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ABSTRACT

The termite hindgut contains a microbial community that symbiotically aids in digestion of
lignocellulosic materials. For better understanding of the dynamics of the bacteria-termite
relationship, a species survey of bacterial hindgut microbes in subterranean termites
(Reticulitermes flavipes: Kollar) collected from Louisville, Mississippi was performed after
exposure to chitosan-treated and control (water-treated) wood samples. Total genomic DNA was
isolated from termite hindguts, amplified and 16S ribosomal RNA (rRNA) gene fragments were
analyzed using next-generation sequencing techniques. Twenty-six bacteria phyla were identified
in both treatment groups, with five bacteria phyla showing significantly differences in abundance
between the chitosan-treated and control groups. These results suggest that there was a treatment
driven effect on the hindgut bacteria diversity.

Keywords: metagenomics, Reticulitermes flavipes (Isoptera: Rhinotermitidae), hindgut, bacteria,
chitosan, wood

1. INTRODUCTION

Termites are social cockroaches that primarily feed on cellulosic materials in the form of dead or
living wood and plants. Termites harbor a microbial community in their hindgut that includes
bacteria, protists and some archaea (Brune, 2014). A defining characteristic of lower termites is
the presence of bacteria and protists, while higher termites have some bacteria species, but no
protists (Breznak and Brune 1994, Hongoh 2010). The termite hindgut microbial community has
been shown to be essential for termites’ survival, i.e. responsible for breakdown of food ingested
by the termites, although one study has suggested that the presence of endogenous enzymes in
the termite midguts may signify the termite’s partial responsibility in digestion (Ke et al. 2012).
The termite-protist collaboration with regards to digestion has been extensively researched, while
the purpose of bacteria has been largely ignored (Brune and Dietrich 2015). Diversity and
frequency of the hindgut bacterial community of termites have been shown to vary by species
(Brune 2014, Raji et al. 2015) and diet (Huang et al. 2013).

Most of the bacteria species in the termite hindgut remain unidentified and uncultivable, but a
significant amount of research has been done to identify the major phyla represented in the
termite hindgut. Phylum-level classification of bacterial 16S rRNA genes in the termite hindgut
via high throughput sequencing is the most popular and efficient method for termite
metagenomics. High throughput sequencing has revealed that the phyla diversity within the
hindgut is higher than initially assumed (Kohler ef al. 2012, He et al. 2013). Phylum
Spirochaetes is usually the dominating group within the termite hindgut (Brune 2014), but other
studies have shown phylum Bacteroidetes as dominant in Coptotermes formosanus (Shiraki)
(Noda et al. 2005), and R. flavipes (Raji et al. 2015). An increased presence of phylum
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Elusimicrobia within Reticulitermes spp has also been observed (Noda et al. 2005). Arango et al.
(2014) found that termite bait toxicants (hexaflumuron and diflubenzuron) effect bacterial
communities in the termite gut of R. flavipes, but no effect on Reticulitermes tibialis.

In this study, the termites were fed with chitosan-treated wood. Chitosan is a derivative of the
polysaccharide, chitin, which is a building material of shells of crustaceans, termites’
exoskeleton, and fungal cell walls. Chitosan is commercially produced by deacetylation of chitin
in excess of alkali sodium hydroxide. It is used in agriculture and horticulture as a bio-pesticide
and has shown promise in wood protection studies against fungi (Alfredsen et al. 2004). It was
also shown to inhibit the growth of several plant and human pathogenic fungi (Stossel and Leuba
1984, Li and Yu 2001, Tsai et al. 2002). Chitosan at 0.3—-0.4% (w/v) in nutrient media has also
shown fungistatic activities against tree pathogens, Leptographium procerum (Kendr.), and
Sphaeropsis sapinea (Fr.) (Torr et al. 2005). Chitosan and its derivatives are used for numerous
applications in the field of cosmetics, medicine, food, pharmacy and agriculture (Raafat and Sahl
2009). Chitosan has also been shown to improve the mechanical and physical properties of wood
(Basturk 2012). Antimicrobial activities of chitosan against both gram positive and gram
negative bacteria have also been reported, with contrasting results on which type of bacteria are
more susceptible (Kong ef al. 2010).

The goal of this study is to observe potential effects chitosan has on the diversity and frequency
of the termite bacterial hindgut population.

2. EXPERIMENTAL METHODS AND PROCEDURES

2.1 Termites

The termites used in this study were obtained from one population collected at Sam D. Hamilton
Noxubee National Wildlife Refuge, Louisville, Mississippi. Decayed logs containing termites
were cut into smaller segments and kept in a covered metal bin at room temperature with
sufficient moisture until the termites were utilized, which was within 6 months of collection.
Termite species identification was performed based on the DNA sequence of the mitochondrial
A-T rich region. Genomic DNA was isolated from termite soldier heads using MasterPure
Complete DNA and RNA purification kit (Epicentre, Madison, WI). Amplification from the
genomic DNA template in a polymerase chain reaction (PCR) was performed using reported
forward and reverse primer sequences (Foster ef al. 2004). The amplified product was cloned
into the pGEM T-Easy Vector System (Promega, Madison, WI) and four of the clones were sent
to Eurofins Genomics (Louisville, KY) for sequence determination. The DNA sequences
obtained were aligned using DNASTAR Lasergene v8 software (Madison, WI). The consensus
sequence from the alignment was blast searched against NCBI database and confirmed that the
species identity of the collected population was Reticulitermes flavipes (Kollar).

2.2 Chitosan Solution Preparation, Wood Treatment and Termite Exposure

Low molecular weight chitosan (50-190 kDa) purchased from Sigma-Aldrich Co. (St. Louis,
MO) was suspended in 25% aqueous acetic acid and stirred overnight at room temperature until
completely dissolved. Southern yellow pine (Pinus spp.) sapwood samples of dimensions
25x%25%6 mm (tangential x radial % longitudinal) were dried at 50 °C to constant mass. Five
replicates of oven-dried wood samples, with known mass, were treated with an aqueous chitosan
solution under vacuum (29.8 mmHg) for 3 hours. Similarly, control samples were treated using
distilled water. All treated samples were equilibrated in solutions for approximately 24 hours.
Samples were removed from the solutions, gently wiped, dried at room temperature for several
hours, then at 50 °C until constant mass was reached



The American Wood Protection Association E1 Standard (AWPA, 2014) was followed for
termite exposure to treated-wood samples. Each chitosan-treated, and water-treated wood wafer
was placed separately in an autoclaved Qorpak® round-bottom glass jar with 135 g of play sand,
wetted with 35 ml of distilled water. One gram of cleaned termites (approximately 355 termite
workers and 3 termite soldiers) was added into each jar. After 4 weeks, the jars were
disassembled and surviving termites were cleaned and stored at -80°C until processed for DNA
isolation.

2.3 DNA Isolation and Library Preparation

From each termite jar, a total of 80 termite guts were used. The termites were dissected following
established procedures (Matson et al. 2007). Five termite guts were pooled together and
macerated with a sterile pestle, then briefly centrifuged to separate hindgut tissue from the gut
contents. The supernatant (gut luminal contents) from these 16 extractions was collected and
DNA isolated following the MasterPure Complete DNA and RNA purification kit protocols.
After extraction, the DNA was combined into 4 subsamples per jar. Thus, each group (treatment
and control) contained 5 replicates. Concentration of the subsamples was measured on a
NanoDrop™ spectrophotometer (Table 1) and was separated by size using agarose gel
electrophoresis. The pooled DNA subsamples were diluted to a final concentration of 5 ng/ul,
and the 16S ribosomal RNA gene region was amplified using previously reported primers
(Klindworth et al. 2013), to which KAPA Hi Fi polymerase mix was added. PCR amplification
was performed according to Illumina 16S Metagenomic Sequencing Library Preparation guide
(Illumina, Part #15044223 Rev. B).

After amplification, the PCR products were separated on agarose gel electrophoresis for
confirmation of the expected amplicon size of approximately 500 bp. Library preparation was
performed according to the Illumina guide referenced above. In short, the PCR products were
purified with Agencourt Ampure XP Magnetic Beads (Beckman Coulter). PCR products were
indexed with Nextera XT DNA library prep kit (Illumina) and then purified with the magnetic
beads again. Sequencing was performed at Mississippi State University, Institute for Genomics,
Bioinformatics and Biocomputing.

2.4 Analysis of Sequencing Results

The collected sequence data were analyzed and filtered using Illumina BaseSpace 16S
Metagenomics App (Illumina) Output files data from the BaseSpace App (Excel format), i.e.
abundance (hits) of identified bacterial phyla for each replicate, were analyzed using Statistical
Analysis Software (SAS Institute Cary, NC). In order to test for bacterial phyla differences
among the samples, MANOVA and Tukey tests were performed. The Shapiro—Wilk test showed
normal distribution of the replicate groups’ data.



3. RESULTS AND DISCUSSION

3.1 DNA Quality and PCR Amplification

Concentrations of isolated genomic DNA from termite gut and quality are shown in Table 1.
Genomic DNA initial concentration was within the range of 2.6 - 140 ng/ul. Electrophoresed
PCR products from both treated and control groups are shown in Fig. 1. A consistent and
expected band of about 500 bp was observed in all of the samples.

Table 1. Concentration and quality of isolated genomic DNA subsamples from termites fed on control
(water treated, CN) and chitosan treated (CT) wood samples

Sample Jar Conc Sample Jar Conc

(aluly 260/280 (aafuly 260280
CNI 1 710 194  CTI 1 348 1.87
CN2 1 124 194  CT2 1 376 185
CN3 1 886 200 CT3 1 504 1.92
CN4 1 942 199  CT4 1 446 191
CN5 2 126 195 CT5 2 468  1.82
CN6 2 612 202 CT6 2 389 174
CN7 2 87.0 2.0l cT7 2 443 188
CNg 2 413 211 CcT8 2 545  1.87
CN9 3 939 200 CT9 3 453 2.07
CN10 3 121 199  CTI0 3 381 205
CNIl 3 100 198  CTIl 3 375 1.95
CN12 3 809 193  CTI2 3 125 154
CNI13 4 556 205  CTI3 4 488  2.00
CNl4 4 527 205  CTI4 4 354 2.10
CNI5 4 534 210  CTI5S 4 261 224
CN16 4 49.1 210  CTl6 4 507  2.01
CN17 5 125 203  CT17 5 330 1.9
CNI8 5 128 195  CTI8 5 453 2.00
CNI9 5 140 197 CTI9 5 292 1.90
CN20 5 119 197 CT20 5 296  1.90

500 bp

— e -

LR 1IN

Figure 1. Molecular size estimation of R. flavipes gut PCR-amplified 16S rRNA gene subsamples with
1Kb plus Ladder (L) through gel electrophoresis (samples from termites exposed to: A- control wood
samples, B - chitosan-treated wood)



3.2 Metagenomic Analysis

3.2.1 Overview

Approximately 1.7 million reads were generated from the control group with a range of 40 — 210
thousand (K) reads per sample while 2.1 million reads were generated from the chitosan-exposed
group with a range of 17-284 K reads per sample. The high variation in reads was possibly
caused by unequal concentration of DNA samples used for sequencing. It has been also
postulated that the low complexity of the 16S rRNA gene may significantly reduce the number
and quality of reads generated (Kozich ef al. 2013). All samples within the control group had
approx. 99% of all reads classified to the bacterial kingdom and approx. 93% of all reads were
classified to a bacterial phylum (Fig. 2A). For the chitosan-exposed group, approx. 98% of reads
from all samples were classified to the bacterial kingdom, and 93-96% of all reads were
classified to a bacterial phylum (Fig. 2B). A total of 27 bacterial phyla were identified from all
samples. Spirochaeta, Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and
Endomicrobia are the most abundant bacterial phyla in R. flavipes (Fisher et al., 2007). This is
also evident in this study, though Spirochaeta is not as abundant compared to results from other
studies (Arango et al. 2014, Brune and Friedrich 2000).

There may be between 84 and 1481 putative bacterial and archaeal phyla in the Silva rRNA
database depending upon the detection algorithm used (Yarza et al. 2014), but only 52 bacterial
(including candidate) phyla have been identified so far (Rappé and Giovannoni 2003). Therefore,
some of our data may have not been classifiable due to unavailability of information in the
database on these uncultured bacteria.
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Figure 2. Percentage of subsamples’ reads (post-filter) classified to the bacterial kingdom and a bacterial
phylum (samples from termites exposed to: A- control wood samples, B - chitosan-treated wood)

3.2.2 Observed phyla diversity

The BaseSpace program by Illumina revealed a total of 27 bacteria phyla in all samples.
Firmicutes, Bacteroidetes and Proteobacteria was consistently the most prevalent phyla within
both groups (Fig. 3), and they made up together about 2/3 of the total phyla population. While
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Spirochaetes, Thermotogae and Actinobacteria also appeared in all of sample groups,
Actinobacteria seemed to be more prevalent in the control group. Verrucomicrobia was also
more numerous in the control group, while Synergistetes was more prevalent in termite guts fed
on chitosan treated-wood samples.

Control Chitosan

M Firmicutes M Bacteroidetes M Proteobacteria M Actinobacteria

B Thermotogae M Spirochaetes H Synergistetes M Verrucomicrobia

B Cyanobacteria Euryarchaeota H Tenericutes M Chloroflexi

M Nitrospirae B Thermi 1 Acidobacteria Elusimicrobia

® Planctomycetes ® Thermodesulfobacteria = Deferribacteres Fusobacteria
Chlorobi Chrysiogenetes Chlamydiae Caldithrix
Fibrobacteres Caldiserica Armatimonadetes Crenarchaeota

Figure 3. Bacterial phyla diversity within DNA samples of termites fed on control and chitosan-treated
wood samples. Rings summarize diversity found for each replicate.

3.2.3 Effect of chitosan on phyla diversity

As evident from Fig. 4, several bacterial phyla were either positively or negative affected by
chitosan. Differences between chitosan-treatment and control group are well distinguished in
case of some phyla. This suggests that chitosan treatment played a role in the number of bacteria
in the termite guts. All DNA metagenomic samples were subjected to MANOVA, and Tukey
analysis was performed for differences between sample groups. Four bacterial phyla
(Proteobacteria, Synergistetes, Elusimicrobia, and Planctomycetes) showed significantly higher
abundance (p = 0.05) due to chitosan treatment, while one bacterial phylum,
Thermodesulfobacteria, showed significantly lower abundance. The remaining 21 bacterial phyla
were not significantly (p = 0.05) affected by the chitosan treatment. Interestingly, there were no
characteristics of the bacteria that could be correlated to population number as affected by
chitosan treatment. For example, some bacterial phyla that were prevalent in chitosan treated
group (Proteobacteria, Synergistetes, and Elusimicrobia,) are known to be motile (Bardy e al.
2003, Kersters et al. 2006, Herlemann et al. 2009, Vartoukian et al. 2009), but some prevalent in
the control group are also known to be motile (Iverson ef al. 2012). A mixture of gram-positive,
gram-negative, aerobic and anaerobic phyla existed within both termite groups. This suggests
that chitosan does not specifically target a certain type of bacteria, which is in agreement with a
previous study (Kong et al. 2010).
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Figure 4. Effect of chitosan treatment on bacterial phyla frequency in termite hindgut sample groups (CT
— chitosan-exposed, CN — control); “0” denotes no significant change, “+” denotes increased significant
change and “~” denotes decreased significant change in number of abundance (p = 0.05)

4. CONCLUSIONS

In this study, sequencing of 16S rRNA amplicons from the gut contents of R. flavipes collected
from Louisville, MS generated a total of 3.8 million reads. A potential miscalculation in DNA
sample concentration used for sequencing may have caused the overall low number of total reads
and a high variation between the samples reads. The samples consisted predominately of bacteria
from Firmicutes, Bacteroidetes and Proteobacteria phyla, representing almost 66% of all
sequence data, which is in agreement with other studies. The remaining sequencing data
contained 23 phyla. Five phyla showed significant difference in number between the treatment
groups: one phylum was more abundant in the control group, and four phyla were more abundant
in the chitosan-treated group. This suggests a treatment effect on some of the bacterial phyla,
though further analysis will be needed to assign the effect at the species level.
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