
ABSTRACT 

DALTON, HOPE ANNE. Comparative study of the breeding systems of Reticulitermes 
flavipes and Reticulitermes hageni in a North Carolina Coastal Plain site using microsatellite 
markers and mtDNA sequence data. (Under the direction of Edward L. Vargo.) 
 

The termites (Isoptera) are an important group of eusocial insects whose breeding systems 

have been relatively poorly studied.  In this study, we inferred the breeding systems of two 

sympatric species of Reticulitermes flavipes (Kollar) and R. hageni Banks by investigating 

colony and population genetic structure using microsatellite and mitochondrial DNA 

markers.  Termites were collected in natural wood debris along two transects 1 km apart in a 

forested site in the Coastal Plain of southeastern North Carolina. Collection points within 

transects were at least 15 m apart (mean = 22.4 m) and each collection point was found to be 

a separate colony based on microsatellite genotypes.  Of the total colonies collected, eight 

colonies were identified as R. flavipes, 28 were R. hageni and two colonies were identified as 

R. virginicus.  A total of 720 workers from 36 collection points were genotyped at 5-8 

microsatellite loci and the mtDNA haplotype was determined for two individuals from each 

collection point at the cytochrome oxidase II gene.  Genetic analysis of family structure and 

comparisons of F-statistics (FIT, FIC and FCT) and the coefficient of relatedness (r) were 

compared with computer-simulated values revealing very similar breeding systems between 

the two species.  Analysis using F-statistics compared with computer simulated breeding 

systems (Thorne et al. 1999 and Bulmer et al. 2001) suggested that nearly 90% of the 

colonies of both species were simple families headed by inbred monogamous pairs of 

reproductives while the remaining colonies were extended (inbred) families headed by low 

numbers of reproductives that were descendants of the founding pair, possibly their direct 

offspring.  There was no evidence of genetic differences between transects based on 



microsatellite data for R. flavipes (FST = 0.044, 95% confidence interval (CI) = -0.011 to 

0.104) and evidence for a genetic difference between R. hageni transects (FST = 0.070, 95% 

CI = 0.025 to 0.108).  This suggests a lack of budding and that mating flight dispersal is not 

limited over the study distance.  These results indicate that within the study area R. flavipes 

and R. hageni have very similar breeding systems characterized by monogamous pairs of 

reproductives headed by slightly inbred reproductives and that few of these live long enough 

to produce more than a few neotenics.  Results using mtDNA sequence data show two clades 

for each of the two species, R. flavipes and R. hageni.  When comparing clades using 

microsatellite data, no significant difference between the clades was found for R. hageni, but 

a significant difference was found between clades for R. flavipes.   
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Introduction 

Termites (Isoptera) are a large and important group of eusocial insects. Termites are a 

significant part of many ecological communities where they are major decomposers of 

cellulose materials, and some of these species inflict considerable economic damage by 

attacking wooden structures, agricultural crops and timber trees (Harris 1969, Su 1991). In 

addition, termites occupy an important position for comparative studies of insect sociality 

because they differ from the Hymenoptera, the other major group of eusocial insects, in 

several ways: 1) they evolved eusociality independently of the Hymenoptera to which they 

are far removed phylogenetically; 2) they are diploid rather than haplodiploid; and 3) they 

undergo incomplete rather than complete metamorphosis, giving termites developmental 

options not available to the Hymenoptera. Thus, studies of termite social organization and 

behavior in comparison to those in the Hymenoptera can help shed light on the factors 

influencing the origin and evolution of eusociality. 

Although social organization in termites has been relatively poorly studied compared 

to the Hymenoptera, there is increasing interest among social insect biologists in termite 

social organization, in particular in colony breeding structure as inferred from genetic 

markers (Reilly 1987; Atkinson and Adams 1997; Husseneder et al. 1998, 1999, 2002; 

Thompson and Hebert 1998a, b; Jenkins et al. 1999; Bulmer et al. 2001; Clement et al. 2001; 

Husseneder and Grace 2001; Goodisman and Crozier 2002; Vargo 2003a, b; Vargo et al. 

2003; DeHeer and Vargo 2004). These studies show that the breeding structure of colonies, 

defined after Ross (2001) as the number of reproductives, the degree of relatedness among 

them and the extent to which they share equally in reproduction (reproductive skew), is 

variable within and among termite species. Termite breeding systems can consist of one or 
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more of the following: simple families headed by a monogamous pair of primary (alate-

derived) reproductives, groups of inbred neotenic (non alate-derived) reproductives produced 

within the colony, and multiple unrelated primary reproductives. Subterranean termites 

(Rhinotermitidae) have received the most attention, especially those of the economically 

important genera Reticulitermes (Reilly 1987; Jenkins et al. 1999; Bulmer et al. 2001; 

Clement et al. 2001; Vargo 2003a, b; DeHeer and Vargo 2004) and Coptotermes 

(Husseneder et al. 1998, 1999, 2002; Husseneder & Grace 2001; Vargo et al. 2003). R. 

flavipes, which occurs throughout most of the eastern U.S., shows considerable variation in 

colony breeding structure both within and among populations. In Massachusetts, near the 

northern edge of the range of this species, Bulmer et al. (2001) found a majority (14 of 22 or 

64%) of colonies were inbred, neotenic-headed colonies descended from simple families, 

about one-quarter of the colonies (27%) were simple families presumably headed by 

monogamous pairs of outbred primary reproductives, and a small fraction (9%) of colonies 

consisted of genetically complex groups indicating the presence of two or more unrelated 

reproductives. In a series of studies of R. flavipes (Kollar) in central North Carolina using 

microsatellite markers, Vargo (2003a, b) and DeHeer and Vargo (2004) found about three-

quarters of the 128 colonies studied were simple families headed by outbred pairs of primary 

reproductives, about one-quarter consisted of slightly inbred colonies headed by a small 

number of neotenics, and a single colony was comprised of mixed families formed by the 

fusion of two separate colonies. 

Elucidating the breeding system of subterranean termites will provide critical 

information needed for control technologies aimed at colony-level effects.  Subterranean 

termites are one of the most destructive pests of man-made structures.  In the United States, 
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species in the genus Reticulitermes cost at least $1 billion annually for damage and control 

(Su and Scheffrahn 1998).  In recent years, some termite management techniques have begun 

to target whole colonies, particularly baiting methods such as the Sentricon Colony 

Elimination SystemR (DowAgrosciences, Indianapolis, IN) (Su 1994). In addition, there is 

circumstantial evidence suggesting that non repellent termiticides can affect termites at 

distances of 15 m or more from treated soil and may result in colony elimination (Vargo and 

Parman 2004). The ability of termiticides to be transferred among workers and distributed 

throughout the colony to all the reproductives depends on, among other things, the number of 

reproductives within colonies, whether the reproductives are housed in a single or multiple 

reproductive centers, and the extent to which workers move freely between reproductive 

centers and foraging sites.  Thus, elucidation of the breeding structure and spatial 

organization of colonies is important in considering the colony-level affects of particular 

termiticides. This information along with toxicity data and an understanding of the mode and 

speed of transfer of the active ingredient among colony members will help determine the 

extent to which colony elimination is likely to be achieved for a particular toxicant.  

 This study was conducted to further our understanding of the breeding structure of 

Reticulitermes spp. by extending studies of R. flavipes from the Piedmont of central North 

Carolina, the site of our previous work (Vargo 2003a, b; DeHeer and Vargo 2004), to a 

Coastal Plain site some 177 km to the southeast. In addition, we included other 

Reticulitermes spp. found at this site, primarily R. hageni Banks, to broaden the comparative 

nature of the study. We used microsatellite markers (Vargo 2000) and mtDNA sequence data 

to infer the major features of the breeding systems of these two sympatric species. 
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Methods 

Collection 

We collected samples along two transects 1 km apart in Bladen Lakes State Forest 

located in Bladen County in the Coastal Plain of North Carolina on May 21, 2002. The area 

has sandy soil and is dominated by loblolly pine (Pinus taeda).  Workers and soldiers of 

Reticulitermes spp. were collected from natural wood debris at least 15 m apart along the two 

transects.  Once we collected a sample, we proceeded in a set direction 15 m and searched 

natural wood debris in semi-circles until we again found termites.  In our experience in North 

Carolina, 15 m between colonies is a sufficient distance to minimize the chance of 

resampling the same colony (Vargo 2003 a, b; DeHeer and Vargo 2004).  Distances between 

adjacent points were measured and the angle of deviation was measured if the collection 

point was off the transect line to facilitate determination of distances between all pairs of 

collection points.  In total, 41 collection points were sampled along the two transects, 21 

points for Transect 1 and 20 points for Transect 2. 

For each collection point, at least 50 workers were kept alive for cuticular 

hydrocarbon analysis and another 50-100 workers and 1-5 soldiers were placed in 95% 

ethanol for DNA extraction and species identification.  Individuals were identified using 

soldier morphology (Scheffrahn & Su 1994), cuticular hydrocarbon phenotypes, and DNA 

sequence data.  Cuticular hydrocarbon phenotypes were determined by M. I. Haverty (US 

Forest Service, Albany, CA) using established methods (Haverty et al. 1996).  DNA 

sequences were compared with existing GenBank sequences for the three termite species 

found in the southeastern United States.  Voucher specimens have been placed in the North 

Carolina State University Insect Collection.   

Genetic Analysis  
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Microsatellite and mtDNA Genotyping 

DNA was extracted from whole bodies of 20 workers individually from each 

collection point using the DNeasy Tissue kit (QIAGEN, Valencia, CA). Microsatellite 

genotypes were determined by amplifying DNA using specific primers and a separate 

fluorescent labeled primer according to the protocol of Vargo (2000). Amplification of 

primer pairs was done in the following multiplex combinations: Rf 24-2 and Rf 11-1; Rf 5-10 

and Rf 1-3; Rf 6-1, Rf 15-2, and Rf 11-2; and Rf 21-1 was run by itself. All of the loci 

consisted of trinucleotide repeats and are described in detail by Vargo (2000).  The amplified 

labeled products together with a 50-350 bp labeled ladder (Li-Cor, Inc., Lincoln, NE) were 

run on a 6.5% polyacrylamide denaturing gel (KBPlus, Li-cor, Inc., Lincoln, NE) using a 

LiCor 4000 or 4300 automated DNA Sequencer.  Gene ImagIR 3.56 (Scanalytics, Inc., 

Fairfax, VA) was used to score genotypes. 

A segment of the cytochrome oxidase II region of mtDNA was sequenced using the 

primers A-t Leu and B-t Lys (Liu and Beckenbach 1992).  Amplification of the COII region 

was performed on two individuals per collection point. Reaction volumes were 50.0 µl, 

containing 0.4 ng of genomic DNA, 1 X PCR reaction buffer, 2 mM MgCl2, 0.25 mM 

dNTPs, 0.06 U of Biolase Taq polymerase (Bioline, Canton, MA), and 1 pmol each primer. 

PCR was perfomed on a PTC-100 thermal cycler (MJ Research Inc., Littletown, MA) using 

the following program: initial denaturation step at 94°C (2 min) followed by 34 cycles of 

94°C (1 min), 50°C (1 min) and 70°C (2 min) with a final extension step at 70°C  (5 min). 

Amplified products were PCR purified using QIAquick PCR Purification kit 

(QIAGEN, Valencia, CA). Both forward and reverse reactions were performed using 1 X 

ABI reaction mixture (ABI Prism DRhodamine Terminator Cycle Sequencing Ready 
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Reaction Kit, Applied Biosystems, Inc., Foster City, CA) and 0.3 pmol of either primer A-t 

Leu or B-t Lys.  The amplicons were then purified using CENTRI-CEP columns (Princeton 

Separations, Inc., Adelphia, NJ).  The purified products were then dried using a speed-vac 

and run on an ABI377 Automated Sequencer. The sequences were edited and aligned using 

Vector NTI (InforMax, Inc., Frederick, MD).   

Genetic Data Analysis 

Tests for Hardy-Weinberg Equilibrium and linkage disequilibrium 

We tested the microsatellite loci for deviation from Hardy-Weinberg Equilibrium 

(HWE) and linkage disequilibrium by means of exact tests using the program Genetic Data 

Analysis v.1.1 (GDA; Lewis & Zaykin 2000; available via http://alleyn.eeb.uconn.edu/gda) 

with 3200 replications.  Deviation from HWE, determined for a single locus, and linkage 

disequilibrium, comparing a pair of loci, would indicate that there could be genetically 

distinct subgroups, non-random mating, selection, mutation, or immigration.  A great 

deviation would limit the locus or pair of loci�s usefulness in this study focusing on the 

populations as a whole. Individual genotypes within colonies were not independent due to the 

strong family structure (see results).  Therefore, a resampling procedure was used to 

randomly draw one individual from each collection point for the analyses. Twenty replicate 

data sets were created.  The shuffle method was used to break up loci for exact tests of HWE 

and linkage.  Any locus that deviated significantly from HWE or linkage disequilibrium in 

more than 25% of the resampled data sets was removed from further microsatellite analysis.  

Colony Affiliations 

We determined colony affiliations of individuals within collection points using 

microsatellite genotypes of workers.  Collection points were considered separate colonies if 
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all of the following criteria were met: collection points contained different genotypes from 

each other, they possessed private alleles (alleles found in only one of two collection points 

being compared), and they were significantly differentiated as determined by significant 

pairwise FSTs.  Genetic Data Analysis (GDA; Lewis & Zaykin 2000, available via 

http://alleyn.eeb.uconn.edu/gda) was used to identify private alleles between each pair of 

collection points within a transect.  The program GenePop on the web v. 3.1c (Raymond & 

Rousset 1995, available via http://wbiomed.curtin.edu.au/genepop/) was used to estimate FST-

s between pairs of colonies in each transect.  The significance of the FST-values was 

determined by permutation tests as implemented in the program Fstat (Goudet 1995, 

available via http://www2.unil.ch/izea/softwares/fstat.html) with 1,000 iterations.  In 

practice, colony designations were straightforward due to the close family structure of 

colonies and the high degree of genetic differentiation among them (see Results). 

Classification of Colonies 

 Colonies were classified as either simple families or extended families based upon 

worker microsatellite genotypes.  First, the genotypes within each colony were inspected to 

determine if they were consistent with those expected for the offspring of a single pair of 

parents, with at 4 alleles at most that are predicted with Mendelian genetics.  If so, then a G-

test was performed for each locus to test for deviation from expected frequencies.  These 

locus specific values were summed to obtain an overall G-value. Simple families were 

defined as those with worker genotypes at all loci consistent with being the offspring of a 

single monogamous pair of reproductives and with genotype frequencies not differing 

significantly (according to the G-test) from those expected for such families.  Extended 

family colonies had genotypes at one or more loci that were incompatible with a single pair 
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of reproductives or had genotypes consistent with a simple family but had frequencies that 

differed significantly from expected (P<0.05, G-test).  Despite the large number of alleles 

present within the populations of both R. flavipes and R. hageni, extended family colonies 

had at most four alleles per locus and were thus consistent with colonies originally founded 

by a single pair of reproductives followed by replacement or supplementation of the founders 

with neotenic reproductives descended from them.   

Colony and population genetic structure 

Evaluation of the colony and population genetic structure was done on several levels.  

To evaluate within colony kin structure, coefficients of relatedness (r) were calculated from 

microsatellite genotypes using the program Relatedness v.5.0.8 (Queller and Goodnight 

1989) for nestmate workers with colonies weighted equally. The 95% confidence intervals 

were constructed by jackknifing over loci.  The Demes option was used to correct for genetic 

structure at the transect level for R. hageni because of the differentiation between transects 

(see below). It was not used for R. flavipes because the worker genotypes of the two transects 

of this species were not significantly differentiated (see below). 

Colony and transect structure were assessed using hierarchical F-statistics with the 

methods of Weir and Cockerham (1984) as implemented in Genetic Data Analysis (Lewis 

and Zaykin 2000).  FST was calculated to determine if colonies between transects were part of 

the same population or showed differentiation.  The notation of Thorne et al. (1999) and 

Bulmer et al. (2001) was used, treating each colony as a population with genetic variation 

partitioned into the individual (I), colony (C), and total (T) components. In the absence of 

higher level structure, in this case at the level of transect, FIT value is analogous to the 

inbreeding coefficient, FIS in standard F-statistic notation.  Because there was significant 
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differentiation between transects in R. hageni, each transect was analyzed separately to avoid 

inflating the F-statistics due to higher-level structure.  FCT represents the genetic 

differentiation between colonies and corresponds to FST (in standard notation), in which each 

colony is considered a separate subpopulation.  FIC is the colony inbreeding coefficient, 

which has no corresponding statistic in solitary organisms, but in colonial organisms is 

highly influenced by numbers and mating patterns of reproductives and can aid in dissecting 

the breeding structure within a colony (Thorne et al. 1999; Bulmer et al. 2001; Vargo 2003a, 

b; DeHeer and Vargo 2004). FIC will be strongly negative in a simple family, rise 

asymptotically toward zero with increasing numbers of reproductives, and will become 

positive with assortative mating among multiple reproductives or with mixing of two or more 

colonies. The 95% confidence intervals for all F-statistics were obtained by bootstrapping 

over loci with 1000 replications.  Generated F-statistic values were compared with computer-

simulated values of possible Reticulitermes breeding systems of Thorne et al. (1999) and 

Bulmer et al. (2001). Values with non-overlapping 95% confidence intervals were considered 

to be significantly different at the α = 0.05 level. The program Fstat (Goudet 1995, available 

via http://www2.unil.ch/izea/softwares/fstat.html) was used to perform a permutation test to 

determine if differences in FCT, FIT, and FIC were significant between the two transects in R. 

hageni.   

In colonies with simple family structure, parental genotypes were inferred from 

worker genotypes. F-statistics for reproductives (using GDA) and relatedness values (using 

Relatedness v.5.0.8) between nestmate reproductives were estimated from the reconstructed 

genotypes.  
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Cytochrome Oxidase II Sequencing Data Analysis 

A Neighbor-Joining tree was constructed for the COII sequences using PAUP* 

4.0b10 (Swofford 2002).  To aid in species determination, we included existing GenBank 

sequences for the three eastern species of Reticulitermes: R. flavipes (accession no, 

AY027477), R. virginicus (accession no. AY027479), and R. hageni (accession nos. 

AF525328; and AF107486).  Gaps were treated as missing data.  To assess the reliability of 

the tree, bootstrap analysis was performed using the HKY85 model with 1000 replicates as 

implemented in PAUP*. The means for base pair substitutions were calculated using the 

program DNAsp (Rozas and Rozas 1999; available via the web at http://www.ub.es/dnasp/). 

We also constructed minimum spanning tree from OTU distances obtained from 

ARLEQUIN.  We calculated the FST�s between clades using microsatellite data to test for 

differentiation at the nuclear markers.  Finally, we performed Analysis of Molecular 

Variance (AMOVA; Excoffier et al. 1992) to estimate differentiation between transects 

within a species at the COII gene using the program ARLEQUIN (Schneider et al. 2000; 

available via http://lgb.unige.ch/arlequin).   

Isolation by Distance 

We investigated isolation by distance based on microsatellite data by correlating FST 

values between all pairs of colonies within a transect with the linear distance between them.  

We determined the significance of the correlations by means of a Mantel test (Mantel 1967) 

as implemented in the subprogram Isolade in GenePop (Raymond and Rousset 1995; 

available via http://wbiomed.curtin.edu.au/genepop/) with 1000 replications (Option 6, 

Suboption 7).  
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Results 

Species Identification and Nearest Neighbor Distances 

Since the study was initially intended to include cuticular hydrocarbon analyses, three 

collection points (one from transect one and two from transect two) were dropped from 

analysis because all termites died before they could be extracted.  

Species determinations based on soldier morphology are not always accurate 

(Szalanski, et al. 2003; E. Vargo and J. R. Carlson, unpublished data), so we used molecular 

methods.  The morphometric measurements we present are based on species determined 

using sequence analyses.  The mean termite soldier pronotal width for colonies determined as 

R. flavipes (Kollar) was 0.81 mm (range = 0.72 mm to 1.0 mm), the mean for R. hageni 

Banks colonies was 0.68 mm (range = 0.56 mm to 0.76 mm), and the mean for R. virginicus 

(Banks) colonies was 0.73 mm (range = 0.68 mm to 0.80 mm).  These values differed 

somewhat when compared with published pronotal widths for the different species 

(Scheffrahn & Su 1994): ≥0.90 mm for R. flavipes; 0.70 to 0.81 mm for R. virginicus; and 

<0.70 mm for R. hageni.  In addition to pronotal width, soldier mandible shape was also 

inspected (Scheffrahn & Su 1994).  Sequence data (Neighbor-joining tree; see below for 

details) are presented in Figure 1.  Our R. virginicus and R. flavipes sequences clearly 

grouped with published sequences into separate species, while R. hageni separated into two 

exclusively R. hageni groups (Figure 1) and their cuticular hydrocarbon phenotypes (see 

Appendix) were consistent with published phenotypes (Haverty et al. 1996).  The average 

number of base pair differences between species was 48.2 while the average number of base 

pair differences within R. flavipes was 15.4 and within R. hageni was 16.3. Though the 

pronotal widths of some R. flavipes soldiers in this study were smaller than previously 
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published values, the sequence data and cuticular hydrocarbon data supported classification 

of these collection points as R. flavipes.  In Transect 1, there were 12 colonies of R. hageni, 

five colonies of R. flavipes, and two colonies of R. virginicus.  In Transect 2, there were 16 

colonies of R. hageni, three colonies of R. flavipes, and no colonies of R. virginicus.  R. 

virginicus colonies were excluded from further genetic analysis due to the small sample size.  

From these remaining 36 collection points, a total of 720 individuals were genotyped at eight 

microsatellite loci for R. flavipes and five microsatellite loci for R hageni. 

Linear distances among nearest collection points ranged from 15.3 m to 43.0 m with 

an average (±SD) distance of 22.4 ± 11.0 m.  The average (±SD) nearest same species 

neighbor distance was 25.1 ± 9.0 m for R. hageni, 57.5 ± 46.3 m for R. flavipes and 60.8 

(only two points) for R. virginicus. These values were no doubt greater than the actual 

nearest neighbor distances because the sampling regime, which was designed to minimize the 

chance of resampling colonies, was too coarse to ensure collection of all colonies in an area 

so that some colonies were no doubt missed within our 15-m sampling interval. 

Genetic Data 

 The eight loci in all R. flavipes colonies did not show strong deviation from Hardy-

Weinberg Equilibrium (HWE); there was significant deviation from HWE in only 11 (6.9%) 

of the 160 tests performed (20 resampled data sets x 1 population x 8 loci), but no consistent 

pattern was found across loci. There were no pairs of loci in significant linkage 

disequilibrium out of the 560 locus combinations. In R. hageni locus Rf 11-2 was 

monomorphic and was therefore eliminated from further analysis. Also in R. hageni, locus Rf 

11-1 deviated significantly from Hardy-Weinberg Equilibrium in 50.0% of the 40 tests 

performed (20 resampled data sets x 2 populations) and locus Rf 21-1 deviated significantly 



 13

in 47.5% of the 40 tests performed (20 resampled data sets x 2 populations); these two loci 

were excluded from further microsatellite analysis in R. hageni.  The remaining five loci in 

R. hageni deviated from HWE in only 16 (8.0%) of the 200 tests (20 resampled data sets x 2 

populations x 5 loci), but no consistent pattern was found across loci or populations.  Linkage 

disequilibrium results showed 56 (14.0%) cases in which pairs of loci were in significant 

linkage disequilibrium out of the 400 locus/population combinations, but no consistent 

pattern was found across loci or populations.  Thus the remaining five loci for R. hageni and 

eight loci for R. flavipes were considered to be independent markers appropriate for 

population genetic analysis.  There were three to 16 alleles per locus for the eight loci used 

for R. flavipes and seven to 12 alleles per locus for the five loci used for R. hageni (Table 1).   

Grouping of Collection Points into Colonies 

The close family structure of colonies (see Results below) together with the high 

variability of the loci made colony designations straightforward.  Each collection point for R. 

flavipes and R. hageni was determined to be a separate colony based on the presence of 

distinct genotypes across collection points, the presence of many private alleles, and the high 

and significant FST values between pairs of collection points.  No two collection points for 

either species had identical genotypes at all loci and in fact they differed in the presence of 

numerous alleles.  For R. flavipes, there was an average of 21.7 (range = 11 to 30) private 

alleles per pair of collection points out of a mean of 38.2 (range 31 to 47) total alleles per pair 

of collection points.  Thus, of the total number of alleles present in each pair of collection 

points, on average 57% of all of the alleles were unique to one of the collection points.  

Consistent with these results, pairwise FST values were high for R. flavipes (mean = 0.374; 

range = 0.212 to 0.501) and all differed significantly from zero (all P < 0.002).  As in R. 
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flavipes, of the total number of alleles between pairs of R. hageni collection points (mean = 

24.1; range 14 to 32), most (mean = 12.2; range  = 2 to 20; 51% of total) were unique to only 

one colony. Pairwise FST values for R. hageni collection points within a transect were also 

high (mean = 0.370; range = 0.121 to 0.712) and all were significantly different from zero 

(all P < 0.004). Therefore, the workers present in each collection point of both R. flavipes and 

R. hageni were considered to belong to different colonies. 

Examples of differences in genotype and allele combinations for four R. hageni 

colonies collected from consecutive collection points are shown in Table 2.  An example 

microsatellite gel at locus Rf 6-1 at three consecutive collection points can be found in Figure 

2.  Each colony had private alleles and unique genotypes that were not shared with the other 

three colonies.  Collection points 1, 2 and 3 were simple family colonies, whereas collection 

point 4 was an extended family colony because of the presence of genotypes at Rf 15-2 that 

were not consistent with a single pair of reproductives.  

Classification of Colonies 

All colonies formed close family units and no colony was found to have more than 

four alleles present at a single locus indicating each colony was initiated by a single pair of 

reproductives. Table 3 shows the classification of colony types in the two transects for each 

species. Only one colony of R. flavipes was classified as an extended family based on 

genotypes that were inconsistent with those expected for a simple family.  For R. hageni, 

three colonies were considered extended families.  One colony had genotypes that were 

inconsistent with a single pair of parents, whereas two colonies had genotypes consistent 

with simple families but the genotype frequencies deviated significantly from expected (P ≤ 

0.027).  
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Inference of Breeding System 

There was no significant differentiation between the two transects in R. flavipes, 

according to both microsatellite genotypes of workers and mtDNA sequence data (see 

below).  Therefore, the two R. flavipes transects were treated as a single population for 

analyzing microsatellite data.  In contrast, the two R. hageni transects were significantly 

differentiated with respect to the microsatellite genotypes (see below) and were therefore 

analyzed separately to infer the breeding system. 

F-statistics and relatedness coefficients for the different populations can be found in 

Table 4, as well as values predicted for several possible breeding systems based on computer 

simulations (Thorne et al. 1999; Bulmer et al. 2001).  Average relatedness among nestmate 

workers for R. flavipes was significantly higher than that of full siblings (r = 0.642), and 

workers were on average significantly inbred relative to the total population (FIT = 0.166). 

Comparing the empirically-generated F-statistics and relatedness coefficients in the seven 

simple family colonies with those expected for outbred simple families (FIT = 0.00, r = 0.50; 

Table 4, case A), indicated that the R. flavipes simple families were most likely not all 

headed by outbred reproductives, because FIT, FCT, and r were significantly greater than 

expected for such colonies.  We can also rule out the possibility that all of these colonies 

were headed by monogamous pairs of neotenic reproductives that were descendants of 

outbred primary reproductives, because the empirically derived FIT and FIC values were 

significantly lower than would be expected in such cases (e.g., Table 4, cases B1 and B2).  

Our results suggest that not all the R. flavipes simple family colonies in this study were 

headed by outbred reproductives, either because some colonies are founded by related 

reproductives or some are headed by monogamous pairs of neotenics.  In the one extended 
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family colony, four or fewer genotypes were present at each locus indicating that only a few 

reproductives were present.  This conclusion is supported by the highly negative FIC value (-

0.305, 95% confidence interval (CI) = -0.474 to -0.157) for that colony.  

To obtain more information about the degrees of relatedness and inbreeding of 

reproductives in simple family colonies, we estimated F-statistics and coefficients of 

relatedness for nestmate reproductives based on their inferred genotypes (Table 5). For R. 

flavipes, the coefficient of relatedness between the reproductives within colonies (r = 0.31) is 

significantly greater than zero, indicating that on average these colonies were headed by 

related reproductives.  The inbreeding coefficient for reproductives (FIS = 0.147) was not 

significantly different from zero, indicating that the reproductives are not outbred, and is 

similar to that of workers (FIT = 0.166).   

Histograms of the relatedness coefficients between pairs of reproductives in colonies 

are shown in Figure 3.  The histogram for R. flavipes showed two peaks, one at -0.2 to 0 and 

one at 0.8 to 1.  This suggests that there are two groups of simple family colonies in R. 

flavipes, one in which reproductives are closely related and one in which they are not, 

yielding average values of relatedness greater than zero.  The overall FIT for simple families 

showed slightly inbred workers, a result consistent with consanguineous matings among 

reproductives.   

Similar to R. flavipes, R. hageni workers were significantly more inbred relative to 

the total population (FIT = 0.187 for Transect 1 and FIT = 0.203 for Transect 2) and  

significantly more related (r = 0.696 for Transect 1 and r = 0.587 for Transect 2) compared 

with values expected for colonies headed by outbred pairs of reproductives (FIT  = 0; r = 0.5), 

indicating that reproductive pairs were closely related to each other or came from inbred 
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colonies.  The FIC value in Transect 1 was significantly greater than that in Transect 2 

(P<0.015; permutation test, Fstat). Although relatedness coefficient and FCT value were 

greater in Transect 1 than in Transect 2, this difference was not significant (both P ≥ 0.06; 

permutation test, Fstat).  The data also are not consistent with colonies headed by pairs of 

first or third generation neotenics (cases B1 and B2), because the empirically-derived FIT and 

FIC values in Transect 1 were significantly lower than expected for either case, based on non-

overlapping 95% confidence intervals, and for Transect 2, FIT was significantly lower than 

expected for either case.  Thus, colonies in this study were likely founded by related pairs of 

reproductives.  This conclusion is supported by the significant correlation coefficient among 

reproductives in simple family colonies based on their inferred genotypes (Table 5). The 

extended family colonies had four or fewer genotypes, again consistent with colonies 

founded by monogamous pairs of reproductives.  The F-statistics and relatedness value for 

the extended family colonies are consistent with colonies headed by 10 males and 10 

females, with one to three generations of inbreeding. 

The FIS values for reproductives (FIS = 0.216 for Transect 1, FIS = 0.106 for Transect 

2) were significantly greater than zero and similar to the values for workers (FIT = 0.187 for 

Transect 1, FIT = 0.203 for Transect 2). This tells us that the reproductives were significantly 

inbred, but no more than the average individual in the population. 

The histogram for R. hageni shows a bimodal distribution of colonies within the 

simple family category with a low peak around 0 to 0.2 and a higher peak around 0.6 to 0.8.  

As in R. flavipes, this suggests two groups within R. hageni, one with low relatedness 

between reproductives and one with high relatedness between reproductives, again giving an 

average r value greater than zero.   
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Genetic Differentiation Between Transects 

FST Values for Workers and Reproductives 

Results for FST values measuring between transect variation in workers and inferred 

genotypes of reproductives can be found in Table 6. For R. flavipes, the FST values from 

worker genotypes were not significantly different from zero, indicating no detectable 

differentiation between transects.  For inferred parent genotypes, in R. flavipes, there was a 

significant difference between transects, unlike what we found for the worker genotypes.  For 

R. hageni, the FST value for worker genotypes indicated that the two transects were 

significantly differentiated.  For parental genotypes, there also was a significant difference 

between transects in R. hageni similar to what was found for workers.  For further analysis, 

the two R. flavipes transects were considered part of a single freely interbreeding population.  

Alternatively, the two R. hageni transects were treated as two separate populations, since the 

majority of analyses used worker genotypes.  

Sequence Analysis 

Cytochrome Oxidase II Sequence Data 

 DNA sequences of the amplified region were truncated to 680 basepairs to facilitate 

comparison with existing sequences in GenBank.  The average base frequencies were A = 

0.39, C = 0.24, G = 0.14, and T = 0.23.  The sequence data conformed to neutrality according 

to Tajima�s (1989) test of selective neutrality for both R. flavipes and R. hageni (all P > 0.6). 

Out of a total of 680 positions, 114 (16.7%) were variable and 89 (13.1%) were 

phylogenetically informative.  The parsimony search found one neighbor-joining tree (Figure 

1), (length = 171, consistency index = 0.702, retention index = 0.891).  Bootstrap analysis of 

the aligned Reticulitermes sequences from this study and GenBank sequences resulted in a 
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tree with polytomy.  Distinct groups included R.virginicus; R. flavipes comprised of two 

distinct clades; and R. hageni contained two well-supported clades with the R. flavipes 

haplotypes separating the two R. hageni clades.  One R. hageni GenBank sequence separated 

out more closely with our R. flavipes sequences than with the R. hageni sequences, though 

the other GenBank sequence of R. hageni showed strong affinity to the haplotypes of the 

lower R. hageni clade.  Only weak bootstrap support was found for many of the outer 

terminal nodes on the tree.  There did not appear to be a distinct separation based on the 

transect or proximity of colonies to each other.   

A minimum spanning tree based on sequence data can be found in Figure 4.  Similar 

to the neighbor-joining tree, segregation of species between the different clades can be seen 

in the minimum spanning tree.  The relationship between the clades, however, was different 

from the neighbor-joining tree in that the R. virginicus clade rather than the R. flavipes clade 

was embedded within the two R. hageni clades.   

Genetic Differences Between Clades 

We calculated the FST values between Clades 1 and 2 of R. hageni and of R. flavipes 

determined by the neighbor-joining tree to preliminarily determine if the clades may 

represent separate species or subspecies.  If the clades were actually separate species and we 

were treating two clades as one species, the F-statistics and relatedness coefficients would be 

inflated.  This table shows that R. flavipes contains two significantly differentiated groups 

based on microsatellite data corresponding with the clades based on mtDNA sequence data 

(FST = 0.150; 95% CI: 0.055 to 0.243).  From the neighbor-joining tree (Figure 1), the first 

clade for R. flavipes contained reproductives that were closely related to each other (r: mean 

= 0.526, range = 0.386 to 0.660) while the second clade contained reproductives that were 
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unrelated (r: mean = -0.059, range =  -0.191 to 0.074).  If the R. flavipes colonies represent 

separate populations and are incorrectly treated as a single population to calculate FIS, then 

the FIS value may be imprecise.  Conversely, the R. hageni clades did not show significantly 

differentiation (FST = -0.005; 95% CI: -0.014 to 0.008) indicating that the clades should not 

be analyzed separately for R. hageni and clade differentiation did not influence the outcome.   

We also reanalyzed all microsatellite loci, tentatively treating each clade for both 

species as a separate population and found that all loci that were used in all analysis did not 

show deviation from Hardy-Weinberg equilibrium and those loci that were not used in 

previous analyses continued to deviate from Hardy-Weinberg equilibrium and were 

subsequently excluded from microsatellite analysis of clades.  

Isolation by Distance 

Using microsatellite data there was significant correlation between pairwise values of 

FST or FST/(1-FST) and distance or ln (distance), showing significant isolation by distance in 

R. hageni for Transect 2, (P = 0.011, Mantel test), but no significant isolation by distance for 

R. hageni in Transect 1 or for R. flavipes in either transect (all P≥0.391, Mantel test; Figure 

5).  This indicates that there is a correlation between the geographical location and the 

genetic similarity of colonies in Transect 2 for R. hageni, while no such evidence is evident 

in R. flavipes or R. hageni in Transect 1.  

Analysis of Molecular Variance 

 Table 7 shows the results of the Analysis of Molecular Variance (AMOVA) 

(Excoffier et al. 1992), based on COII sequence data.  The majority of the variation was due 

to variation within transects, in contrast to variation between transects.  The AMOVA based 

on microsatellite data can be found in Table 8.  The majority of variation was within 
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colonies, followed by variation within transects and the least variation was between transects.  

Both of these molecular methods show that there is greater variation within rather than 

between transects.   
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Discussion 

Colony Breeding Structure 

These results show strong similarities in the breeding systems and spatial 

organization of Reticulitermes flavipes and R. hageni in the same habitat.  Within the study 

populations, colonies of both species appear to be founded by monogamous pairs of 

reproductives.  Nearly all of the colonies sampled (>85%) in both species were simple 

families headed by a single reproductive pair.  The remainder of the colonies were inbred 

extended families presumably headed by multiple neotenic reproductives descended from the 

founding primary reproductive pair.  Considering the proportion of simple families and the 

similarities in the F-statistics and coefficient of relatedness for worker nestmates, the 

breeding system was fairly uniform across species.  In both species, a substantial portion of 

the simple family colonies appear to be headed by reproductive pairs comprised of close 

relatives.  The pairing of close relatives in these colonies could come about by one of two 

means.  Either relatives could form tandem pairs during mating flights resulting in the 

foundation of colonies headed by related males and females, or such colonies are headed by 

single pairs of sibling neotenic reproductives who have replaced their parents.  The present 

study does not allow us to clearly distinguish between these two possibilities.   

To the extent that simple families are headed by founding pairs of reproductives, they 

should generally be younger colonies than the extended families containing neotenics 

(Thorne et al. 1999).  There were very few extended family colonies in both species (n = 1 

and 3 in R. flavipes and R. hageni, respectively), providing only limited genetic data on the 

degree of inbreeding in such colonies.  Nevertheless, we can draw some conclusions from the 

genetic data.  The strongly negative FIC value for R. flavipes indicates a very small number of 
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reproductives.  The relatively low FIT value (0.25) and the nearly positive FIC values (-0.07) 

in the extended family colonies of R. hageni suggest large numbers of neotenics (>20) inbred 

for one or more generations (Table 4, case B 4 and 5).   

Several explanations can be used to account for the high percentage of simple family 

colonies headed by close relatives.  Many young colonies may have been recently founded 

because of an opening of new habitat or wood sources.  In the immediate surroundings in the 

state forest, there was evidence of logging.  It is also possible that Hurricane Fran in 1996 

and Hurricane Floyd in 1999 that hit North Carolina may have felled a large number of trees 

opening up new habitat for colonies to be founded.  Thus, there could have been an unusual 

number of young colonies present at the time of collection.  Alternatively, colonies may not 

live long enough to produce neotenics.  In R. flavipes, DeHeer and Vargo (2004) obtained 

evidence suggesting that many simple family colonies do not survive past their first year. 

This may also be the case in the present study.  Data from other populations with R. hageni in 

the Piedmont of North Carolina (E. Vargo and J. Carlson, unpublished data) and the Coastal 

Plain of South Carolina (E. Vargo, C. DeHeer, T. Juba, unpublished data) show most 

colonies are simple families suggesting that this may be a general feature of this species.  

The breeding systems of both species in the present study differ slightly from 

previous studies of R. flavipes breeding systems in various geographical areas using either 

microsatellite or allozyme data.  In three previous studies in North Carolina, Vargo (2003 a, 

b) and DeHeer and Vargo (2004) found a slightly higher proportion of extended family 

colonies - about one-quarter compared to the one-eighth found in the present study.  Given 

that we only sampled eight colonies in this study, we cannot conclude that extended family 

colonies are less common in the Coastal Plain than in the Piedmont of North Carolina.  A 
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much larger sample size would be needed from each of several populations to see if the 

regions differed in the proportions of simple and extended family colonies.  

The breeding system in this study in North Carolina also differed from a study in the 

northern limits of the range of R. flavipes using allozymes data.  Bulmer et al. (2001) used 

allozymes to infer the breeding system of two sites in Massachusetts 0.5 km apart. One site 

contained highly inbred (FIT = 0.34) colonies with extensive foraging areas and positive FIC 

values attributed to the commingling of individuals from different colonies. Bulmer et al. 

(2001) credits this breeding system type to age structure differences and/or soil conditions 

supporting tunneling in soil leading to merging of colonies.  Conversely, the other site 

contained 37.5% simple families headed by a monogamous outbred (FIT = 0.08) pair and a 

high percentage of extended families (62.5%) originally founded by monogamous outbred 

(FIT = 0.38) primary pair and now with 10 male and female reproductives inbred for 3 

generations.  Unlike the Massachusetts study�s first site, we found relatively small colonies 

and unlike the second site, we had a much larger proportion of simple family colonies that 

had been founded by inbred, rather than outbred reproductives.   

To the west of our study site in Tennessee, Reilly (1987) found high inbreeding (0.68) 

compared with this study and others (see above).  Similar to the first site in the study by 

Bulmer et al. (2001), Reilly (1987) also found high positive values for the coefficient of 

individuals relative to the colony (FIC = 0.26) suggesting the presence of mixing of adjacent 

daughter nests (Bulmer et al. 2001, Thorne et al. 1999).  Reilly provided no information on 

the ratio of extended to simple family colonies with which we can compare the present study.  

Given the results of these different studies, we can conclude that the breeding system of R. 

flavipes can vary extensively ranging from low to high proportion of simple to extended 
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families with varying degrees of inbreeding within colonies.  This may be caused by 

unknown factors such as climate, soil type, weather, or colony and population age. 

Breeding system variation may depend on general population variation, geographical 

region and perhaps local ecological factors.  Breeding system variation among populations is 

not uncommon and has also been seen in three populations of Mastotermes darwiniensis 

(Isoptera: Mastotermitidae) in Australia where markedly different levels of inbreeding were 

found among populations (Goodisman & Crozier 2002).  This study was not designed to 

tease apart which factors may influence termite breeding systems and this topic will have to 

be further explored before definitive conclusions about causes can be made.   

Relative Species Abundance 

R. flavipes is found along the east coast of the United States from Maine to Florida 

and from Montana to the Gulf Coast of Mexico (Snyder 1948, Weesner 1965), while R. 

hageni is restricted to areas in the south from Maryland to Florida and west to Texas and the 

mid-Western states (Potter 1997).  While neither the present study in the Coastal Plain or the 

study by DeHeer and Vargo (2004) in the Peidmont region of North Carolina intended to 

thoroughly sample all the species present in either region, it seems that R. hageni was 

relatively more abundant in the Coastal Plain (R. flavipes 21%, R. hageni 74%), while R. 

flavipes was more abundant in the Peidmont region (R. flavipes 91%, R. hageni 8%), when 

all Reticulitermes termites encountered in the study transects or plots were collected 

regardless of species.  In Texas, Houseman et al. (2001) found resource partitioning to be 

present based on changes in soil temperature and moisture associated with seasons.  R. 

flavipes was more active during cooler and wetter periods, whereas R. hageni was most 

active during warmer and drier times.  If so, then we might expect R. hageni to thrive better 
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in the Coastal Plain where the climate is warmer and the soil is sandier presumably leading to 

drier soil.  Resource partitioning may be a factor influencing relative species abundance since 

the samples for the present study were collected in a single day, while termites in the study 

by DeHeer and Vargo (2004) were collected over several months from August 2000 to May 

2001.   

Population Differentiation 

When comparing the microsatellite data of clades determined by sequence data, the 

two clades of R. flavipes were significantly different, while the two clades of R. hageni were 

not significantly differentiated.  If the presence of two R. flavipes clades is accurate, then it is 

possible there are distinct species or subspecies of R. flavipes present.  Though the two R. 

flavipes clades of the present study are significantly different, recent phylogenetic data show 

no evidence that R. flavipes may be divided into distinct species or subspecies (Jenkins et al. 

2000, Austin et al. 2002, Ye et al. 2004). 

Isolation by Distance 

Our isolation by distance data provided evidence for short range dispersal for R. 

hageni within one of the two transects but not for R. flavipes.  Short range dispersal can 

occur through either budding in which a group of workers and reproductives become 

spatially separated from their natal colony and form their own independent colony, or 

through short-range dispersal by alates during mating flights.  Colony reproduction by 

budding is thought to be common in subterranean termites (reviewed by Shellman-Reeve 

1997, Myles 1999, Thorne et al. 1999), but conclusive evidence showing it is a frequent 

mode of colony reproduction in Reticulitermes spp. is lacking.  Daughter colonies formed 

from budding events should be headed by neotenic reproductives produced from workers or 
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brood from within the colony fragment.  Thus, in populations with frequent budding, we 

would expect to find a high proportion of extended family colonies with mother and daughter 

colonies sharing the same mtDNA haplotype.  However, in the present study we found very 

few extended family colonies - three in R. hageni and only one in R. flavipes � suggesting 

that in the study population budding is not a common mode of colony founding in either 

species.  Furthermore, analyses of mtDNA haplotypes in R. hageni show identical haplotypes 

in only three adjacent colonies, none of which were extended families.  The significant 

isolation by distance found in R. hageni in the one transect most likely resulted from short 

range dispersal by some alates during mating flights.  If some alates land near their natal nest, 

there is a good chance they may pair with a close relative, resulting in consanguineous 

matings as we detected in some of our colonies. 

Our data suggesting that budding is not common in the study populations agree with 

the results of other studies that have not found evidence favoring frequent budding in 

Reticulitermes spp.  Using a similar sampling regime to the present study, Vargo (2003 a) 

found no population viscosity on a local scale, which would occur with budding or short 

mating flights.  The transect sampling technique used in these studies is limited in that it does 

not assure that the nearest neighbor to each colony was collected since any colony closer than 

15 m would not have been detected.  However, using a very fine scale grid sampling method, 

DeHeer and Vargo (2004) also found no evidence of budding in R. flavipes.  Also in a fine 

scale study, but using allozymes, Bulmer et al. (2001) found no evidence for budding in the 

two sites studied in Massachusetts. 

 Though budding is traditionally thought to be common in subterranean termites, the 

overwhelming evidence so far is that budding is not common.  Despite the immense 
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evidence, budding may still occur in some species and not in the others.  For instance, a study 

of another Rhinotermid, Coptotermes formosanus, also produced no evidence of budding 

(Vargo et al. 2003).  However, possible evidence for budding or short range mating flights, 

indicated by isolation by distance, was detected in the African termite Schedorhinotermes 

lamanianus (Isoptera: Rhinotermitidae) (Husseneder et al. 1998). 

Size of Foraging Areas 

Our results suggest that colonies of both R. flavipes and R. hageni in the study 

population have limited foraging ranges.  The size of foraging areas for Reticulitermes spp. 

have been found to vary from large and expansive (Thorne 1998, Bulmer et al. 2001) to fairly 

limited (Forschler and Ryder 1996, Haverty et al. 2000).  Mark-release-recapture studies 

have shown foraging areas in R. flavipes up to 70 linear m (Grace et al. 1989, Su et al. 1993).  

Though the present study was not set up to quantify foraging distance, our data do permit us 

to draw some conclusions concerning the maximum linear foraging distance in the studied 

species.  Our results suggest that colonies of R. flavipes and R. hageni did not have foraging 

distances greater than 30 m (15 m in each direction from the collection point). Vargo (2003 

a) found localized colonies that were not above 30 linear m; only two collection points of at 

least 15 m apart spanned a single colony.  Vargo (2003 b) found the greatest linear distance 

between two monitoring stations containing the same colony was 23.5 m using monitoring 

stations to sample R. flavipes.  Using a two-dimensional grid system, DeHeer and Vargo 

(2003) found the greatest linear distance for a foraging colony to be 17.3 m.  Bulmer et al. 

(2001) also found localized foraging areas; 20 of 22 of the studied colonies were less than 20 

linear m apart, while only two colonies spanned 65 and 76 linear m, respectively.  It is 

possible that the differences observed in the foraging distances in the various studies is due to 
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unknown habitat or ecological factors such as climate, differences in experimental methods 

(mark-release-recapture v. genetic markers) and / or the age of the sampled colonies.   

Higher Level Genetic Structure 

 Analyses of higher-level population structure using microsatellite data of R. flavipes 

worker genotypes showed no significant differentiation between transects located 1 km apart. 

In R. hageni however, weak but significant differentiation was found between transects with 

the microsatellite data.  Within both species, mtDNA data indicated that the majority of 

variation was found within transects rather than between transects.  Similarly, the neighbor-

joining tree gives a visual, non-statistical representation (Figure 1) indicating no distinct 

groupings of identical haplotypes corresponding with transect differences in either species. 

 The lack of genetic differentiation at and above the spatial scale studied here appears 

to be common for R. flavipes.  In previous studies of R. flavipes, weak to no differentiation 

was observed at similar spatial scales.  In the Piedmont Region of North Carolina, Vargo 

(2003 b) found weak (FST = 0.06) differentiation between transects (1 km) and site (16-38 

km) using microsatellite data, but no significant differentiation with mtDNA sequence data.  

Also using microsatellite data in the Piedmont Region, DeHeer and Vargo (2004) found no 

significant differentiation between sites 10 km apart.  To the north in Massachusetts using 

allozymes, Bulmer et al. (2001) found no significant differences between sites 0.5 km apart 

or 20 km apart.  Also using allozymes in Tennessee, Reilly (1987) found no significant 

differentiation between sites 0.8 km.  Jenkins et al. (1999 a) reported no differentiation across 

Georgia comparing mtDNA haplotypes and geographical region.  In Nasutitermes nigriceps 

(Isoptera: Termitidae), Thompson and Hebert (1998) using allozyme data found moderate 

differentiation among three sites approximately 100 km apart on the island of Jamaica.  



 30

Goodisman and Crozier (2002) found that locales separated by tens to thousands or more 

kilometers differed genetically in the species Mastotermes darwiniensis (Isoptera: 

Mastotermitidae).   

 Similarly, R. flavipes had no significant isolation by distance, though overall 

reproductives in simple family colonies were related.  No significant differentiation at 1 km 

is consistent with no isolation by distance but not with high relatedness among reproductives.  

This inconsistency could be due to the presence of two different breeding types within the 

population of R. flavipes based on differences in the relatedness between reproductives that 

are the result of differences in dispersal as discussed above.  The relatively small sample size 

of R. flavipes may also account for this inconsistency.  In R. hageni, however, there may be 

differentiation at smaller geographical ranges than R. flavipes. R. hageni had dispersal over 

short distances inferred because of the presence of significant isolation by distance in 

Transect 2.  In addition, high relatedness was found among reproductives.  Significant 

differentiation in Transect 2 is consistent with limited dispersal from nests of origin, which 

would subsequently yield high relatedness among neighboring reproductives.  Limited 

dispersal from the colony of origin could also lead to the pairing of relatives during colony 

founding.  For Transect 1, there was no significant differentiation coupled with high 

relatedness among neighboring reproductives.  Transect 1 contained fewer individual 

colonies with related reproductives despite the overall high relatedness, which could account 

for the inconsistency. 

 The results obtained here show that both R. flavipes and R. hageni colonies of the 

Coastal Plain of North Carolina had localized foraging areas, were comprised mainly of 

simple families with the minority of extended families headed by inbred descendants of 
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simple families.  There was no evidence of isolation by distance along transects for R. 

flavipes and very weak evidence in R. hageni, suggesting a lack of budding with no 

significant barriers to dispersal of alates over the spatial scale studied.  For a more complete 

understanding of the effects of ecological factors and demography on colony breeding 

structure, future studies should include an assessment of the changes in breeding systems 

over time, breeding system differences in more varied habitats and geographical areas, and 

colony variation on a smaller scale within habitats.   
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Table 1. Number of alleles and frequency of most common allele at microsatellite 
loci for R. flavipes and R. hageni 

 R. flavipes   R. hageni  

Locus No. Alleles Freq. of most common 
allele No. Alleles Freq. of most common 

allele 

Rf 24-2 13 0.11 12 0.43 

Rf 5-10 4 0.63 8 0.56 

Rf 1-3 9 0.38 7 0.33 

Rf 6-1 7 0.34 8 0.32 

Rf 15-2 4 0.48 7 0.44 

Rf 11-2 3 0.86     

Rf 11-1 6 0.35     

Rf 21-1 16 0.18     

Mean 6.7   8.4   
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Table 2. Genotypes of R. hageni worker groups (N = 20 for most loci) collected from four 
consecutive collection points in a North Carolina Coastal Plain site.  All collection points 
contained workers from separate colonies.  
       

  
Locus/Genotype 

Collection 
Point 1* 

Collection 
Point 2* 

Collection 
Point 3* 

Collection 
Point 4**   

Rf 24-2       
113/104  5     
113/113     6   
116/104  5     
116/113  6  8   
116/116  4  6   
119/107   6    
119/113   5    
122/116 11      
143/107   4    
143/113   5    
140/116 9      
            

Rf 5-10       
150/144   3    
153/144 2 8 7    
153/153    2   
156/144  3     
156/153 7 5     
156/156  3     
159/144 1      
159/150   5    
159/153   1 2   
159/156 10      
162/153    6   
162/159    8   
            

Rf 1-3       
221/221   9    
224/221 11 9  10   
224/224    10   
227/221  11     
230/221   1    
230/224 9  8    
            

Rf 6-1       
164/164 4      
167/164 3      
170/164   5 6   
170/170  9     
173/164   6    
173/170   4    
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173/173   5    
176/170    8   
182/164 8   3   
182/167 5      
182/170  6     
182/176    3   
188/170  2     
188/182  3     
            

Rf 15-2       
226/226    2   
232/226    3   
232/232 5   5   
235/226  7  6   
235/232 5 5 12    
235/235 10  8 3   
238/226  3     
238/232  5     
            
       
  *  simple family    
  ** extended family    
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Table 3. Classification of colony types present in R. flavipes and R. hageni 
sampled from a North Carolina Coastal Plain site. 

    

Total No. 
Colonies 

No. simple 
family colonies 

(%) 

No. extended 
family colonies 

(%) 

R. flavipes      
  Transect 1 5 5 (100%) 0 
  Transect 2 3 2 (66.7%) 1 (33.3%) 
  Total 8 7 (87.5%) 1 (12.5%) 
R. hageni     
  Transect 1 12 12 (100%) 0 
  Transect 2 16 13 (81.2%) 3 (18.8%) 
  Total 28 25 (89.3%) 3 (10.7%) 
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Table 4. F-statistics and relatedness coefficients for workers of R. flavipes and R. hageni sampled in a North 
Carolina Coastal Plain site. Expected values for different breeding systems based on computer simulations 
(Thorne et al. 1999; Bulmer et al. 2001) are also included. X = number of generations of production of 
replacement reproductives within a colony, Nf = number of replacement females produced per generation, Nm = 
number of replacement males produced per generation, FIT = Inbreeding of individual relative to the total 
population  FCT = Inbreeding of colony relative to the total population, FIC = Inbreeding of individual relative to 
the colony, r: coefficient of relatedness among nestmate workers. 

  FIT FCT FIC r 

Empirical values     
R. flavipes     

All colonies (n = 8)  0.166 0.372 -0.329 0.642 
(95% CI) (0.090 to 0.258) (0.309 to 0.445)  (-0.415 to -0.244) (0.561 to 0.723) 
Simple family colonies (n = 7) 0.163 0.372 -0.333 0.652 
(95% CI) (0.061 to 0.275) (0.301 to 0.452) (-0.420 to -0.237) (0.556 to 0.748) 
Extended family colony (n = 1) N/A N/A -0.305 0.582 

         (95% CI)   (-0.474 to -0.157) (0.406 to 0.758) 
R. hageni     

Transect 1     
All colonies (n = 12) (simple families)  0.187 0.413 -0.385 0.696 
(95% CI) (0.123 to 0.247) (0.359 to 0.460) (-0.430 to -0.336) (0.616 to 0.776) 

Transect 2     
All colonies (n = 16) 0.203 0.354 -0.235 0.587 
(95% CI) (0.124 to 0.279) (0.319 to 0.392) (-0.316 to -0.136) (0.492 to 0.682) 
Simple family colonies (n = 13) 0.212 0.372 -0.254 0.626 
(95% CI) (0.137 to 0.286) (0.330 to 0.420) (-0.329 to -0.155) (0.521 to 0.731) 
Extended family colonies (n = 3) 0.251 0.302 -0.072 0.441 

         (95% CI) (-0.002 to 0.476) (0.202 to 0.406) (-0.298 to 0.167) (0.267 to 0.615) 
     
Expected values*     
(A) Colonies headed by outbred reproductive pairs 0.00 0.25 -0.33 0.50 
(B) Colonies with inbreeding among neotenics     
    (1) Nf = Nm = 1, X = 1 0.33 0.42 -0.14 0.62 
    (2) Nf = Nm = 1, X = 3 0.57 0.65 -0.22 0.82 
    (3) Nf = 2, Nm = 1, X = 3 0.52 0.59 -0.17 0.78 
    (4) Nf = Nm = 10, X = 1 0.33 0.34 -0.01 0.51 
    (5) Nf = Nm = 10, X = 3 0.37 0.38 -0.02 0.56  

 
* Expected values based on computer simulations by Thorne et al. 1999 and Bulmer et al. 2001.   
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Table 5. F-statistics and relatedness coefficients (95% CI) for the 
reproductives in simple family colonies of R. flavipes and R. hageni in 
a North Carolina Coastal Plain site.  Reproductive genotypes were 
inferred from worker genotypes.  The relatedness coefficient represents 
degree of relatedness between reproductives within colonies.  
    
    FIS r 
  R. flavipes 0.147 0.308 
  (n = 14) (-0.017 to 0.289) (0.086 to 0.530) 
Transect 1 R. hageni 0.216 0.342 
  (n = 24) (0.094 to 0.322) (0.141 to 0.543) 
Transect 2 R. hageni 0.106 0.347 
  (n = 26) (0.004 to 0.203) (0.098 to 0.596 
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Table 6. FST values (95% CI) between transects within a North Carolina 
Coastal Plain site using microsatellite genotypes of workers and those 
inferred for reproductives.  
Level Species FST FST 
    Workers Reproductives 

R. flavipes 0.044* 0.125 Between 
transects   (-0.011 to 0.104) (0.016 to 0.249) 
  R. hageni 0.070 0.065 
    (0.025 to 0.108) (0.022 to 0.106) 
* not significantly different from zero 
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Table 7.  Hierarchical analysis of variance of mtDNA sequence data (COII gene) using 
analysis of molecular variance (Excoffier et al. 1992).  
       

R. flavipes             

    
df Variance 

Components

Percent of 
Total 

Variation 
P Φ-statistics 

among transects 1 Va 0 0.579 0 

within transects 6 Vb 100     

       

R. hageni             

  
df Variance 

Components

Percent of 
Total 

Variation 
P Φ-statistics 

among transects 1 Va 0 0.400 0 

within transects 26 Vb 100     

 
       
Table 8.  Hierarchical analysis of variance of microsatellite data using analysis of molecular 
variance (Excoffier et al. 1992).  
       

R. flavipes             

    
df Variance 

Components

Percent of 
Total 

Variation 
P Φ-statistics 

among transects 1 Va 4.20 0.010  

within transects 6 Vb 31.51     

within colony  312 Vc 64.28   
R. hageni             

  
df Variance 

Components

Percent of 
Total 

Variation 
P Φ-statistics 

among transects 1 Va 6.67 0.001  

within transects 26 Vb 33.34     

within colony     1092  Vc        59.99 
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Rf 6-1  = basepairs
  = colony 
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Figure Legends 
 

 Figure 1. Unrooted Neighbor-joining tree using heuristic search using PAUP* (Swofford 2002).  
Bootstrap values are for 1000 replicates supported at ≥50% based on Cytochrome Oxidase II 
sequence data.  Triangles represent R. virginicus, circles represent R. flavipes and squares 
represent R. hageni. White shapes represent Transect 1, while shaded shapes correspond to 
Transect 2. Arm length corresponding to substitutions per site is found on the figure.  Accession 
sequences are published sequences from GenBank of previously identified Reticulitermes spp.  

Figure 3.  Distributions of the relatedness coefficients between pairs of reproductives in simple 
family colonies.  Relatedness coefficients inferred from worker genotypes based on microsatellite 
analyses.  For R. hageni, T1 = Transect 1 and T2 = Transect 2.   

Figure 5. Isolation by distance analysis for R. flavipes and R. hageni colonies within transects using 
microsatellite data.  R values were calculated using a correlation between ln Distance and FST / (1-
FST). R. hageni, Transect 2 is significant (p = 0.011), while R. hageni Transect 1 and both R. 
flavipes transects are not significant based on the Mantel test.   
 

Figure 4. Minimum spanning tree based on mtDNA sequence data (COII gene).  Each slash 
represents one base pair difference; numbers of base pair differences is shown when they 
exceeded 20.  Triangles represent R. virginicus, circles represent R. flavipes and squares represent 
R. hageni. White shapes represent Transect 1, while shaded shapes correspond to Transect 2. Size 
of symbols is proportional to the number of colonies containing a given haplotype.   

Figure 2. Example microsatellite gel of three consecutive collection points identified as R. 
hageni at locus Rf 6-1.  Colony 1 has 4 alleles, Colony 2 has 2 alleles and Colony 3 is 
homozygous for a single allele at this locus.  Numbers on the left of the figure correspond to 
number of basepairs of a standard.   
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Cuticular Hydrocarbon Analysis of Samples Compared with Genetic Data 

Introduction 

Cuticular lipids refer to the combination of lipids found on the outer cuticle of insects.  

These lipids are composed of a combination of straight-chained saturated hydrocarbons, 

unsaturated hydrocarbons, methyl branched hydrocarbons, wax esters, sterol esters, ketones, 

alcohols, aldehydes and acids (Howard et al. 1987).  The function of the cuticular 

hydrocarbon component of cuticular lipids is diverse including use as sex, alarm, territorial 

and recruitment pheromones, species and caste recognition cues, chemical defense, cues for 

parasites and to prevent desiccation (Howard and Bloomquist 1982, Howard et al. 1987, 

Woodrow et al. 2000).  It has been shown that cuticular hydrocarbons are influenced by 

genetic input, environmental conditions and diet (Howard and Bloomquist 1982, Howard et 

al. 1987, Howard et al. 1982, Bauchot et al. 1998, Bagnères et al. 1991, Woodrow et al. 

2000).   

Cuticular hydrocarbons have been shown to be useful for distinguishing phylogenetic 

differences between termite taxa (Brown et al. 1990, Bagnères et al. 1991, Haverty et al. 

1996, Haverty and Nelson 1997, Jenkins et al. 2000).  The use of cuticular hydrocarbons by 

individual insects for interspecific and intraspecific recognition, could lead to social 

acceptance of colony mates or interspecies or intraspecies aggression toward individuals of a 

different species or colony, respectively (Howard and Bloomquist 1982, Howard et al. 1987).  

Within Rhinotermitidae, artificial transfer of cuticular hydrocarbons from individuals of a 

dissimilar species produces non-recognition or aggression by conspecific individuals with an 
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unmodified cuticular hydrocarbon profile towards the modified individual (Howard et al. 

1982, Takahashi and Gassa 1995).   

The purpose of this study was to investigate the relationship of genetic data and 

cuticular hydrocarbon data of Reticulitermes spp. collected in the field.  Microsatellite data 

and sequence data of colonies were compared with cuticular hydrocarbon phenotypes of each 

colony.   

Methods 

 For each sample, two clean, borosilicate scintillation vials and one borosilicate vial 

were rinsed three times with approximately 2 ml of hexanes.  Termites were separated from 

debris to create clean samples.  Twenty-five live workers were then put into a scintillation 

vial with approximately 3 ml of hexane and swirled for 60 seconds.  The hexane was then 

decanted off into the borosilicate vial.  Samples were then dried with nitrogen to 

approximately 100 ml.   

 Samples were purified using silica column chromatography. A small bit of silanized 

glass wool was placed in the tapered end of a Pasteur pipette.  Then approximately 500 mg of 

silica was added to the pipette.  Columns were conditioned for 1 hour in a 110-150 ûC oven, 

and then rinsed with 5-6 ml of hexane.  The other scintillation vial was placed under the 

Pasteur pipette and the dried down sample was loaded into the column.  The vial was rinsed 

two times with 100 µl of hexane, which was then run through the column. The hydrocarbons 

were thoroughly eluted with 6-7 ml of additional hexane.  Samples were dried down 

completely and then reconstituted with 50 µl of hexanes.  

 Cuticular hydrocarbons were determined using a GC/MS according to methods of 

Haverty et al. (1996).  Integration could not be completed for all samples because some 
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samples did not provide a sufficient profile for integration, due to inconsistent peaks among 

replications of the same sample.   

Colonies with the same cuticular hydrocarbon phenotypes were grouped together for 

microsatellite genetic analysis.  Colony structure and structure within cuticular hydrocarbon 

phenotypes was assessed using hierarchical F-statistics with the methods of Weir and 

Cockerham (1984) as implemented in Genetic Data Analysis (Lewis and Zaykin 2000).  FST 

was calculated to determine if colonies with identical cuticular hydrocarbon phenotypes were 

part of the same population or showed differentiation.  The 95% confidence interval for FST 

was obtained by bootstrapping over loci with 1000 replications.   

A Neighbor-Joining tree was constructed for the COII sequences using PAUP* 

4.0b10 (Swofford 2002).  To aid in species determination, we included existing GenBank 

sequences for the three eastern species of Reticulitermes: R. flavipes (accession no, 

AY027477), R. virginicus (accession no. AY027479), and R. hageni (accession nos. 

AF525328; and AF107486).  Gaps were treated as missing data.  To assess the reliability of 

the tree, bootstrap analysis was performed using the HKY85 model with 1000 replicates as 

implemented in PAUP*.  Cuticular hydrocarbon phenotypes were added to the tree 

corresponding to the appropriate colonies for visual comparison of the relationship between 

sequence data and cuticular hydrocarbon phenotypes. 

Finally, we performed Analysis of Molecular Variance (AMOVA; Excoffier et al. 

1992) to estimate differentiation between cuticular hydrocarbon phenotype within a species 

at the COII gene using the program ARLEQUIN (Schneider et al. 2000; available via 

http://lgb.unige.ch/arlequin).   

Results 
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Cuticular Hydrocarbons of Reticulitermes spp. 

 We tentatively identified eight distinct cuticular hydrocarbon phenotypes from 

collections of Reticulitermes from two transects in the Coastal Plain of North Carolina.  

Three cuticular hydrocarbon phenotypes were identical or nearly identical to published 

phenotypes of Haverty et al. (1996).  We assigned letters to the remaining cuticular 

hydrocarbon phenotypes in the order of classification of the phenotypes. 

 Cuticular hydrocarbon phenotypes R.f. GA-A, B, and C were identified as R. flavipes; 

R.v. GA-C as R. virginicus; and similar to R.h. GA-D as R. hageni based on previously 

published cuticular hydrocarbon phenotypes (Haverty et al. 1996) and were confirmed using 

soldier morphology and mtDNA sequence data.  Cuticular hydrocarbon phenotypes NC-A, 

NC-B and NC-C were not similar to previously published phenotypes and were therefore 

identified as R. hageni based solely on soldier morphology and mtDNA sequence data.   

 Hydrocarbon classes observed include normal alkanes, olefins (including alkenes, 

alkadienes, and alkatrienes) and mono- and dimethylalkanes (Table 9).  All cuticular 

hydrocarbon phenotypes contained the normal alkanes: C23, C24 and C25.   Seven of the 

eight cuticular hydrocarbon phenotypes contained olefins, several having up to three separate 

isomers.  Three cuticular hydrocarbon phenotypes (R.f. GA-A, NC-B and NC-C) contained at 

least two isomers of the same olefin.  We did not locate the position of the double bonds.  No 

identical olefin was found in all phenotypes of the seven phenotypes that contained olefin 

components.  Monomethylalkanes were abundant with 2-meC23, 2-meC24 and 3-meC25 

present in all samples.  Dimethylalkanes were present in five of the eight cuticular 

hydrocarbon phenotypes.   
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 Hydrocarbon phenotypes R.f. GA-A and R.f. B were similar, but R.f. B had no C25:3 

and contained a higher percentage of 13; 11-meC27.  R.f. B and R.f. C differed in the 

presence of C27:2, C29:3 and C29:2 found in R.f. C only.  Cuticular hydrocarbon phenotype 

R.v. GA-C was identical to previously published GA-C (Haverty et al. 1996).  The phenotype 

similar to GA-D differed in its greater abundance of C29:3 and C29:2.  NC-A, NC-B and 

NC-C were dissimilar to previously unpublished cuticular hydrocarbon phenotypes.  NC-A 

contained predominantly 29:1 and 29:2, NC-B contained primarily 29:2 and 29:3, while NC-

C contained high percentages of C23, C25, C33:2 and C35:2.   

Cytochrome Oxidase II (COII) Sequence Data 

 The Neighbor-joining tree presented in Figure 6 highlights the phenotypes of colonies 

within the tree to give a visual representation for comparison.  There did not appear to be a 

distinct separation within the tree based upon cuticular hydrocarbon phenotype.  In three 

cases, identical mtDNA sequences exhibited different cuticular hydrocarbon phenotypes.   

Analysis of Molecular Variance 

 Table 10 shows the results of the Analysis of Molecular Variance (AMOVA) 

(Excoffier et al. 1992), based on sequence data and groups of colonies containing the same 

cuticular hydrocarbon phenotype.  In both species, the majority of the variation was due to 

variation within phenotypes, rather than variation among phenotypes.   

Genetic Difference Between Groups of Colonies with the Same Cuticular Hydrocarbon 

Phenotypes 

If only one colony represented a single cuticular hydrocarbon phenotype, the 

population genetics could not be analyzed for this one colony.  Therefore, no genetic 
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comparisons could be made for cuticular hydrocarbon phenotypes R.f. C for R. flavipes, R.v. 

GA-C for R. virginicus and the phenotype similar to R.h. GA-D for R. hageni.   

 We calculated the FST values between groups of colonies containing identical 

cuticular hydrocarbon phenotypes to determine if the phenotypes may represent separate 

species or subspecies.  If the groups were actually separate species and the phenotypes are 

teated as one, the F-statistics and relatedness coefficients would be inflated.  The FST values 

between phenotype groups can be found in Table 11. 

 There was significant differentiation between the two remaining cuticular 

hydrocarbon phenotypes R.f. GA-A and R.f. B based on microsatellite genotypes of workers.  

There was significant differentiation between R. hageni cuticular hydrocarbon phenotypes 

NC-B and NC-C and between phenotypes NC-A and NC-C, but no significant differentiation 

between NC-A and NC-B. 

Discussion 

 The preliminary results of the present study show that while some cuticular 

hydrocarbon phenotypes are similar, or in some cases identical, to previously published 

phenotypes, others differ markedly.  In several early papers, including those of Howard et al. 

(1978) and Bagnères et al. (1990), late eluting components were not included when 

identifying phenotypes.  In contrast, the present study and many others include components 

that extend to C37 to C39.  It is also important to keep in mind that many of our samples did 

not produce a good enough profile to integrate; only 22 of the 38 samples were of high 

enough quality to integrate, while the remaining were categorized into phenotype groups 

based on visual comparisons of chromatograms.  In the processing of our samples, the 

solvent was dried down and reconstituted with fresh solvent and samples were run several 
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months after being extracted.  Olefins will remain intact in frozen or dried specimens, but 

may degrade when in solvents, particularly if the solvent is allowed to evaporate (Page et al. 

1990, Haverty et al. 1996).   

 R. flavipes phenotype GA-A is identical to that of Haverty et al. (1996), but 

phenotype B differs in the absence of C25:3 and the increased abundance of 13; 11-meC27 

while phenotype C appears to be similar to B, but also has C27:2, C29:3 and C29:2.  Haverty 

et al. (1996) also recorded more isomers of olefins in all samples than the present study, 

which may be because all their samples were run within 8 hours of extraction.  Jenkins et al. 

(2000) reported large quantities of C25:3 for phenotype A and a near absence of C25:3 and 

C33 for phenotype AB.  Phenotype GA-A contains C25:3, but at a much lower percentage 

than Jenkins et al. (2000) reported, though B and C contain neither C25:3 or C33, they also 

do not exhibit the presence of 11, 15-demeC35 that was quite abundant in phenotype AB.  

Bagnères et al. (1990) reported n-alkanes, mono-branched hydrocarbons, dibranched 

hydrocarbons, monoenes and dienes in R. flavipes cuticular hydrocarbon profiles.  All of the 

phenotypes of the present study were consistent with this finding with the exception of B 

which did not contain any monoenes.   

 The only R. virginicus sample with a high enough quality sample to be identified was 

found to be the same as GA-C classified by Haverty et al. (1996).  This differed from 

phenotype A for R. virginicus reported by Jenkins et al. (2000) in the absence of 11-meC31 

which was abundant in phenotype A.   

 One phenotype of the present study was found to be similar to GA-D recorded by 

Haverty et al. (1996), but contained more C29:3 and C29:2.  All phenotypes of the present 

study identified as R. hageni differ from phenotype B due to the absence of abundant C27:2, 
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all but NC-B differ from phenotypes I and L because of the absence of C29:1.  NC-B had a 

much larger percentage (>30 %) of C29:1, however than phenotype I or L (>10%).   

 Page et al. (2002) reported three lineages within the genus Reticulitermes based on 

cuticular hydrocarbon composition.  Tentatively comparing the main characteristics of the 

three lineages with characteristics of our cuticular hydrocarbon phenotypes, phenotypes GA-

A, B, C and GA-C could be found within �Lineage I� due to the presence of 11-, 13-, 15-

methyl alkanes and 11, 15-dimethylalkanes and GA-A, B, the phenotype similar to GA-D, 

NC-A, and NC-C could be found within �Lineage III� because of the presence of both 

alkenes and alkadienes.  No phenotypes would correspond to �Lineage II� since no colonies 

contained 5-methylalkanes, 5,X-dimethylalkanes between C25 and C27 or 5, 17-

dimethylalkanes between C33 and C43.   

 In the present study, R. flavipes phenotype GA-A separated out in separate clade 

according to COII sequence data from B and C, suggesting a correlation between cuticular 

hydrocarbon phenotype and mtDNA sequence data.  For R. hageni, however, no clear pattern 

or grouping of cuticular hydrocarbon phenotypes was observed within clades.  For both R. 

hageni and R. flavipes, AMOVA showed the majority of variation was within phenotypes, 

rather than among phenotypes.  This differs from the study by Jenkins et al. (2000) that also 

compared COII sequence data and cuticular hydrocarbon phenotypes and found that 

phenotypes clearly grouped within clades for R. hageni and R. virginicus, but did not have 

any clear phenotype groupings within the clades of R. flavipes.   

 Microsatellite data, however, did indicate a genetic difference among some phenotype 

groups based on FST calculations.  There was a significant difference between R. flavipes 

phenotypes GA-A and B and between R. hageni phenotypes NC-B and NC-C and between 
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NC-A and NC-C.  No significant difference based on microsatellite data was found between 

R. hageni phenotypes NC-A and NC-B.   

 Preliminary assessments of mtDNA sequence data and microsatellite data with 

cuticular hydrocarbon phenotype data indicates the potential for informative comparisons in 

the future.   
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Table 9. Hydrocarbons found in the cuticular hydrocarbons of each of eight hydrocarbon 
phenotypes of Reticulitermes collected in the Coastal Plain of North Carolina. R.f. = R. flavipes; 
R.v. = R. virginicus; R.h. = R. hageni. Numbers are percentage of total hydrocarbon.  
         
 Reticulitermes Hydrocarbon Phenotype 

Hydrocarbon R.f. GA-A R.f. B R.f. C R.v. GA-C 
R.h. 

similar to 
GA-D 

NC-A NC-B NC-C 

2-meC22        0.46 

C23:2    0.52     

C23 2.76 0.69 7.60 3.56 12.44 5.76 7.93 11.45 

11-meC23 0.78 1.52  0.38     

2-meC23 0.59 0.50 1.15 0.71 0.98 0.46 1.01 1.87 

3-meC23 0.46 0.43 1.02 0.95 1.16 0.55 0.70 2.38 

C24 2.34 0.70 0.71 1.58 0.68 0.49 1.22 1.13 

12; 11-meC24 1.05 1.88 0.72 0.67     

2-meC24 13.29 10.98 12.83 8.41 7.15 3.29 4.35 6.92 

C25:2a    34.49    8.13 

C25:1a 8.31    0.86 0.57   

C25:1b 1.16       1.02 

C25:1c 1.27        

C25 15.68 8.09 10.35 14.56 9.31 7.06 8.20 6.59 

13; 11-meC25 + 25:2b 26.91 43.40 27.18 13.55     

C25:2c 4.09        

11,15-dimeC25 + 2-meC25 2.84 5.62 3.59 2.29   0.60  

3-meC25 6.35 4.03 4.88 4.00 2.84 1.67 2.50 1.37 

C25:3a 8.30        

C25:3b 1.12        

C26         

12; 11-meC26  2.55 1.52 0.33     

C27:2a       2.30  

C27:1      2.32   

C27      0.65 1.29  

C27:2b   8.78  28.37    

13; 11-meC27  14.25 10.69 1.04     

C28:2      0.66   

11,15-dimeC27  2.70       

C28:1      1.10   

C29:3a       22.57  

C29:2a     3.58 35.54 3.56  

C29:2b       41.50  

C29:1a   1.09  5.00 36.46   

C29:3b   4.15  17.02    

C29:3c&2c   1.11  2.86    

C29:2d   2.64  6.89    

C29:2e     0.86    

C31:3       2.27  

C31:2      1.36   

C31:1      0.48   
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15; 13; 11-meC31    2.13     

11,15-dimeC31    2.50     

C33:3         

C33:2      1.08  18.00 

C33:1a        2.45 

C33:1b        3.55 

15; 13; 11-meC33    3.85    1.27 

11,15-dimeC33    0.92     

C35:2      0.48  20.33 

C35:1a        4.29 

C35:1b        1.23 

13; 11-meC35 0.86   2.79    1.85 

11,15-dimeC35 0.69   0.78     

C37:2a         

C37:2b        5.11 

C37:1        0.59 

13; 11-meC37 0.52 1.21       

11,15-dimeC37 0.64 1.44             
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Table 10.  Hierarchical analysis of variance of cuticular hydrocarbon phenotypes using 
analysis of molecular variance (Excoffier et al. 1992).  
       

R. flavipes           

    
df Variance 

Components

Percent of 
Total 

Variation 
P Φ-statistics 

among phenotypes 2 Va 19.52 0.01857 0.19521 

within phenotypes 5 Vb 80.48     

       

R. hageni             

  
df Variance 

Components

Percent of 
Total 

Variation 
P Φ-statistics 

among phenotypes 2 Va 9.56 0.00196 0.09557 

within phenotypes 23 Vb 90.44     

 
 
 
Table 11. FST values (95% CI) between colonies with identical cuticular 
hydrocarbon phenotypes within Bladen Lakes State Forest using worker 
genotypes.  

Species 
Phenotype 

Comparison FST 
          
R. flavipes   R.f. GA-A vs. R.f. B 0.199 
       (0.072 to 0.332) 
R. hageni   NC-A vs. NC-B 0.000 
        (-0.028 to 0.030) 
    NC-B vs. NC-C 0.177 
        (0.134 to 0.230) 
    NC-A vs. NC-C 0.158 
        (0.070 to 0.257) 
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Figure 6. Unrooted Neighbor-joining tree using heuristic search using PAUP* (Swofford 2002).  
Bootstrap values are for 1000 replicates supported at ≥50% based on Cytochrome Oxidase II 
sequence data.  Triangles represent R. virginicus, circles represent R. flavipes and squares 
represent R. hageni. White shapes represent Transect 1, while shaded shapes correspond to 
Transect 2. Arm length corresponding to substitutions per site is found on the figure.  Accession 
sequences are published sequences from GenBank of previously identified Reticulitermes spp. 
Cuticular hydrocarbon phenotypes are included after species and transect symbols. 
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