Genetic diversity, colony genetic structure, colony identity and breeding structure of

the western drywood ter mite, I ncisitermes minor (Hagen).

Warren Booth, Robin Tabuchi, Vernard Lewisand Edward L. Vargo

Abstract

The western drywood termitecisitermes minor, represents one of the most important
and destructive termite species in the UnitedeStdDespite this however, and in
comparison to the subterranean termites of thesyeeticultermes, nothing is known
regarding the genetic colony structure, colony poulation differentiation, and
breeding structure. Understanding each of thesgooents is essential for the
development of, and the understanding of resultsafagement strategies for control.
For example, understanding the identity of andgreetic connection, or lack of,
between colonies infesting a property will enable pest control specialist to monitor
over time the effectiveness of control strategigsmythat the molecular methods
described here enable accurate identificationeattthony level. Thus, using these
markers it is possible to track over time changeailony infestion (i.e. if a colony is
replaced by a genetically unrelated colony), colspsead (through sampling of
individuals at different points in a structure)dasolony breeding structure (i.e. the
switch from simple families to extended, an impott@ctor linked to the potential for
rapid population expansion).

Within this study we have developed a suite ofriérosatellite markers (small
sections of the termite DNA that offer the constirt of unique genetic fingerprints for
individuals) forl. minor. This class of molecular marker is used commoofystudies in
other species, including humans, to address quessiach as paternity and individual
identity (e.g. in crime case). The application wéls markers to studies of termite biology
and population structure is now common, howeveékitarcfor the drywood termites.
Here we applied a selection of these markers toeaddhree key questions relating to
infestations in the urban and agricultural envirenirat several sites across California: 1)
Colony identity, 2) Determination of breeding stiwre, and 3) Colony genetic structure.

Results reveal that using these markers we canatetyidentify cases of multiple



collections actually representing single, potehtiakpansive infestations by a single
colony. Assuming that individuals within these exgi@e colonies share connections to
each other and to the reproductives, such infoonatiith prove important in
understanding how insecticide is transferred witheolony from a point of introduction.
Colony breeding structure proved variable, withtlatee forms previously observed in
the eastern subterranean termites also detectediteerSimple families headed by a
single pair of reproductives, Extended familiesutisg from inbreeding within the
colony, and Mixed colonies potentially resultingrfr the fusion of two or more
genetically unrelated colonies). Understanding dhiregstructure allows us to make
predictions of colony size and age, and therefotergially the level of damage to an
infested property. Simple families are likely todmall, capable of producing relatively
few workers, thus damage may be limited and rdsttito a small area. Extended and
mixed families however have significantly greatgpnoductive output, and therefore
colonies may consist of considerable numbers okersrinflicting damage over a larger
area within the property. Finally, understandingeje structure within colonies allows
us to understand the levels of inbreeding, an eséininked closely to both the adaptive
ability of a colony, and to the number of secondagroductives reproducing within a
colony. This estimate allows researchers to mocarately predict colony potential size
and therefore again may be used to estimate thmlspeale over which damage may
occur. All of these factors are especially impotiam species, like minor that is

cryptic within properties, thus being able to mékese estimates early in treatment may

enable pest operators make more informed decisibtie control strategies available.



Introduction

The western drywood termiticisitermes minor (Hagen), is recognized as one of the
most economically important and destructive terragecies in the United States (Su &
Scheffrahn 1990). Although native from northwesteglexico to southwestern United
States, due to the ease of both intra- and inteth@ental movement of infested furniture
and timbers, infestations have been documenteddeutseir native range (Hathoree

al. 2000; Xieet al. 2001; Indrayangt al. 2005). Given the vast economic impact of this
species (Rustt al 1988), the understanding of population geneticcsting and breeding

systems is fundamental to the development of mibeetese management strategies.

I. Identification and characterization of 15 polymor phic microsatelliteloci in

the western drywood ter mite, I ncisitermes minor (Hagen)

Modern molecular markers such as microsatellitestyiction fragment length
polymorphisms (RFLP), and mitochondrial DNA sequegdmtDNA) are now
commonly used to address questions relating taepéetentification, phylogeography,
life history, and dispersal behaviors of sociakits (Ross 2001, Vargo & Husseneder
2009). Of these, microsatellite markers offer theagest potential for studies relating to
breeding structure and colony identification. Aatog to Avise (2004), microsatellites
are probably the most popular and powerful of tlmeent molecular markers.
Microsatellite loci are co-dominant markers, witieallele being contributed to the
offspring from each of the parents, in a Mendefashion. Each microsatellite locus is
composed of reiterated short sequences (usuatly of, or tetra-nucleotides [see Fig. 1
and 2 for examples]) that are tandemly arrayedpatracular chromosomal location
(Hamada et al. 1984), with variation in repeat copgnber often underlying a profusion
of distinguished alleles within a population (Avia@04). Additionally, they can be
amplified from small quantities of tissue. The mdrawback of these markers is that
unless they have already been characterized f@pbees in question, or even a closely
related species, they were, and to many still@esidered difficult, time consuming and
costly to isolate. Idrayani et al. (2006) publistzeset of 10 polymorphic markers for

minor. Of these, however, eight consisted of di-nucteotepeats, a characteristic often



considered unfavorable due to the production dfetbbands when amplified. These
stutter bands often make accurate determinatioheoindividual genotype (i.e.
homozygote [1 band] or heterozygote [2 bands]diffito distinguish (See Fig. 1). This
is not an issue with tri and tetra-nucleotide (@xe Fig. 2)
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Fig. 1. Example di-nucleotide microsatellite marker. Gehga portrays 11
individuals (1 — 11) and a marker lane (left)
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Fig. 2. Example tetra-nucleotide microsatellite marker. iB&lge portrays 45 (3
groups of 15) samples and 4 size standard ladiBrs (

Given the lack of suitable tri- and tetra-nucldetmicrosatellite markers for
minor, we developed an enriched library from which weated and characterized 15
polymorphic markers (Booth et al. 2008). Of thdse consisted of tri-nucleotide
repeats, eight of tetra-nucleotide repeats, ang twd di-nucleotide repeat motifs. Initial

screening of 30 individuals, representing six imndlinals from a total of five



geographically separated locations, revealed Heahtimber of unique alleles per
microsatellite locus ranged from three to fifte@iserved heterozygosity, calculated
from 23 individuals collected within a single loicat ranged from 0.050 to 0.866.
Preliminary results confirmed these markers yielgigfficient within and between
colony/population polymorphism for the resolutidrpatterns of dispersal, gene flow

and colony breeding structurelimminor (Booth et al. 2008).

1. Breeding structureand colony identification

I ntroduction

Termite colonies are considered to fall into theategories. When reproduction
within the colony is controlled by a single kingdaqueen, the colony is referred to as a
simple family. Following the death of one or botimgary reproductives, the colony may
undergo several rounds of inbreeding as a resudpybduction by the secondary
neotenics. This is referred to as an extended yamihally, colonies have been shown to
fuse (Deheer & Vargo 2004, 2008; Johns et al. 2003hese rare events, workers
within a colony exhibit genetic ancestry to morartlone colony. These are referred to as
fused or mixed family colonies.

To date no published data are available regardiegénetic identification of
breeding structure, colony identification and cgl@enetic structure ih minor. An
early study by Harvey (1934) described the reprtdedife history as follows: Upon
king/queen bond formation, and following the exdaraof a royal chamber, a queen
will lay approximately two to five eggs within tlfiest year, eight to 15 within the
second, and fecundity will increase with each sssiwe year until reaching a peak after
10 to 12 years. At five years a colony may conslishe primary reproductives, 20
soldiers and 500 nymphs. A colony at 10 years efragy contain one or more
secondary (neotenic) brachypterous reproductivesidition to the primaries. Harvey
(1934) acknowledged that these secondary repragiscinay supplement egg
production, however noted that the existence ofentioain one pair of functional
reproductives, even in older, larger colonies wagely. Additional reproductives

identified inl. schwarz colonies were considered to result from the fusibdifferent



established colonies (Luykx 1986). In contrast,enalar evidence of breeding structure
within the subterranean termites (Rhinotermitid&sle Vargo and Husseneder (2009) for
review], has revealed that secondary reproductve$oth common and play a
significant role in egg production resulting in extled family breeding structure in this
group. Korb & Schneider (2007) report extended fmicomprised 16% of colonies in
the Australian drywood termit@ryptoter mes secundus (Hill), while 25% of colonies

were the result of fusion events; however no infatron regarding the details of this
study are provided.

The objective of this study was to determine thels of genetic diversity within
geographically separate colonied ahinor using a set of species specific microsatellite
markers, thus evaluating the power this markeo8ets for future genetic studies lof
minor. Within two landscapes (Urban vs. Agricultural) used these markers to examine

the colony genetic structure, identity, and bregditmucture.

Materials and M ethods

Sample Collection and microsatellite screening

A total of 23 colonies were sampled from 11 didticalection sites in California.
Collection sites were split into two environmerdsses, urban and agricultural. Ten sites
were classified as urban. These were as followstiNgollywood Hills (n = 5), Oakland
(n =1), Los Angeles (n = 2), Santa Cruz (n = Igr@ada Hills (n = 1), New Port Beach
(n = 1), Riverside (n = 2), Lakeview (n = 1), Ldldgn = 1) and Cypress (n = 1).
Agricultural samples were collected within a vinel/aear Fresno CA (n = 7). From each
distinct collection genomic DNA was extracted frathto 20 workers using the DNeasy
Tissue Kit (Qiagen, Valencia, CA). These individualere genotyped at five
polymorphic microsatellite locOW-11, DW-12, DW-27, DW-39, andDW-46) following
the method described in Booth et al (2008). Thesewere selected from the suite of 15

described earlier based on the level of polymorptasd observed heterozygosity.

Colony identity



In order to determine colony identity genotypitfetientiation was tested between
colony pairs following the permutation methods iemented in FSTAT (Goudet 2001).
Additionally log-likelihood G) based exact tests of genotypic differentiationy@et et
al. 1996) were performed on each pair of samplerges, as implemented by the
program GENEPOP ON THE WEB (option 3, suboptioRdymond and Rousset,
htpp://wbiomed.curtin.edu/genepop/index.html). ddinis program individual locus
based estimates of significance were calculateld ewierall significance determined for
each pair-wise comparison after Bonferroni cormetbased on the number of loci

screened. Default parameters within this programevi@lowed.

Classification of Breeding Structure

Colony breeding structure was classified followiraygo (2003), and DeHeer
and Vargo (2004). Under this classification colsraee placed into one of three groups.
Simple families are those headed by a single garimary reproductives. Within these
families the genotypes of workers follow those eted for a single pair of parents (i.e.
maximum of 4 alleles and no greater than 4 genotgiaisses) and if the ratios do not
differ significantly from those expected under sienplendelian patterns of inheritance.
The significance of these ratios is determinedughoaG-test performed per locus then
summed across all loci. Extended families differnirsimple families in the number of
reproductives, but like simple families will have more than four alleles per locus.
Under this system the genotypes of the workersnaansistent with a single pair of
reproductives, identified by the presence of mbhemtfour genotypic classes at one or
more loci, or if the genotypes are consistent @&ithngle pair of reproductives but tGe
value deviate significantly from those expectedarralsimple family. Mixed family
colonies result from the fusion of two or more ¢o&s and will be evident by greater
than four alleles at one or more loci (See Figor3afdiagrammatic explanation). The
power to detect mixed family colonies depends @wtiriability present in the markers
(i.e. As detection of a mixed family is dependemtloe detection of greater than four
alleles at a given locus, loci screened must ekBibr more alleles within the population

of interest).



a) Simple Family
Parental genotypes (diploid) )YAB x (?)CD

Possible gametes (haploid egg and sperm)B; C, D.
Expected offspring genotypes (predicted using ptirsggiare):

| c D |

As can be seen there is a maximum of 4 paren&eal,B,C,D), and therefore no more
than 4 genotypic classeAE,AD,BC,BD in this example).

b) Extended Family
Parental genotypes (diploid) — derived from offsgrgenotypes of simple family (e.g.

from example above) Parental)AB x (?1) CD

Secondary reproductiv@@)BD

Possible gametes (haploid egg and sperf)B; C, D.
Expected offspring genotypes (predicted using ptirsugiare):

B C D
A
B

As can be seen there is a maximum of 4 parentdeallA,B,C,D), and greater than 4
genotypic classe?\B,BB,AC,AD,BC,BD in this example).

c) Mixed Family
Parental genotypes (diploid) — Parental YAB x (?1) CD colony A reproductives
(G1)EF x (21) GH colony B reproductives

Possible gametes (haploid egg and speri)B; C, D, E, F, G, H.
Expected offspring genotypes (predicted using ptirsggiare):

As can be seen there is greater than 4 parent&ésip\,B,C,D,E,F,G,H), and greater
than 4 genotypic classes (16 in this example).

Fig. 3. Number and ratio of genotypic classes expectedruzatsh potential family

structure.



Colony genetic structure

Colony genetic structure was investigated usirgdatistics following the method
of Weir and Cockerham (1984) as implemented irptlogram FSTAT (Goudet 2001).
Analysis was performed over all samples, amongrugdaanples only, and among
agricultural samples only. The later two methodsanmployed so th&t-values used to
infer breeding system were not confounded by hidggnl genetic structure. 95%
confidence intervals were estimated by bootstrappirer loci with 1000 replications.
Those values that did not overlap zero are consibier be significant at thee= 0.5
level. The notation of Thorne et al. (1999) andrBed et al. (2001) was followed in
which each individual colony is considered as agojpulation and the genetic variation
is partitioned among the following components:itigdvidual (1), the colony (C), and the
total (T).Fr is analogous to the inbreeding coefficient ana mseasure of the level of
inbreeding in individuals relative to the populati&cr is comparable to thiest and
represents differentiation between colonies. gtk is the coefficient of inbreeding in
individuals relative to their colony and is partaenly sensitive to the numbers of
reproductives present and their mating patternimvitolonies. Strongly negativgc
values are expected in simple families, values lshapproach zero with increasing
numbers of reproductives within colonies and betmeswith assortative mating among
multiple groups of reproductives within colonieswith mixing of adults from different

colonies.

Results

Summary statistics

Summary statistics for genetic variability areegivin Table 1. Overall an average
of 16.67 samples was screened per sample loc&eiween 12 and 32 alleles were
detected per locus, with a mean of 19.2 per loBusrage expected heterozygosity was
0.56 and average observed heterozygosity was Bdfiples were then split based on

environment class (Urban vs. Agricultural). Withive urban samples, between 11 and 30



Table 1. Zample location data and basic summary statistics (number of alleles per locusizample, mean sample size, mean
number of alleles, expected heterozygosity (Hgl, and ohserved heterozygosity (o) for 20 colonies of Incisitermes minor
collected in Californis, USA. Samples outlines in red and blue represent ane colony respeactively.

Family type Fopuiation Mo. of alleles detected per locus [ per sample S“;;ZTE nr:,ld:':::;r B | Hi
W1 W2 DW-2T DW-39 OW-46 | o Lt alees
Urban

Lakeview 1 2 1 4 2 7.4 2 03 029

Willa La Jolls 2 4 3 4 2 116 3 054 | 0.4

Simple “izta Real 3 " 2 3 3 15 275 057|075
Morth Bend 1 4 3 3 3 16 25 047 | 0535

Cakland 2 2 2 3 4 20 25 0.55 | 065

Granada Hills 2 3 2 4 H 195 275 043 0EB3

total 183 275 217 3.50 2.80 1542 26 043 055
NornFolwoedHIs #1455 |4 3 | s | tse | 32 om[om

Morth Hollywood Hils #24 | 3 3 4 > 3 198 32 067 066

Morth Hollywood Hils #26 3 3 4 3 3 198 | 32 | 063 087

Extenced : - : - -

Marth Hollyweaod Hills #18 2 4 2 2 4 1898 2.8 a6 | 0.7

Morth Hollywennd Hils #47 2 4 5 5 4 198 | oz |os52|oer

Mewy Port Beach 3 3 3 2 3 20 28 062 055

total 267 3.33 3.33 267 3.33 19.80 3.07 0.63 057

Loz Angeles, Board 4 ) 5 T 5 19.2 5.2 071 | 065

_ Los Angeles, Branch 4 4 4 5 E 19.8 456 089 073
Mk Santa Cruz 2 -] & T S 19.8 5.2 053 | 0.55
Riverszice 2 & 3 2 5 17 4 051  0EG

total 300 575 4.50 525 5.25 1895 475 063 0BG

Urban mean 244 3.86 318 363 367 17.84 328 0.57 | 0.1

Total no. alleles detected 11 30 11 20 18
Agriceitural

Bi1E 2 2 3 3 3 148 26 043 055

Simple B18 1 2 2 3 3 g 22 042 033

B23 3 Hd 3 3 2 1775 275 057 061

2.00 2.00 267 3.00 267 13.52 2.52 049 05

BE 2 2 3 4 2 136 25 05 | 0ES

Extenced B12 2 3 3 4 4 153.2 3.2 053|039
Bi15 4 4 2 4 3 122 34 063 084

2ET 3.00 2E7 4.00 3.00 13 3.0E 057  0E2

Mlixed Bs 3 ] 2 =1 2 16.8 36 055|039
Agriculttural mean 245 347 257 37 2N 13.76 2. 053 | 055

Total na. alleles detected 5 ] 5 9 g

Combined mean 243 3 ES 3 3ES 3.36 1667 317 056 058

Total no. alleles detected 12 32 13 20 14




alleles were detected per locus, with a mean gfet8ocus. An average of 3.29 alleles
was detected within colonies across the five IBgpected heterozygosity

within colonies ranged from 0.30 to 0.71 with ae@ge of 0.57 and observed
heterozygosity ranged from 0.29 to 0.78 with arrage of 0.61. Within the agricultural
samples fewer alleles were detected with betwesmd=® alleles per locus, and a mean of
7.2 per locus. Across the five loci an average.81 alleles was detected within colonies.
Expected heterozygosity within colonies ranged ftba® to 0.68 with an average of

0.53 and observed heterozygosity ranged from @ 3884 with an average of 0.53. Due
to the small sample size within each geographiatlon estimates of Hardy Weinberg

Equilibrium was not calculated.

Colony identity

Given the geographic separation between sampliexieal in the urban
landscape limited samples were likely to displatggras of significant genetic similarity.
Based on the results of the permutation tests img@teed in FSTAT and the exdgt
tests implemented in GENEPOP 11 of the 16 collestiwere considered unique
colonies. The North Hollywood Hills collections regented two distinct colonies. The
first colony was comprised of samples #14, 24 g&hdahereas the second colony
comprised #'s 18 and 47, both with non-significBntalues (Table 2). Put simply, in
Table 2, we can see that colonies 14, 24, and 2@ sl alleles at each locus.
Additionally, the frequency of each genotype pragtlirom these alleles within each
colony is found to be comparable to each otheroflet 18 and 47 share comparable
alleles and genotype frequencies at each locus,itfiorming us that these two colonies
actually represent a single colony. We can seettieatolony comprising 14, 24, and 26
is genetically different than the colony comprig#d.8 and 47, given the alternate alleles
present at each Locus. For example, at |@W&39, colony 14/24/26 possesses alleles
135, 138, and 165, whereas colony 18/47 posselskes 450 and 153. Given that these
loci are ancestrally different, we can tell instahat these colonies are genetically
different. For further analysis samples #14 and wére selected as representative
colonies for determination of breeding structur#.cAlonies sampled within the

agricultural landscape were genetically distinct.



Table 2. Microsatellite alleles and absolute numbers preaefivel. minor samples
collected within the North Hollywood Hills samplirsife. Based on allele size and
number present colonies 14, 24, and 26 are notigalg different and therefore
represent a single colony. Based on the same plencolonies 18 and 47 represent a

single colony.

Colony I.D. Microsatellite locus
DW- DW- DW- DW- DW-
11 n 12 n_ 27 n 39 n 46 n

North Hollywood Hills
#14 292 19 205 9 318 9 135 6 144 13

2908 12 241 15 324 10 138 9 162 21
307 9 260 16 342 10 165 25 168 4
348 9

North Hollywood Hills
#24 292 20 205 9 318 12 135 11 144 20

298 9 241 12 324 9 138 11 162 13
307 11 260 17 342 7 165 18 168 7
348 12

North Hollywood Hills
#26 292 26 205 7 318 10 135 7 144 17

298 6 241 11 324 10 138 10 162 17
307 8 260 20 342 10 165 23 168 6

348 10
North Hollywood Hills
#18 298 26 245 9 318 9 150 27 148 8
301 14 264 7 324 31 153 13 158 12
272 12 168 12
292 10 172 8

North Hollywood Hills
#47 298 28 245 318 9 150 32 148 7

301 12 264 324 31 153 8 158 12
272 11 168 12
292 14 172 7

[(o e}




Colony breeding structure

Following the detection that the five North Hollgad Hills collection points
represented two genetic colonies a total of 20raistolonies were available for
determination of colony breeding structure (Tabie)o Of the 13 urban samples, 6
colonies (46.2%) yielded worker genotypes consistgtin those expected under a single
pair of reproductives. No more than four genotygasses were detected, all segregating
with Mendelian ratios expected for a single paireggroductives. Three colonies
(23.1%), while possessing no more than four allpgdocus, exhibited greater than four
genotypic classes (i.e. too many homozygous geeatigsses), or Mendelian
segregation patterns inconsistent with a singleqfaieproductives. These were therefore
determined to be extended families. The remainmog €olonies (30.77%) exhibited
greater than 4 alleles at one or more loci thusiginog evidence for colony fusion
(mixed colony structure). Within the seven agriotdt collections three colonies
(42.86%) meet the criteria of being simple famili@gurther three (42.86%) exhibit an
excess of genotypic classes while possessing ne than four alleles at each locus, and
were therefore identified as extended families. fiina& colony (14.28%) exhibited
greater than 4 alleles at more than one locus asddetermined to be a mixed family.

Overall, when colonies were combined across hiso45%) colonies were
classed as simple families, 6 (30%) were extendetlies, and the remaining 5 (25%)

were mixed family colonies.

Colony genetic structure

F-statistics and relatedness estimates are showalle 2. Overall, workers in
both urban and agricultural populations showedss@rinbreedingK;r = 0.351, 95%
C.1. 0.324 — 0.376) with relatedness values of @.@4507 — 0.597). Population within
both environments appeared equally inbré@i—urban = 0.320 (0.295 — 0.348);
agricultural = 0.319 (0.163 — 0.488 £ 0.49 — paired t-test assuming unequal variances)
and had comparable relatedness values (urban 2 (05271 — 0.588], agricultural =
0.493 [0.420 — 0.567](= 0.28). Across colony typ&ar values were not significantly
different from each otheP(= <0.05). Considering the simple families onlyihin the

urban landscaplec andr did not differ significantly from those expectedrh simple



Table 3. F-statistics and relatedness coefficients for wonastmates of . minor from urban and

agricultural landscapes within California, USA, aradues expected for some possible breeding

systems of subterranean termites as derived fronpater simulations.

Family type Fir Fer Fic r
Urban
Simple (n = 6) 0.308 0.427 -0.208 0.653
0.152 - 0.318 - -0.333 to - 0.539 -
0
(95% C.1) 0.480 0.533 0.051 0.738
Extended (n = 3) 0.293 0.22 0.093 0.34
0.017 - 0.151 - -0.177 - 0.270 -
0
(95% C.1) 0.547 0.283 0.378 0.399
Mixed (n = 4) 0.285 0.308 -0.033 0.479
0.205 - 0.221 - -0.128 - 0.360 -
0
(95% C.1) 0.355 0.415 0.049 0.613
All (n = 13) 0.32 0.344 -0.037 0.522
0.295 - 0.314 - -0.111 - 0.471 -
0
(95% C.1) 0.343 0.392 0.025 0.588
Agricultural
Simple (n = 3) 0.412 0.435 -0.04 0.616
0.199 - 0.307 - -0.312 - 0.442 -
0
(95% C.1) 0.614 0.551 0.319 0.753
Extended (n = 3) 0.256 0.308 -0.075 0.491
0.021 - 0.256 - -0.321 - 0.444 -
0
(95% C.)) 0.464 0.354 0.190 0.546
Mixed (n = 1) NA NA NA NA
(95% C.I)
All(n=7) 0.319 0.325 -0.009 0.493
0.163 - 0.299 - -0.242 - 0.420 -
0
(95% C.) 0.482 0.357 0.230 0.567
Overall (n = 20) 0.351 0.370 -0.031 0.549
0.324 - 0.344 - -0.094 - 0.507 -
0
(95% C.1) 0.376 0.408 0.022 0.597
Simulated breeding system
(A) Simple-family colonies headed by
outbred reproductive pairs 0 0.25 -0.33 0.5
(B) Extended-family colonies with
inbreeding among neotenics
Q) Ny=Np=1,X=1 0.33 0.42 -0.14 0.62
(2)Ny=N,=1,X=3 0.57 0.65 -0.22 0.82
(3)N;=N, =10, X=1 0.33 0.34 -0.01 0.51
(4) Ny= N, =100, X =3 0.34 0.34 0.00 0.51
(5)N;=5,N,=1,X=1 0.27 0.34 -0.11 0.53




families headed by unrelated reproductives. Conigp@r@sults were obtained for simple
family colonies within the agricultural landsca@ansidering extended families,
between landscapes with the exception of estintdtes/alues forFr, Fcr andFc were

not significantly different than expecteld £ <0.05). The high levels of inbreeding and
F\c values nearing zero (95% C.l. overlap zero) ol both landscapes suggest
colonies consist of numerous neotenic reproduciiVable 2, B3 through 5), or multiple
groups of neotenic reproductives located in sggtsdparated reproductive centers
within the colony. This later scenario would be ested where nest budding events have
occurred with interconnected daughter nests. Duilee@mall sample size, and thus large
95% confidence intervals, accurate determinatioth@humber of neotenic

reproductives could not be made.

Discussion

Results presented here represent the first dociatiam of breeding structure,
colony identification, and colony genetic structtoedate fol. minor using highly
polymorphic molecular markers. The high level ofypmorphism (12 to 32 alleles per
locus) exhibited at these five loci proved highlytable for colony identification, and
therefore may represent a powerful tool for futsiedies investigating colony survival
and re-infestation events post insecticide treatmeforming the pest management
professional (PMP) of the efficiency of a giveratraent.

Our findings provide an insight into the compasitiof colonies in both the urban
and agricultural landscapes. The majority of casr(#5%) are composed of a single pair
of reproductives and their worker / soldier progehyus, according to Harvey (1934)
these probably represent colonies that are up jiwsbover 5 years of age. These are
colonies that have yet to produce neotenic repricegor those that contain neotenics
that have not yet produced progeny. It is not unoomto find simple families as the
predominant family type within termite populatiof®r example, Vargo et al. (2006)
detected between 48% and approximately 82% of ezdaof the Formosan termite,
Coptotermes formosanus, collected within North Carolina, South Carolina drmisiana,
to be simply families. In a study of colony orgaatinn in the subterranean termite



Reticulitermes flavipes, DeHeer and Vargo (2004) found 70% of coloniesgsimple
families headed by a single pair of reproductives.

In the drywood termité. schwarz Luykx (1986) suggested that additional
reproductives found within a colony were the restifusion events with different
established colonies. Our results do not supp@typothesis as being consistent with
minor. Across both landscapes extended families compofsedltiple reproductive
neotenics corresponded to 30% of the colonies saimphese colonies all exhibited
highly positiveFr values and positive or nearing z&ig values. Accurate estimation of
the number of reproductive neotenics within extenidenilies based on the simulations
generated by Thorne et al. (1999) and Bulmer €2@D1) are impossible due to the
small sample size and therefore the large confielemtervals. Our results, however,
suggest that multiple reproductive neotenics cbuate to offspring production in these
colonies. If we follow the proposed age structwiioed in Harvey (1934), these
extended families represent colonies that are appedely 10 years of age or older, and
therefore, structural damage to a building mayxtersive.

Mixed family colonies, or colony fusion, as obsn this study may prove
difficult to explain. Korb & Schneider (2007) prese record of mixed colonies
representing 25% of those sampled, however actialrégarding these are not
available. Mixed family colonies have been recorotea number of termite species,
includingR. flavipes (DeHeer & Vargo 2004R. grassei (Clément 1981; Clément et al.
2001 but not confirmed by DeHeer et al. (2005) gsmcrosatellite markers),
Mastotermes darwiniensis (Goodisman & Crozier 2002l))acroter mes michael seni
(Hacker et al. 2005), ar¢botermopsis nevadensis (Aldrich & Kambhampati 2007).
Explanations as to how these mixed family colofoes have been broadly divided into
two categories: those driven by worker foragingshedrs and those driven my alate
reproductive strategies. Clément (1981) and Cléraeat (2001) documented genetic
and behavioral evidence that suggests a breakdbngsbmate recognition, resulting in
colonies associated in close proximity to eachroblverlapping in foraging area.
Whether this results in eventual reproduction evéetween reproductives of these
adjacent colonies is unlikely given that Picker@34) documents the immediate

destruction of primary reproductivesRfhesperus when introduced into established



colonies. Thus in this instance colonies may naialy represent a mixing of genetic
lineages within a large colony, but rather an evesre colony foraging areas overlap.
michaelseni, in contrast, exhibits true mixed colony compasitwith the foundation of
colonies occurring through pleometrosis. Here, ipl@ltunrelated female alates
cooperate during colony formation and contributéh®production of sterile (workers
and soldiers) (Hacker et al. 2005). Johns et 8092 presented evidence that colony
fusion events may occur in the primitive dampwoerninites.Zootermopsis nevadensis.
Here independent colonies may be formed when peise use of the same piece of
wood. Dampwood termites are single piece nesters;énit is likely that eventually
colony foraging areas within the wood will comedibntact. At this time kings and/or
gueens are killed and the surviving members mesgma colony. Following encounters,
members of each colony cooperate as a single sguiehnd replacement reproductives
develop from workers of either or both coloniesrtik& Schneider (2007) describe a
situation similar to that of. nevadensis in the drywood termiteCryptoter mes secundus,
however both reproductives from one colony aresdlileaving only workers from the
subordinate colony. These then assist in the dafidse dominant colony. Whether, or
not, secondary neotenics from the subordinate gdloen mate with reproductives from
the dominant colony is unknown. An alternative exgition may be that samples
collected that appear genetically as being fused/dhimay actually represent distinct
colonies whose activity centers or nests were pnaie within the sampled wood but not
actually fused. Thus, resulting in the collectidriveo distinct colonies inadvertently and

labeling them as a single collection.

Conclusion

Given the significant economic impactlominor in the western U.S., the ability
to accurately identify colonies, their breedingisture and genetic structure is of
fundamental importance for the formulation of effee management strategies. We
present the first results generated using higHlyrmative microsatellite markers for this
species and demonstrate the power such markevedeliexploratory analysis of colony
structure and life history. These markers may allogvfollowing to be estimated with

relative ease:



1) Colony size and age: Simple family structure may inform us that colanae
relatively small, detected in the early stagesitdstation. Higher levels of
inbreeding and the determination of colonies asdektended informs us that
the colonies are likely to be extensive, contaimogerous secondary
reproductives each producing workers. Thus giverctigptic nature of this
species we can how make an informed decision teetbkely extent of damage
without extensive physical investigations of a ctuwe.

2) Colony range: The treatment method employed may vary signifigantl
depending on its range. Using these markers weegmmine if colonies are
contained to small regions of a property, or ifiteatend throughout a building.
Thus, in instances of a single colony ranging tghmut a structure, less
environmentally intensive insecticide treatment @gample baits) may be
developed to transmitted through the nest system & single treatment point.
3) Treatment efficacy: When a structure is treated with an insecticidsulting
in apparent colony extinction, its efficacy candatermined through genetic
testing. Sampling individuals prior to the treatmand post, assuming a structure
becomes reinfested, will allow us to determinénd briginal colony was
successfully exterminated and therefore deternfireeinfestation occurred from
an outside source, or if a fragment of the origo@bny survived to re-infest the

structure.

These microsatellite markers represent a new poWwerd| for future investigations of
drywood termite population genetic structure andashgics. The wealth of information
possible through the application of these moleauarkers is likely to inform PCO’s of
the extent of infestations, the connectivity oesthtions geographically, and the success
of prior treatments, thus allowing informed deansido be made in regards to their

control.
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