was measured to determine the difference in weight before
and after the bioassay. Statistical analysis was conducted using SAS Software (SAS 9.4). The
difference between mean weights of wood consumed was compared using one-way analysis of
variance (ANOVA) followed by Tukey's Studentized Range post-hoc test. The significance level

was determined at a< 0.05.

2.2.4.3. Validation of the Ralstonia strain through pathogenicity tests and sequencing

For two-choice test and no-choice test, instead of natural wood, N. takasagoensis workers were
given a food source inoculated with a known amount of R. solanacearum. For these tests, the R.
solanacearum bacterial isolate 19-147 was used (Paudel 2020). This 19-147 isolate was a
subculture of the original isolate obtained from the bacterial ooze from a root section of a heavily
damaged (DS=3) ironwood tree from Guam and successfully purified at the University of Hawaii
in 2019 (Paudel 2020). To confirm the pathogenicity of this isolate 19-147, pathogenicity
experiments were performed with the help of Dr. Robert Schlub and lab members at the University

of Guam.

The 19-147 isolate present in the form of water cultures was streaked onto Casamino Acid-

Peptone-Glucose (CPG) Agar to obtain subcultures. The CPG agar was prepared by adding 1 g
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Casamino acid (casein hydrolysate), 10 g Peptone, 5 g Glucose and 17 g Agar in 1-liter distilled
water followed by sterilization in an autoclave at 121°C for 20 minutes (Kelman 1954). The
streaked CPG agar plates were kept in an incubator for 48 hours at 28 “C to allow the bacteria to
grow. After 48 hours, well-isolated single fluidal colonies were re-streaked on several CPG plates
to obtain pure cultures. The re-streaked CPG agar plates were again kept for incubation at 28°C
for 48 hours. After bacterial growth was obtained in re-streaked CPG plates, a loopful of bacteria
was transferred to 5 ml vials containing 2ml of sterile distilled water. Fifteen such vials containing
cloudy suspensions of bacteria in water were prepared. Overnight cultures (18-20 h) of water
suspensions of Ralstonia were prepared using CPG broth medium in a shaker-incubator at 220 rpm
and 28°C (Kelman 1954). The inoculum for the pathogenicity test was prepared by adding 1 ml of
overnight culture into 750 ml of CPG broth (Kelman 1954) and placing it in a shaker incubator at
220 rpm and 28°C for 24 hours. Serial dilutions from 10! to 107!° of the overnight culture were
performed to count colony-forming units (CFU/ml) on CPG agar plates. From each dilution, a
20uL aliquot was plated on CPG agar, and the number of CFU was determined from countable
plates. A CFU per ml of 8.834E+9 was obtained. The 750 ml of bacterial overnight culture was
transferred into an approximate 20 liters plastic bucket and 18 liters of water were added to the

bucket.

Indicator plants (Two ironwood sprouts per cone (approximately 5 weeks old), one tomato
seedling per cone (approximately 3 weeks) and one ironwood seedling (approximately 2 months))
were planted in tree-seedling cones (2.5in D x10in L) containing potting soil. Six tomato varieties
were used: Baby Roma, Black Krim, Brandywine, Cherokee Purple, Beefsteak, and Garden Leader

Monster. Ironwood (C. equisetifolia) seeds were first generation 1992-1994 international
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provenance seeds collected on Guam: provenance country and CSIRO Seedlot no.: India (18015),
Kenya (18144), Papua New Guinea (18153), Vietnam (18152), Egypt (18126), Malaysia (18348),
and Australia (18008). Seeds were also collected from Guam’s indigenous ironwood trees; these

seeds are comparable to provenance seeds 18121.

On December 31st 2021, three replicates of each tomato seedlings, ironwood sprouts and ironwood
seedlings were wound inoculated, and one replicate of each treatment was wounded but not
inoculated (control). Wounding was the result of thrusting each plant root 10 times with a narrow,
thin, u-shaped, metal probe, with a serrated edge. Wounding was followed by submerging the plant
tubes either in a bucket containing inoculum or a bucket with clean water (control). Plants were
dipped a second time on the following day. After the third day, clean water was applied to each
plant as needed. The seedlings were monitored daily for any disease symptoms. In March (7-11)
above ground tissue samples were collected from each plant and tested for Ralstonia with the

immunodiagnostic strips (Agdia, Inc.).

The experiment resulted in all the tomato plants and 50% of the ironwood sprouts and seedlings
developing symptoms. Plant death was 100% for the inoculated tomatoes and 50% for the
inoculated sprouts. None of the ironwood seedlings died. All controls survived to the end of the
experiment with the exception of the Malaysia tree. All the inoculated tomatoes and ironwood

sprouts and 33% of the ironwood seedlings tested positive for R. solanacearum.

The bacterial isolate 19-147 was also validated by sequencing. Bacteria from water suspensions of
isolate 19-147 were pelleted down by centrifugation and were shipped from University of Guam

to LSU AgCenter in 95% ethanol. The DNA was extracted from the bacteria pellet using the
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DNeasy Blood & Tissue kit (Qiagen, Germantown, MA) and included with the other samples for
sequencing on the Illumina-Novaseq platform of the University of New Hampshire (see 2.2.3).
The results obtained after performing BLAST against SILVA 132 database were as expected. The
bacteria were identified as Ralstonia solanacearum according to both SILVA 132 database and
top GenBank match (Accession number: MT598218.1, Percent identity: 100%, Query Coverage:

100%, E value: 3e-115).

2.2.4.4. Two-choice test comparing consumption of wood soaked with Ralstonia overnight
culture to a saline control

Two-choice tests were performed to assess the consumption of R. solanacearum inoculated C.
equisetifolia wood by N. takasagoensis workers compared to C. equisetifolia wood not inoculated
by R. solanacearum. Overnight cultures were prepared using CPG broth medium in a shaker-
incubator at 220 rpm and 28°C and serial dilutions from 107! to 10°!° were performed using 0.85%
saline. For control, only 0.85% saline without R. solanacearum was used. The optical density
(ODe00) was measured using a spectrophotometer (SPECTRONIC™ 200, Thermo Scientific) and
the number of colony-forming units (CFU/ml) was determined using CPG agar plates. The
bacterial culture that was used to make dilutions for inoculating wood pieces had an optical density
(ODsoo) of 2.5 and 9.251E+9 colony forming units per ml (CFU/ml). Dilutions of 10, 10 and
10" were used for the two-choice tests, because bacteria at these dilutions did not repel workers
or impact their survival as determined based on the results of a pilot study performed on C.
formosanus at LSU using R. solanacearum strain GMI1000 obtained from American Type Culture
Collection (ATCC).

Wood pieces (around 0.5x2x1.5 cm?®) were cut with a circular saw from the center of the trunk of
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a healthy R. solanacearum negative ironwood tree determined via immunodiagnostic strips
(Agdia, Inc.) with no evidence of wetwood staining. The initial weight of the wood pieces was
recorded after drying them for 2 days at 100 °C in a drying oven. Wood pieces were inoculated
with 200 pL of different dilutions of overnight culture (10, 10" and 10®) of R. solanacearum and
saline control. Treatments were kept in each Petri dish (60x20mm) filled with sand at 12%
moisture level (Figure 2). The experiment was designed following a randomized complete block
design using 45 experimental units (three colonies x three concentrations x five replicates). One
hundred workers and 20 soldiers of N. takasagoensis were released into each replicate. After three
weeks, wood pieces were dried, and the final weight of each wood piece was recorded. Statistical

analysis was conducted as described in for the four-choice test (2.2.4.1).

2.2.4.5. No-choice tests to measure ingestion and survival of Ralstonia in termite guts

The experiment was designed following a randomized complete block design with five replicates
from each of the three colonies (Section 2.2.4) setup in different Petri dishes along with controls
for each of them. Filter paper was soaked with 100 pL of 10, 10 or 10°® dilutions of overnight
culture of R. solanacearum made in 0.85% saline. Filter paper soaked with only 0.85% saline
having no Ralstonia was used as a negative control. Fifty workers and 5 soldiers per colony of N.
takasagoensis were released into Petri dishes (60x20 mm) to feed on the different bacterial
dilutions (10, 106, 10® or control) for three time periods (2 days, 4 days, and 6 days) using
separate sets of Petri dishes. These first six days of the experiment were referred to as Phase 1.
The termites feeding for the longest time (6 days) on different Ralstonia concentrations (10, 107
6 10" and no Ralstonia) in Phase 1 were transferred to filter paper with no Ralstonia for additional

two days in Phase 2 of the experiment to test if ingested Ralstonia survives. Thus, the total duration
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of both phases of the experiment combined was 8 days. After every two days during the
experiment, i.e., at 2, 4 and 6 days of Phase 1 and at 8 days, i.e., 6 days (Phase 1) plus 2 days into
Phase 2, eight workers were removed from each Petri dish and were stored in 95% ethanol to
measure presence of Ralstonia over time in the termites. After completion of the feeding
experiment, all the workers were shipped to the LSU AgCenter in vials containing 95% ethanol.
The DNA was extracted by pooling five termite workers from each sample using the DNeasy
Blood & Tissue kit (Qiagen, Germantown, MA) following manufacturer’s instructions. The V4
region of the 16S rRNA gene of the bacterial DNA was amplified using 515F and 926R primers
(Caporaso etal. 2011, 2012). Successfully amplified PCR products were sequenced on the
2x250bp Illumina NovaSeq platform following [llumina Nextera Dilute library protocol (Illumina,
San Diego, CA) at the University of New Hampshire Hubbard Center for Genome Studies. The
sequence analysis was performed using QIIME2 as described above (2.2.3) to determine the
presence and abundance of Ralstonia as well as change in the termites’ bacterial communities

during and after feeding on Ralstonia.

2.3. Results
2.3.1. Number of sequence reads and ASVs

A total of 11,106,360 raw sequences were recovered across the 42 N. takasagoensis samples and
the ASV table obtained after DADA2 quality filtering and chimera removal contained 9,902,718
sequence reads and 12,903 ASVs. Further removal of the unassigned taxa with < 97% similarity
to references in the SILVA database resulted in 1,709,419 reads, a mean number of 40,700 reads
per sample and a total of 462 ASVs across all samples. The final number of ASVs with taxonomic

assignment at 97% identity cutoff represented only 3.5% of the total ASVs. The minimum
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sequencing depth common to all samples was reduced from 50,410 to 15,951 after filtering out the

unassigned ASVs.

2.3.2. Sequence depth-, sample- and coverage-based rarefaction

The sequence-depth based rarefaction curves of most samples employing ASV richness and
Faith’s PD indices started to level out after a sequencing depth of 10,000 to 15,000 was reached
and the curve based on Shannon diversity started leveling out at a depth of less than 5,000
sequences (Figure 4a). This indicates that sufficient sequencing depth was achieved to capture
most of the taxa and diversity present in each sample and collection of more sequences beyond

that sequencing depth is unlikely to result in a considerable increase in diversity.

The sample-based rarefaction (Figure 4b) across all samples showed that the interpolated portions
of curves for Shannon and Simpson inverse indices levelled off at an effective diversity of 150 and
100, respectively, and extrapolation to twice the sample-size did not increase the captured
diversity. The curve for ASV richness started to level off but did not reach an asymptote at 42
samples and doubling the sample size would have increased the number of ASVs from 462 to more
than 600 (Figure 4b). However, added richness would largely be based on rare ASVs since the

Shannon diversity, and Simpson inverse index did not increase with added richness.

The coverage-based rarefaction (Figure 4c) depicts effective diversity with respect to sample
completeness. The interpolated portions of the coverage-based rarefaction curves reached over
90% sample coverage at an ASV richness of 462, Shannon diversity of around 150 and Simpson
inverse of around 100 (Figure 4c). The extrapolated portion of the curves extends the coverage to

almost 95% which increases the richness to more than 600 but the Shannon diversity and Simpson

J 1



inverse only increase incrementally (Figure 4c).
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Figure 4. a) Sequence-based rarefaction curves of bacteria diversity showing the number of ASVs,
Faith’s phylogenetic distance and Shannon diversity indices in 42 samples of Nasutitermes
takasagoesis workers plotted against sequencing depth. b) Sample-based rarefaction curves with
effective bacterial diversity for different metrics plotted against the number of samples. c)
Coverage-based rarefaction curves with effective diversity plotted against estimated sample
coverage. Solid lines indicate intrapolation up to the actual sample size; dashed lines represent
extrapolation to twice the sample size. Rarefaction was performed over the total bacteria diversity
(with and without taxonomical assignment).
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2.3.3. Taxa composition

Twenty-two bacterial phyla were identified in the 42 N. takasagoensis samples collected from
ironwood trees in Guam (Table 4). Spirochaetes (48.16 %) and Fibrobacteres (41.38 %) were
found to be the most dominant phyla followed by Bacteroidetes (3.61%), Proteobacteria (3.38%),
Margulisbacteria (0.84%), Acidobacteria (0.77%), Planctomycetes (0.65%), Actinobacteria
(0.47%), Synergistetes (0.19%), Firmicutes (0.19%), Tenericutes (0.18%), and others (0.16%)

(Table 4, Figure 5).

The majority of the top 20 ASVs according to total number of reads were present in all 42 samples
(Table 5). The most commonly detected ASVs, found in all the samples, were assigned to the
dominant phyla Spirochaetes and Fibrobacteres. Treponema from phylum Spirochaetes was
identified as the most dominant genus associated with N. takasagoensis workers. An uncultured
Fibrobacteres bacterium from phylum Fibrobacteres was the second most frequent taxon. An
uncultured 7reponema sp. (phylum Spirochaetes) was the third most dominant taxon, followed by
an uncultured Fibrobacteres bacterium (phylum Fibrobacteres), an uncultured Treponema sp.
(phylum Spirochaetes), an uncultured Chitinivibrionia bacterium (phylum Fibrobacteres), an
uncultured bacterium of the Phylum Spirochaetes, and an uncultured delta proteobacterium
(phylum Proteobacteria), which all averaged over 1,000 reads per sample. Top 20 ASVs present
in most N. takasagoensis samples but with reads averaging less than 1,000 per samples were an
uncultured candidate division ZB3 bacterium (phylum Margulisbacteria), two uncultured
Bacteroidetes bacteria (phylum Bacteroidetes), an uncultured Chitinivibrionia bacterium (phylum

Fibrobacteres), uncultured Acidobacteria (phylum Acidobacteria), uncultured planctomycete
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(phylum Planctomycete), an uncultured Alphaproteobacteria bacterium (phylum Proteobacteria),
three uncultured Bacteroidetes bacterium (phylum Bacteroidetes) and an uncultured Spirochaetes

bacterium (phylum Spirochaetes).

One of the aims of this project was to test whether bacteria associated with IWTD were present in
termites collected from ironwood trees in Guam. The taxonomic analysis did not show any
Ralstonia spp. regardless if termites were collected from healthy ironwood trees or trees with
confirmed Ralstonia infection. However, various other genera, such as Comamonas, Duganella,
Hydrogenophaga, Lautropia, Massilia, Ottowia, Parapusillimonas and Xenophilus from the same
family (Burkholderiaceae) as the Genus Ralstonia were present in the termite samples. An
unidentified species from the genus Klebsiella (phylum Proteobacteria), i.e., the genus which is
believed to be associated with wetwood symptomatic tissue and IWTD in Guam, was found in a
few samples albeit in minor abundances (19-86: 2 sequence reads, 19-93: 1 read, 19-94: 1 read,
and 19-101: 5 reads). The lack of Ralstonia and the low presence and abundance of wetwood

bacteria suggest that N. takasagoensis workers are not a vector for these putative IWTD pathogens.
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Table 4. Number of reads across all samples, relative abundance of all the phyla associated with
N. takasagoensis samples and the number of samples these phyla were observed in.

Number of [Relative
Number of
Phylum reads across |abundance
all samples [(%) samples

Spirochaetes 823,678 48.16 42
Fibrobacteres 707,688 41.38 42
Bacteroidetes 61,718 3.61 42
Proteobacteria 57,851 3.38 42
Margulisbacteria 14,451 0.84 42
Acidobacteria 13,221 0.77 42
Planctomycetes 11,174 0.65 42
Actinobacteria 8,005 0.47 42
Synergistetes 3,216 0.19 42
Firmicutes 3,179 0.19 42
Tenericutes 3,055 0.18 42
Chloroflexi 1,102 0.06 42
Cyanobacteria 638 0.04 20
Elusimicrobia 531 0.03 26
Patescibacteria 523 0.03 25
Deinococcus-Thermus |46 <0.01 3
Gemmatimonadetes 45 <0.01 1
Verrucomicrobia 45 <0.01 2
Entotheonellaeota 44 <0.01 1
Epsilonbacteraeota 44 <0.01 1
Deferribacteres 43 <0.01 1
Fusobacteria 43 <0.01 1
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Table 5. The most abundant 20 ASVs associated with N. takasagoensis samples according to total number of reads with their assignments
in SILVA and NCBI GenBank, their total number of reads along with the number of samples the ASVs were observed in and the average
number of reads and standard deviation per sample.

Percent Accession Number of Number |Average Stdd

Phylum Order Lowest SILVA assignment Top GenBank match identity to  |number in of readsper| . . .
reads deviation

top match  |GenBank samples |sample
Spirochaetes Spirochaetales uncultured Treponema sp. uncultured Treponema sp. 97.40% AB255887.1 (469,228 (42 11,172 (444425
Fibrobacteres Fibrobacterales luncultured Fibrobacteres bacterium uncultured Fibrobacteres bacterium 98.27% AB255945.1 462,862 |42 11,021 5.630.75
Spirochaetes Spirochaetales uncultured Treponema sp. uncultured Treponema sp. 97.83% EF453947.2 150272 (42 3,578 1,508 .33
Fibrobacteres Fibrobacterales uncultured Fibrobacteres bacterum uncultured Fibrobacteres bacterim 99.57% EF455000.2 (132,734 |42 3,160 2.036.78
Spirochaetes Spirochaetales termite gut metagenome uncultured Treponema sp. 100.00% |EF454958.2 (129,732 (42 3.089 1,514.09
Fibrobacteres Fibrobacterales uncultured Chitinivibrionia bacterium uncultured Chitinivibrionia bacterium 98.27% AB255928.1 |86,859 42 2,068 1,913.11
Spirochaetes Spirochaetales luncultured bacterum uncultured bacterum 97.41% KM023955.1 |67.650 42 1,611 722.46
Proteobacteria  [Rs-K70 termite group uncultured delta proteobacterium uncultured delta proteobacterium 98.26% EF454740.2 44,985 42 1,071 569.36
Margulisbacteria |uncultured candidate division ZB3 bacterium uncultured candidate division ZB3 bacterum uncultured Candidatus Marinamargulisbacteria bacterium 99.57% EF454953.2 |14.409 42 343 24345
Bacteroidetes Bacteroidales luncultured bacterum uncultured bacterum 99.57% KM024025.1 |14.238 42 339 187.88
Bacteroidetes Bacteroidales luncultured Bacteroidetes bacterum uncultured Bacteroidetes bacterum 99.13% AB255906.1 |14,106 42 336 2639
Fibrobacteres Fibrobacterales uncultured Fibrobacterales bacterum uncultured Fibrobacterales bacterum 97.36% EF454859.2 |12.811 37 305 496.87
Fibrobacteres Chitinivibrionia Incertae Sedis uncultured Chitinivibrionia bacterium uncultured Chitinivibrionia bacterium 99.57% AB255930.1 (12,372 |42 295 187.12
Acidobacteria Holophagales Holophagaceae uncultured bacterium 100.00% |KM024015.1 (10.239 42 244 198.44
Planctomycetes  |Pirellulales uncultured planctomycete uncultured planctomycete 100.00% |KM651184.1 (10,048 42 239 136.78
Proteobacteria  [Rhodospirillales uncultured alpha proteobacterium uncultured Alphaproteobacteria bacterum 99.13% AB192062.1 |8.551 42 204 174.73
Bacteroidetes Bacteroidales uncultured Bacteroidetes bacterum uncultured Bacteroidetes bacterum 100.00% [AB255911.1 (8,537 42 203 103.96
Bacteroidetes Bacteroidales uncultured Bacteroidales bacterium uncultured Bacteroidales bacterium 98.70% AB255907.1 |7.248 42 173 92.68
Bacteroidetes Bacteroidales Tannerellaceae uncultured bacterum 99.13% KMO024037.1 15,020 42 120 538
Spirochaetes Spirochaetal uncultured Spirochaetes bacterium uncultured Spirochaetes bacterum 97.39% KM651173.1 |3.337 39 79 82.78
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Figure 5. Taxa bar plots showing the relative abundance of bacterial phyla associated with 42
samples of N. takasagoensis workers collected from ironwood trees in Guam. Phyla are shown in
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2.3.4. Alpha diversity

No significant effects on any of the alpha diversity indices of termite bacterial communities were
observed for presence or absence of Ralstonia, Tree DS, Location, Altitude as well as Parent
Material of the tree from which termites were collected. While no significant differences in alpha
diversity were detected across the five DS stages, there was a significant effect when decline
severity categories were reduced to sick (DS 1-4) vs healthy trees (DS 0). The phylogenetic
distances of bacteria communities were significantly greater (Faith’s PD, p=0.02, H= 5.07,
Kruskal-Wallis ANOVA, Figure 6a) in termites collected from sick trees (n=33) than those of
healthy trees (n=9). There were no significant differences in ASV Richness, Pielou’s evenness and

Shannon diversity between termite samples collected from healthy and sick trees.

The evenness and Shannon diversity of the bacterial community associated with termites was
significantly influenced by the level of Site Management. It was found that intense Site
Management led to less evenness (Pielou’s evenness, p=0.04, H =6.17, Kruskal-Wallis ANOVA,
Figure 6b) and lower Shannon diversity (p=0.02, H=7.41, Kruskal-Wallis ANOVA, Fig. 3¢) of the
bacterial community of the termites compared to moderate and high management levels. However,

Site Management did not have significant influence on ASVs richness and Faith’s PD.

For Plot Average DS, Plot Average Decline, Proportion of Dead Trees in Plots and Proportion of
Trees with Termites in Plot, increase in decline was negatively associated with some aspects of
the bacterial diversity in the termites. Evenness of the bacteria community within termite samples
was negatively correlated to Plot Average DS (Pielou’s evenness, p=0.01, rs=-0.3094, Spearman’s

Rank test, n=42, Figure 6d), i.e., evenness was higher in less damaged tree plots than in plots with
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severe damage. When Plot Average Decline (percentage of sick trees with DS 1-4) was considered,
a similar negative correlation of increasing evenness with decreasing percentage of sick trees was
observed (Pielou’s evenness, p=0.014, rs=-0.37, Spearman’s Rank test, n=42, Figure 6¢). When
plot condition was measured as the Proportion of Dead Trees in Plots, Shannon diversity of
bacterial communities within termite samples was inverse correlated to higher Proportion of Dead
Trees in Plots (Shannon diversity, p= 0.03, rs= -0.32, Spearman’s Rank test, n=42, Figure 6f).
Pielou’s evenness, ASV richness and Faith’s PD did not show significant correlation to the
Proportion of Dead Trees in Plots. Increasing number of Trees with Termites in Plot was
significantly associated with less diversity in terms of evenness of the bacterial community of
termites feeding on those trees (Pielou’s evenness, p=0.01, rs=-0.38, n=42, Spearman’s Rank test,
Figure 6g). Proportion of Dead Trees did not significantly influence ASV richness, Shannon

diversity and Faith’s PD.
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Figure 6. Tree-, plot and location-related factors with significant effects on different aspects of
alpha diversity of termite bacteria communities. Different letters indicate significant difference. a)
Faith’s PD of bacteria communities of termites collected from healthy and sick ironwood trees. b)
Pielou’s evenness and ¢) Shannon diversity index of bacterial communities of termites collected
from highly, moderately or non-managed sites. d) Correlation between Pielou’s evenness of
termite bacterial communities and Plot Average DS. e) Correlation between Pielou’s evenness of
termite bacteria communities and Plot Average Decline. f) Correlation between Shannon diversity
of bacterial communities of termites and Proportion of Dead Trees in Plots. g) Correlation between
Faith’s PD of bacterial communities of termites and Proportion of Trees with Termites in Plot.
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2.3.5. Beta diversity

Ralstonia presence (p=0.02, pseudo-F= 3.28, n=42), Altitude (p=0.03, pseudo-F= 2.84, n=42) and
Parent Material (p= 0.01, pseudo-F= 3.65, n=42) showed significant effects on the beta diversity
of the bacterial community in termites using single factor PERMANOVA. Bacteria composition
was significantly different between termite samples taken from trees growing on Lime and Sand
(p=0.01, pseudo-F =5.58, n=34) as well as Sand and Tuff (p=0.01, pseudo-F =4.28, n=17), while
samples from Lime and Tuff did not show significant differences (p = 0.43, pseudo-F=0.92, n=33).
Homogeneity for multivariate variances was confirmed using PERMDISP that showed no
significant difference in dispersion for the three factors (Table 6). Since the assumption of
homogeneity for multivariate variances was fulfilled, a multifactorial ADONIS test was

performed.
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Table 6. Pairwise comparison of groups within the factors Presence of Ralstonia, Altitude
Classification and Parent Material using PERMANOVA (999 permutations) and PERMDISP
(1,000 permutations). Asterisks indicate significant effect.

PERMANOVA PERMDISP
Factor Sample size |pseudo-F p-value F-value p-value
Presence of Ralstonia
Negative Positive 42 3.28 0.02%* 0.24 0.67
Altitude Classification
High Low 42 2.84 0.03* 1 0.32
Parent Material
Lime Sand 34 5.58 0.01* 1.4 0.25
Lime Tuft 33 0.92 0.43 0.06 0.83
Sand Tuff 17 4.28 0.01%* 1.27 0.27

Presence of Ralstonia (Pr(>F) = 0.02) in the ironwood trees from which the termites were collected
and Altitude Classification (Pr(>F) =0.04) of the tree location showed significant effects on
bacteria community similarity of termite samples based on the ADONIS test results (Table 7). In
contrast to the single factor PERMANOVA results, Parent Material (Pr(>F) = 0.17) showed only
marginally significant results. Ralstonia explained the highest percentage of variation in the dataset
at 8% (R? = 0.08) followed by Altitude Classification at 6% (R?=0.06). The interaction among
Ralstonia and Parent Material showed marginal significance with a low R? value (Pr(>F) = 0.09,
R? = 0.05) while no significant interaction was observed in other pairwise combinations. The
separation of the centroids of Ralstonia positive and Ralstonia negative groups as well as high and
low altitude groups in the NMDS plots confirm the differentiation (Figure 7). However, since the
factors explained only a small fraction of the variability (Table 7) there was some overlap in the

bacteria composition between the groups (Figure 7). Except for an outlier sample collected from a
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tree negative for Ralstonia and located at low altitude, the groups of both the factors showed similar

dispersion in concordance with the non-significant PERMDISP results.
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Table 7. Adonis test results showing factors affecting the differentiation of bacteria composition among groups of termite samples and
their interactions. Asterisks indicate significant effects.

Factor Df Sums Of Squares |Mean Squares |F.Model R’ Pr(>F)
Presence of Ralstonia (Positive, Negative) 1 0.18 0.18 3.46 0.08 [0.02*
Altitude Classification (Low, High) 1 0.13 0.13 2.54 0.06 [0.04*
Parent Material (Lime, Sand, Tuff) 2 0.15 0.08 1.46 0.06 |0.17
Presence of Ralstonia: Altitude Classification 1 0.02 0.02 0.47 0.01 0.75
Presence of Ralstonia: Parent Material 1 0.12 0.12 2.31 0.05 10.09
Altitude Classification: Parent Material 1 0.04 0.04 0.73 0.02 ]0.54
Presence of Ralstonia: Altitude Classification: Parent Material |1 0.01 0.01 0.22 0.01 0.92
Residuals 33 1.73 0.052 0.72

Total 41 2.39 1
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Figure 7. Plot of the first two dimensions of the NMDS ordination of the weighted Unifrac distance
matrix showing the similarity of bacteria communities among termite samples from Ralstonia
negative and Ralstonia positive trees and, termite samples collected from trees at high altitude and
low altitude. Individual samples (circles) are connected (lines) to the centroid of their group
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2.3.6. Differential Abundance

Analysis of differentially abundant taxa among the sample groups using ANCOM-BC showed that
an ASV within phylum Bacteroidetes (adjusted p value=0.01) and an ASV belonging to Genus
Treponema within phylum Spirochaetes (adjusted p value=0.03) had a significantly higher
abundance in termites collected from Ralstonia negative trees as compared to those collected from
Ralstonia positive trees (Table 8). The bacterial communities of termites collected from trees
growing at high altitude were significantly enriched in two ASVs from Genus Treponema within
phylum Spirochaetes (adjusted p value= 0.01 and 0.04), respectively (Table 8). Seven ASVs were
differentially abundant between the termite samples collected from sand as compared to lime (all
adjusted p value<0.05) while 24 ASVs were differentially abundant between the termite samples

collected from tuff as compared to lime (all adjusted p value<0.05) (Table 8).
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Table 8. ASVs with significant differential abundance in termites collected from R. solanacearum (Ralstonia) positive versus negative
trees, low versus high altitude, sand versus lime, and tuff versus lime parent material. Significantly differential abundance was
determined by ANCOM-BC at q value (adjusted p value) less than 0.05. W is the test statistic for determining differential abundance.
Positive values for W depict that the ASV is significantly enriched in termites collected from trees that are a) Ralstonia positive compared
to negative, or b) at low versus high altitude, or ¢) on sand or tuff parent material compared to lime and vice versa for negative W values.
The enrichment of each ASV for a particular group is marked in blue.

Phylum |Family |Lowest SILVA assignment |Differential abundance

a) Presence of Ralstonia (Positive versus Negative)

W (Positive) |Positive [Negative

Bacteroidetes uncultured bacterium uncultured bacterium -4.77
Spirochaetes Spirochaetaceae uncultured Treponema sp. -4.02

b) Altitude Classification (Low versus High)

W (Low) |Low High

Spirochaetes Spirochaetaceae uncultured Treponema sp. -5.08

¢) Parent Material (Sand versus Lime)

W (Sand) [Sand Lime

Fibrobacteres uncultured bacterium uncultured Chitinivibrionia bacterium 5.32
Fibrobacteres uncultured bacterium uncultured Fibrobacteres bacterium 4.48
Margulisbacteria  |uncultured candidate division ZB3 bacterium |uncultured candidate division ZB3 bacterium |4.25
Spirochaetes Spirochaetaceae uncultured bacterium -7.15
Spirochaetes Spirochaetaceae uncultured Treponema sp. -4.69
Spirochaetes Spirochaetaceae uncultured Treponema sp. -4.42
Spirochaetes Spirochaetaceae uncultured Treponema sp. -4.21

(table cont’d.)
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Phylum

|Family

|Lowest SILVA assignment

|Differential abundance

c) Parent Material (Tuff versus Lime)

Actinobacteria
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Fibrobacteres
Fibrobacteres
Margulisbacteria
Planctomycetes
Spirochaetes
Spirochaetes
Spirochaetes
Spirochaetes
Spirochaetes
Spirochaetes
Spirochaetes
Spirochaetes
Spirochaetes
Spirochaetes
Spirochaetes
Spirochaetes
Spirochaetes
Spirochaetes
Tenericutes

uncultured bacterium
Tannerellaceae
Dysgonomonadaceae
Dysgonomonadaceae
Tannerellaceae
Fibrobacteraceae
Fibrobacteraceae

Pirellulaceae
Spirochaetaceae
Spirochaetaceae
Spirochaetaceae
Spirochaetaceae
Spirochaetaceae
Spirochaetaceae
Spirochaetaceae
Spirochaetaceae
Spirochaetaceae
Spirochaetaceae
Spirochaetaceae
Spirochaetaceae
Spirochaetaceae
Spirochaetaceae
Acholeplasmataceae

uncultured bacterium
uncultured bacterium
uncultured bacterium
uncultured bacterium
uncultured bacterium
uncultured Fibrobacteres bacterium
uncultured Fibrobacteres bacterium

uncultured candidate division ZB3 bacterium |uncultured candidate division ZB3 bacterium

uncultured planctomycete
uncultured Treponema sp.
uncultured Treponema sp.
uncultured bacterium
uncultured Treponema sp.
uncultured Treponema sp.
uncultured Treponema sp.
uncultured Treponema sp.
uncultured Treponema sp.
uncultured Treponema sp.
uncultured Treponema sp.
uncultured Treponema sp.
uncultured Treponema sp.
uncultured Treponema sp.
uncultured Treponema sp.
uncultured Mollicutes bacterium

W (Tuff) Tuff

| Lime

3.95
7.61
5.72
4.37
4.14
6.97
4.90
-3.96
4.25
6.66
6.38
5.84
5.65
5.58
-5.20
-5.18
5.04
5.01
4.79
4.54
4.15
4.12
4.07
4.26
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2.3.7. Consumption of wood pieces with different levels of Ralstonia and wetwood bacteria
by N. takasagoensis workers

When IWTD pathogens were not detected in considerable amounts in N. takasagoensis termites
during bacterial diversity analysis it was evaluated whether termites would prefer wood with
naturally low pathogen load over wood with Ralstonia present and high amounts of wetwood
bacteria. A significant effect of food source on net consumption by N. takasogoensis workers was
detected in four-way choice bioassays between food sources consisting of natural wood pieces
with different amounts of Ralstonia and wetwood bacteria (p=0.01, R? =0.26, One-Way ANOVA,
Figure 8). Net consumption of “Ralstonia positive and high amounts of wetwood bacteria” food
source by N. takasagoensis workers was significantly lower than of “Ralstonia negative and low
amounts of wetwood bacteria” food source (p = 0.01,) and “Ralstonia negative and high amounts
of wetwood bacteria” food source (p = 0.02, Tukey's Studentized Range Test, Table 9). However,
net consumption of “Ralstonia negative and low amounts of wetwood bacteria”, “Ralstonia
negative and high amounts of wetwood bacteria” and “Ralstonia positive and low wetwood” food
source by N. takasagoensis workers was not significantly different; and the net consumption of
wood pieces designated as “Ralstonia positive and low amounts of wetwood bacteria” and
“Ralstonia negative and high amounts of wetwood bacteria” was also not significantly different
(Table 9, Figure 8). These results indicate that termites tend to prefer wood without or low amounts
of IWTD pathogenic bacteria over wood containing high amounts of IWTD pathogenic bacteria.
The mortality rate of N. takasagoensis workers was high in the feeding experiments (32.9 +

5.69%). However, the average mortality rate was constant among the treatments.
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Figure 8. Net consumption (g) of wood pieces which tested positive or negative for R.
solanacearum (Rs) and contained low or high amounts of wetwood bacteria by N. takasagoensis
workers. Different letters indicate significant differences determined by Tukey's Studentized
Range Test for four-choice bioassay (Table 9).

71



Table 9. Pairwise differences in consumption (above the diagonal) between four treatments with
different natural wood pieces (along the diagonal) by N. takasagoensis workers and Tukey's
Studentized Range Test results (below the diagonal) for the four-choice bioassay.

Difference in consumption of food source (g)
Rs Negative
and
Low 0.06 0.04 0.14
Wetwood
Bacteria
Rs Positive
and Low
0.24 Wetwood -0.01 0.08
Bacteria
Rs Negative
and High
0.58 0.93 Wetwood 0.1
Bacteria
Rs Positive
and High
0.01 0.08 0.02 Wetwood
Bacteria
p value
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2.3.8. Termite consumption of wood pieces inoculated with different concentrations of
Ralstonia versus saline control

When N. takasagoensis workers had the choice to feed on symptomless wood inoculated with a
known concentration of R. solanacearum and a saline control (symptomless wood without
Ralstonia), consumption in controls was marginally higher than consumption of wood inoculated
with a 10 (p=0.09, R? = 0.08, n=3 colonies x 5 replicates, ANOVA) as well as a 10 dilution of
Ralstonia (p=0.08, R?>=0.09, n=3 colonies x 5 replicates, ANOVA), Figure 9). At lowest dilution
(10°®) no differences in consumption remained (p= 0.11, R? = 0.11, n=3 colonies x 5 replicates,

ANOVA). The average mortality rate (30.94 = 19.22%) was constant among the treatments.
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Figure 9. Net Consumption (g) of wood pieces inoculated with 107, 10 and 10°® bacterial dilution
versus control by N. takasagoensis workers.
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2.3.9. Termite consumption of filter paper inoculated with different concentrations of
Ralstonia without any choice

2.3.9.1. Qualitative confirmation of consumption

During the first half of the experiment or Phase 1, the treatment used for feeding the termites was
filter paper with different Ralstonia concentrations (10, 10, 10*® dilutions along with no
Ralstonia as control) to test if termites ingest Ralstonia. After Phase 1 of the experiment was
completed, the remaining termites that were fed the longest (6 days) on Ralstonia and filter paper
were transferred for 2 days to filter paper without Ralstonia to test if Ralstonia would persist in the
gut without continued inoculation in Phase 2 of the experiment. Consumption was observed in
controls and treatments based on holes in the filter paper, but since the termites deposited feces on
the filter paper, weight change of filter paper was not measured. Sequencing of thel 6S rRNA gene
was performed for the termite samples from Phase 1 and 2 to determine if R. solanacearum is

ingested and capable of surviving in workers.

2.3.9.2. Number of sequence reads and ASVs

Across the 240 samples used in no-choice tests, DADA2 quality filtering resulted in a total of
15,124,113 sequence reads and 9,852 ASVs. After filtering out the unassigned ASVs below the
percent identity of 97% to SILVA database references, the number of reads was reduced to
10,427,594 sequences and the remaining number of ASVs with taxonomical assignment was 617.
The minimum sequencing depth common to all samples was reduced from 5,423 to 4,268 after

filtering out the unassigned ASVs.
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2.3.9.3. Sequence depth-, sample- and coverage-based rarefaction

The sequence-depth based rarefaction curves based on ASV richness, Faith’s PD and Shannon
diversity for most termite samples started to level out at a sequencing depth of 2,000, 1,000 and
500 respectively (Figure 10a). These rarefaction curves showed that the sequencing depth for the
samples used in this study was sufficient to capture most of the diversity present within the
samples. The sample-based rarefaction curves across 240 samples used in the no-choice test for
Shannon diversity and Simpson inverse diversity started to level off at an effective diversity of
around 150 and 100, respectively, while for ASV richness the curve did not level out (Figure 10b).
When the curves were extrapolated to twice the sample size, Shannon diversity and Simpson
inverse index remained the same but the number of ASV increased approximately by 25%.
Leveling out of Shannon diversity and Simpson inverse indices indicated that the added richness
would be based on rare ASVs. The coverage-based rarefaction curves (Figure 10c) showed that a
high coverage of around 98% was obtained. On extrapolation of the curve, by doubling the sample

size, the coverage was increased to 100% (Figure 10c).
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Figure 10. a) Sequence-based rarefaction curves of bacteria diversity showing the number of ASVs
(ASV richness), Faith’s phylogenetic distance and Shannon diversity indices for each of the 240
samples of Nasutitermes takasagoesis workers used in no-choice test plotted against sequencing
depth. b) Sample-based rarefaction curves across all 240 samples with effective bacterial diversity
for different metrics plotted against the number of samples. ¢) Coverage-based rarefaction curves
across all 240 samples with effective diversity plotted against estimated sample coverage. Solid
lines indicate intrapolation up to the actual sample size; dashed lines represent extrapolation to
twice the sample size. Rarefaction was performed over the total bacteria diversity (with and
without taxonomical assignment).

2.3.9.4. Bacteria composition of termites used in no-choice tests

[llumina sequencing did not detect any Ralstonia in the workers while they were feeding on filter
paper inoculated with Ralstonia at any of the Ralstonia concentrations or time points. However,
after six days of Ralstonia feeding (Phase 1) and 2 days of feeding on filter paper only (Phase 2),
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Ralstonia was observed in 6 samples, but not in the controls. Sample HN3M6DR4 had 32,535
reads of Ralstonia, HN1H6DR3 and HN2H6DR?2, both, had 27,472 reads, HN2L6DR3 had 13,798
reads, HN3L6DRI1 had 8,137 reads, and HN2L6DR4 had 5,820 reads. However, the number of
samples in which Ralstonia was found across all concentration ranges and feeding durations (6 of

240) and the relative abundance of Ralstonia as compared to other bacteria in these samples

(<0.01%) was low.

Although Ralstonia was not detected in most of the samples despite the force-feeding, a difference
in the ranking in relative abundance of some phyla was observed in all samples between day 6 of
Phase 1 and Phase 2 of the experiment (Figure 11). The average relative abundance of
Fibrobacteres decreased by half from 12% to 6%, which caused the Fibrobacteres to drop from the
second most dominant phylum in Phase 1 to the fourth ranked in Phase 2. All other phyla retained
their relative ranking but changed in relative abundance: Spirochaetes also decreased but to a lesser
extent than Fibrobacteres from 66% to 57% while the relative abundance of Bacteroidetes
increased 8% to 12%. Firmicutes also increased from 6% to 9%, Proteobacteria increased from
4% to 9% and Planctomycetes increased slightly from 2% to 3%. The diversity analysis showed
that alpha diversity (Pielou’s evenness, Faith's PD, ASV richness, Shannon diversity) and beta
diversity of microbiota was significantly different (all p<0.009, Kruskal-Wallis ANOVA for alpha
diversity and p=0.001, PERMANOVA for beta diversity, Table 10) between day 6 of Phase 1 and
Phase 2 of the experiment. Furthermore, to test whether this shift in microbiota was caused by
Ralstonia feeding or not, the effects of Ralstonia concentration, as well as duration of feeding on
Ralstonia and filter paper on the phyla composition and alpha- and beta diversity were determined.

A total of 107 ASVs from five different Phyla Fibrobacteres, Spirochetes, Bacteroidetes,
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Firmicutes, Proteobacteria, Planctomycetes, Acidobacteria, and Synergistetes were differentially

abundant (q<0.05) between Phase 1 and Phase 2 (Table 11).
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Figure 11. Taxa barplots showing the shift in relative abundance of bacterial phyla of termites
between the two phases of the experiment and indicating the similarities among different Ralstonia
concentrations (No Ralstonia control, 107, 10, and 10, differences among different durations
of feeding on Ralstonia inoculated filter paper (Phase 1: 2,4, and 6 days) and between Phase 1 and
Phase 2, and different colonies (N1, N2, N3). There were five replicates for each Ralstonia
concentration, time point and colony. Phase 1: Termites were fed for 2, 4, and 6 days with different
concentrations of Ralstonia. Phase 2: Termites fed for 6 days with Ralstonia were fed for two
additional days on filter paper only for a total duration of the experiment of 8 days.
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Table 10. Significant differences in alpha diversity (Pielou’s evenness, Faith's PD, ASV richness,
Shannon diversity) and beta diversity (Weighted Unifrac distance) between the bacteria
communities of termites on day 6 of Phase 1 (feeding on filter paper with Ralstonia) and Phase 2
(2 days after transfer to filter paper without Ralstonia). Asterisks indicate the significant

differences.

Metric il\r?g(é;Waﬂls p value
Pielou’s evenness 33.64 6.64E-09*

. . |Faith's PD 10.72 0.001*

Alpha dVersity |\ 6 richness 6.81 0.009*
Shannon diversity 29 7.24E-08*

PERMANOVA
Beta diversity |Weighted unifrac pseudo-F p value
38.38 0.001*
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Table 11. Differentially abundant ASVs between the two phases of the experiment (Phase 1: After 6 days of feeding on filter paper with
Ralstonia and Phase 2: After transfer to filter paper without Ralstonia for 2 days). Significance of differential abundance was determined
by ANCOM-BC at q value less than 0.05. W is the test statistic for determining differential abundance. Positive values for W depict that
the ASV is significantly enriched in Phase 1 (6 days) and negative values for W depict significant enrichment in Phase 2 (8 days). The
phase in which an ASV is enriched is marked in blue for easy interpretation.

Taxon Differential abundance
: : W (Phase 1 |Phase 1 (Phase 2
Phylum Family Lowest SILVA assignment (6 days)) (6 days) (8 days)
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterum  [7.27
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  [5.95
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  [5.81
Fibrobacteres uncultured bacterium |uncultured Chitinivibrionia bacterium  [5.79
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  [5.53
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  |5.38
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  [5.08
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  (4.72
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  (4.69
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  (4.65
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium (4.3
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium (4.3
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  |3.97
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  [3.93
Spirochaetes Spirochaetaceae uncultured Treponema sp. 8.6
Spirochaetes Spirochaetaceae uncultured Treponema sp. -8.51
Spirochaetes Spirochaetaceae uncultured Spirochaetes bacterium -6.9
Spirochaetes Spirochactaceae uncultured Treponema sp. -6.77
Spirochaetes Leptospiraceae uncultured bacterium -6.74

(table cont’d.)
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Taxon

Differential abundance

; ; W (Phase 1 |Phase 1 |Phase2
Phylum Family Lowest SILVA assignment (6 days)) (6 days) |(8 days)
Spirochaetes Spirochaetaceae uncultured Treponema sp. -6.5
Spirochaetes Spirochaetaceae uncultured Treponema sp. 6.17
Spirochaetes Spirochaetaceae uncultured Spirochaetes bacterium 5.96
Spirochaetes Spirochaetaceae uncultured Treponema sp. 593
Spirochaetes Spirochaetaceae uncultured Spirochaetaceae bacterium |[-5.86
Spirochaetes Spirochaetaceae uncultured Treponema sp. 5.86
Spirochaetes Spirochaetaceae uncultured Treponema sp. 5.77
Spirochaetes Spirochaetaceae uncultured Treponema sp. -5.7
Spirochaetes Spirochaetaceae uncultured Treponema sp. -5.57
Spirochaetes Spirochaetaceae uncultured Spirochaetes bacterium 5.52
Spirochaetes Spirochaetaceae uncultured Treponema sp. -5.44
Spirochaetes Spirochaetaceae uncultured Treponema sp. -5.32
Spirochaetes Spirochaetaceae uncultured Treponema sp. 5.17
Spirochaetes Spirochaetaceae uncultured Treponema sp. 5.13
Spirochaetes Leptospiraceae uncultured spirochete 5:1
Spirochaetes Spirochaetaceae Termite Treponema cluster 5.06
Spirochaetes Spirochaetaceae uncultured Treponema sp. -5.03
Spirochaetes Spirochaetaceae uncultured Treponema sp. 5.02
Spirochaetes Spirochaetaceae uncultured Treponema sp. 3
Spirochaetes Spirochaetaceae uncultured Spirochaetes bacterium 4.96
Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.92

(table cont’d.)
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Taxon Differential abundance
- - W (Phase 1 (Phase 1 |Phase2
Phylum Family Lowest SILVA assignment (6 days)) (6 days) |(8 days)
Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.89
Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.83
Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.69
Spirochaetes Spirochaetaceae uncultured Treponema sp. -4.65
Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.64
Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.56
Spirochaetes Spirochaetaceae Termite Treponema cluster -4.54
Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.51
Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.50
Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.48
Spirochaetes Spirochaetaceae uncultured Treponema sp. -4.46
Spirochaetes Spirochaetaceae uncultured Spirochaetes bacterium 4.34
Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.32
Spirochaetes Spirochaetaceae Termite Treponema cluster -4.21
Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.20
Spirochaetes Spirochaetaceae uncultured Treponema sp. -4.18
Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.15
Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.14
Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.07
Spirochaetes Spirochaetaceae uncultured Treponema sp. 3.99

(table cont’d.)
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(table cont’d.)

Taxon

Differential abundance

; : W (Phase 1 |(Phase 1 |Phase2

Phylum Family Lowest SILVA assignment (6 days)) (6 days) |(8 days)
Spirochaetes Spirochaetaceae uncultured Treponema sp. -3.95
Spirochaetes Spirochaetaceae uncultured Treponema sp. 3.94
Spirochaetes Spirochaetaceae uncultured Treponema sp. -3.92
Bacteroidetes uncultured bacterium  |uncultured Bacteroidetes bacterium -7.29
Bacteroidetes uncultured bacterium  |uncultured Bacteroidales bacterium 6.04
Bacteroidetes  [Dysgonomonadaceae |uncultured bacterium -5.3
Bacteroidetes  |Dysgonomonadaceae |uncultured Bacteroidales bacterium -4.82
Bacteroidetes Rikenellaceae uncultured Bacteroidales bacterium 4.60
Bacteroidetes Tannerellaceae uncultured bacterium -4.37
Bacteroidetes  |Dysgonomonadaceae |uncultured Bacteroidales bacterium -4.27
Bacteroidetes Tannerellaceae uncultured bacterium -3.95
Firmicutes Peptococcaceae uncultured Firmicutes bacterium -7.77
Firmicutes Enterococcaceae Enterococcus raffinosus cftri2200 -7.74
Firmicutes Ruminococcaceae uncultured Firmicutes bacterium -7.41
Firmicutes Ruminococcaceae uncultured Lachnospiraceae bacterum |7.15
Firmicutes Ruminococcaceae uncultured Firmicutes bacterium -6.11
Firmicutes Christensenellaceae  |uncultured Clostridiales bacterium -6.11
Firmicutes Ruminococcaceae uncultured Lachnospiraceae bacterium |(-5.75
Firmicutes Ruminococcaceae uncultured Clostridiaceae bacterium -5.66
Firmicutes Lachnospiraceae uncultured bacterium 5.57
Firmicutes Peptococcaceae uncultured Veillonellaceae bacteram  |5.53
Firmicutes Christensenellaceae uncultured bacterium -5.02
Firmicutes Peptococcaceae uncultured Firmicutes bacterrum -4.76
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Taxon

Differential abundance

Phylum Family Lowest SILVA assignment B e
(6 days)) (6 days) |(8 days)

Firmicutes Christensenellaceae  |uncultured bacterium -4.73
Firmicutes Christensenellaceae  |uncultured rumen bacterium -4.57
Firmicutes Christensenellaceae  |uncultured bacterium -4.55
Firmicutes uncultured bacterium  |[uncultured Clostridiales bacterium 4.47
Firmicutes Peptococcaceae uncultured Firmicutes bacterium -4.27
Firmicutes Ruminococcaceae uncultured Lachnospiraceae bacterium (4.19
Firmicutes Ruminococcaceae uncultured Firmicutes bacterium -4.18
Firmicutes uncultured bacterium  |uncultured Firmicutes bacterium -4.08
Firmicutes Christensenellaceae  |uncultured bacterium -4.04
Planctomycetes |Pirellulaceae uncultured Planctomycetales bacterium (-7.04
Planctomycetes |Pirellulaceae uncultured planctomycete -4.99
Planctomycetes |Pirellulaceae uncultured planctomycete -4.07
Planctomycetes |uncultured bacterium |uncultured alpha proteobacterium 6.49
Planctomycetes |Rhodocyclaceae uncultured bacterium -5.42
Planctomycetes |Desulfovibrionaceae  |uncultured bacterium -4.63
Planctomycetes |Desulfovibrionaceae  |uncultured bacterium -4.06
Acidobacteria  |Propionibacteriaceae  |uncultured actinobacterium -4.57
Acidobacteria  |Propionibacteriaceae  |uncultured actinobacterium -4.42
Acidobacteria  |uncultured bacterium |uncultured actinobacterium -4.17
Acidobacteria  |Holophagaceae uncultured Acidobacteriales bacterium [-4.12
Acidobacteria  |uncultured bacterium  |uncultured bacterium -4.10
Acidobacteria  |Holophagaceae uncultured Acidobacteriales bacterrum  [-3.96
Acidobacteria  |uncultured bacterium |uncultured bacterium -3.94
Synergistetes Synergistaceae uncultured bacterium -4.56
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2.3.9.5. Feeding on different Ralstonia concentrations did not impact termite microbiome

Initial feeding with different Ralstonia concentrations (10, 10, 10 and no Ralstonia) in Phase
1 showed no significant effect on bacterial communities of termites; neither in Phase 1 while
termites were feeding on Ralstonia nor in Phase 2 after termites were transferred to Ralstonia free
filter paper (Table 12). The microbiome of termites during Phase 1 was similar across Ralstonia
concentrations as alpha diversity (Pielou’s evenness, Faith's PD, ASV richness, Shannon diversity)
and beta diversity (PERMANOVA) of the microbiome did not show any significant difference (all
p>0.41, Kruskal-Wallis ANOVA for alpha diversity and p=0.27, PERMANOVA for beta
diversity). Similarly, there was no difference in Phase 2 among the microbiomes of termites
initially fed on different Ralstonia concentrations during Phase 1 (all p>0.16, Kruskal-Wallis
ANOVA for alpha diversity and p=0.83, PERMANOVA for beta diversity) (Figure 11, Table 12).
Furthermore, the shift in microbiome composition between Phase 1 and Phase 2 also occurred in
the No Ralstonia controls. This indicates that the presence or concentration of Ralstonia was not

causing the shift in the microbiome observed during the experiment (Figure 11).
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Table 12. Lack of significant differences in alpha diversity (Pielou’s evenness, Faith's PD, ASV
richness, Shannon diversity) and beta diversity of the bacteria community of termites in both
phases of the no-choice experiment with respect to the initial feeding with different Ralstonia
concentrations (No Ralstonia, 10, 10", and 10*#). Phase 1: Termites were fed for 2, 4, and 6 days
with different concentrations of Ralstonia. Phase 2: Termites fed for 6 days with Ralstonia were
fed for two additional days on filter paper only.

Phase 1:.Fee'd ng on fifier Phase 2: Transfer to filter
paper with different : .
_ _ paper without Ralstonia
) Ralstonia concentrations
Metric Kruskal- Kruskal-
Wallis p value Wallis p value
ANOVA ANOVA
Pielou’s evenness  |2.87 0.41 4.15 0.24
.. Faith's PD 1.81 0.61 3.23 0.35
ha
Alpha diversity 1, 6V richness 0.61 0.89 5.21 0.16
Shannon diversity ~ {0.05 0.99 4.65 0.20
PERMANOVA PERMANOVA
Beta diversity |Weighted unifrac pseudo-F p value pseudo-F p value
1.14 0.27 0.6 0.83

2.3.9.6. Impact of duration of feeding on termite microbiome

Since presence of Ralstonia was not impacting the microbiome in termites, we analyzed if the
duration of the experiment, i.e. the duration termites were fed on filter paper under lab conditions
separated from their colony, was impacting the bacterial communities of termites. It was found
that the duration of feeding on filter paper (regardless of Ralstonia concentrations) had impact on
most of the alpha diversity indices in both phases of the experiment (Figure 12, Table 13). The
alpha diversity of the bacterial community (measured by ASV richness, Faith’s PD, Pielou’s
evenness, Shannon diversity) significantly increased (all p<0.04, Kruskal-Wallis ANOVA) during
Phase 1, i.e., from 2 days to 6 days of filter paper feeding with Ralstonia (Figure 12, Table 13).

Furthermore, all alpha diversity indices significantly increased from the beginning of Phase 1 to
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Phase 2 (Figure 12). The pairwise comparisons between bacterial communities of termites at 2
days, 4 days, and 6 days of Phase 1 as well as Phase 2 (at 8 days) were significantly different (all
p<0.01, PERMANOVA) (Table 13). A total of 18 ASVs from six different phyla Fibrobacteres,
Spirochetes, Bacteroidetes, Firmicutes, Proteobacteria and Patescibacteria were differentially
abundant (q<0.05) between the termite samples collected at 2 days and 4 days while a total of 31

ASVs from the same six phyla were differentially abundant between 2 days and 6 days (Table 14).

89



—-

500- ’
?

400 -

(]
= |b b -
< b [
© 300+ [ | [
™
s 1
o 200+
< a a b
[ ]
100 <
*
204 b a
S E
(o]
o
n 15
-:'E' b I ab | a
©
L . .
10 o
L] L]
L
L]

W S ab ab__.@
E;] b @b “al
g
@ 0.6 °
-m .
=
20.5
[}]

E0.4~
0.3 *
b bp_L2
ab L%

:'357 Ib _— ==

»

o6 %ﬁ '—l_' I
2 b ab a %
s £ . .

5 : )

4
2

n 3

2 . ! ; .
2 days 4 days 6 days 8 days
| 3 il ]
I | I | 1
Phase 1 Phase 2

Feeding Duration

Figure 12. Differences in alpha diversity (ASV richness, Faith's PD, Pielou’s evenness, Shannon
diversity) of bacterial communities in termites during Phase 1 (represented by red letters below
the boxes) and for the overall duration of feeding including Phase 1 and Phase 2 (represented by
blue letters above the boxes). The red box in the figure is separating the Phase 2 from Phase 1.

90



Table 13. Alpha diversity (Pielou’s evenness, Faith's PD, ASV richness, Shannon diversity) and
beta diversity of bacteria community of termites with respect to duration of feeding in both phases
of the no-choice experiment. Phase 1: Termites were fed for 2, 4, and 6 days with different
concentrations of Ralstonia. Phase 2: Termites fed for 6 days with Ralstonia were fed for two
additional days on filter paper only.

Phase 1 (6 days) versus
Phase 1 (2, 4, 6 days) Phase 2 (8 days)
Metrics Kruskal- Kruskal-
Wallis p value Wallis p value
ANOVA ANOVA
Piclou’s evenness  |16.9 0.0002* 67.25 1.65E-Q4*
L Faith's PD 9.98 0.006* 34.66 1.43E-07*
Alpha diersity | SV richness 6.27 0.04* 25.22 0.00001*
Shannon diversity  [16.09 0.0003* 10.22 3.39E-13*
PERMANOVA PERMANOVA
Weighted unifrac ~ |pseudo-F p value pseudo-F p value
14.59 0.0009* 40.55 0.0010%*
Pairwise PERMANOVA Pairwise PERMANOVA
pseudo-F q value pseudo-F q value
Beta diversity |2 days to 4 days 13.28 0.001* 12.74 0.0012*
4 days to 6 days 2.52 0.010* 2.66 0.0010*
2 days to 6 days 34.16 0.010%* 34.12 0.0012*
2 days to Phase2 |- - 91.85 0.0012*
4 days to Phase2 |- - 41.72 0.0012%*
6 days to Phase2 |- 37.72 0.0012%*
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Table 14. Differentially abundant ASVs in Phase 1 (between 2 days and 4 days, and between 2 days and 6 days) of the experiment.
Significance of differential abundance was determined by ANCOM-BC at q value less than 0.05. W is the test statistic for determining
differential abundance. Positive values for W depict that the ASV is significantly enriched at 2 days compared to 4 days or 6 days and
vice versa for negative W values. The significant enrichment of each ASV for a particular time point is marked in blue.

Taxon | Differential abundance
2 days vs 4 days

Phylum Family Lowest SILVA assignment W (4 days) (2 days |4 days
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  |-4.49
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  [-4.35
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  |-4.19
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  |-4.57
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  |-3.92
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  |-4.40
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  |-3.46
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  |-3.24
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  (4.02
Spirochaetes Spirochaetaceae uncultured Treponema sp. -4.12
Spirochaetes Spirochaetaceae uncultured Treponema sp. -3.70
Spirochaetes Spirochaetaceae uncultured Treponema sp. -3.59
Spirochaetes Spirochaetaceae uncultured Treponema sp. -4.09
Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.27
Bacteroidetes Rikenellaceae uncultured Bacteroidales bacterium -4.21
Firmicutes Ruminococcaceae uncultured Firmicutes bacterium -3.67
Patescibacteria Patescibacteria uncultured bacterium 4.09
Proteobacteria Moraxellaceae Acinetobacter sp. SJ-15 3.79

(table cont’d.)
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Taxon

Differential abundance

2 days vs 6 days

Phylum Family Lowest SILVA assignment W (6 days) |2 days |6 days
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  |-5.94
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  |-4.68
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  |-4.38
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  [-7.46
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  |-5.58
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  [-5.37
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  |-5.08
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  |-4.64
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  (-4.47
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  (-4.26
Fibrobacteres Fibrobacteraceae uncultured Fibrobacterales bacterium  |-4.21
Spirochaetes Spirochaetaceae uncultured Spirochaetaceae bacterium |3.93
Spirochaetes Spirochaetaceae uncultured Treponema sp. -5.24
Spirochaetes Spirochaetaceae uncultured Treponema sp. 511
Spirochaetes Spirochaetaceae uncultured Treponema sp. -4.78
Spirochaetes Spirochaetaceae uncultured Treponema sp. -4.55
Spirochaetes Spirochaetaceae uncultured Treponema sp. -4.25
Spirochaetes Spirochaetaceae uncultured Treponema sp. -4.10

(table cont’d.)
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Taxon Differential abundance
2 days vs 6 days

Phylum Family Lowest SILVA assignment W (6 days) |2 days |6 days
Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.51

Spirochaetes Spirochaetaceae uncultured Treponema sp. 4.09

Bacteroidetes Dysgonomonadaceae |uncultured Bacteroidales bacterium 4.59

Bacteroidetes uncultured uncultured Bacteroidetes bacterium 4.18

Bacteroidetes Rikenellaceae uncultured Bacteroidales bacterium -4.74

Bacteroidetes Rikenellaceae uncultured Bacteroidales bacterium 4.11

Bacteroidetes Rikenellaceae uncultured Bacteroidales bacterium 4.17

Firmicutes Ruminococcaceae uncultured Firmicutes bacterium -4.41

Firmicutes uncultured uncultured Clostridiales bacterium 4.08

Patescibacteria Patescibacteria uncultured bacterium 3.80

Proteobacteria uncultured uncultured alpha proteobacterium -4.51

Proteobacteria uncultured uncultured rumen bacterium 4.40

Proteobacteria Moraxellaceae Acinetobacter sp. SJ-15 5.03
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2.4. Discussion

The goal of this research was to determine if the termite N. takasagoensis plays a role as a pathogen
vector in the decline of ironwood trees of Guam. We hypothesized that termite workers infesting
diseased ironwood trees would carry IWTD pathogens, because they would have ingested bacteria
by consuming diseased wood (Agrios 2008, Perilla-Henao and Casteel 2016, Brune 2014,
Rossmassler et al. 2015, Vikram et al. 2021). If true, termites would be possible vectors for disease
transmission to healthy trees while foraging. Our results based on 16S rRNA gene amplicon
sequencing of the bacterial population present in N. takasagoensis worker samples collected from
IWTD pathogen infested and healthy ironwood trees in Guam suggest that N. takasagoensis
workers are not a vector for pathogens causing IWTD as we did not find any of the pathogens
associated with IWTD in considerable amounts in these termite samples. Ralstonia solanacearum
was absent, Klebsiella species were present in only a few samples, and other potential pathogens
previously isolated from diseased ironwood trees like Kosakonia, Enterobacter, Pantoea, Erwinia

and Citrobacter were also not detected in the termite samples (Ayin et al. 2015, Ayin et al. 2019).

It is unlikely that the absence of R. solanacearum in the bacterial microbiota of the termite samples
collected from ironwood trees in Guam was a technical artifact caused by sequencing failure, lack
of reference sequences, or insufficient sequencing- or sampling-depth. The primers used in this
study to amplify Ralstonia were verified by performing BLAST against NCBI GenBank database
for their ability to detect R. solanacearum. Moreover, pure cultures of R. solanacearum isolated
from IWTD that were used in feeding experiments were positively identified using the same

methods. Also, other species within the same family as the genus Ralstonia were detected while
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analyzing bacterial communities of these termite samples (2.3.3). Although Ralstonia was not
detected in freshly collected N. takasagoensis workers, it was present after the no-choice feeding
experiment caused microbiota changes in lab reared termites. The target bacteria, R. solanacearum
and related strains of the Ralstonia complex, are present in the database (SILVA 132) used for
taxonomic assignment of ASVs obtained after sequencing of bacterial communities in this study.
In addition, rarefaction analyses showed that sequencing-depth and sample effort was sufficient to

capture the vast majority of bacteria associated with the termite samples.

Despite the absence of R. solanacearum, all the expected core bacteria were found in the M.
takasagoensis worker samples collected from ironwood trees in Guam. The core bacterial phyla
present in N. takasagoensis include Spirochaetes, Fibrobacteres, Bacteroidetes, Firmicutes,
Proteobacteria, Actinobacteria, and Margulisbacteria (TG3 phylum) (Hongoh et al. 2006,
Warnecke et al. 2007, Miyata et al. 2007, Kohler et al. 2012, Marynowska et al. 2017, Calusinska
et al. 2020). In our study, Spirochaetes and Fibrobacteres were the most dominant phyla which
was similar to the most recent studies based on 16S rRNA gene amplicon high-throughput
sequencing of the gut microbiome of higher termites including Nasutitermes species performed on
the Illumina MiSeq platform (Marynowska et al. 2017, Calusinska et al. 2020). Furthermore,
studies performing taxonomic analysis of bacterial populations specifically of N. takasagoensis,
always identified the Spirochaetes as the most dominant phylum even when different sequencing
methods were used (Hongoh et al. 2006, Miyata et al. 2007, Kohler et al. 2012). However, the
abundance of Fibrobacteres varied among all the previous literature on N. takasagoensis (Hongoh
et al. 2006, Warnecke et al. 2007, Miyata et al. 2007, Kohler et al. 2012). Hongoh et al. (2006) and

Miyata et al. (2007) used clone-based methods and ranked Fibrobacteres as the second and fourth
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most abundant phylum, respectively, while Kohler et al. (2012) found Fibrobacteres only in minor
abundance (0.04%) in the termite gut using Pyrotag sequencing. Unlike our study, none of the
previous study found Fibrobacteres (41.38%) in a comparable abundance to Spirochaetes (48.16%)
(Table 5, Figure 5). This difference in Fibrobacteres abundance might be due to different primers,
sequencing methods, and analysis methods used in these studies; alternatively, it is possible that
abundance of Fibrobacteres is impacted based on the geographical region, environmental
conditions, or type of diet. Overall, the taxonomic profiling performed in our study was able to
detect all the core phyla that were observed in previous studies of N. takasagoensis, moreover, we
also detected some phyla such as Tenericutes, Patescibacteria, Deinococcus-Thermus,
Gemmatimonadetes, Entotheonellaeota, and Epsilonbacteraeota that were not detected in previous

studies.

The probability of R. solanacearum presence in termite bodies under natural conditions is less than
1 in 9 million bacteria, since no R. solanacearum sequences were identified among the 9 million
sequencing reads from 42 N. takasagoensis worker samples freshly collected from ironwood trees
in Guam. The reason behind absence of R. solanacearum and other IWTD pathogens in these M.
takasagonesis worker samples could be that these termites either do not feed on infected wood or,
if they feed and ingest bacteria from infected trees, the pathogens do not survive in the termites.
The feeding experiments giving termites the choice between wood from healthy ironwood trees
and wood pieces containing pathogens indicate that termites prefer consuming healthy wood. In a
four-choice test between healthy ironwood and wood with naturally different amounts of Ralstonia
and wetwood bacteria, termites consumed more of the healthy wood than wood containing

pathogens. Similarly, when ironwood pieces were artificially inoculated with Ralstonia, termites
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showed a marginal tendency to consume more of the negative control than of Ralstonia inoculated
wood. Thus, our results indicate that given a choice, termites are less likely to feed on wood that

contains IWTD pathogens.

However, even with a preference for healthy wood, it is unlikely that termites can avoid all
exposure to Ralstonia and other pathogens while feeding and nesting on trees with Ralstonia
infection. Therefore, it was hypothesized that Ralstonia might not be able to establish itself in a
healthy termite. This was confirmed by no-choice feeding experiments in the lab. Even when M.
takasagoensis workers were forced to come into contact and consume high concentrations of
Ralstonia on filter paper, no Ralstonia could be detected in the first 6 days. Typically, termites
ingest bacteria within a day and transfer them rapidly to colony members via trophallaxis and
grooming as shown in previous studies with genetically engineered fluorescent bacteria
(Husseneder et al. 2005, Husseneder and Grace 2005). This is strong evidence that a healthy
Nasutitermes microbiota is refractory to invasion by Ralstonia. This could be due to conditions in
the gut preventing Ralstonia from growing as N. fakasagoensis being a higher termite has an
alkaline gut pH (6-10) and the favorable conditions for R. solanacearum to thrive includes a low
pH (pH 4.5-5.5) (Brune 2014, Li et al. 2017). In addition, it has been reported that termites have
an innate and adaptive immunity that provides them protection against the invasion by foreign
microbes present in feeding sites and food sources (Rosengaus et al. 1999, Traniello et al. 2002,
Cremer et al. 2007, Bulmer et al. 2009, Cremer et al. 2018). The indigenous gut symbionts of
termites prevent foreign microbes from colonizing the termite guts (Veivers et al. 1982, Dillon and
Dillon 2004, Sen et al. 2015, Peterson and Scharf 2016, Oberpaul et al. 2020). Moreover,

specialized microbial communities and antimicrobial proteins have been detected in termite nests,
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different from the surrounding soil, that add another level of protection to the termite colony
(Bulmer et al. 2009, Visser et al. 2012, Chouvenc et al. 2013, Oberpaul et al. 2020, Soukup et al.

2021 and Witasari et al. 2022).

Interestingly, some N. takasagoensis worker samples did show considerable numbers of Ralstonia
after 6 days of feeding on Ralstonia inoculated filter paper plus two additional days of feeding on
filter paper only. This rise of Ralstonia in some samples coincided with a shift in the microbiota
in all samples marked by a reduction of Fibrobacteres, an increase in bacteria diversity and a
decline in termite health and is most likely explained as dysbiosis, i.e., an imbalance in the
microbiota (Messer and Chang 2018). It is possible that the dysbiosis facilitated invasion by
foreign bacteria because protection by indigenous gut symbionts was weakened (Brown et al.
2012, Toor et al. 2019, Pan et al. 2020). As a result, Ralstonia was able to thrive at least in some
termite laboratory colonies, although it was not detected in the field samples. However, this
dysbiosis was not caused by Ralstonia feeding as Ralstonia concentrations had no effect on
microbiota and termites not fed with Ralstonia showed the same shift in relative abundance of

phyla but without Ralstonia invasion (Figure 11, Table 12).

This dysbiosis might have occurred due to removal of the termite workers from their natural
environment and lab rearing them on an artificial diet, i.e., processed filter paper, since in contrast
to Ralstonia concentration, the duration of the experiment showed significant effects on the
microbiota (Figure 11). This shift in microbiota observed after more than one week (8 days) of
feeding on filter paper was in accordance with results from previous studies which suggested that

a shift in microbiome might take place between one and two weeks when termites are fed on an
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artificial diet (Tanaka et al. 2006, Miyata et al. 2007, Su et al. 2017). Boucias et al. (2013) fed
termite workers (Reticulitermes flavipes, Rhinotermitidae) on lignin-rich and lignin-poor cellulose
diet for one week but did not observe any significant changes in microbiota. However, Su et al.
(2017) observed a significant shift in gut microbiota after feeding workers of a different
rhinotermitid species (Tsaitermes ampliceps, Rhinotermitidae) for two weeks on filter paper. The
relative abundance of Spirochaetes was decreased, while the relative abundance of Proteobacteria,
Bacteroidetes and Firmicutes was increased in termites feeding on filter paper as compared to those
feeding on wood after two weeks (Su et al. 2017). Miyata et al. (2007), also observed a significant
increase in diversity and richness of microbiota in N. takasagoensis workers feeding for three
weeks on artificial diets as compared to those feeding on wood (Miyata et al. 2007). The relative
abundance of Spirochaetes and Fibrobacteres was decreased and relative abundance of
Bacteroidetes and Firmicutes was increased in termites feeding on artificial diets as compared to
those feeding on wood (Miyata et al. 2007). The shift in microbiota including the reduction in
Fibrobacteres abundance observed in Miyata et al.’s (2007) study on N. fakasagoensis workers
after 3 weeks of feeding on filter paper was in accordance with the microbiota shift observed in
our study after 8 days of filter paper diet for the same species. Furthermore, Tanaka et al. (2006)
fed C. formosanus workers for four weeks and observed an increase in protozoa diversity in
termites fed with artificial diet as compared to those fed with wood. A change in protozoa diversity
likely influences bacteria diversity as many bacteria species are known to be associated with

protozoa as ecto-and endo-symbionts (Brune and Dietrich 2015).

Along with the highly distinct shift that occurred between Phase 1 and Phase 2 (i.e., after 8 days),

a gradual shift in bacterial diversity was observed within Phase 1 as well (Figure 12, Table 13),
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right after the termites started feeding on the artificial diet. The increase in microbiome diversity
in Phase 1 might be the result of a population increase in previously rare bacteria species that were
preadapted to the new conditions along with new exposure to bacteria in the laboratory experiment.
Bacteria that were not able to thrive on filter paper diet or the bacteria that were not required in
large amounts for digesting the processed cellulose in filter paper, experienced a population
reduction. This is indicated by a decrease in abundance of Fibrobacteres as the majority of bacterial
species in this phylum are obligate symbionts adapted to hydrolyzing complex lignocellulose from
wood (Warnecke et al. 2007, Ransom-Jones et al. 2012). We did not examine the effects of filter
paper diet on the microbiota for longer than 8 days, however, based on the results of previous
studies in different termite species, it can be assumed that the microbiome will most likely stabilize
after the dysbiosis if the conditions stay constant (Boucias et al. 2006, Su et al. 2017, Miyata et al.

2007, Tanaka et al. 2006).

Although R. solanacearum, was not found in termites samples collected from ironwood trees in
decline and bacterial diversity within termite samples (alpha diversity) was not impacted by
Ralstonia presence in trees, bacterial communities differed between the group of termite samples
collected from trees that were infested with R. solanacearum as compared to termites collected
from R. solanacearum free trees. This difference in beta diversity was at least partially driven by
differential abundance of a Treponema sp. from phylum Spirochaetes and an uncultured bacterium
from phylum Bacteroidetes as both of these bacteria species were enriched in termites attacking
trees that tested negative for Ralstonia. Our knowledge regarding these uncultured bacterial species
found within termite samples is limited, however, we can still make inferences from described

relatives of these bacteria. Most bacterial species within phyla Spirochaetes and Bacteroidetes are
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obligate symbionts of the termites (Tokuda et al. 2018, Zhang et al. 2012). Treponema species in
termite guts are known to contribute to reductive acetogenesis and nitrogen fixation and some
bacteria within phylum Bacteroidetes are known to play a significant role in fermentation of sugars
and uric acid degradation (Breznak and Leadbetter 2006, Tokuda et al. 2018, Ohkuma 1996, Zhang

etal. 2012).

The mechanism by which Ralstonia infection of trees might alter termite microbiota composition
is not known. It is unlikely that consumption of Ralstonia alone would alter the termite microbiota
since the feeding experiments showed that Ralstonia alone is not the reason for microbial shifts
and Ralstonia does not establish itself easily in a healthy termite. It is, however, possible that other
factors confounded by or in interaction with Ralstonia infestation influence the beta diversity. One
of such factors that was found impacting beta diversity of the bacterial composition of termites in
this study was altitude of the ironwood tree location with respect to mean sea level, as bacterial
communities within termite samples collected from high altitude trees were enriched in Treponema
sp. as compared to the samples collected from low altitude trees. However, the factors and their
interactions investigated in this study explained only a small percentage (0.14%) of the variance
in beta diversity of microbiota, suggesting that there are other abiotic or biotic factors influencing

the microbial composition that need to be researched in future studies.

While there was differentiation of termite microbiota between termite samples from Ralstonia
positive and negative trees (beta diversity), the bacterial diversity within the individual termite
samples (alpha diversity) was not affected by Ralstonia presence. Since Ralstonia is one of the

main agents involved in IWTD one might have expected that other factors measuring tree- and
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plot-health would show similar results. However, none of the health-related factors impacted beta
diversity, but several affected alpha diversity of termite microbiota. This discrepancy might be
explained by the fact that not all the trees that were categorized as “sick” based on visual symptoms
of decline tested positive for Ralstonia. Possible reasons could be that symptoms of decline were
appearing because of reasons other than Ralstonia infection such as aging or presence of wetwood.
In addition, the immunodiagnostic method of detecting Ralstonia might cause false negatives when

Ralstonia amounts are low.

In termites that were feeding on trees categorized as “sick’ based on visual symptoms of decline,
higher phylogenetic diversity of bacteria was observed than in “healthy” trees. With increase in
tree stress due to higher level of site management, increase of decline in plot, increase of sick trees
in plot, and increase of termite infestation in plot, bacterial communities of termites feeding on
those trees showed less evenness. A higher proportion of dead trees in the plot was associated with
decreased Shannon diversity of bacterial communities of termites feeding on the trees.
Antimicrobial defense mechanisms in the wood of living trees, protect the tree from pathogen
invasion (Pearce 1995). The microbiome present in these plants acts as an additional layer of
defense against pathogenic organisms (Teixeira et al. 2019). However, a previous study observed
a shift in microbiome composition of trees that have diseases as compared to asymptomatic trees
(Koskella et al. 2017). Koskella et al. (2017) found a number of opportunistic pathogens that were
highly abundant in diseased trees as compared to healthy trees and suggested that when tree health
is impacted due to disease, the opportunity for pathogenic bacteria to colonialize the tree tissues is
increased. Thus, it is possible that in our study as well, the sickness of the tree, increase in tree

stress or death of the tree might change wood chemistry and, subsequently, the microbiome of the
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tree. As a result of which the defenses of ironwood trees against opportunistic bacteria might have
been weakened and more bacteria were able to attack the trees in decline as compared to healthy
trees. A change in tree microbiome might have direct or indirect effects on termite microbiota
diversity. However, the overall bacterial richness within the termite samples was not impacted by
tree stress or disease. A change of evenness, phylogenetic distances and Shannon diversity, without
change in ASV richness shows that the number of species in the gut ecosystem are in a stable
equilibrium limited by the number of ecological and functional niches available. To better
understand stress related microbiota changes, ironwood tree microbiomes should be studied in
association with tree-, plot- and location related factors. Along with this, relationships between the
tree microbiota, bacteria in the surrounding soil and in the termites that attack the tree can also be
studied in the future to determine the reasons behind causation and transmission of IWTD with the
goal to develop an integrated management plan for controlling the spread of this decline to other

Micronesian islands.

In conclusion, we can rule out members of N. takasagoensis as vectors of IWTD pathogens.
However, there are still various biotic and abiotic factors that might influence the spread of IWTD
pathogens, including other species of termites. It is possible that other termite species found on the
ironwood trees of Guam (Park et al. 2019), that have not been covered in this chapter, might play
some role in transmission of these pathogens. For instance, members of Coptotermes gestroi,
which is a lower termite and is the second most dominant termite species, have slightly acidic to
neutral gut pH unlike N. takasagoensis members that have alkaline gut pH (Brune et al. 1995,
Brune 1996). So, C. gestroi workers can possibly provide a favorable environment for Ralstonia

to survive. Moreover, R. solanacearum was found in the guts of C. formosanus alates, a closely
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related species to C. gestroi (Chen et al. unpublished) indicating the potential that Ralstonia could
be part of the microbiota of C. gestroi workers. The microbiota of other termite species, C. gestroi
and M. crassus found on ironwood trees in Guam will be investigated in the next chapters of the

thesis (Chapter 3, 4).
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Chapter 3. Taxonomic Profiling and Diversity Analysis of Bacterial
Communities of Coptotermes gestroi Workers Associated with Ironwood Trees
(Casuarina equisetifolia) in Guam

3.1. Introduction

Ironwood (Casuarina equisetifolia), a tree widespread across Guam, is one of the most significant
agro-forestry species on the island (Elevitch and Wilkinson 2000, Stone 1970, Fosberg et al. 1979).
It has been continually propagated in Guam for hundreds of years as confirmed by the records of
soil pollen samples (Athens and Ward 2004). The tree has tolerance to salt and partial
waterlogging, resistance to pests and diseases, and the ability to fix atmospheric nitrogen (Touati
etal. 2016, Conglu et al. 2010, Diouf et al. 2008). The tree is commonly used in Guam as fuelwood,
windbreak, shelterbelt, and mulch (Chonglu et al. 2010). It is highly effective in controlling soil
erosion, stabilizing sand dunes, reclaiming marshy soils, and combating desertification (Touati et

al. 2016, Conglu et al. 2010).

In 2002, a local farmer in Guam reported a sudden decline of ironwood trees on his land (Mersha
et al. 2009, Mersha et al. 2010). It was found that the ironwood trees in Guam are being infected
with a disease that leads to gradual thinning of their foliage, progressive dieback of branches and
eventually death of the tree (Mersha et al. 2009, Mersha et al. 2010). The dead foliage often
remains on the tree giving the tree a singed appearance (Mersha et al. 2009, Mersha et al. 2010).
The condition of foliage thinning and dieback on ironwood was referred to as Ironwood Tree
Decline (IWTD) (Mersha et al. 2009, Mersha et al. 2010). Although the causal organisms behind
this decline are still not confirmed, bacterial pathogens like Ralstonia solanacearum and Klebsiella

species (K. oxytoca and K. variicola) have been frequently isolated from the ooze of ironwood
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trees in decline and therefore these bacteria have been considered associated with IWTD (Mersha
et al. 2010, Schlub et al. 2011, Schlub et al. 2012, Ayin et al. 2015, Ayin et al. 2019, Schlub et al.
2020). The bacterium Ralstonia solanacearum causes bacterial wilt and Klebsiella species cause
wetwood symptoms and are translocated through xylem vessels of the tree following wound
inoculation (Schlub 2013). Pathogens such as Kosakonia, Enterobacter, Pantoea, Erwinia and
Citrobacter were also detected during the phylogenetic analysis of bacterial isolates from declining

ironwood trees collected from Guam (Ayin et al. 2019).

A study conducted by Schlub (2010) determined various biotic and abiotic factors associated with
IWTD. This study showed significant results (p-value <0.01) for the association of termites with
ironwood trees under decline (Schlub 2010). To determine the role of termites in IWTD, termites
attacking ironwood trees in Guam were identified using morphological and molecular means (Park
et al. 2019). The termite Coptotermes gestroi (Wasmann) (Blattodea: Rhinotermitidae) was found

to be one of the termite species attacking ironwood trees in Guam (Park et al. 2019).

Coptotermes gestroi is a subterranean termite, native to Southeastern Asia (Wasmann 1896, Kirton
and Brown 2003). This termite can feed on timber, wood, paper, cardboard, leather, plastic, rubber,
clothes as well as living trees and as a result causes a lot of economic damage (Bignell and Lo
2011, Su and Scheffrahn 1990, Kirton and Brown 2003). This termite is frequently found
associated with dead or dying trees (Chouvenc et al. 2018). Foraging tunnels made by C. gestroi
termites are thin and highly branched, with the overall pattern appearing like a mosaic or jigsaw
puzzle (Hapukotuwa et al. 2010, Scheffrahn et al. 1993). While feeding on live trees, these termites

hollow out portions of large trees to build a colony (Greaves 1962, Becker 1975). Attack by C.
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gestroi colonies can led to tree decline and death (Chouvenc et al. 2018). Coptotermes gestroi

termites are known to attack plants with significantly damaged root system (Fage 1987).

Unlike higher termites (Family: Termitidae) that have diversified diet including wood, fungus and
humus, lower termites (Families Archotermopsidae, Mastotermitidae, Stolotermitidae,
Kalotermitidae, Hodotermitidae, Stylotermitidae, Rhinotermitidae and Serritermitidae) rely only
on wood as a source of cellulose. To digest the ingested wood, the microbial composition of lower
termite workers includes both cellulolytic flagellates as well as bacteria in their guts in contrast to
higher termite workers in which only bacteria are present (Brune 2014). While protists perform
the majority of wood digestion, the bacteria present in the lower termite workers perform lignin
and chitin degradation, acetogenesis, recycling of nitrogen in form of uric acid present in the faeces
and atmospheric nitrogen fixation (Brune 2013, Brune and Friedrich 2000, Ohkuma 2003, Hongoh
et al. 2008, Arora et al. 2022). Along with obligate symbionts, that aid in wood digestion and are
vital for the survival of termites, the microbial community of termites can also contain
environmental bacteria that are ingested by foraging workers along with the wood that termites are
feeding on (Keast and Walsh 1979, Hénel 1982, Brune 2014, Diouf et al. 2018, Frohlich et al.
2007, Vikram et al. 2021). Plant pathogens such as Erwinia, Pantoea, Pseudomonas,
Burkholderia, Acidovorax, Xanthomonas, Clavibacter, Streptomyces, as well as Ralstonia have
been previously found inside the bodies of Coptotermes termites and their nests (Oberpaul et al.
2020). If the chemical composition and pH are favorable for a particular pathogen, it is possible,
that termites could harbor that pathogen in their bodies and transmit it while foraging. Based on
this, we hypothesized that members of C. gestroi that are found attacking ironwood trees in Guam

are vectors for pathogenic bacteria causing IWTD. In this study, the samples of C. gestroi workers
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were collected from various R. solanacearum positive and negative ironwood trees with the
objectives of (1.) performing taxonomic profiling of the bacterial composition C. gestroi workers
that attack ironwood trees in Guam to investigate the incidence and abundance of pathogens
associated with IWTD, (2.) determining the impact of tree- and location-related factors associated
with ironwood trees attacked by C. gestroi workers on the bacterial communities of C. gestroi
worker samples, and (3.) determine if C. gestroi workers prefer feeding on parts of ironwood trees

with low pathogen content compared to high pathogen content.

3.2. Materials and methods

3.2.1. Sample collection

Twenty-seven C. gestroi termite samples were collected in 2021 by staff members from the
University of Guam from ironwood trees at 15 different locations in Guam (Figure 1, Table 1).
These termite samples were shipped to LSU AgCenter in 95% ethanol for DNA sequencing. Along
with termite samples, information regarding the tree- related factors (Presence of Ralstonia, Tree
decline severity (DS) and Tree Health), and location-related factors (Site Management, Parent
Material, Altitude and Altitude Classification) was also collected from each tree (2.2.1.1). Presence
of Ralstonia solanacearum in ironwood trees from which termite samples were collected was
determined with Immunodiagnostic strips (Agdia, Inc.). A detailed description of these factors is

provided in the Materials and methods section of chapter 2 (2.2.1.1).
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Figure 1. Map of ironwood tree sites where 27 samples of C. gestroi termites were collected. Tree
metadata for each termite sample can be found in Table 1.
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Tablel. Location- and tree-related data recorded for C. gestroi samples. This data was recorded by the staff members from the University

of Guam. Data that was not available is marked as “n/a”.

Termite . . Presence . Altitude Parent
Samole ID Location Tree DS Tree Health|Site Management  |of . Altitude (m) Classification |Material
P Ralstonia
21-151 UOG Inarajan Station n/a n/a n/a n/a 16 Low Lime
21-154 UOG lja Station n/a n/a Moderately Managed [n/a 89 Low Tuff
21-155 UOG lja Station nearly dead Sick Moderately Managed |Positive 93 Low Tuff
21-156 Nimitz Park symptomless Healthy Highly Managed Negative - Low Sand
21-157 Paseo Park Hagatna symptomless Healthy Highly Managed Negative 6 Low Lime
21-159 Mangilao Golf Course n/a n/a Moderately Managed |n/a 128 High Lime
21-160 Apaca Point Agat symptomless Healthy Moderately Managed |Negative 6 Low Tuff
21-161 Apaca Point Agat symptomless Healthy Moderately Managed |Negative 6 Low Tuff
21-162 Governor's Complex Aniquia|symptomless Healthy Highly Managed Negative 6 Low Tuff
21-164 UOG Yigo Station nearly dead Sick Highly Managed Positive 144 High Lime
21-165 Watson's Farm Yigo nearly dead Sick Moderately Managed (Positive 159 High Lime
21-166 Watson's Farm Yigo heavily damaged |Sick Moderately Managed [Positive 159 High Lime
21-168 AAFB nearly dead Sick Highly Managed Negative 155 High Lime
21-170 AAFB slight damage Healthy Moderately Managed |Negative 155 High Lime
21-171 AAFB tarague beach nearly dead Sick Highly Managed Positive 9 Low Sand
21-172 AAFB tarague beach heavily damaged |Sick Moderately Managed [Negative 9 Low Sand
21-174 Windward hills golf course |nearly dead Sick Highly Managed Positive 115 High Tuff
21-175 UOG Inarajan Station n/a n/a n/a n/a 115 High Lime
21-176 Mangilao Golf Course n/a n/a Moderately Managed |n/a 128 High Lime
21-180 Country Club of the Pacific [heavily damaged |Sick Highly Managed Negative 26 Low Tuff
21-181 UOG lja Station n/a n/a n/a n/a 75 Low Tuff
21-182 UOG lja Station heavily damaged |Sick Moderately Managed |Positive 86 Low Tuff
21-183 UOG lja Station n/a Sick Highly Managed n/a 86 Low Tuff
21-184 UOG lja Station n/a Sick Highly Managed n/a 86 Low Tuff
21-185 UOG lja Station n/a Sick Highly Managed n/a 86 Low Tuff
21-186 Merizo Cemetary heavily damaged |Sick No maintenance Positive 25 Low Tuff
21-188 Fort Soledad heavily damaged |Sick Highly Managed Negative 42 Low Tuff
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3.2.2. DNA extraction

Total DNA from C. gestroi worker samples received from Guam in 95% ethanol was extracted
using the DNeasy Blood & Tissue kit (Qiagen, Germantown, MA). Total DNA was extracted by
pooling and homogenizing five C. gestroi workers per sample using lysis buffer (Buffer AL,
DNeasy Blood & Tissue kit) with a sterile pestle (Thermo Fisher Scientific, Wilmington, DE).
Quantity of the extracted DNA was tested using the Invitrogen Qubit 4 Fluorometer (Thermo
Fisher Scientific, Wilmington, DE) with the Qubit dsSDNA BR Assay Kit). After extraction, 2.5
ul/ng of DNA per sample was sent to University of New Hampshire Hubbard Center for Genome
Studies for next generation sequencing. The V4 region of the bacterial 16S rRNA gene present in
termite worker samples was amplified using 515F and 926R primers (Caporaso et al. 2010, 2012).
Sequencing of DNA was performed using Illumina Nextera Dilute library protocol (Illumina, San
Diego, CA). The sequences used in this study were deposited in NCBI GenBank as BioProject ID

PRINARg83256.

3.2.3. Bioinformatics and statistical analysis

Bioinformatic analysis was performed using Quantitative Insights Into Microbial Ecology
(QIIME2) pipeline (Caporaso et al. 2010, Estaki et al. 2020). The demultiplexed reads were
obtained after sequencing from the University of New Hampshire (2.2.3). The Phred quality score
of the demultiplexed sequence reads was found to be above 30, therefore no trimming was
performed for forward and reverse sequence reads. Using DADA2 denoising, primers were
trimmed off. The length of the reads was too short and forward and reverse sequences did not

overlap; thus, only forward reads were used for analysis.
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Sequence-depth, sample size- as well as coverage-based rarefaction curves were generated to
evaluate if sequencing depth, number of samples and coverage used for the analysis were sufficient
to capture most of the bacterial diversity present within the samples (2.2.3). Alpha rarefaction
curves were plotted using QIIME2 by subsampling the sequence reads without replacement to the
common sequencing depth that was equal to the sample with the lowest sequencing depth (4,982).
Sample size- and coverage-based curves were plotted using R package iNEXT (iNterpolation/

EXTrapolation) (Hsieh et al. 2016) (2.2.3.).

For taxonomic assignment of sequence reads, i.e., Amplicon Sequence Variants (ASVs, 2.2.3),

SILVA 132 reference database (http://www.arb-silva.de) was used (Quast et al. 2013). All the

ASVs were taxonomically classified using consensus method in BLAST algorithm (Camacho et
al. 2009) at 97% pairwise identity cutoff. The sequences were aligned using MAFFT method and
the alignments were masked to remove the variable positions (Lane 1991). Finally, the ASVs that
could not be taxonomically assigned, were filtered out and taxa bar plots representing relative
abundances of assigned taxa were made. The taxonomic assignment of the top 20 ASVs with the
highest number of reads across all samples was confirmed by performing BLAST for these
sequences against NCBI GenBank which contains more sequences than SILVA 132, but the latter

1s better curated.

The diversity of bacteria within the termite worker samples was assessed through alpha diversity
indices such as Pielou’s evenness, Faith’s phylogenetic distance, Number of ASVs and Shannon
diversity (2.2.3). Group significance for factors with categorical data such as Presence of

Ralstonia, Tree DS, Tree Health, Location, Parent Material, Site Management and Altitude
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Classification (2.2.1.2, 2.2.1.3) was determined with Kruskal-Wallis ANOVA (H) test statistic
(Kruskal and Wallis 1952), followed by false discovery rate correction using Benjamini-Hochberg
procedure (Benjamini and Hochberg 1995). To determine the correlations for the factor with
numerical data, i.e., Altitude, Spearman rank test (rs) was used. The differentiation of the bacterial
composition between termite samples grouped by factors (beta-diversity), was analyzed at 999
permutations using Permutational multivariate analysis of variance (PERMANOVA). Weighted
Unifrac (Lozupone and Knight 2005) was used as the distance metric as it computes the

phylogenetic distances between the bacterial taxa based on their abundances (2.2.3).

3.2.4. Pilot study for feeding experiments

Preliminary feeding experiments with colonies of Coptotermes formosanus, a congeneric species
closely related to C. gestroi, were performed at Louisiana State University to determine the
concentration range of the bacterial solution that workers readily ate with no adverse impact on
their survival. Casamino acid-Peptone-Glucose (CPG) broth was prepared by adding 1 g Casamino
acid (casein hydrolysate), 10 g Peptone, 5 g Glucose and sterilizing it in autoclave at 121°C for 20
minutes (Kelman 1954). A hundred microlitres of CPG broth medium was inoculated with R.
solanacearum strain GMI1000 obtained from American Type Culture Collection (ATCC).
Ralstonia solanacearum was cultured overnight (18-20 h) in a shaker-incubator at 220 rpm and 28
°C (Kelman 1954). The overnight culture had an optical density (ODsoo) of 2.5. The reading for
ODsoo was obtained using a spectrophotometer (SPECTRONIC™ 200, Thermo Scientific).
Glycerol stocks were made for future feeding experiments by adding 500 pl of overnight culture

to 500 pl of sterile glycerol (20%) in a 1.5 ml eppendorf tube followed by gentle vortexing.
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Serial dilutions from 107! to 1071 of the overnight cell culture were performed in 0.85% saline. An
aliquot of 20 pl from each test tube was spread on CPG agar plates. After the solution was soaked
into the agar, plates were kept for incubation at 28°C for 48 hours. After incubation was completed,
the number of colonies on each plate was counted and for each microliter, 8.731E+10 CFUs were

obtained.

Fresh C. formosanus termites collected from a colony in Brechtel park at New Orleans, Louisiana,
were used in the pilot study. A hundred microliters from each of the ten dilutions prepared from
overnight culture of R. solanacearum, along with a negative control (0.85% saline without
bacteria) was pipetted on different filter papers to observe the feeding behavior and survival of
termites on different dilutions. Around 2X2 cm? filter paper was dry weighed and placed into a
Petri dish. Fifty worker and 5 soldier termites of C. formosanus were placed in each Petri dish and
were allowed to feed for two different time periods (two days and ten days) on filter papers
inoculated with 102, 10* and 10 bacterial dilutions along with the negative control. Each
treatment consisted of four replicates. Net consumption by termites during the feeding experiment
was calculated by subtracting the dry weight of the filter papers at the end of the feeding period
from the initial weight. Dead individuals were being counted and removed from the Petri dishes

daily.

Significant effects of Ralstonia dilutions on consumption were detected for both feeding durations
at 2 days (p=0.01, F =20.76) and 10 days (p=0.01, F=21. 68, One-way ANOVA). For both 2 days
and 10 days, the highest concentration had lowest consumption and control had highest

consumption, showing that high pathogen loads reduce feeding. No significant differences were
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found between consumption of control and 107 at both 2 days and 10 days. After 2 days, the
consumption of 10 was significantly lower than control, however, after 10 days, the difference
of consumption between 107 and control became insignificant. There was no significant difference
between the mortality rate at any of the concentrations (all p>0.05, One-way ANOVA). Based on
this pilot study the 10™* dilution was selected for choice-tests performed on C. gestroi workers in
Guam because this dilution showed reduction in feeding in the short-term compared to controls
without impacting worker health. In addition, lower dilutions (10, 10®) were added to determine

the minimum threshold for effects of pathogen loads on consumption.
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Figure 2. Net Consumption (mg) of filter paper by C. formosanus workers at 102, 104, 10°
dilutions prepared from overnight culture of R. solanacearum and control, One-way ANOVA and
Tukey's Studentized Range (HSD) Test at 2 days and 10 days. Different letters indicate significant
difference at the same time point.
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3.2.5. Feeding experiments in Guam to assess the consumption of R. solanacearum by C.
gestroi workers

Three colonies of C. gestroi were collected from Apaca Point, Agat (13.40239, 144.66307),
Bernard Watson's farm (13.56553, 144.87749), and UOG Ija Experiment Station (13.26523,
144.71623). The C. gestroi termites were collected using plastic milk crate traps. Plastic milk
crates (33.2x33.2x28.1 cm) containing a wooden lattice structure of 44 pieces of softwood lumber;
arranged horizontally (3.5 x 3.5 x 29.5 cm) and vertically (3.5 x 3.5 x 27 cm) were buried in the
ground and were covered with 3-5 cm of soil (Gautam and Henderson 2011b). These crates were
brought back to the laboratory to collect the workers and soldiers. For each Petri dish, 300 workers
and 30 soldiers were used in four-choice tests (see 2.2.4.1, Figure 2a), 100 workers and 10 soldiers
for two-choice tests (see 2.2.4.2, 2.2.4.3, Figure 2b) and 50 workers and 5 soldiers per Petri dish
were used for no-choice test (see 2.2.4.4, Figure 2b). The procedure for four-choice, two-choice
and no-choice feeding experiments was the same as described in Materials and methods of chapter
2 except no DNA sequencing was performed after no choice test and preference of termites
between R. solanacearum inoculated and non-inoculated filter paper was determined based on

difference in consumption.

3.3. Results
3.3.1. Number of sequence reads and ASVs

A total of 5,599,951 raw sequences were obtained from 27 samples of C. gestroi collected from R.
solanacearum positive and negative ironwood trees in Guam. After removal of low-quality reads
and chimeras, a total of 4,333,087 sequence reads and 8,976 different ASVs were obtained. When

the unassigned ASVs with < 97% similarity to references in the SILVA database were removed

118



from the samples, a total of 2,168,762 sequence reads and 747 ASVs remained. The removal of
unassigned ASVs reduced the lowest sequencing depth common to all samples from 16,513 to

4,982.

3.3.2. Sequence depth-, sample- and coverage-based rarefaction

The sequence-depth based rarefaction curves (Figure 3a) of most samples started to level off at a
sequencing depth around 2,000 for ASV richness, around 8,000 for Faith’s PD, and less than 2,000
for Shannon diversity. The leveling of these curves indicates that the sequencing depth was
sufficient to capture most of the bacterial diversity present in each of the samples. The sample-
based rarefaction (Figure 3b) across 27 samples showed an ASV richness of 747, Shannon
diversity of less than 450 and Simpson inverse of around 300. The extrapolation of curves by
doubling the sample size increased ASV richness from 747 to more than 900 while Shannon
diversity and Simpson inverse index did not increase considerably. The coverage-based rarefaction
(Figure 3c) shows that sequence reads of 27 termite samples were able to achieve 90% coverage.
Increasing the coverage to around 95% by extrapolation to twice the sample size would have
increased the ASV richness to more than 900; however, Shannon diversity and Simpson inverse
index would have remained the same. This suggests that the additional ASV richness would most

likely be due to rare ASVs.
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Figure 3. a) Sequence-based rarefaction curves of bacteria diversity showing the number of ASVs,
Faith’s phylogenetic distance and Shannon diversity indices in 27 samples of C. gestroi workers
plotted against sequencing depth. b) Sample-based rarefaction curves with effective bacterial
diversity for different metrics plotted against the number of samples. ¢) Coverage-based
rarefaction curves with effective diversity plotted against estimated sample coverage. Solid lines
indicate intrapolation up to the actual sample size; dashed lines represent extrapolation to twice
the sample size. Rarefaction was performed over the total bacteria diversity (with and without
taxonomical assignment).
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3.3.3. Taxa composition

In 27 samples of C. gestroi collected from ironwood trees in Guam, 28 different phyla were
observed (Table 2). The most dominant phyla were Spirochaetes (45.46%), Bacteroidetes
(23.41%) and Fibrobacteres (15.1%). The minor phyla obtained in C. gestroi workers were
Proteobacteria (6.14%), Firmicutes (4.42%), Planctomycetes (1.7%), Synergistetes (0.86%),
Cloacimonetes (0.77%), Acidobacteria (0.74%), Actinobacteria (0.72%), Elusimicrobia (0.19%),

Margulisbacteria (0.18%) and others (0.3%) (Table 2, Figure 4).

Only one of the top 20 ASVs according to total number of reads was present in all 27 samples; this
ASV was an uncultured Treponema sp. from Phylum Spirochaetes (Table 3). Another uncultured
Treponema sp., was the most dominant ASV but it was present in only 15 out of 27 samples. An
uncultured Spirochaetes bacterium (Phylum: Spirochaetes), a Treponema sp. (Phylum:
Spirochaetes), an uncultured delta proteobacterium (Phylum Proteobacteria) and an uncultured
Eubacteriaceae bacterium (Phylum Firmicutes) were present in more than 20 samples. The
remaining 14 ASVs of the top 20 ASVs were present in less than 20 samples. The ASV belonging
to Candidatus Azobacteroidetes bacteria (Phylum Bacteroidetes) had the fifth highest number of

reads, but it was found only in one sample (Table 3).

Six ASVs that were not in the top 20 ASVs were assigned to taxa that contain pathogenic bacteria
putatively associated with IWTD as these bacteria were identified during the phylogenetic analysis
of ooze from ironwood trees in decline (Table 4). The Ralstonia sp. ECPB06, Enterobacter sp.,
Klebsiella oxytoca, Pantoea sp., and Citrobacter sp. were each detected in only one sample with

9 sequencing reads (Sample: 21-166), 2 sequencing reads (21-183), 13 sequencing reads (21-157),
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7 sequencing reads (21-172) and 303 sequencing reads (21-182), respectively. Citrobacter
amalonaticus was detected in 5 samples (21-155, 21-161, 21-166, 21-168, 21-170) with a total of

98 sequencing reads.
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I T n/a, n/a, n/a, High Altitude, Moderately-Managed, lime, 21-159

n/a, n/a, n/a, Low Altitude, n/a, tuff, 21-181

I O R />, /2, /2, Low Alitude, n/a, lime, 21-151

B D R n/a, n/a, nfa, Low Altitude, Moderately-Managed, tuff, 21-154

N T T /3, n/a, n/a, High Altitude, n/a, Lime, 21-175
I| n/a, nfa, n/a, High Altitude, Moderately-Managed, lime, 21-176
:\P Sick, n/a, Low Altitude, Highly-Managed, tuff, 21-185
_I| n/a, Sick, n/a, Low Altitude, Highly-Managed, tuff, 21-184
:\m Sick, n/a, Low Altitude, Highly-Managed, tuff, 21-183
wm Positive, Sick, Nearly Dead, Low Altitude, Moderately-Managed, tuff, 21-155

-H| Rs Positive, Sick, Nearly Dead, Low Altitude, Highly-Managed, sand, 21-171
_|| Rs Positive, Sick, Nearly Dead, High Altitude, Moderately-Managed, lime, 21-165
xm Positive, Sick, Nearly Dead, High Altitude, Highly-Managed, tuff, 21-174
I| Rs Positive, Sick, Nearly Dead, High Altitude, Highly-Managed, lime, 21-164

HEE T TR rs positive, Sick, Heavily Damaged, Low Altitude, No-maintenance, tuff, 21-186

I = T Rs Positive, Sick, Heavily Damaged, Low Altitude, Moderately-Managed, tuff, 21-182
N P Rs positive, Sick, Heavily Damaged, High Altitude, Moderately-Managed, lime, 21-166
i | Rs Negative, Sick, Nearly Dead, High Altitude, Highly-Managed, lime, 21-168

I . R Negative, Sick, Heavily Damaged, Low Altitude, Moderately-Managed, sand, 21-172
, Heavily Damaged, Low Altitude, Highly-Managed, tuff, 21-188
I | Rs Negative, Sick, Heavily Damaged, Low Altitude, Highly-Managed, tuff, 21-180

I [ Rs Negative, Healthy, Symptomless, Low Altitude, Moderately-Managed, tuff, 21-161
HE T TR Rs Negative, Healthy, symptomless, Low Altitude, Moderately-Managed, tuff, 21-160
BN T TN rs Negative, Healthy, Symptomless, Low Altitude, Highly-Managed, tuff, 21-162

I T N Rs Negative, Healthy, Symptomless, Low Altitude, Highly-Managed, sand, 21-156
i Rs Negative, Healthy, Symptomless, Low Altitude, Highly-Managed, lime, 21-157
_l|| Rs Negative, Healthy, Slightly Damaged, High Altitude, Moderately-Managed, lime, 21-170
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Figure 4. Taxa bar plots showing the relative abundance of bacterial phyla associated with 27
samples of C. gestroi workers collected from ironwood trees in Guam. Phyla are shown in
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Table 2. Number of reads across all samples and relative abundance of all phyla associated with
C. gestroi samples and the number of samples these phyla were observed in.

Number of |Relative Number of
Phylum
reads abundance samples

Spirochaetes 084,367 45.46 27
Bacteroidetes 507,021 23.41 27
Fibrobacteres 327.011 15.1 13
Proteobacteria 132,943 6.14 27
Firmicutes 95.656 4.42 27
Planctomycetes 36.808 1.7 27
Synergistetes 18.661 0.86 26
Cloacimonetes 16,637 0.77 9
Acidobacteria 16,094 0.74 19
Actinobacteria 15,565 0.72 27
Elusimicrobia 4,069 0.19 14
Margulisbacteria 3.844 0.18 24
Verrucomicrobia 2,154 0.1 24
Tenericutes 1.815 0.08 20
Epsilonbacteraeota 1.462 0.07 18
Cyanobacteria 803 0.04 17
Patescibacteria 207 0.01 16
Fusobacteria 92 <0.01 5
Lentisphaerae 85 <0.01 2
Gemmatimonadetes 56 <0.01 4
Kiritimatiellacota 29 <0.01 4
Chloroflexi 17 <0.01 5
Deinococcus-Thermus 15 <0.01 3
Candidate phylum WPS-2 15 <0.01 2
Candidate phylum Rokubacteria 4 <0.01 1
Candidate phylum Latescibacteria 4 <0.01 1
Candidate phylum Dadabacteria 3 <0.01 1
Candidate phylum FBP 2 <0.01 1
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Table 3. The most abundant 20 ASVs associated with C. gestroi samples according to the total number of reads with their assignments
in SILVA and NCBI GenBank, their total number of reads along with the number of samples the ASVs were observed in and the average
number of reads and standard deviation per sample.

Percent Accession Number [Average

identity to top |[number in Number of |of Reads per |Standard
Phylum Order Lowest SILVA assignment Scientific name match GenBank Reads Samples |sample |deviation
Spirochaetes Spirochaetales uncultured Treponema sp. uncultured Treponema sp. 100.00% AB243261.1 (641,173 15 23,747 68,853
Bacteroidetes  [Bacteroidales Candidatus Azobacteroides uncultured bacterium 96.10% KP690848.1 (345,819 |20 12,808 |16.306
Fibrobacteres |Fibrobacterales |uncultured Chitinivibrionia bacterium |uncultured Chitinivibrionia bacterium |99.57% AB255963.1 |268,988 13 9,963 23,368
Spirochaetes Spirochaetales uncultured Treponema sp. uncultured Treponema sp. 99.57% AB191798.1 |203.210 29 7:526 20.837
Bacteroidetes  |Bacteroidales Candidatus Azobacteroides uncultured Bacteroidetes bacterium 100.00% GQ502497.1 |59.656 1 2,209 11,481
Spirochaetes Spirochaetales uncultured Spirochaetes bacterium uncultured Spirochaetes bacterium 97.84% GQ502630.1 |56,587 21 2,096 2,491
Fibrobacteres  |Fibrobacterales |uncultured Fibrobacteres bacterium uncultured Fibrobacteres bacterium 99.57% AB192077.2 |55,196 8 2,044 6,967
Proteobacteria |Rs-K70 termite grquncultured delta proteobacterium uncultured delta proteobacterium 99.57% EF454984.2 49,756 24 1,843 5,408
Spirochaetes Spirochaetales Treponema uncultured Spirochaetes bacterium 98.70% GQ502639.1 |23,806 20 882 1,011
Proteobacteria |Enterobacteriales |uncultured bacterium Trabulsiella odontotermitis 100.00% MHS542345.1 |21,900 13 811 1,764
Firmicutes Clostridiales uncultured Clostridiaceae bacterium  |uncultured Clostridiaceae bacterium  |99.57% AB192211.1 |21,289 18 788 2,383
Proteobacteria |Rickettsiales Wolbachia Wolbachia 100.00% DQ837199.1 (21,000 17 778 1,186
Planctomycetes |Pirellulales uncultured planctomycete uncultured planctomycete 99.13% KM651184.1 (20,882 9 773 2,084
Firmicutes Clostridiales uncultured Eubacteriaceae bacterium |uncultured Eubacteriaceae bacterium |99.13% AB243287.1 |16,888 23 625 1,259
Cloacimonetes |Cloacimonadales |uncultured bacterium uncultured bacterium 97.40% AB191981.1 |16,637 9 616 1,934
Bacteroidetes  |SJA-28 uncultured Chlorobi bacterium uncultured Chlorobi bacterium 98.70% AB192127.1 |14,292 9 529 1.797
Bacteroidetes  |Bacteroidales uncultured Bacteroidales bacterium uncultured Bacteroidales bacterium 99.57% AB191992.1 |13,772 8 510 1,903
Spirochaetes Spirochaetales Termite Treponema cluster uncultured Spirochaetes bacterium 99.13% GQ502643.1 |12,907 19 478 598
Bacteroidetes  |Bacteroidales uncultured Bacteroidales bacterium uncultured Bacteroidales bacterium 98.27% AB192005.1 [12,265 9 454 1,311
Acidobacteria |Holophagales uncultured Acidobacteria bacterium uncultured Acidobacteria bacterium 99.57% AB192122.1 |12,000 9 444 1.168
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Table 4. Six ASVs that were assigned to putative pathogenic bacteria from C. gestroi workers collected from ironwood trees in Guam

Phylum Order Genus Species Total SN
number of  |samples
Proteobacteria  (Betaproteobacteriales |Ralstonia Ralstonia sp. ECPB06 9 1
Proteobacteria  |Enterobacteriales Enterobacter |Ambiguous taxa 2 1
Proteobacteria  |Enterobacteriales Enterobacter |K/ebsiella oxytoca 13 1
Proteobacteria  |Enterobacteriales Pantoea uncultured prokaryote ; 1
Proteobacteria  |Enterobacteriales Citrobacter  |Citrobacter amalonaticus|98 5
Proteobacteria  |Enterobacteriales Citrobacter  |unidentified bacteria 303 1
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3.3.4. Diversity analysis

There was no significant impact of Altitude, Altitude Classification, Presence of Ralstonia, Tree
DS, and Parent Material on alpha diversity of the bacterial communities of C. gestroi workers
collected from ironwood trees in Guam. Tree Health and Site Management had a significant impact
on the alpha diversity of bacterial communities in these termites (Figure 5). Bacterial communities
of termites collected from healthy trees (n=6) had significantly higher richness (ASV Richness,
p=0.0496, H=6.0075, Kruskal-Wallis ANOVA) compared to those collected from sick trees
(n=15). The phylogenetic distances of bacteria were greater in termites collected from moderately
managed sites (n=11) than those collected from highly managed sites (n=12) (Faith’s PD, p=
0.0067, H= 7.3334, Kruskal-Wallis ANOVA) (Figure 6). There was no significant difference in
beta diversity of bacterial communities between termite samples collected at high and low altitude
(p=0.245, pseudo-F = 1.4807, PERMANOVA), from trees with presence or absence of Ralstonia
(p=0.679, pseudo-F = 0.4699, PERMANOVA), or from healthy or sick trees (p= 0.07, pseudo-F
=2.6804, PERMANOVA). Bacterial beta diversity was also not significant among termite samples
collected from trees with different decline severity, i.e., symptomless, slightly damaged, distinctly
damaged, heavily damaged or nearly dead trees (p=0.463, pseudo-F = 0.8779, PERMANOVA),
from sites that were highly, moderately or not managed (p=0.07, pseudo-F = 2.6804,
PERMANOVA), and from trees growing on sand, lime or tuff parent material (p=0.209, pseudo-

F=1.6301, PERMANOVA).
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Figure 5. Ironwood tree-related factors with significant effects on different aspects of alpha-
diversity of termite bacteria communities. Different letters indicate significant difference. a) ASV
Richness of bacteria communities of termites collected from Healthy and Sick trees. b) Faith’s PD
of bacterial communities of termites collected from highly, moderately or non-managed sites
(Highly-Managed, Moderately-Managed and No-Maintenance).
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3.3.5. Different Ralstonia and wetwood bacteria amounts did not impact feeding behavior of
C. gestroi workers

Since IWTD pathogens were only detected in small amounts and few C. gestroi samples collected
from ironwood trees of Guam, feeding experiments were designed to understand the feeding
behavior of termites with respect to food source containing pathogens associated with IWTD. In
four-choice tests, where termites were fed with four different natural wood sources from Ralstonia
positive or negative ironwood trees with high or low amounts of wetwood bacteria, no significant
difference in net consumption of any of the four food sources was detected (p=0.418, One-Way
ANOVA followed by HSD test). (Figure 6). Two-choice tests for determining the difference
between the consumption of ironwood pieces inoculated with different dilutions of R.
solanacearum versus wood not inoculated with R. solanacearum did not show any significant
differences between the consumption of wood with 10 dilution (p= 0.141), 10 dilution (p=
0.823), or 108 dilution (p=0.251) (n=15) of Ralstonia and wood with no Ralstonia (n=15, One-
Way ANOVA followed by HSD test, Figure 7). Also, no significant difference was observed in
no-choice tests between consumption, of filter paper inoculated with R. solanacearum at different
concentrations (10, 107, 10®) and the control, both, after feeding for one week (p=0.249) and
two weeks (p=0.876, One-Way ANOVA followed by HSD test, Figure 8). The average mortality
rate (15.3 = 8.12%) was constant among the treatments. The results from all three feeding
experiments suggest that C. gestroi workers are not deterred by food sources infected with

Ralstonia.
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Figure 6. Four-choice test measuring net consumption (g) by C. gestroi workers of four food
sources consisting of natural wood pieces: R. solanacearum negative and low amounts of wetwood
bacteria, R. solanacearum positive and low amounts of wetwood bacteria, R. solanacearum
negative and high amounts of wetwood bacteria, and R. solanacearum positive and high amounts
of wetwood bacteria). Same letters indicate lack of significant differences determined by One-way
ANOVA and Tukey's Studentized Range (HSD) Test.
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Figure 7: Two-choice test measuring net consumption (g) of wood pieces inoculated with 104, 107
6 and 10" Ralstonia dilution by C. gestroi workers in comparison to a control with no Ralstonia.
Same letters indicate lack of significant differences determined by One-way ANOVA and Tukey's
Studentized Range (HSD) Test.
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Figure 8. No-choice test measuring net consumption (g) of filter papers inoculated with 10, 107
and 10" bacterial concentration by C. gestroi workers. Same letters indicate lack of significant
differences determined by One-way ANOVA and Tukey's Studentized Range (HSD) Test.
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3.4. Discussion

Coptotermes gestroi was the termite species with second highest infestation of ironwood trees
(Casuarina equisetifolia), after Nasutitermes takasagoensis termites (Park et al. 2019). The earlier
records considered the Coptotermes species found in Guam as Coptotermes formosanus (Hromada
1970, Lai 1977, Su and Tamashiro 1987). Later a survey conducted by Su and Scheffrahn (1998)
identified the Coptotermes species in Guam as Coptotermes vastator. However, a phylogenetic
study based on DNA sequence comparisons of mitochondrial genes by Yeap et al. (2007) showed
C. vastator to be synonymous to C. gestroi. A study by Evans et al. (2013), reported the presence
of C. gestroi on the island of Guam. The Coptotermes species collected from ironwood trees in
Guam was also identified as C. gestroi using morphological characters and DNA barcoding (Park

et al. 2019).

The bacterial composition of freshly collected whole bodies of C. gestroi workers was described
with high-throughput sequencing of the V4 region of the bacterial 16STRNA gene to investigate
the role of C. gestroi workers as pathogen vectors in decline of ironwood trees in Guam.
Spirochaetes (45.46% relative abundance), Bacteroidetes (23.41%), Fibrobacteres (15.1%),
Proteobacteria (6.14%), and Firmicutes (4.42%) were found to be the dominant phyla in C. gestroi
workers from Guam. All of these dominant phyla except the for Fibrobacteres were also found in
two previous deep sequencing studies in C. gestroi workers (Do et al. 2014, Oberpaul et al. 2020)
and are, therefore, core phyla. However, the relative ranking according to the abundance of each
phylum differed among these studies, which might be due to geographical population differences

and/or differences in sample collection, rearing and sequencing. Do et al. (2014) performed
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metagenomic sequencing of bacterial genomes in C. gestroi worker guts from Vietnam. In contrast
to our study, which used field collected termites, the termites in Do et al. (2014)’s study were kept
in the lab and fed on pinewood. Moreover, Do et al. (2014) targeted the free-living gut microbiota.
Thus, bacteria that are endosymbionts of the protists (more than 70% of bacteria in the hindgut)
(Noda et al. 2005) and bacteria that are attached to the gut walls (3-20% of bacteria in the hindgut)
(Nakajima et al. 2006) were underrepresented in Do et al.’s (2014) study. The dominant phyla
(>4% relative abundance) reported by this metagenomic sequencing study included Firmicutes
(22.48%), Proteobacteria (17.84%), Spirochaetes (17.40%), Bacteroidetes (11.60%) and
Synergistetes (4.27%), but Fibrobacteres were not among the major phyla. Oberpaul et al. (2020)
performed high-throughput sequencing of the V3-V4 region of the bacterial 16S rRNA gene from
whole bodies of workers from three Coptotermes species, including C. gestroi, similar to our study.
However, the termites in Oberpaul et al.’s study were reared for decades in lab colonies fed on
birchwood, which might explain why their phyla rankings also differed from our study. Instead of
Spirochetes, followed by Bacteroidetes, Oberpaul et al. (2020) reported Bacteroidetes (52%),
Alphaproteobacteria (12%), Spirochetes (11%), Firmicutes (7%), and Actinobacteria (6%) as the
dominant phyla in descending order across the three Coptotermes species with Fibrobacteres

representing only a minor fraction.

The high abundance of Fibrobacteres set our study apart from the previous C. gestroi bacteria
inventories (15.1% in our study versus <1% in Oberpaul et al. 2020 and no mention in Do et al.
2014). Unlike Spirochaetes, Bacteroidetes, Proteobacteria, and Firmicutes that were present in all
27 samples, the Fibrobacteres were found in only 13 samples and, thus, are not among the core

phyla. Fibrobacteres is a small phylum (Garrity and Holt 2001) with only one formal genus
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(Fibrobacter) and two cultured species (Fibrobacter succinogenes and Fibrobacter intestinalis),
which are involved in degradation of lignocellulosic material (Ransom-Jones et al. 2012).
Fibrobacteres is usually present as a dominant phylum in higher termites as members of this
phylum are important contributors to lignocellulose digestion in higher termites. Since lower
termites have cellulolytic flagellates, a high abundance of Fibrobacteres is usually not observed
(Brune 2014). Horizontal transfer of microbiota does occur among termite species, either through
aggressive encounters or shared feeding substrates (Bourguignon et al. 2018). Therefore, it is
noteworthy that C. gestroi and N. takasagoensis colonies sometimes forage and nest in close
proximity on the same ironwood tree (Park et al. 2019, G. Setia personal observation). As a higher
termite N. takasagoensis harbors Fibrobacteres among its dominant core bacteria (Chapter 2).
Although there is no direct evidence of inter-species transfer of bacteria in this study, it is possible
that C. gestroi workers acquired additional Fibrobacteres through interaction. As a termite
symbiont, Fibrobacteres are well adapted to thrive in termite guts and might complement
lignocellulose digestion of C. gestroi workers and their flagellates, especially if the population of

flagellates is low.

The majority of the top 20 most frequent bacteria across all samples was uncultured. However,
some important bacteria such as Candidatus Azobacteroides, Trabulsiella odontotermitis and
Wolbachia were identified among the frequent bacteria. Candidatus Azobacteroides from phylum
Bacteroidetes and order Bacteroidales is the intracellular endosymbiont of cellulase digesting
protozoa from the genus Pseudotrichonympha and has coevolved with its host (Noda et al. 2005,
Noda et al. 2007, Chen et al. 2022). Candidatus Azobacteroides bacteria are involved in nitrogen

and carbohydrate metabolism in the rhinotermitid genera Coptotermes and Heterotermes (Hongoh
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et al. 2008, Arora et al. 2022). This protozoa endosymbiont was first sequenced in
Pseudotrichonympha of C. formosanus (Hongoh et al. 2008). Candidatus Azobacteroides bacteria
was also detected in previous high-throughput study in C. gestroi workers (Oberpaul et al. 2020).
Trabulsiella odontotermitis found in C. gestroi workers in our study belongs to phylum
Proteobacteria and order Enterobacteriales. This species is usually found in various fungus
growing termites and was first isolated from a fungus growing termite named Odontotermes
formosanus (Sapountzis et al. 2015, Chou et al. 2007). Trabulsiella odontotermitis is considered
as a facultative symbiont possibly responsible for carbohydrate metabolism and aflatoxin
degradation (Sapountzis et al. 2015). Moreover, T. odontotermitis was cultured from C.
formosanus and has been used as genetically engineered symbiont in paratransgenesis based
termite control studies (Tikhe et al. 2016). Wolbachia from phylum Proteobacteria and order
Rickettsiales was also found in our study. Wolbachia is one of the most common endoparasite of
various insects and nematodes (Taylor et al. 2018, Duron et al. 2008). Wolbachia has been detected
in the Coconut rhinoceros beetle (Oryctes rhinoceros) (Coleoptera: Scarabaeidae) on the islands

of Guam, Palau, and Taiwan (Grasela and Moore 2022).

Bacterial genera that were previously identified in ironwood trees afflicted by IWTD, i.e.,
Ralstonia, Enterobacter, Klebsiella, Pantoea, and Citrobacter, were detected only in a few C.
gestroi workers samples collected from ironwood trees of Guam (Ayin et al. 2019) (3.3.3).
However, of all these plant pathogens, only R. solanacearum, which had been previously isolated
from ooze of sick ironwood trees in Guam, was able to cause wilting symptoms on healthy
ironwood trees (Paudel 2020). The isolates of Klebsiella sp. from ironwood trees in Guam were

unable to elicit symptoms of wetwood in healthy trees and the remaining putative plant pathogens
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identified from these ironwood trees are still not tested for their pathogenicity in ironwood trees

(Ayin et al. 2015, 2019).

Therefore, R. solanacearum is the only pathogen associated with IWTD that has been confirmed
to cause symptoms in ironwood trees through isolation and reinoculation. We found Ralstonia sp.
in one of the C. gestroi samples analyzed in this study. This termite sample was collected from a
Ralstonia positive tree that showed severe symptoms of IWTD (Highly damaged DS= 3).
However, the abundance of sequence reads assigned to Ralstonia sp. was less than 0.01%. The
failure to detect Ralstonia in the majority of samples was not likely due to insufficient sequencing
or sampling effort. It was ascertained through alpha rarefaction analysis that sequencing depth,
number of samples and coverage used in this study was sufficient to capture most of the bacterial

diversity.

One possible explanation for the low detection of Ralstonia could have been avoidance of
consumption of wood infested with pathogens by C. gestroi workers. However, the choice tests
that were conducted between natural wood from healthy ironwood trees and wood from ironwood
tree with high pathogen load; or between wood inoculated with Ralstonia and wood from a healthy
ironwood tree, showed that termites consumed the wood equally regardless of IWTD bacteria load.
These results suggested that C. gestroi workers do not avoid pathogen infested wood at least in the
concentration range (10, 10, 10 dilutions) tested (3.3.5). However, the pilot study with C.
formosanus workers showed that higher concentrations (107 dilution) of Ralstonia than those
employed in this study did lead to reduced consumption (3.2.4). In contrast to C. gestroi workers,

N. takasagoensis workers did show preference for healthy wood over pathogen infested wood even
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at low pathogen loads (Chapter 2). The lack of deterrence by pathogens of C. gestroi compared to
N. takasagoensis workers might be explained by different feeding behaviors of these termite
species. Unlike N. takasagoensis, Coptotermes termites are known for their voracious and
opportunistic feeding behavior as they are capable of feeding on anything that contains cellulose;
indicated by the huge damage that they termites cause to structures and trees (Cowie et al. 1989,

Tho and Kirton 1990, Dhanarajan 1969, Tho 1974, Kirton 1995).

The results from microbiome analysis and feeding experiments indicate that C. gestroi workers
likely ingest Ralstonia as (1) we did find Ralstonia in worker bodies, albeit in low incidences and
(2) feeding experiments showed that Ralstonia did not act as feeding deterrent. However, Ralstonia
could not establish itself in large quantities in the termite bodies for various reasons. Termites
exhibit individual and social immunity against the invasion of foreign bacteria (Rosengaus et al.
1999, Traniello et al. 2002, Cremer et al. 2007, Bulmer et al. 2009, Cremer et al. 2018). Being
social insects termites exhibit immune responses against foreign bacteria such as alarm behaviors,
allo-grooming, avoidance, burial of dead bodies, and cannibalism (Kramm et al. 1982, Rosengaus
etal. 1998, Liu et al. 2015, Yanagawa and Shimizu 2007, Chouvenc and Su 2010, He et al. 2018).
The native microbiota as well as antimicrobial compounds present in the termite bodies and termite
nests also prevent the invasion and further colonization by foreign bacteria (Veivers et al. 1982,
Dillon and Dillon 2004, Sen et al. 2015, Peterson and Scharf 2016, Oberpaul et al. 2020, Rosengaus
et al. 2011, Bulmer et al. 2009, Visser et al. 2012, Chouvenc et al. 2013, Soukup et al. 2021 and
Witasari et al. 2022, Mevers et al. 2017). Moreover, the optimum pH for the growth of R.
solanacearum is 4.5-5.5 (Li et al. 2017), while C. gestroi workers have slightly acidic to neutral

pH. The pH range of C. gestroi worker guts is closer to the optimum pH range for R. solanacearum
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as compared to the pH range of N. takasagoensis worker guts (Chapter 2), but the gut environment

is still not ideal for the growth of R. solanacearum.

However, Ralstonia was a major component of microbiota in some Coptotermes formosanus alates
(Chen at al., unpublished). Coptotermes formosanus is a close relative of C. gestroi. Alates are the
reproductive castes of the termites and harbor fewer numbers of symbionts in their gut as compared
to workers (Shimada et al. 2013). Alates carry the initial inoculum of symbionts when they swarm
to found new colonies, but their hind guts are not specialized like those of workers to house a
diverse climax community of symbionts in a stable equilibrium. Alates would be a more efficient
vector for Ralstonia than workers as (1) they can spread Ralstonia from disease infested trees to
healthy trees while swarming and forming new colonies, and (2) their gut microbiota has not
reached optimum symbiont community and, thus, might have niches for temporary colonization
by environmental bacteria. Therefore, future studies are necessary to confirm if C. gestroi alates

do carry Ralstonia in their bodies although most workers do not.

Feeding on sick ironwood trees impacted the bacterial composition of C. gestroi workers by
decreasing bacteria richness (number of ASVs) compared to richness of the bacteria community
of termites feeding on healthy trees. In case of N. takasagoensis workers (Chapter 2), the
phylogenetic distances of bacteria communities were greater in workers feeding on sick trees than
those of healthy trees. Previous research on bleeding canker disease (Pseudomonas syringae pv
aesculi) showed the impact of disease on the alpha diversity of the tree microbiome. There was a
decrease in alpha diversity in the symptomatic trees as compared to asymptomatic trees (Koskella

et al. 2017). The authors claimed that a change in alpha diversity parameters due to presence of a
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disease weakens the defense mechanism of a plant against the opportunistic pathogens and
therefore they can enter the plant tissue (Pearce 1995, Koskella et al. 2017). Since presence of tree
disease seems to impact microbiome of both tree (Koskella et al. 2017) and the insect feeding on
that tree (our study), it is possible that there is a correlation between tree microbiome and the insect

microbiome that needs to be further investigated.

The level of site management where the ironwood tree is located impacts the severity of the IWTD
(Schlub 2010). A tree growing on a site with high level of human management is more likely to
have IWTD than a tree on a site with lower level of management (Schlub 2010). In this study, it
was observed that the management of the site also impacted the bacterial communities of termites
feeding on the trees present at that site. A high level of site management led to decrease in
phylogenetic diversity of the bacteria present in termites feeding on those trees. Similarly, the
bacterial community of workers of N. takasagoensis showed less evenness and Shannon diversity
with increased site management (Chapter 2). A site managed by removing unwanted plants, would
reduce the overall plant diversity of the ecosystem. A reduced plant diversity can reduce the
microbial diversity of the soil and subsequently the microbial diversity of the tree (Lavelle et al.
1995, Wardle et al. 2004). A decrease in microbiota in the soil that subterranean termites like C.
gestroi workers tunnel through and of the wood they feed on could impact the microbiota of
termites. However, more studies on the association of site management with soil-, tree- and termite

microbiomes are needed to understand their combined contribution to IWTD.

In conclusion, this study shows that C. gestroi workers are unlikely to be a vector of pathogens

associated with IWTD in Guam because the termites’ pathogen load is low; however, the wounds

140



caused by the termite infestation could still be a cause for entry of plant pathogens and lead to
acceleration of the decline (Agrios 2008). Moreover, termites are well-known as the predominant
decomposers of organic matter (Sugimoto et al. 2000). Therefore, there is also the possibility that
termites were statistically associated with IWTD not because they are actively causing tree decline
but as an opportunistic feeder on weakened trees under decline or dead trees. Thus, further research
is required to determine whether other biotic or abiotic factors might be responsible for onset,

acceleration, and the spread of IWTD.
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Chapter 4. Taxonomic Profiling of Bacterial Communities of Microcerotermes
crassus Workers Associated with Ironwood Trees (Casuarina equisetifolia) in
Guam

4.1. Introduction

Guam is the southernmost Mariana Island and contains a rich diversity of flora and fauna.
Ironwood trees are an integral part of the island’s flora. Ironwood trees have an ability to fix
atmospheric nitrogen and have an innate resistance to various pests and diseases (Diouf et al. 2008,
Touati et al. 2016, Conglu et al. 2010). High salt tolerance makes ironwood one of the few trees
that can survive along the coastlines. Since ironwood trees act as windbreak and prevent soil
erosion, they play an important role in protecting the island from typhoons (Chonglu et al. 2010,

Schlub 2013).

The ironwood trees in Guam are dying in large numbers due to a sudden decline known as
ironwood tree decline (IWTD). This decline was first reported in 2002 (Mersha et al. 2009, Schlub
2011). Due to IWTD, thousands of trees were dead in a short span of time (Mersha et al. 2009,
Schlub 2011). The trees under decline show symptoms such as thinning of foliage and dieback of
tree branches from tip to downwards (Mersha et al. 2009, Schlub 2011). The crossection of the
tree under decline shows areas of wet wood and ooze. Plant pathogenic bacteria such as Ralstonia
solanacearum and Klebsiella species (K. oxytoca and K. variicola) were identified when the ooze
from infested trees was analyzed (Ayin et al. 2013, 2015). Association of IWTD was studied with
different biotic and abiotic factors such as presence of conks, presence of termites, tree damage
due to typhoon, tree density, level of human management, longitude and latitude (Schlub et al.

2020). The study showed that the presence of termites was associated significantly (p<0.01) with
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IWTD (Schlub 2010). Symptoms of termite attack including hollowing of trees and tunnels are
often observed on ironwood trees in Guam (Schlub 2013). Termite species attacking ironwood
trees in Guam were identified as Nasutitermes takasagoensis (Nawa), Coptotermes gestroi
(Wasmann), Microcerotermes crassus Snyder (Blattodea: Termitidae) and Microcerotermes
species (Blattodea: Termitidae) through DNA barcoding techniques and morphological characters
(Park et al. 2019). The Nasutitermes takasagoensis and Coptotermes gestroi termites are more
frequent on ironwood trees as compared to the Microcerotermes crassus termites (Park et al.
2019). The association of Nasutitermes takasagoensis and Coptotermes gestroi termites with
IWTD was studied in Chapter 2 and Chapter 3 and it was shown that neither of these species can
be considered a vector for IWTD pathogens. To complete the assessment of potential association
of termites with IWTD, it is important to study the vector potential of Microcerotermes crassus

termites.

The genus Microcerotermes is the largest among the subfamily Termitinae (Scheffrahn & Huchet
2010) and is known to be cosmotropical. It is found commonly distributed among Southeastern
regions of Asia (Wong and Lee 2010, Tho 1992). There are around 148 species within this genus.
Most of the species within this genus build arboreal nests with carton material. However, some
species also build mounds or even underground nests (Takematsu et al. 2003). Most of the species
from this genus feed on dead wood but some species can damage the living trees as well (Park et

al. 2019).

The species M. crassus is a wood-feeding higher termite of the family Termitidae. The gut of the

Termitidae is highly compartmentalized and has a high pH (Brune 2014). Wood-feeding
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Termitidae depend upon the bacteria present inside the gut for the digestion of wood to
complement the termites’ limited cellulolytic capability (Brune 2014). The bacterial community
present within these termites plays important roles performing nitrogen fixation, reductive
acetogenesis, chitin and lignin digestion, among others (Arora et al. 2022, Brune 2014). A wide
diversity of bacterial species present in these termites can include both obligate symbionts, which
are essential for the survival of termite and cannot live outside the termite guts, as well as bacteria
from the environment that the termites may have ingested while feeding and were able to survive
in the termite gut environment (Hongoh et al. 2010, Brune 2014, Mikaelyan et al. 2017,

Husseneder et al. 2009, Rahman et al. 2015, Tai et al. 2015).

Since termites are the “hotspots™ for bacteria diversity and the colonies of M. crassus have been
found attacking ironwood trees in Guam (Park et al. 2019), the goal of this study was to test
whether M. crassus workers harbor IWTD pathogens and might, thus, act as vectors for IWTD.
For this purpose, we used 16S rRNA gene amplicon sequencing for taxonomic analysis of bacterial

communities of M. crassus workers attacking ironwood trees.

4.2. Materials and methods
4.2.1. Termite collection and DNA sequencing

Six M. crassus termite samples containing workers and soldiers were collected from ironwood
trees at different locations in Guam by the team of University of Guam in 2021 (Figure 1). The
collected M. crassus termite samples were shipped to LSU AgCenter in 95% ethanol. The DNeasy
Blood & Tissue kit (Qiagen, Germantown, MA) was used to extract DNA from pools of five

workers per sample following manufacturer’s instructions. The homogenization of termite samples

144



was performed using a sterile pestle (Thermo Fisher Scientific, Wilmington, DE) in lysis buffer
(Buffer AL, DNeasy Blood & Tissue kit). The concentration of extracted DNA was quantified
with the Invitrogen Qubit 4 Fluorometer (Thermo Fisher Scientific, Wilmington, DE) and the
Qubit dsDNA BR Assay Kit (Invitrogen™, Life Technologies™). DNA sequencing was
performed at University of New Hampshire Hubbard Center for Genome studies. The 515F and
926R primers from the V4 region of the 16S rRNA gene of the bacterial DNA were used for DNA
amplification (Parada et al. 2016). Sequencing was performed on the Illumina NovaSeq (2x250bp)
platform using Illumina Nextera Dilute library protocol (Illumina, San Diego, CA). All the
sequences used in this study were uploaded to NCBI GenBank under BioProject ID

PRINA883256.
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Figure 1. Map of ironwood tree sites on Guam where 6 samples of M. crassus termites were
collected.
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4.2.2. Bioinformatics and statistical analysis

The Quantitative Insights into Microbial Ecology (QIIME2) pipeline was used to perform
bioinformatic analysis of demultiplexed sequence reads received from University of New
Hampshire Hubbard Center for Genome studies in FASTQ format (Caporaso et al. 2010, Estaki et
al. 2020). The Phred quality score of the demultiplexed reads was analyzed using DADA2
(Callahan et al. 2016). The Phred quality scores of all the sequence reads were above 30, therefore
no trimming was required. The primers and chimera sequences were removed, and 251 nucleotide
long sequence reads were obtained. Forward and reverse reads were not overlapping due to the
short length of reads. Because of this, only forward reads were used for downstream analysis.
Sequence depth based-, sample based- and coverage based- rarefaction curves were plotted to
evaluate if sufficient bacterial diversity has been captured. QIIME2 was used to plot alpha
rarefaction curves for Amplicon Sequence Variant (ASV) richness, Faith’s Phylogenetic Distance
(Faith’s PD) and Shannon diversity of each sample against sequencing depth after subsampling
the sequence reads to the number of sequences in the sample with the lowest sequencing depth of
4,118. The unique nucleotide sequences are called as ASVs Number of ASVs present within a
sample is measured through ASV richness index. Faith’s PD index measure the phylogenetic
distance between the ASVs and Shannon diversity measures ASVs richness based on the evenness.
Sample size- and coverage-based curves were plotted using R package iNEXT (iNterpolation/
EXTrapolation) as described in chapter 2 (2.2.4, Hsieh et al. 2016). The reference database SILVA
132 was used for taxonomic assignment of ASVs (Quast et al. 2013). Sequence reads were
taxonomically classified using consensus method in BLAST at 97% pairwise identity cutoff. The

sequences were aligned using MAFFT method and the alignments were masked to remove the
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variable positions (Lane 1991). Finally, the reads that remained unassigned were filtered out and
taxa bar plots representing relative abundances of assigned taxa were made. The taxonomic
identity of the top 20 ASVs according to their number of reads across all samples was also
confirmed using references in NCBI GenBank database by performing BLAST (Benson et al.

2016).

4.3. Results
4.3.1. Number of sequence reads and ASVs

The number of raw sequence reads was 652,571 across the six M. crassus samples collected from
ironwood trees in Guam. A total of 2,165 ASVs in 378,976 sequence reads were observed after
quality filtering using DADA2 with a range of 4,118 to 236,400 sequence reads per sample. A
total of 831 ASVs remained with a total of 231,967 sequence reads after removal of ASVs with

no taxonomical assignment at 97% identity to references in the SILVA database.

4.3.2. Sequence depth-, sample- and coverage-based rarefaction

The sequence-depth based rarefaction curve for ASV richness and Faith’s PD (Figure 2a) started
to level out at a sequencing depth of 1,500. For Shannon diversity, the curves for all the samples
levelled out at sequencing depth of 500. This indicates that sequencing depth of the samples used
in this study was enough for capturing most of the bacteria strains and their diversity within each

sample.

The sample-based rarefaction curves (Figure 2b) for Shannon diversity and Simpson inverse
started to level out at the effective diversity of around 150 and 120, respectively and the

extrapolation of the curves to twice the sample size did not increase the effective diversity
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considerably. However, the sample-based rarefaction curve did not level out at the observed ASV
richness of 194. This indicates that the number of samples used in this study were sufficient to
capture most of the diversity based on richness and evenness (Shannon diversity) and the diversity
of the dominant bacterial species (Simpson inverse) but doubling the number of samples would
have increased the ASV richness from 194 to around 250. However, this increase in ASV numbers
would be based on rare ASVs as the extrapolation did not show much increase in Shannon diversity

and Simpson inverse indices.

The coverage-based rarefaction curves (Figure 2c) showed that the six M. crassus samples
collected in the study were able to achieve almost 80% coverage. The extrapolation of the curves
by doubling the sample size increased the coverage to 95% while increasing the ASV richness
from 194 to more than 250 without considerably impacting the Shannon diversity and Simpson

Inverse.
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Figure 2. a) Sequence-based rarefaction curves of bacteria diversity showing the number of ASVs,
Faith’s phylogenetic distance and Shannon diversity indices in six M. crassus worker samples
plotted against sequencing depth. b) Sample-based rarefaction curves with effective bacterial
diversity for different metrics plotted against the number of samples. c) Coverage-based
rarefaction curves with effective diversity plotted against estimated sample coverage. Solid lines
indicate intrapolation up to the actual sample size; dashed lines represent extrapolation to twice
the sample size. Rarefaction was performed over the total bacteria diversity (with and without
taxonomical assignment).
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4.3.3. Taxa composition

Twenty different phyla were observed in M. crassus workers collected from ironwood trees in
Guam. Spirochaetes, Firmicutes, Proteobacteria, Fibrobacteres, Acidobacteria, Cloacimonetes,
Epsilonbacteraeota, Synergistetes, Margulisbacteria, Planctomycetes and Bacteroidetes were
present in all six samples and are, thus, likely core phyla. Actinobacteria was present in five
samples and other phyla such as Cyanobacteria, Chloroflexi, Patescibacteria, Elusimicrobia,
Tenericutes, Fusobacteria, Rokubacteria and Verrucomicrobia were present in less than three

samples.

Spirochaetes was the most dominant phylum with a relative abundance of 53.78% and 13 ASVs
across all samples. Twelve Spirochaete ASVs belonged to order Spirochaetales and family
Spirochaetaceae and one was assigned to the order Leptospirales and family Leptospiraceae. Only
two Spirochete genera were identified, i.e., Spirochaeta and Treponema, both from the family
Spirochaetaceae. The second most dominant phylum observed in M. crassus samples was
Fibrobacteres with two classes (Fibrobacteria and Chitinivibrionia) and four different ASVs at a
combined relative abundance of 28.31%. Only one genus named Fibrobacter was identified within
order Fibrobacterales, family Fibrobacteraceae and class Fibrobacteria, and all other genera

remained unidentified.

While Spirochaetes and Fibrobacteres were the most dominant phyla, Firmicutes, Proteobacteria
and Bacteroidetes were the most diverse phyla observed within the M. crassus workers. The
phylum Firmicutes had the largest number of ASVs (57) with a relative abundance of 4.66%. The

phylum Proteobacteria had 43 ASVs with a relative abundance of 4.21% and the phylum
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Bacteroidetes had 30 ASVs at a relative abundance of 3.48%.

The top 20 ASVs with the highest number of reads across the samples of M. crassus workers
belong to bacteria from the phyla Spirochaetes, Fibrobacteres, Proteobacteria, Planctomycetes,
Firmicutes, Cloacimonetes, Bacteroidetes, Synergistetes, and Acidobacteria (Table 2). An
uncultured Treponema sp. from the phylum Spirochaetes was the most dominant bacteria species,
followed by uncultured Chitinivibrionia bacterium from the phylum Fibrobacteres as the second
most abundant. However, the pathogenic bacteria causing IWTD, i.e., Ralstonia spp. and

Klebsiella spp. were absent in the M. crassus samples collected from ironwood trees in Guam.
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Figure 3. Taxa bar plots showing the relative abundance of bacterial phyla associated with six
samples of M. crassus workers collected from ironwood trees in Guam. Legend depicts name of
the phylum with its relative abundance (in %) and number of samples in which that phylum was
found.
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Table 2. The 20 ASVs with highest number of reads across the M. crassus samples classified according to the SILVA 132 and GenBank

database.

Percent Accession Number |Average

identity to top |[number in Number of |of Reads per |Standard
Phylum Order Lowest SILVA assignment Scientific name match GenBank Reads Samples [sample |deviation
Spirochaetes Spirochaetales uncultured Treponema sp. uncultured Treponema sp. 99.13% AB191906.1 |98.787 6 16,465 (23,843
Fibrobacteres |Fibrobacterales |uncultured Chitinivibrionia bacterium |uncultured Chitinivibrionia bacterium [98.27% AB255975.1 |63.,462 6 10,577 16,764
Spirochaetes Spirochaetales uncultured Treponema sp. uncultured Treponema sp. 98.70% AB191972.1 |24.063 6 4,011 5.111
Proteobacteria |Rs-K70 termite grquncultured delta proteobacterium uncultured delta proteobacterium 100.00% AB255924.1 |7,250 6 1,208 1,538
Planctomycetes |Pirellulales uncultured planctomycete uncultured planctomycete 99.13% KM651184.1 (4,707 6 785 1,129
Firmicutes Clostridiales uncultured Eubacteriaceae bacterium |uncultured bacterium 99.13% AB277904.1 (4,334 6 722 907
Firmicutes Clostridiales uncultured Clostridiaceae bacterium  |uncultured Clostridiaceae bacterium 100.00% AB192029.1 (2,324 5 387 840
Cloacimonetes |Cloacimonadales |[uncultured bacterium uncultured bacterium 97.40% AB191981.1 (2,097 6 350 525
Bacteroidetes [SJA-28 uncultured Chlorobi bacterium uncultured Chlorobi bacterium 98.70% AB192128.1 (1,903 6 317 330
Fibrobacteres |Fibrobacterales |uncultured Fibrobacteres bacterium uncultured Fibrobacteres bacterium 99.57% AB192087.1 (1,703 6 284 336
Bacteroidetes  |Bacteroidales uncultured Bacteroidales bacterium uncultured Bacteroidales bacterium 98.27% AB191992.1 |1,528 5 255 261
Bacteroidetes |Bacteroidales uncultured Bacteroidales bacterium uncultured Bacteroidales bacterium 98.27% AB191995.1 (1430 6 238 309
Firmicutes Clostridiales uncultured Clostridiaceae bacterium  |uncultured Clostridiaceae bacterium  |99.13% AB192023.1 |1.418 6 236 263
Synergistetes  |Synergistales uncultured bacterium uncultured bacterium 98.70% KM023943.1 |971 5 162 186
Synergistetes  |Synergistales uncultured bacterium uncultured bacterium 99.13% AB243291.1 |969 6 162 202
Acidobacteria |Holophagales uncultured Acidobacteria bacterium uncultured Acidobacteria bacterium 98.27% AB192122.1 |957 5 160 183
Acidobacteria |uncultured Acidobjuncultured Acidobacteria bacterium uncultured Acidobacteria bacterium 97.40% AB192123.1 |848 6 141 184
Bacteroidetes |Bacteroidales uncultured Bacteroidetes bacterium uncultured Bacteroidetes bacterium 99.57% AB192003.1 (763 5 127 157
Proteobacteria |Rhodospirillales |uncultured alpha proteobacterium uncultured Alphaproteobacteria bacteriy 100.00% AB192062.1 (743 5 124 163
Bacteroidetes |Bacteroidales uncultured Bacteroidales bacterium uncultured Bacteroidetes bacterium 98.27% KM650310.1 |723 5 121 147
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4.4. Discussion

The termite Microcerotermes crassus, is one of the four termite species attacking ironwood trees,
that are significantly associated with IWTD on the island of Guam (Park et al. 2019, Schlub 2010).
Since termites harbor large numbers of symbiotic and environmental bacteria in their guts and on
their body surface, we hypothesized that termites could be vectors for IWTD pathogens. Previous
studies of the bacterial taxonomy and diversity of N. takasagoensis and C. gestroi (Chapter 2 and
3) rejected this hypothesis for both species. To complete the assessment concerning association of
termites with IWTD we analyzed the bacteria composition of M. crassus workers collected from
Guam’s ironwood trees to test if they harbor plant pathogens associated with IWTD. However,
similar to the results of N. takasagoensis and C. gestroi workers, the taxonomic profiling of
bacterial communities in M. crassus workers did not show any pathogens associated with IWTD
as well. This indicates that none of the termite (N. takasagoensis, C. gestroi and M. crassus)

workers are a vector of plant pathogens associated with the IWTD.

The alpha rarefaction plots indicated that increase in number of samples would have increased the
number of bacterial species (ASV richness). However, increase in richness would have been
caused by rare ASVs as Shannon diversity and Simpson inverse indices did not increase when the
number of samples was virtually doubled by extrapolation. This indicates that even if the plant
pathogenic bacteria would have been present among those rare ASVs acquired after increasing the
sample size, the amount of the pathogens would not be sufficient for the termites to be considered
as vectors. None of the 652,571 total reads obtained after sequencing was identified as R.

solanacearum, or as Klebsiella spp. underscoring the low (< 1/652,571) probability of presence of
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IWTD pathogens in M. crassus workers.

The failure of detection of IWTD pathogens was not due to primer bias or lack of reference
sequences since (1) the ability of the primers used in this study to identify DNA sequences of R.
solanacearum was ascertained by performing BLAST searches against NCBI GenBank database,
(2) reference sequences for Ralstonia and Klebsiella species were present in the SILVA 132
database (Chapter 2, Chapter 3), (3) both Ralstonia and Klebsiella species were detected in C.
gestroi samples collected from sick and healthy ironwood trees (Chapter 3, 3.3.3), (4) Ralstonia
was detected in the N. takasagoensis samples from force feeding test using the same primers
(Chapter 2, 2.3.9.4) and (5) the primers successfully confirmed R. solanacearum bacterial isolate

(19-147) from the declining ironwood trees (Paudel 2020) (Chapter 2, 2.2.4.3).

The absence of pathogens associated with IWTD in termites might be because termites do not
prefer to feed on wood infested with pathogens as shown in the case of N. takasagoensis, which
are also members of the Termitidae as M. crassus (Chapter 2). Although the concentration of R.
solanacearum in ironwood trees is not known, the results from a pilot study in Coptotermes
formosanus (Chapter 3) indicate that if the concentration of R. solanacearum is high (10 dilution

was used in pilot study) in ironwood trees, the termites might tend to avoid that wood.

For the environmental bacteria to survive in body of termites, they must adapt to the conditions in
termite gut such as pH, O, and H» gradient. As aerobic bacteria species R. solanacearum bacteria
should be able to survive in the microoxic zones of termite guts (Brune 2014). However, R.
solanacearum bacteria flourishes well in an environment with low pH (pH 4.5-5.5) (Lietal. 2017).

The alkaline milieu of midgut and hindgut region of higher termites (e.g., pH ~ 6-10 in
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Microcerotermes parvus workers, Brune et al. 1995) is outside of the pH optimum of R.

solanacearum and might, thus, not be favorable for survival of R. solanacearum.

The individual and social immunity of termites against the invasion of foreign bacteria can also be
the reason behind the absence of pathogens in the termite bodies (Cremer et al. 2007, Cremer et
al. 2018). Termites are capable of secreting antimicrobial compounds (Rosengaus et al. 2011,
Bulmer et al. 2019). The antimicrobial compounds are also present in the nest of termites resulting
in an additional protection from invasion of pathogens (Witasari et al. 2022). The microbial
community present in termite guts and nests aids the termite’s immunity by preventing foreign
bacteria from colonizing the termite gut (Rosengaus et al. 1999, Traniello et al. 2002, Cremer et
al. 2007, Bulmer et al. 2009, Cremer et al. 2018, Veivers et al. 1982, Dillon and Dillon 2004, Sen
et al. 2015, Peterson and Scharf 2016, Oberpaul et al. 2020). Moreover, termites exhibit hygienic
behavior including allo-grooming, avoidance, cannibalism, and burial of nest-mates that are
exposed to pathogens (Kramm et al. 1982, Rosengaus et al. 1998, Liu et al. 2015, Yanagawa and
Shimizu 2007). Similar resilience to change in gut microbiota was observed in N. takasagoensis
workers as R. solanacearum bacteria were not able to establish themselves in healthy N.
takasagoensis workers despite force-feeding in high concentration (Chapter 2, 2.3.9). Ralstonia
was only detected after artificial feeding conditions induced dysbiosis, i.e., disrupted the balance
in the termite guts, and, thus, weakened the gut health of the termites and the microbial defenses

(Chapter 2, 2.3.9).

Despite the absence of R. solanacearum, all the core bacterial phyla that have been observed in

previous studies of the Microcerotermes genus and other higher termites were found in M. crassus
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worker samples collected from ironwood trees in Guam. The core bacterial phyla such as
Spirochaetes, Fibrobacteres, Firmicutes, Proteobacteria, Bacteroidetes, and Margulisbacteria have
been observed in previous studies of bacterial taxonomic profiling in the Microcerotermes genus
and other higher termites (Auer et al. 2017, Diouf et al. 2015, Hongoh et al. 2006, Miyata et al.
2007, Kohler et al. 2012, Dietrich et al. 2014, Mikaelyan et al. 2015, Wang et al. 2016, Su et al.
2016). Spirochaetes and Fibrobacteres were the dominant phyla (>5% relative abundance) found
in M. crassus workers by Illumina sequencing of the V4 region of 16S rRNA gene in our study.
Studies that performed Illumina sequencing of the V3-V4 region of 16S rRNA gene
(Microcerotermes parvus (Mikaelyan et al. 2015, Auer et al. 2017), Nasutitermes corniger
(Mikaelyan et al. 2015), Nasutitermes takasagoensis (Mikaelyan et al. 2015), Nasutitermes
ephratae (Auer et al. 2017)) and a clone-based study (Nasutitermes takasagoensis and
Microcerotermes species workers (Hongoh et al. 2006)) also showed the dominance of
Spirochaetes and Fibrobacteres similar to our study. However, studies that performed
Pyrosequencing (Mironasutitermes shangchengensis (Wang et al. 2016), Mironasutitermes
shangchengensis (Su et al. 2016), Nasutitermes spp. (Kohler et al. 2012), Nasutitermes arborum
(Diouf et al. 2015) and another clone-based study (Nasutitermes takasagoensis (Miyata et al.
2007)) found Spirochaetes, Firmicutes and Bacteroidetes in higher abundance than Fibrobacteres.
The difference in sequencing method seems to influence the relative abundance of bacterial phyla.
The difference in abundance of phyla obtained in this study as compared to other studies in
Termitidae might also be because of different termite species or populations from different
geographical regions, different primers, or different analysis methods were used in these studies

as compared to our study.
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In summary, the lack of plant pathogens among the bacterial inventory of M. crassus workers, as
well as N. takasagoensis and C. gestroi workers (Chapter 2 and Chapter 3) showed that none of
the termite species attacking ironwood trees serve as vectors for IWTD pathogens. However, there
is still a possibility that mechanical tree damage caused by termite infestation could weaken the
tree and act as entry point for pathogens present in the surrounding soil. As of to date, the modes

and patterns of the rapid spread of IWTD and whether there are vectors involved, remain unknown.
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Chapter 5. Conclusion and future directions

This thesis showed that none of the termite species (N. takasagonesis, C. gestroi and M. crassus)
that attack ironwood trees in Guam were vectors for IWTD pathogens. The IWTD associated
pathogens were either absent or were scarcely detected in the termite worker samples collected
from sick and healthy ironwood trees in Guam. Only Klebsiella sp. was detected in the worker
samples of N. takasagonesis. Putative pathogens from genera Ralstonia, Klebsiella, Enterobacter,
Pantoea, and Citrobacter were detected in low amounts (0.02% relative abundance) in the worker
samples of C. gestroi. No pathogenic bacteria species associated with IWTD were detected in the

worker samples of M. crassus.

The feeding experiments presented possible explanations for the failure to detect IWTD pathogens
in termites. Nasutitermes takasagonesis workers prefer to feed on wood with low pathogenic load
over wood with high pathogenic load. The feeding experiments in N. fakasagonesis workers
showed that termite workers can ingest R. solanacearum bacteria, however, the bacteria were not
able to establish themselves in the body of healthy workers; validating the results of previous
studies that termites and their native microbiota defend against the colonialization by foreign
bacteria. Although workers of C. gestroi did not show any preference at the concentration range
tested for Ralstonia (10, 10 and 107 dilutions), the results from a pilot study performed using
C. formosanus workers showed that consumption was reduced when termites were fed with a high
Ralstonia concentration (107 dilution). This suggests that C. gestroi workers might show similar

avoidance as N. takasagonesis workers but at a higher concentration of Ralstonia.

Bacterial communities of N. takasagonesis workers were found to be impacted by Presence of
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Ralstonia, Tree Health, Plot Average DS, Plot Average Decline, Proportion of Dead Trees in the
Plot, Proportion of Trees with Termites in the Plot, Altitude, Parent Material and Site Management
while those of C. gestroi workers were impacted by Tree Health and Site Management. The
number of M. crassus samples was too limited to investigate the effects of those factors on the

bacterial community.

Termites are associated with IWTD (Schlub 2010); however, it is still unknown whether termite
infestation is one of the causes of IWTD or it is a consequence. It is possible that other castes of
termites such as alates (winged reproductives) might be responsible for carrying the pathogens, as
Ralstonia has been detected in alate populations of Coptotermes formosanus, a close relative to
Coptotermes gestroi (Chen et al. unpublished). Alternatively, the association between termites and
IWTD might also be indirect. The mechanical tree damage due to feeding of termites might be
serving as a point of entry for the IWTD associated pathogens. To understand the indirect
association of termites with IWTD, the pattern of termite infestation at the different stages of
IWTD severity needs to be studied. This would elucidate if association of termites are causal to

IWTD, or these termites simply serve as opportunistic feeders.

There is a need to study the microbiome of the healthy and diseased ironwood trees and analyze
the relationship of tree microbiome in relationship with different tree-, plot- and location related
factors. Furthermore, the study of microbiota of the soil surrounding the trees and its association
with tree-, plot- and location related factors could also be helpful to determine the reason behind
IWTD. It is also essential to determine which of the putative plant pathogens isolated from ooze

cause IWTD. For this purpose, the pathogenicity of all the bacteria isolated from the ooze of
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ironwood trees in decline should be examined. Determining the factors behind the cause and
transmission of IWTD would help in developing an integrated disease management plan to prevent
the spread of this decline to healthy ironwood trees within the island of Guam and the neighboring

1slands.
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