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Population structure of the blacklegged tick |xodes scapularis re-
vealed by SSCP data using the mitochondrial Cyt b and the nuclear
ITSL markers”
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Abstract The population genetic structure of the blacklegged tick |xodes scapularis was analyzed usng 853 individua
ticks collected from 12 dtes dong the eastern seaboard of the United States. PCR based DNA sngle strand conformation
polymorphism (SSCP) was used for analyss of one haploid locus, the mitochondrial cytochrome b (Cyt b) , and one
diploid locus, the internal transcribed gpacer 1 (1TS1) of nudear ribosoma RNA. Seven halotypesin the Cyt b locus
and 13 genotypesin the I TSL locus were identified. Population differentiation and i<olation by distance were found. Dis
tribution of haplotype and genotype f requencies across geographic regions suggests that two distinct populations exist dong
the Eastern Coadt of the US. However , genetic variation among individua s within regions waslarge. This degree of vari-
ation suggestsfrequent gene flow between regions. Moreover , overall genetic diversty among individua s was much higher
in ticksfrom the southern population [ Acta Zoologica Sinica 50 (2) : 176 - 186, 2004].
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Blacklegged ticks |xodes scapul aris are obligate , birds, and lizards. They are wel known for their
nonpermanent ectoparadtes that feed on mammals, ability to transmit the agents that cause Lyme dis
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eae, babedoss, and human granulocytic ehrlichioss
(Sonenshine, 1991, 1993; Bakken et a., 1994;
Walker and Dumler, 1996; Durden and Oliver,
1999) . Blacklegged ticks are expected to have a dif-
ferent pattern of genetic structure than many other
arthropods because they have limited digpersd abili-
ties and depend on their hosts for trangort (Carroll
and Schmidtmann, 1996) . It might be expected that
genetic variation among individuas would be smal
within geographic regions and larger between regions
due to frequent inbreeding. In the present study , we
investigate patterns of genetic variation among indi-
vidual s within and between localities dong the outh-
eastern seaboard of the US uang DNA sngle strand
conformation polymorphisms (SSCP). We a9 at-
tempt to understand how these patterns evolved over
time.

I xodes scapul aris was described by Say in 1821
from Savannah, Georgia and was subsequently re-
ported from many locdities in the eastern haf of
North America, ranging from Florida to southeastern
Canada, and parts of the midwestern United States
and Mexico (Waton and Anderson, 1976; Keirans et
a., 1996; Wilson, 1998) . Morphologica and host
preference variationsin 1. scapularis has been noted
and formed the badsfor Siddman et a. (1979) to de-
<ribe a separate gecies |. dammini for the northern
populationsof |. scapularis. However , Oliver et d.
(1993) argued that I. dammini was not a separate
gecies and based their conclusonson morphometrics,
genetic crosses, asortative mating, host preference
anayss, chromosome comparions, and iozyme da
ta. Weson et a. (1993) studied sequence variation of
the two interna transcribed pacers(1TS1 and 1TS2)
of the ribosoma RNA gene among |. scapularis and
I. dammini , plus a few closly related ecies and
concluded that limited variation between northern and
uthern populationsof 1. scapularis did not suggest
two distinct gpecies. Smilar conclusons were reached
by McLainet a. (1995) , based on rDNA ITS2 pac
er sequence variation. However, Cgporde et a.
(1995) and Rich et d. (1995) found that 16S rDNA
sequence variation supported northern and suthern
clades within |. scapularis. Norriset al. (1996) ex-
amined variations in the 16S and 12S mitochondrial
rDNA , udng SSCP, RAPD, and sequence anadyss,
and found two clades: an American clade occurring in
both the north and south and a Southern clade, re-
sricted to the outh(see d o McLain et a. , 2001) .

Previous studies used comparative or phylogenet-
ic methods with few individuas from limited collec
tion stes, and did not utilize population genetic ap-
proaches with gene frequencies. Extensve studies are
needed to examine genetic variation and gene flow a
mong large numbers of individuas within and across

geographic regions to reveal the genetic structure of
natura populationsin this gecies, particularly in the
outheastern US. Therefore, we investigated two
loci , the haploid mitochondria cytochrome b(Cyt b)
and the diploid nuclear ribosomal interna transcribed
gacer 1(1TSL) with SSCP.

1 Materids and methods

1.1 Tick samples used

Ticks were collected from Bridgeport , Connecti-
cut and the barrier idandsof Florida(Big Talbot , Lit-
tle Tdbot, King George, and Anastasa) , Georgia
(Spelo and Jekyll Idand) , South Carolina(Hunting,
Ediso, PFinckney, and Pritchard s Idands) , and
Maryland (Assateague Idand) . Collections were made
on barrier idands and state parks along the coast be
cause these areas are less disturbed and probably best
reflect the natural population structuringof 1. scapu-
laris. The sample oollection Stes were plotted on
Fig. 4.

Based on genetic variation reported in the litera
ture, gecimensfrom Connecticut and Maryland rep-
reent the northern clade while those from Florida,
Georgia, and South Carolina represent the southern
clade(Norris et d. , 1996) . All specimens were col-
lected from vegetation usng a1l mx 1 m drag cloth
and were kept aive until returned to the laboratory ,
where they were placed at - 80 for storage or in
100 % ethanol (A ssateague Idand) .

1.2 Nucleic acid isolation

DNA was ilated from ticks usng a method
modified from Doyle and Doyle(1990) and described
by Whitlock et al. (2000). Individua ticks were
ground with 2504 | of lyss buffer (4.5 mol/L guani-
dine thiocyanate, 25 mmol/L sdium citrate, 0.5 %
lauryl sarcosne) and 250 | of cetyltrime thylammo-
niunmrbromide (CTAB) buffer (100 mmol/L Tris
HC , pH 8.0; 1.4 mol/L NaCl, 0.02 mol/L ED-
TA , 2%(w/v) CTAB, and 0.3 %(v/v) 2-mercap-
toethanol) . The pellet was dried and resugpended in
5041 of 10 mmol/L Tris HCI (pH 8.0) .

1.3 Paymerasechain reaction( PCR) amplification

DNA was amplifiedin a 254 | volume which con
tained 1 x Taq DNA polymerase buffer (10 mmol/ L
TrisHCO , pH 8.5, 50 mmol/L Kd) , 2.5 mmol/L
MgCl, , 2004 mol/L of each of thefour dNTPs, 2.5
U of Tag DNA polymerase, 0.2 M mol/L of each
primer , and gpproximatey 0. 14 g - 0.5u g of DNA
template. PCR was performed on a Perkin-Elmer
9600 Thermal Cycler with GeneAmp  reagents
(Perkin-Elmer , Foster City, Cdifornia) . The ampli-
fication conditions were 40 cycles with denaturation at
94 for 35 seoonds, annedling at 55 for 45 sec
onds, and extendon at 72 for 90 sconds. A hot-
start method was used for al PCR amplifications.
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To prevent crosscontamination, the PCR reac
tion mixture was combined and separated into 0. 2 ml
tubes under a sterile hood used only for PCR. All
pipettes, tips, tubes, racks, water , centrif uge, etc.
were used only for PCR and treated with UV light
regularly. A negative control (sterile water in place of
template) was aways run with each PCR reaction.
PCR products were visudized on 1% agarose gds
with 1 kb standard DNA marker (Life Technologies,
Rockville, MD) .

Both Cyt b and ITSL primers were developed
from the available sequences of ticks and insects in
GenBank and aligned usng the software package of
Genetic Data Environment ( GDE) (Smith et 4d. ,
1994) . Primer pair Cyt b 397F(5-GCT TAT TTG
GAA TTGCAC GAA A) and Cyt b 674RC(5-ATG
AAT AAA AAGCAC GTT) targetsa 276 bp region
of the cytochrome b gene in the mitochondria
genome. Primers ITS6F(5-TCT CCT TCA TTT
TCA GCATT) and ITS336RC(5 - TTCATT TCA
GCA TTG TTC Q) target a 340 bp region of interna
transcribed gacer 1 between the 5. 8S and 18S ribo-
mal subunits.

1.4 Single strand conformation polymor phism( SS
CP)

SSCP analys's was carried out on a 7 % nornrde-
naturing polyacrylamide (39 1 acrylamide: bisacry-
lamide) gel in 0.5 x TBE buffer usng Bio-Rad Pro-
tean xi sub cdl (Bio-Rad, Hercules, CA). Five
microliters of PCR product was diluted threefold
with water and mixed with 5u | of denaturing loading
buffer (90 % formamide, 2 %(w/v) sodium hydrox-
ide, and two dyes of 0.25 % bromophenol blue and
0. 25 % xylene cyanol FF). To promote theformation
of dngle strand conformation, 15 pmol forward and
reverse primers were a0 added to the mix (Almeida
et al. , 1998) . Before samples were loaded onto the
gd , 25U 1 of the mixture was denatured at 98 for
five minutes on a PE 9 600 thermocyler and then
quickly plunged into an ice bath where it remai ned for
at least 10 minutes. All gels were run at 200 volts at
22 for 16 - 21 hours. Uniquefolding patterns were
included on each gd aswell asa 1kb standard marker
for reference. Gals were stained for 15 minutes with
0.00025% (w/v) ethidum bromide TBE dain
buffer. Bands were visuadized usng an UV trandllu
minator and photographed for analyss. To compare
the banding pattern across gels, unique folding pat-
ternsfound in the previous runs were aways reloaded
onto the next gel as controls. Each unique banding
pattern was desgnated as a haplotype for the Cyt b
locus and a genotype for the I TSL locus.

The genotypesof 1TS1 and the haplotypesof Cyt
b were sequenced both as PCR products and as indi-
vidua bands to verify the SSCP conformations. PCR

products were purified for sequencing usng QiaQuick
PCR purification Kit(Qiagen, Valencia, CA) acoord
ing to the manufacturer s protocols and resuspended
in 3541 of 2 mmol/L Tris HC. Individua genotypes
were a9 run on a polyacrylamide gd then excised
and purified usng Wizard PCR preps purification kit
(Promega, Madioon, WI). Purified DNA was se
guenced with an ABI 3100 Automated Sequencer at
the Center of Agricultural Biotechnology (now Center
for Biosyssem Research) , Universty of Maryland
Biotechnology Ingtitute. Sequences from PCR prod-
ucts were compared to that from individua bands ex-
cised from gel usng software GAP4 in Staden Pack-
age(Staden et a. , 2000) and, where there was dour
ble base calling, each nucleotide was asigned to dif-
ferent strands. Each strand was desgnated a pseudo-
haplotype of one genotype following the descriptions
givenin Arlequin, a ooftware for population genetics
(Schneider et d. , 2000) . Degeneracy was a0 intro-
duced for andyssin PAUP 4. 0(Swofford, 2000) . A
neighbor joining gene tree usng distance options was
derived to determine the relationships among geno-
types.
1.5 Satigical analysis

We caculated frequencies of hgplotypes for Cyt
b and genotypes for ITS1. Population ilation was
tested using Gtestsof homogeneity of haplotype fre-
guency distributions among al stes, among dtes in
each state, and between states usng JM P (verson
3.11995, SAS Ingitute Inc. , Cary, NC). In cases
where the expected frequency was less than 5, geno-
type/ haplotype frequencies were combined into a cat-
egory of rare genotyped haplotypes. Cyt b haplotype
and 1 TS1 genotype diversity indices(Ne , 1987) were
caculated for each collection Ste usng Arlequin. Nu
cleotide diversty indices(Nei , 1987) for ITSL were
a2 calculated usng Arlequin.
1.6 Population genetic structure

Population sructure was examined usng
Wright’ s Fst by andyss of molecular variance
(AMOVA) (Excoffier et d. , 1992: Michaakis and
Excoffier , 1996) based on Cyt b and ITSL usng Ar-
lequin software(Schneider et al. , 2000) . Sgnificance
of the fixation indices was determined usng a non-
parametric permutation approach described in Ex-
coffier et al. (1992) . The componentsof genetic vari-
ation asociated with nesting dtes were estimated by
changing a group definitionsapriori. For each group-
ing, populations were organized into regiona groups
and Weir and Cockerham s Fgatistics (1984) were
caculated. Pairwise Fsr values were a calculated
for each pair of dtes, and dgnificance was determined
with a Markov chain analyss usng 1 023 permuta
tions(Schneider et a. , 2000) . Sequential Bonferroni
adjustments were applied(Rice, 1989) .
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Ilation by distance was tested usng a regres
don of Fst versus geographic distance (Reynolds et
a., 1983; datkin, 1995) and sgnificance was de-
termined with Mantd’ s tests(1 000 permutations)
usng Arlequin(Schneider et d. , 2000) . Geographic
disances were calculated usng Digtance Finder
(http :// www. indo. conV/ distance) .

Ne's genetic smilarity and distance ( Nei,
1978) , and ooancestry dmilarity and distance
(Reynolds et a., 1983) were caculated between
each oollection dte usng Genetic Data Anayds
(@A) (Lewisand Zaykin, 1999) . Molecular Evolu
tionary Cenetics Andyss(MEGA) (Kumar et d. ,
1993) was used to construct a neighbor-joining tree
from the genetic distance matrix.

2 Results

2.1 Cyt b haplotype frequencies

A tota of 674 samples were success ully analyzed
with SSCP for Cyt b, where seven hagplotypes(A to
G were identified(Figs. 1, 2; Appendix 1) .
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Fig. 1 Didribution o Gt b haplatypes by geographic region

The most dominant, type A, was preent in
46 % of theindividuals anayzed and was the only one
present at al collection dtes. The second most fre
quent haplotype was F (20 %) . Haplotypes D to G
were scattered across al the collecting Stes. Frequen-
cy of Cyt b haplotypes varied among dl collection
dtes (Table 1). Cyt b haplotype diversties ranged
from 0.20in Horidato 0. 76 at dtesin Suth Caroli-
na (Table 2) . Cind variation occurred from outh to
north in the pattern of frequency distributionsof hap-
lotypes (Fig.1).
2.2 ITSL genotype frequencies

In tota , 592 samples were analyzed for the I TS1
region with 13 genotypes identified (types 1 to 13,
Fig.- 3; Appendix 2) . The most dominant genotype,
type 1, waspresent in 28.5%of al individuas. The
rarest genotype, type 13, wasfound in 0. 8 % of indi-
viduas, dl from a dngle idand in Forida. Type 3

was the only one found at al oollection dtes. ITSL
frequencies varied sgnificantly among al stes (Table
1) . Genotype diverdty indicesfor 1TSL ranged from
0.57 in Maryland to 0. 89 in Florida (Table 2). Nu
cleotide diversties ranged from 0. 051 at King George
Idand, Forida to 0.107 at Hunting Idand, South
Carolina (Table 2). Again, the genotype frequency
digtribution was clind from north to suth. The
uthern states possess more variations than that of
north states.

Fig. 2  Pdlyacrylamide gel showing SSCP analysis of Cyt
b haplotypes

Lanes1- 7 represent indviduds from Anckney Idand, lane 8 is san-
dard 1 kb DNA ladder , lane 9 represents an indvidud from Pritchard s
Idand, and lanes 10 - 19 represent indviduds from Anagasa Idand.
Lanes1- 3,5-7,10- 13, and 15- 17 are haplotype A , lanes4, 9,
and 14 are hgplotype F, and lane 18 is heplotype C.

Tablel Resultsfroma Gtest showing significance of haplo-
typed genotypes among all collection sites, among states, and
among populations within idands

Oyt b ITSL
Gvadue Pvadue Gvdue Pvaue
338.06 <0.001 259.22 <0.001

Tes stes

Between dl stes

Between states 189.05 <0.001 85.87 <0.001
Among Idandsin Horida 35.86 0.002 113.95 <0.001
Anmong Idandsin Georgia  4.08  0.540 14.77 0.002

Anong |dandsin SCadlina 32,2 0.006  31.91  0.060

Table 2 Haplotype, genotype and nucleotide diver sity indices
for all calection sites

Ot b ITSL ITSL
dte Haplotype Cenotype Nucleotide

diverdty diverdty diverdty
Anagasa  0.27+/ - 0.08 0.86+/- 0.02 0.081+/ - 0.040
King George 0.20+/ - 0.08 0.76+/ - 0.04 0.051+/ - 0.026
Big Tdbot 0.53+/ - 0.08 0.79+/ - 0.04 0.075+/ - 0.037
Little Tabot 0.54+/ - 0.06 0.89+/ - 0.01 0.050+/ - 0.025
Jekyll 0.62+/ - 0.08 0.77+/ - 0.07 0.101+/ - 0.050
Speo 0.63+/ - 0.05 0.50+/-0.11 0.072+/ - 0.036
Anckney  0.58+/ - 0.08 0.79+/ - 0.04 0.077+/ - 0.038
Pritchards  0.72+/ - 0.03 0.79+/ - 0.04 0.066+/ - 0.033
Hunting 0.76+/ - 0.02 0.86+/-0.02 0.107+/ - 0.053
Edigo 0.60+/ - 0.05 0.82+/-0.03 0.099+/ - 0.049
Mayland o /. 0.05 0.57+/-0.08 0.057+]/ - 0.029
Assateague
Q’."”‘ﬁ'fr”t 0.58+/ - 0.07 0.66+/ - 0.06 0.065+/ - 0.032
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Fig. 3  Pdlyacrylamide gel showing SSCP analysis of Cyt b haplotypes

Lanes 1- 7 represent individuasfrom Pinckney Idand, lane 8: represents 1 kb DNA ladder , lane 9 represents an individud from
Pritchard s Idand , and lanes 10 - 19 represent individudsfrom Anastasa Idand. Lanes1- 3,5- 7, 10- 13, and 15- 17 are
heplotype A , lanes 4, 9, and 14 are haplotype F, and lane 18 is haplotype C.

Table3 AMOVA reqiltsfar populationsof | scapularisfar Cyt b and ITS]

Locus Divisons Variance component among % totd variance F-gatigtics P
Cyt b South vs North regions 24. 47 Fst=0.244 0.017
locdities regions 10. 95 Fis=0.144 <0.001
individuds 64.58 Fir=0.354 <0.001
GA, AL vsMD, CT regions 44. 87 Fst=0.448 0.04
locdlitied regions 2.80 Fis=0.051 <0.001
individuds 52.34 Fir=0.245 <0.001
SCvs GA, AL, MD, CT regons -1.95 Fst= - 0.012 0. 002
locditied regions 22.97 Fis=0.225 <0.001
individuds 78.98 Fir=0.210 <0.001
ITSL South vs North regions 15.16 Fst=0.152 0. 009
locdities regions 4.12 Fis=0. 049 <0.001
individuds 80.72 Fir=0.193 <0.001
GA, AL vsMD, CT regions 14.91 Fst=0.149 0.044
locdities regions 4.85 Fis=0. 057 <0.001
individuas 80. 24 Fir=0.198 <0.001
LvsGA, A ,MD,CT regions 0.57 Fst=0. 006 0.176
locdities regions 6.64 Fis=0. 067 <0.001
individuds 92.79 Fi+=0.072 <0.001

P vaues are based on 1 023 permutations.

2.3 Cyt b genetic population structure tions) . It ispossble that South Carolina is boundary
Overal Fstvdues based on Cyt b were Satisti- between southern and northern populations in our
cdly dsgnificant (Table 3). study. To see the differences between South Carolina

Pairwise comparisonsof FST estimates were Sg- and the outhern and northern populations, genetic
nificant for most dtes. Results from the AMOVA structuring was a9 tested by comparing dl dtesin
(Table 3) indicated that 64.58 % of the variation at South Carolinato al other stes. Inthiscase, none of
the Cyt b locus was attributable to differentiation a the variation was attributable to the between-region
mong individuals within stes, and 24.47 % of the group variance. Ilation by disance (Table 4) indi-
variation was due to differentiation among regions cated by a strong correlation between geographic dis
(Assateague and Bridgeport versus al other popula tance and pairwise genetic differentiation (r =
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0.724, P<0.0001) . Because of the close proximity
of three of the idandsin Florida (Big Tabot , Little
Tabot , and King George) , those haplotype frequen-
cies were combined and treated as one locdity in a
separate anayss, with no effect on the sgnificance of
the correlation (r =0.760) . Geographical distance,
therefore, explained 52 % of the variation at the Cyt
b locus.
2.4 ITSL genetic population structure

AMOVA of the ITSL dataandydsindicated that
80. 72 % of the variation was attributable to differen-

tiation among-individuals within dtes and 15. 16 % to
differentiation among regions ( Table 3). Again,
when al dtesin Suth Carolina were tested againg all
other dtes, there was no between-group variation.
Mantel’ s tests on the I TSL locus indicated a strong
postive correlation between geographic distance and
Fst (r=0.62, P<0.015). Combining the three
Florida locdlities had no effect on the dgnificance of
the correlation (r=0.69) (Table5). Over 39 % of
variation at the 1TSL locus was explained by geo-
graphical distance.

Table 4 Pairwise Fstvaluesand distance calculated from Cyt b allele frequencies used in the isolation by distance regression (b=

0.0004, r*=0.52, P<0.0001)

AN KG BT LT JK SA PI PR HU ED AS BR
AN 0 0. 089 0. 064 0. 004 0. 196 0.114 0.118 0. 355 0.318 0. 080 0. 540 0. 559
KG 53 0 0. 001 0.104 0.019 -0.014 0.070 0.243 0. 205 0.019 0.410 0. 425
BT 56 3 0 0.103 0.016 - 0.015 0.073 0.243 0. 202 0.038 0.410 0.418
LT 58 5 2 0 0. 240 0. 157 0.137 0.375 0.338 0.087 0. 564 0. 589
JK 90 40 37 35 0 -0012 0.117 0. 204 0. 160 0. 080 0. 355 0. 368
SA 110 57 54 52 24 0 0. 068 0. 205 0. 165 0.023 0. 367 0.379
Pl 163 120 117 115 84 70 0 0.118 0.111 0.019 0.288 0. 287
PR 175 145 143 141 110 85 27 0 0.011 0. 192 0. 055 0.038
HU 180 150 147 145 115 90 32 5 0 0. 160 0.094 0.098
ED 248 205 203 201 164 148 89 57 52 0 0.354 0. 360
AS 690 655 658 660 620 600 535 525 520 498 0 0. 003
BR 900 869 866 864 832 817 748 748 725 680 220 0

AN : Anastasa. KG: King George. BT: Big Tdbot. L T: Little Tdbot. SA: Sgpelo.

AS: Assateague. BR: Bridgeport.

Pl: Pinckney. PR: Pritchards. HU: Hunting. ED: Edigto.

Table 5 Pairwise Fsrvalues and geographic distances calculated with | TSgenotype frequencies used in the isolation by disance re-

gression (b=0.0002, r*=0.39, P<0.015)

AN KG BT LT JK A PI PR HU ED AS BR
AN 0 0.131 0.017 0.110 0. 045 0. 007 0.016 0.029 0. 029 0.011 0. 239 0.185
KG 53 0 0. 149 0. 007 0.184 0.179 0.122 0.112 0. 064 0.083 0.310 0. 257
BT 56 3 0 0.129 0.074 0. 059 0.015 0. 024 0.047 0. 026 0. 260 0.194
LT 58 5 2 0 0.141 0. 140 0. 097 0.090 0. 051 0. 066 0. 269 0.223
JK 90 40 37 35 0 0. 096 0. 068 0.031 0.031 0. 030 0.076 0. 036
SA 110 57 54 52 24 0 0. 043 0. 064 0. 061 0. 036 0.328 0. 268
PI 163 120 117 115 84 70 0 0. 024 0. 022 0. 007 0. 256 0. 196
PR 175 145 143 141 110 85 27 0 0.018 0. 010 0.190 0.133
HU 180 150 147 145 115 90 32 5 0 0. 004 0.164 0.123
ED 248 205 203 201 164 148 89 57 52 0 0.181 0.136
AS 690 655 658 660 620 600 535 525 520 498 0 -000
BR 900 869 866 832 832 817 748 730 725 680 220 0

Abbreviations are given in Table 4.
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2.5 Combined genetic distance

Vaues for Ne's genetic identity (1) and Nei's
genetic distance(D) were do caculated for adl stes
using combined data ( Table 6). Genetic identity

Table 6 Matrix of genetic relatednessfor 12 sites of |. scapularis

ranged from 0. 06 to 0.98. GCenetic distance ranged
from 0.02 to 2.78. Findly, a neighbor-joining tree
was generated from the combined distance data usng
MEGA (Fig.4).

AN KG BT LT JK SA PI PR HU ED AS BR
AN - 0.08 0.06 0.21 0.10 0.16 0.07 0.62 0.54 0.11 1.96 1.55
KG 0.93 - 0.14 0.08 0.29 0.36 0.14 0.79 0.57 0.18 1.31 1.26
BT 0.95 0.87 - 0.19 0.03 0.12 0. 08 0.61 0.47 0.15 2.07 1.55
LT 0.81 0.93 0.83 - 0.25 0.42 0.26 0.88 0.55 0.25 1.61 1.50
JK 0.91 0.75 0.97 0.78 - 0.20 0.13 0.58 0.48 0.19 2.78 1.74
SA 0.85 0.70 0.89 0. 66 0.82 - 0.30 0.48 0.54 0.26 2.65 2.01
PI 0.93 0. 87 0.93 0.77 0.87 0.74 - 0.35 0.26 0.03 0. 98 0.72
PR 0.54 0.45 0.55 0.42 0.56 0. 62 0.71 - 0.09 0.21 0.41 0.33
Hu 0.59 0.56 0.63 0.58 0. 62 0.58 0.77 0.92 - 0.16 0.58 0.49
ED 0.89 0.84 0. 86 0.78 0.83 0.77 0.97 0.81 0.85 - 0.93 0.74
AS 0.14 0.27 0.13 0.20 0. 06 0.07 0.38 0. 66 0.57 0.40 - 0.02
BR 0.21 0.29 0.21 0.22 0.18 0.13 0.49 0.72 0.61 0.48 0.98 -

Vduesof Ne's genetic distance(D) are above the diagona. Vauesof Ne's genetic identities( 1) are bdow the diagond. Abbreviationsare asgivenin

Table 4.

Little Talbot(FL)
Anastasia Ishand

Fig. 4

Bridgeport(CT) ==

0.069
King George(FL)

Anastasia(FL)

0.653
Assateague Oi 22!
(MD) Pritchard's(SC)
Hunting(SC) =
Edisto(SC) = 2
Pinckney(SC) = 0.342
Sapelo(GA) 0.029 [0.131
Jekyll(GA)O'156
Big Talbot(FL) }3-023 0.117

0.030

Neighbor-joining tree derived from Nei's distance based on combined data using software M EGA

Numberson the tree are branch lengths based on nucleotide subgtitutions.
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The topology of the cladegram derived from
coancestry distance and Nei's genetic distance were
identica (data not shown). Ticks from Florida and
Georgia idands were clustered together and separated
from those from South Carolina and from the north-
east. South Carolina dtes were not part of a dngle
clade.

3 Discusson

3.1 Evidence of population differentiation

Our data suggest that two distinct populations of
I. scapularis exist along the eastern coast of the US.
This has been recently suggested by Qiu et 4.
(2002) where patterns suggestive of separate evolu
tionary higtories for northern and suthern popula
tions were found. Our concluson is based on severd
lines of evidence. First, the distributions of Cyt b
haplotypes are quite different between samples col-
lected from northern (Connecticut & Maryland) and
two southern (Forida & Georgia) regions. The
dominant haplotypesin the outhern region are types
A and B , whereas the dominant typesin the northern
region are C, F, and G (Fig.1). Second, the distri-
butions of genotypesof | TS1 between dtes and states
are sgnificantly different. The ITSL results are cornr
dgtent with that of Cyt b. Dominant genotypesin the
uth are types 1, 2, and 7, whereas the dominant
genotype in the north was type 12 (Fig.3). Third,
AMOVA andyds showed that differences between
northern and southern regions contribute sgnificantly
to the total variance. Fourth, pairwise Fst tests re-
vealed dgnificant differences between northern and
uthern dtes. Ffth, pairwise genetic relatedness
(represented by Nei’ s genetic distance and Nei’ s ge
netic identity) suggests divergence in concordance
with iolation by distance. Finally, the NJ tree of
phylogenetic analyss constructed from combined dis
tance data placed northern and southern populations
into two digtinct clades. Differentiation of a clade
(American) containing ticks from both northern and
outhern regions and a southern clade containing only
uthern ticks was reported previoudy (Rich et a.
1995; Norriset a. , 1996) . Interestingly, our data
indicate that northern and southern populations share
sverad haplotyped genotypes in common. Thus,
AMOVA analyses showed that 64.58 % (Cyt b) and
80.72% (ITS1) of the tota variances is shared a
mong individuds across northern and southern popu-
lations.

Our study further suggested that northern and
uthern forms of 1. scapularis overlap in South
Carolina, where overal diversties of hgplotypes and
genotypes were highest. Unlike the northern and
outhern dtes, where each possesses unique haplo-
types (Cyt b) and genotypes (ITSL) , sStesin Suth

Carolina share both haplotypes and genotypes with
southern and northern regions. Moreover, South
Carolina dtes did not have their own unique haplo-
typesor genotypes. Furthermore, ticksfrom dtesin
South Carolina did not form a clade on the NJ gene
tree. Richet a. (1995) suggested that the northern
clade of |. scapularis was restricted to the north un-
til only recently. Our data are consstent with range
expanson and subsequent secondary contact of two
populations. To the contrary, Norriset a. (1996)
suggested that |. scapularis arose in the south and
diverged in the north based upon the greater variabili-
ty found within the outhern region.

We found unique haplotypes on the most outh-
ernidandsof Horida. This may suggest recent estab-
lishment and founder efects (Jaarola and Tegd-
strom, 1996) . Interestingly , the Borrelia burgdor-
feri s. |. irochetes transmitted by 1. scapularis
are much more geneticaly diverse in the outh than
those found in the north (Oliver, 1996; Lin et a. ,
2001, 2002). Yet, condstent with Norris et al.
(1996) , analysesof both mitochondrid and ribosoma
loci indicate that the outhern populations exhibit the
greatest diverdty in haplotyped genotypes. Geno-
types 8 - 11 of 1TSL occurred only in the south. Fur-
ther , nucleotide diverdty based on I TSL squencesis
highest in the south. The pattern of the frequency
digributions of both Cyt b haplotypes and 1TSL
genotype suggests clina genetic variation from outh
to north along the Atlantic coast. Clina variation may
be due to directiona sHection. Coan and Stiller
(1986) found a dine of morphologica variations in
blacklegged ticks and Hutcheson et d.  (1995) re-
ported a morphometric cline among tick samplesof |I.
scapul aris oollected adlong eastern coastal regions of
the US.

3.2 Cenetic variability within geographic regions

Surprisngly, we found a high level of genetic
variability within geographic localities of 1. scapu-
laris. Diverdties of Cyt b haplotypes, ITSL geno-
types, and nucleotides in 1TSL were dl high within
collection gtes. In addition, AMOVA andyss of
both loci revealed that the mgority of variance is
shared among the individuals across regions. Like
other hard ticks, |. scapularisisa dow moving or-
ganism with limited intrindc digersa abilities (Car-
roll and Schmidtmann, 1996). Movement relies
mostly on the movement of their hosts and is influ
enced by host densty , host preference, and host mo-
bility. Diverdty indices and variances among individ-
ualsin each pairwise analyss were very high, imply-
ing that gene flow between geographic regions occurs
frequently. We hypothesze that the high rates of
gene flow in blacklegged ticks among localities may be
due to the highly mobile bird hosts. Birds have been
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recognized as hostsof |. scapularis and their role as
hogtsof ticks is well established ( Gardina et d. ,
2000; Kinsey et d. , 2000; Alekseev et a. , 2001;
Soott et d. , 2001) . We conclude that range expan-
gon of membersof northern and outhern clades into
South Carolina has been facilitated by vagile hosts and
has resulted in clinal variation in genotype frequencies
on a subcontinenta scale.

Acknowledgements We thank Lance Durden and
James Kerans for confirmation and identification of
tick ecies; C. Ray Chandler and Patricia Humphrey
for statistica assstance. We are indebted to Kirby
Stafford for supplying ticks collected from Connecti-
cut; William Irby and Oscar Pung for helpful discus
son.

Ref erences

Alekseev AN, Dubinina HV , Semenov AV , Bolshakov CV , 2001. Ev-
idence of ehrlichios's agents found in ticks (Acari: Ixodidee) col-
lected from migratory birds. J. Med. Entomol. 38: 471 - 474.

Almeida TA , CabreraVM , MirandaJ G, 1998. Improved detection and
characterization of mutations by primer addition in nonradioi sotopic
SSCP and direct PCR sequencing. BioTechniques 24: 220 - 221.

Bakken JS, Dumler JS, Chen SM , Eckman MR, Van EttaLL , Wdker
DH, 1994. Human granulocytic ehrlichiogsin the upper Midwest
United States: a new ecies emerging 2JAMA 272: 212 - 218.

Cgporde DA, Rich SM, Siidman A, Teford SR, Kocher TD, 1995.
Discriminating between |xodes ticks by means of mitochondria
DNA sequences. Mol. Phyl. Evol. 4: 361- 365.

Carroll JF, Shmidtmann ET, 1996. Digersd of blacklegged tick
(Acari : Ixodidag) nymphs and adults at the woodspasture inter-
face. J. Med. Entonol. 33: 554 - 558.

Coan, ME, Siller D, 1986. |xodes dammini (Acari: Ixodidae) in
Maryland, USA , and apreiminary survey for Babesia microti. J.
Med. Entomol. 23 (4) : 446 - 453.

DoyleJJ, Doyle JL , 1990. Islation of plant DNA from fresh tissue.
Focus1: 13- 15.

Durden LA, Oliver JH, Jr, 1999. Eocology of |xodes scapularis and
Lyme dissae in coastd Georgia, USA. In: Needham GCR,
Mitchel R, Horn DJ, Webourn WC ed. Acarology , Vol. 2.
Columbus, OH: Ohio Biologicd Survey, Columbus, OH. 379 -
383.

Excoffier L , Smouse P, Quattro J, 1992. Andyssof molecular vari-
ance inferred from metric distances amongst DNA haplotypes: ap-
plication to human mitochondrid DNA redriction data. Genetics
131: 479 - 491.

Gardina AR, Schmidt KA, Schauber EM , Ostfeld RS, 2000. Mode-
ing the role of songhirds and rodents in the ecology of Lyme dis
eaxe. Can. J. Zool. 78: 2184 - 2 197.

Hutcheson HJ, Oliver JH, Jr, Houck MA | Strauss RE, 1995. Multi-
variate morphometric discrimination of nympha and adult forms of
the blacklegged tick (Acari : Ixodidae) , aprincipa vector of the a
gent of Lyme diseasein eastern North America. J. Med. Entomol.
32: 827 - 842.

Jaarola M, Tegestrom H, 1996. Mitochondrid DNA variation in the
field vole Microtis agrestis: regiond population structure and colo-
nization hisory. Evolution 50: 2 073 - 2 085.

KeiransJE, Hutcheson HJ, Durden LA, Klompen JS, 1996. |xodes
(Ixodes) scapularis (Acari: Ixodidag) : redescription of dl active
stages, disribution, hosts, geogrgphica variation and medicd and
veterinary importance. J. Med. Entomol. 33: 297 - 318.

Kinssy AA, Durden LA, Oliver JH, Jr, 2000. Tick infestations of
birdsin coastd Georgia and Alabama. J. Parast. 86: 251 - 254.

Kumar S, Tamura K, Nei M, 1993. MEGA : Molecular Evolutionary

Genetics Anadlyss. Verson 1. 0. Universty Park, PA: The Penn-
sylvania State Universty.

Lewis PO, Zaykin D, 1999. Cenetic Data Environment: Computer
Program for the Andysisof Alldic Data. Verson1.0 (d12). Free
program distributed by the authorsover theinternet from the GDA
Home Page at http: //chee. unm. edu/ gda/ .

Lin T, Oliver JH, Jr, Goo L, Kollars TM Jr, Clark KL , 2001. Ge
netic heterogeneity of Borrelia burgdorferi senso lato in the southern
United Sates based on regtriction fragment length polymorphism
and sequence andyss. J. din. Microbiol. 39: 2 500 - 2 507.

Lin T, Oliver JH, Jr, Goo L , 2002. Cenetic diversty of theouter sur-
face protein C gene of outhern Borrdiaislatesand itsposshble epi-
demiologicd , dlinicd , and pathogenetic implications. J. din. Mi-
crobiol. 40: 2 572 - 2 583.

McLan DK, Wesoon DM , Oliver JH, Jr, Collins FH, 1995. Variation
in ribosoma DNA internd transcribed spacers 1 among eastern pop-
ulationsof |xodes scapularis (Acari: Ixodidag) . J. Med. Ento-
mol. 3: 53- 360.

McLan DK, LiJ, Oliver JH, Jr, 2001. Interspecific and geographica
variation in the sequence of rDNA expanson segment D3 of |xodes
ticks (Acari: Ixodidee) . Heredity 86: 234 - 242.

Michdakis Y, Excoffier L, 1996. A generic estimation of population
subdivison usng distances between dlees with gpecid reference for
microsatdlite loci. Genetics 142: 1 061 - 1 064.

Ne M, 1978. Edtimation of average heterozygosity and genetic distance
from a smal number of individuals. Genetics 8: 583 - 590.

Ne M, 1987. Molecular Evolutionary Genetics. New York: Columbia
Univerdty Press, 512.

Norris DE, KlompenJSH, KeiransJE, Black WC (1996) . Popula
tion genetics of | xodes scapularis (Acari : Ixodidag) based on mi-
tochondrid 16S and 12S genes. J. Med. Entonol. 33: 78- 89.

Oliver JH, Jr, Owdey MR, Hutcheoon HJ , James AM , Chen C, Irby
WS, Dotoon EM , McLan DK, 1993. Congecificity of the ticks
I xodes scapularis and 1. dammini (Acari : Ixodidae) . J. Med.
Entomol. 3: 54 - 63.

Oliver JH, Jr, 1996. Lyme borrdiossin the southern United States: a
review. J. Paridtol. 82: 926 - 935.

Qiu, WG, Bykhuizen, DE, Acogta, MS, Luft BJ, 2002. Geographic
uniformity of the L yme disease spirochete Borrelia burgdorferi and
its shared history with thick vector |xodes scapularisin the north-
eastern United States. Cenetics 160: 833 - 849.

Reynolds J, Weir BS, Cockerham CC, 1983. Egimation of the
coancestry coefficient : bassfor a short-term genetic distance. Ge
netics 105: 767 - 779.

Rice WR, 1989. Andyzing tablesof gtatigtica test. Evolution 43: 223
- 225.

Rich SM , Cgporde DA, Tdford SR, Kocher TD, Hartl DL , Spid-
man A, 1995. Distribution of the |xodes ricinuslike ticksof east-
ern North America. Proc. Natl. Acad. Si. USA 92: 6 284 -
6 288.

SAS Ingitute INC, 1995. JMP Satigtics and Graphics Guide. Verson
3.1. Cary, North Carolina: SAS Ingitute Inc.

Schneider S, Roesdi D, Excoffier L, 2000. Arlequin: A Software for
Population Genetics Data Andyss. Verson 2. 0. Geneva: Cenetics
and Biometry L aboratory , Universty of Geneva.

Soott JD, Fernando K, Banerjee SN, Durden LA , Byrne SK, Banerjee
M, Mann RB, Morshed MJ, 2001. Birds digperseixodid (Acari :
Ixodidae) and Borrelia burgdorferi-infected ticks in Canada. J.
Med. Entomol. 38: 493 - 500.

Jatkin M, 1995. A measure of population subdivison based on mi-
crosatellite dlde frequencies. Genetics 123: 603 - 613.

Smith SW, Overbeek R, Woese CR, Glbert W, Gllvet PM , 1994,
The genetic environment and expandable GU | for multiple sequence
andyss. Comput. Appl. Biosti. 1: 6 710- 6 715.

Sonenshine D, 1991. Biology of Ticks, Vol. 1. New York: Oxford U-
niverdty Press, 447.

Sonenshine D, 1993. Biology of Ticks. Vol. 2. New York: Oxford U-
niverdty Press, 465.

Sidman A, Cifford CM, Fesman J, Corwin MD, 1979. Human



2 Tonya R. MIXSON et a. : Population structure of |xodes scapularis 185

babesodson Nantucket Idand, USA: description of the vector,
Ixodes ( Ixodes) dammini, n.. (Acarina: Ixodidee). J.
Med. Entonol. 15: 218 - 234.

Saden R, Bed KF, Bonfidld JK, 2000. The Staden Package. Verson
2000. Methods Mol. Biol. 132: 115- 130.

Free program distributed by the authors over the internet from the
Staden Package home page http: //www. mrclmb. cam. ac.
uk/ pubseq/ .

Swofford DL , 2000. PAUP: Phylogenetic andyss usng parsmony
(and other methods) . Verson 4. 10b. Sunderland, MA : Snauer
Asoc.

Waker DH, Dumler JS, 1996. Emergence of the ehrlichioses as human
hedth problems. Emerg. Infect. Dis. 2: 18- 29.

Waton TG, Anderson RC, 1976. Ixodes scapularis Say on whiter
taled deer Odocoileus virginianus from Long Roint , Ontario. J.

Wildl. Dis. 12: 66 - 71.

Weir BS, Cockerham CC, 1984. Egtimating Fdatigticsfor the andyss
of population structure. Evolution. 38: 2 358 - 2 370.

Weson DM , McLan DK, Oliver JHJr , PesmanJ , Collins FH , 1993.
Invegtigation of the vdidity of gecies status of |xodes dammini
(Acari : Ixodidee) usng rDNA. Proc. Natl. Acad. Sci. USA 90:
10 221 - 10 225.

Whitlock JE, Fang QQ, Durden LA, Oliver JH Jr, 2000. Prevdence
of Ehrlichia chaffeenis (Rickettsaes: Rickettsaceae) in Ambly-
omma americanum (Acari : Ixodidee) from the Georgia coast and
barrier idands. J. Med. Entomol. 37: 276 - 280

Wilon ML, 1998. Didribution and abundance of |xodes scapularis
(Acari : Ixodidag) in North America: ecologica processes and a
tid andyds. J. Med. Entomol. 35: 446 - 457.

Appendix 1 Haplotype frequencies of Cyt b among callecting sites of |. scapularis

Haplotype

Ste n

A B c D E F G
Horida 204 0. 755 0.127 0. 005 0. 025 0. 064 0.015 0.010
Anagtasa 53 0. 849 0.038 - - 0. 094 0.016 -
King George 47 0.894 0. 043 0.021 0. 021 - 0.021 -
Big Tabot 40 0. 650 0.225 - 0. 075 - - 0. 050
Little Talbot 64 0.641 0.203 - 0.016 0.125 0.016 -
Georgia 64 0.531 0.297 - 0. 031 0. 094 0.016 0.031
Jekyll 30 0. 567 0.233 - 0. 067 0.100 - 0.033
Sgpeo 34 0. 500 0. 353 - - 0.088 0.029 0. 029
S Carolina 304 0. 395 0. 066 0. 194 0.076 0.023 0. 237 0.010
Rinckney 31 0.613 - 0.097 0. 065 - 0. 226 -
Pritchard s 82 0.220 0. 049 0. 220 0.061 0. 024 0. 427 -
Hunting 89 0. 236 0.101 0.315 0.011 0. 045 0.292 -
Edisto 102 0. 608 0. 069 0. 098 0. 147 0.010 0. 039 0. 029
Maryland Assateague 57 0.018 - 0. 246 - - 0.544 0.193
Connecticut Bridgeport 45 0.044 - 0. 200 0. 044 0. 022 0. 622 0. 067
All stes 674 0. 461 0.10 0.123 0. 050 0. 040 0. 200 0.031
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Appendix 2 ITSL genotype frequencies among collecting sites of |. scapularis
Cenotype
Ste n

1 2 3 4 5 6 7 8 9 10 11 12 13
Forida 196 0.270 0.056 0.112 0.026 0.071 0.240 0.077 - 0.020 0.005 - 0.007 0.026
Anagada 43 0.488 0.093 0.140 - 0.047 - - - 0.070 - - 0.163 -
King George 50  0.140 - 0.040 0.040 0.10 0.460 0.120 - - - - 0.100 -
Big Tdbot 50 0.360 0.140 0.240 0.020 0.040 0.020 0.060 - 0.020 0.020 - 0.080 -
Little Tdbot 53 0.132 - 0.038 0.038 0.094 0.434 0.113 - - - - 0.057 0.094
Georgia 47 0.574 0.149 0.085 0.021 0.021 - 0.02L 0.021 0.064 - - 0.043 -
Jekyll 16 0.313 0.375 0.188 - - - 0.063 - 0.063 - - - -
Sepélo 31 0.710 0.032 0.032 0.032 0.032 - - 0.032 0.065 - - 0.065 -
S Caolina 264 0.330 0.098 0.117 0.008 0.170 0.038 0.095 0.019 0.034 0.023 0.019 0.049 -
Pinckney 45 0.378 0.067 0.244 0.022 0.089 - 0.067 - - 0.044 0.022 0.067 -
Pritchards 53 0.377 0.170 0.038 0.022 0.189 0.019 0.113 0.038 - - - 0.038 -
Hunting 82 0.244 0.085 0.098 - 0.207 0.085 0.134 - 0.061 0.037 - 0.049 -
Edigto 84 0.357 0.083 0.119 - 0.167 0.024 0.060 0.036 0.048 0.012 0.048 0.048 -
ng"gie 40 - - 0.025 - 0175 0.150 0.025 - - - - 0.625 -
gr’i:;;:t;:'t 45 0.044 0.022 0.222 - 0.044 0.125 0.022 - - - - 0.533 -
Al sites 502 0.285 0.076 0.115 0.014 0.117 0.117 0.073 0.010 0.027 0.019 0.008 0.137 0.008




