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Abstract In termites, the mechanisms underlying caste differentiation and related physiological processes have remained
elusive. To address this problem, we undertook a genomic research program that uses the common U.S. termite
Reticulitermes flavipes Kollar as a model. These studies have allowed us to uncover a number of genes that are expressed
during caste differentiation. Additionally, this genomic approach has also allowed us to identify genes that are differentially
expressed among castes. To date, we have identified > 50 differentially expressed genes among workers, nymphs,
presoldiers and soldiers that appear to have major impacts on either caste differentiation or caste-specific biology.

In this review, summaries are provided for termite genes that have been identified and sequenced, how these genes
relate to termite biology, and results of functional studies connecting individual genes (and proteins) to specific
biological/developmental processes. Through these studies has come an understanding of termite biology, biochemistry,
physiology and caste differentiation that once was not approachable, even through decades of pre-genomic research.
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INTRODUCTION
Molecular biology is defined as the study of biology at the molecular level. It is an interdisciplinary approach
that integrates biochemistry, physiology and genetics. Molecular biology emphasizes the Central Dogma, which
is the relationship of DNA, RNA and protein: genetic information flows from DNA to RNA to protein, and
thus, by studying DNA we can learn about proteins and basic biology. Genomics is a relatively new field of
molecular biology that is defined as the comprehensive study of whole sets of genes and their interactions,
rather than individual genes. Genomics enables the unambiguous identification of entire sets of genes associated
with a specific biological process, or from entire organisms, as is the case with genome sequencing. With the
advent of molecular biology and genomics has come an unprecedented ability to understand the biology of
pest organisms. While it is basic in nature, the information provided by molecular biology and genomics has
direct application towards the improvement of pest management tools and strategies.

Perhaps the best examples of insect genomics research are the Drosophila melanogaster, Anopheles gambiae
and Apis mellifera genome sequencing projects. However, genome sequencing is an expensive endeavor
reserved for only the most economically, medically and/or scientifically important insect species. Thankfully,
more inexpensive approaches to insect genomics exist, particularly in the integrated use of cDNA libraries,
robotic array printing and high throughput EST sequencing. With these combined approaches, large groups
of genes that are associated with key biological, physiological, toxicological processes can be efficiently isolated
and sequenced from cDNA libraries containing thousands of genes.

Here, we overview our progress in termite genomics research over the past 4-5 years. Our objectives are
to provide examples of (1) our research approach, (2) termite genes that have been identified/sequenced, and
(3) results of functional studies that show the importance of hexamerin genes and proteins to termite caste
differentiation.
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MATERIALS AND METHODS
Termites
Reticulitermes flavipes field colonies were collected in and around the Purdue University campus (West
Lafayette, IN, USA), or in the University of Florida campus (Gainesville, FL, USA). Species identity was
verified by a combination of soldier morphology (Nutting, 1990) and either mitochondrial DNA sequence (Ye
et al., 2004) or restriction enzyme digestion patterns for polymerase chain reaction (PCR)-amplified 16S
mitochondrial-ribosomal RNA (Szalanski et al., 2003). Termites were held in the laboratory for >4 months
before inclusion in studies. Laboratory termite colonies were maintained in darkness within sealed plastic
boxes (30 x 24 x 10 cm), at 26 ± 1ºC and 68 ± 2% RH. Termites were considered workers if they did not
possess any sign of wing buds or distended abdomens, and had pronotal widths > mesonotal widths (Lainé
and Wright, 2003). Other castes and phenotypes were classified according to Thorne (1996), Buchli (1958)
or Lainé and Wright (2003).

Genomic Techniques
A “polyphenic” cDNA library was synthesized as described previously (Wu-Scharf et al., 2003; Scharf et al.,
2003a). Primary array results for workers, soldiers and nymphs were reported previously (Scharf et al., 2003a;
2005a). Presoldier array results are reported here for the first time. Expression levels were initially compared
between array autoradiograms by manual alignment. For secondary verification, dot blots were performed
using plasmid DNA (corresponding to specific array positions) that was affixed to nitrocellulose membranes
(e.g., Scharf et al., 2003a). Array and dot blot-positive clones were sequenced from their 5’ ends (T3 promoter)
using a high throughput EST sequencing procedure. All high throughput sequencing was performed by the
Purdue University Genomics Core Facility. When >1 EST was found with a given identity, sequences were
aligned and contiguous sequences assembled by the CAP3 sequence assembly program. Full-length gene
sequences were obtained by aligning contiguous EST sequences, primer walking, and 5’ Rapid Amplification
of cDNA ends (RACE).

Model JH Assays
Model JH assays were conducted as described previously (Scharf et al., 2003b), with minor modification
(Scharf et al., 2005b). Paired laboratory paper towel sandwiches (3.5 cm diam) were treated with 300 µl reagent-
grade acetone containing 150 µg JH III (75% purity; Sigma, St. Louis, MO, USA). The filter paper served as
both a substrate for JH treatment, as well as a food source. Controls were treated with acetone alone. After
acetone had evaporated, the paper sandwiches were wet with 100 ml distilled water and placed in 5 cm plastic
Petri plates with 30 worker termites (4th – 5th instar) and a cotton-plugged Eppendorf tube (0.5 ml size)
containing ca. 0.3 ml water. Plates were held in complete darkness at room temperature (25-27 ºC), within
sealed plastic containers.

Hemolymph Protein Studies
Hemolymph proteins were isolated from groups of 25-50 termites per caste or treatment by the following
procedure. Under a viewing scope, termites were immobilized and secured dorsal-side-down on a piece of
adhesive tape. Next, either their legs or abdominal cuticle were carefully clipped with micro-dissecting scissors;
termite hemolymph readily bled from the wounds. Approximately 1-3-µl of hemolymph was collected quickly
into a 10-µl capillary tube, then transferred to an Eppendorf tube containing 50-µl phosphate-buffered saline
solution (PBS; pH 7.6). The hemolymph of 25-50 termites per treatment was placed into a single tube of PBS.
Proteins were quantified with a commercially available Bradford assay (Bio-Rad) against a standard curve of
bovine serum albumin. All electrophoresis was conducted on PAGE resolving gels containing 8% acrylamide
and 10% SDS. Stacking gels contained a lesser quantity of acrylamide (4%) and the same amount of SDS. A
dis-continuous Tris-Glycine buffering system was used, and protein sample buffer contained dithiothreitol
(0.15 M) in place of ß-mercaptoethanol. Molecular weight markers were prestained broad-range markers (Bio-
Rad, Hercules, CA, USA). N-terminal protein sequencing was performed using the Edmann Degradation on
proteins transferred to PVDF membrane, by the University of Florida Protein Core Facility.
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Quantification of Gene Expression
Quantitative real-time PCR (qRT-PCR) was performed to precisely quantify hexamerin gene expression. cDNA
templates for quantitative PCR were synthesized from DNase-treated total RNA of whole termites. Total RNA
isolation and DNase treatment were performed with commercially available protocols (Qiagen; Valencia, CA,
USA) (Ambion; Austin, TX, USA). The quantity and quality of RNA were assessed before and after DNase
treatment by spectrophotometry and formaldehyde-agarose electrophoresis (Sambrook et al., 1989). cDNA
was synthesized from 5 ìg total RNA with an oligo-dT15 primer and 50 U Superscript II reverse transcriptase
(Invitrogen; Carlsbad, CA, USA) at 42ºC for 50 min. Quantitative PCR was performed as described previously
(Scharf et al. 2003b; 2005a; 2005b) with â-actin as a control gene (Giulietti et al., 2001). Primer sequences
and annealing temperatures (Tm) for the respective genes were as follows: Hexamerin I (Forward =
GATCCATTCCACAAGCACG; Reverse = ACATTCTCCACCGTCACTCC; Tm = 60.0ºC), Hexamerin II
(Forward = ACGGAAGACGTTGGACTCAG; Reverse = GAGGACCTGCTGGATCTTGT; Tm = 59.0ºC),
and â-actin (Forward = AGAGGGAAATCGTGCGTGAC; Reverse = CAATAGTGATGACCTGGCCGT; Tm
= 60.0ºC). qRT-PCR was performed under the following temperature cycles: 1 cycle of 94ºC (3 min) followed
by 45 cycles of 94ºC (30 sec), Tm (30 sec) and 72ºC (20 sec), a final extension of 72ºC (10 min), then a “melting
curve” for verification of single PCR products.

RNA Interference
RNA interference (RNAi) techniques followed those for the silencing of honey bee vitellogenin, as reported
by Amdam et al. (2003). Short-interfering RNA (siRNA) was synthesized using a commercially available kit
(SilencerTM, Ambion, Austin, TX, USA). siRNA templates corresponded to 500 bp portions from the center
of the hexamerin I and II genes; they were amplified with PCR primers that had T7 RNA polymerase sequences
appended to their 5’ ends. The siRNA-template PCR primers were as follows: hexamerin I (Forward =
TAATACGACTCACTATAGGG-ctggtccacaggattcatca, Reverse = TAATACGACTCACTATAGGG-
CCTTGCTCTTCATGGTGTGA); hexamerin II (Forward = TAATACGACTCACTATAGGG-
ATA C G C C A AT G G A C A G G A A G ,  R e v e r s e  =  TA ATA C G A C T C A C TATA G G G -
GCGCTTGAGGATTTGGTAGT). After synthesis, siRNAs were diluted in nuclease-free water to ca. 15 pg/nl
for injection into individual worker termites. siRNAs (0.5 ng) were injected into the side of the thorax in 32
nl volumes, using a Nanoliter 2000TM injector (World Precision Instruments, Sarasota, FL, USA) fitted with
a custom-pulled borosilicate glass needle. Sham injection treatments received nuclease-free water alone. After
injection, replicated groups of 15 termites were subjected to the model JH assay described above.

Data Analysis
Genbank (http://www.ncbi.nlm.nih.gov/BLAST/) database searches were performed using both blastx and
blastn under default settings, with E-values for significance of identity being 1x10-10 and smaller (Altschul
et al., 1990). Gene ontology and functional assignments were characterized based on significant homology
to database sequences catalogued at either Genbank or Flybase. Quantitative PCR was performed in three
replicates per caste or phenotype; relative expression levels were calculated using REST software (Pfaffl et
al., 2002). Mean separation tests on quantitative PCR data were made by the least significant difference t-test
(P<0.05) after ANOVA. RNAi experiments were conducted in triplicate, with each of the three replicates being
performed on successive days. Average caste differentiation proportions were compared among treatments
using the least significant difference t-test (P<0.05) after ANOVA.

RESULTS AND DISCUSSION
Gene Discovery
To facilitate rapid and cost-effective discovery of major-impact genes, we used cDNA macro-arrays printed
from a polyphenic cDNA library representing all castes and phenotypes except primary reproductives (Wu-
Scharf et al., 2003). These arrays facilitated the comparison of gene expression between castes and developmental
stages via the separate probing of arrays with labeled mRNAs from various castes and stages. Using this
approach, vast differences occurred in the sequence composition of array-positive (up-regulated) clones between
workers and soldiers (Scharf et al., 2003a), nymphs (Scharf et al., 2005a) and presoldiers (X.G.Z. unpublished)
(Figure 1). To date, > 50 genes have been identified that represent solid candidates for further functional
characterization studies. Four of these genes encode hemolymph proteins with potential roles as juvenile
hormone (JH) binding proteins in insects (vitellogenins and hexamerins). Two of the genes encode the
hemolymph hexamerin proteins that were our first targets for functional characterization studies (see below).




