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Abstract Invasive species can have complex invasion

histories, harbor cryptic levels of diversity, and pose

taxonomic problems for pest management authorities.

Roof rats, Rattus rattus sensu lato, are common invasive

pests of the San Francisco Bay Area in California, USA.

They are a significant health risk and pest management

efforts impose a large financial investment from public

institutions and private individuals. Recent molecular

genetic and taxonomic studies of black rats in their

native range in Asia have shown that the species is a

complex of two karyotypic forms and four mitochon-

drial genetic lineages that may represent four distinct

species. We used mtDNA sequences and nuclear

microsatellite variation to identify which mitochondrial

lineages of the R. rattus group are present in the San

Francisco Bay Area and to test for gene flow among

them. We recovered specimens with mtDNA sequences

representing two of the major mtDNA lineages of the R.

rattus group. Microsatellite variation, however, was not

structured in concordance with mtDNA lineages,

suggesting a more complex history involving hybridi-

zation and introgression between these lineages.

Although Aplin et al. (2011) and Lack et al. (2012)

reported R. rattus Lineage II in North America, this is

the first detailed examination of possible gene flow

amongst lineages in this region.

Keywords Rattus � Gene flow � Rodent � Tanezumi �
Microsatellite � mtDNA

Introduction

The genus Rattus (Rodentia: Muridae) is native to

southern and eastern Asia but several species and
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mitochondrial DNA (mtDNA) lineages have spread to

other continental areas and occur both in human-

modified habitats as commensal species and in natural

habitats as feral invaders. The roof rat (R. rattus),

sometimes also known as the black rat or ship rat, has

achieved the broadest distribution, with populations

established on all continents and most island groups.

In the Americas it was documented in South America

as early as 1544 (Pennant 1781, cited in Donaldson

1915), but was not recorded in eastern North America

until the ‘‘beginning of the eighteenth century’’ (Lantz

1909). The Norway rat, R. norvegicus, was probably

first introduced around 1775 (Lantz 1909; Silver

1927), and roof rat populations declined or disap-

peared from the northern and inland areas of North

America as Norway rat populations increased. Today,

both species of Rattus are known from nearly every

major port in North America, and continue to move

about by rail, ship, truck and plane.

The roof rat in North America is largely restricted

to the southern East Coast, Gulf States and along the

Pacific Coast (Jackson 1982). Roof rats invading

natural habitats are uncommon within their range

(Ecke 1964). Roof rats are found in riparian areas

(Stroud 1982; Zeiner et al. 1990), often in association

with Himalayan Blackberry, which had been intro-

duced in the 1890s (Dutson 1974; Grinnell et al. 1930).

With the suburbanization of many rural areas from the

1960s, the population and distribution of R. rattus has

increased dramatically (Brothers 1972; Claffey et al.

1986; Nolte et al. 2003).

Invasive Rattus species present a number of prob-

lems where they have been introduced. Rattus are

major crop pests creating or exacerbating food short-

ages for millions of humans in developing nations

(Meerburg et al. 2009). Another major concern,

especially on islands, is the decline or extinction of

native fauna, through predation and/or competition

(Atkinson 1985; Chiba 2010; Goodman 1995; Towns

et al. 2006). Because roof rats invade native habitats

and are not confined to commensal associations they

also may replace native species of rodents, such as

woodrats (Neotoma; Rodentia; Cricetidae), with

which they can compete (Dutson 1974). The roof rat

is perhaps best known as a key vector in the

transmission of bubonic plague (Scott and Duncan

2001; Boisier et al. 2002) and invasive Rattus remain

major vectors of diseases such as cowpox (Wolfs et al.

2002), murine typhus (Azad 1990), Bartonella (Ellis

et al. 1999), Seoul hantavirus (Plyusnina et al. 2004),

among others (see Aplin et al. 2011). Roof rats also

may spread parasites to native rodent species increas-

ing their impact on wildlife (Smith and Carpenter

2006).

Although at least five species of Rattus are com-

mensal with humans and have invaded non-native

ranges, Rattus rattus and R. norvegicus are the only

two species that have established permanent popula-

tions in North America. This is somewhat surprising

given the regularity and volume of ship and air

transport between Asia and North America over many

decades. However, Rattus is highly complex taxo-

nomically (Musser and Carleton 2005) and many

species are difficult to distinguish on gross morphol-

ogy. One species that might easily have been over-

looked is the Asian roof rat, R. tanezumi, which differs

from Indian and most introduced populations world-

wide in having 42 rather than 38 chromosomes

(Yosida 1980; see discussion in Musser and Carleton

2005). More precise definition of the Rattus species

present in North America is important for many fields

including rodent disease studies and pest management.

In both fields proper identification of Rattus species is

essential because they potentially have distinct eco-

logical behaviors and carry at least partially discrete

sets of pathogenic organisms (Aplin et al. 2003).

There are a number of ways to identify rats

encountered in the field (e.g. body measurements,

behavior) but complementary genetic approaches have

only recently become available. Robins et al. (2007)

explored the utility of mtDNA as a species level marker

in Rattus. They encountered a poor match between

mtDNA phylogenetic structure and presumed taxo-

nomic identity but whether this was due to specimen

misidentification, incomplete gene sorting, or ongoing

gene flow is unclear from their work. Pagès et al. (2010)

also found great complexity in the phylogenetic

diversity of southeast Asian Rattus, with the possibility

of at least one undescribed species of the roof rat group.

Chinen et al. (2005) reported apparent admixture

of ‘Asian’ (=R. tanezumi, 2N = 42) and ‘Oceanian’

(=R. rattus, 2N = 38) forms in Japan and hybrids

between these forms have been detected elsewhere, and

created in the laboratory (Yosida et al. 1971). In a

situation where hybridization is possible or even likely, a

single maternally inherited marker such as mtDNA is

insufficient for describing a population’s taxonomic

identity. However, molecular tools such as mitochondrial

C. J. Conroy et al.

123



DNA have proven highly effective for describing large-

scale patterns of invasion by Rattus (Bastos et al. 2011;

Kaleme et al. 2011; Tollenaere et al. 2010).

In this study we utilized specimens of R. rattus sensu

lato collected by the Alameda County Vector Control

District (California, United States) and others to assess

their genetic diversity in the region. We combined these

specimens with Asian and Madagascan Rattus speci-

mens in the Museum of Vertebrate Zoology (MVZ) and

other natural history museums. We included these non-

North American samples to have representatives with

distinct histories that would be apparent in both mtDNA

and nuclear DNA (nDNA). Below we describe the use

of molecular techniques to mitochondrial DNA lin-

eages of Rattus in the San Francisco Bay Area and

conduct preliminary analysis of their genetic variation.

Given the distribution of multiple roof rat mtDNA

lineages elsewhere around the world (Aplin et al. 2011),

we hypothesized that our SF Bay Area sample might

also contain genetic material derived from multiple

mtDNA lineages of R. rattus, and possibly now mixed

as a consequence of interbreeding. Accordingly, we

used techniques that would not only allow us to identify

rats of diverse genetic origin but also assess the degree

of genetic admixture. We use the term R. rattus

Complex (RrC) from Aplin et al. (2011) to describe

the roof rat group as a whole and also use their

somewhat conservative language in referring to Lin-

eages and clades rather than species units. In this

terminology R. rattus Complex Lineage I has as its

primary association R. rattus sensu stricto, while

Lineage II is associated with populations commonly

referred to as R. tanezumi (Bastos et al. 2011; Chinen

et al. 2005; Musser and Carleton 2005; Pagès et al.

2010; Robins et al. 2007).

The R. rattus group provides an opportunity to

investigate multiple occurrences of admixture

between divergent lineages over broad geographic

and time scales. Our sampling area is unique as a

relatively recent recipient area of Rattus diversity, and

different from the Asian and Madagascan regions we

sampled for contrast. We expect to find some differ-

ences between the regions given the length of time

Rattus have existed there. The demographic history of

the populations from which we utilized distant sam-

ples also is unknown, thus limiting our ability to make

direct comparisons. There have been few studies

documenting wild Rattus genetic diversity at the scale

that we report here, especially with the markers we

employ. Aplin et al. (2011) also recognize the

possibility that admixture within the native ranges of

R. rattus may have occurred and they also use caution

with respect to inferences about population level

histories. Thus, we restrict our analyses to the SF Bay

Area where we have a much larger sample.

We hypothesize that if R. rattus mtDNA lineages

can remain distinct when in contact, we should be able

to pick up a signal in both mitochondrial and nuclear

markers. If we have multiple mtDNA lineages of

R. rattus in the SF Bay Area, and they can remain

distinct while sympatric, then some rats in the region

should align with RrC Lineage I or II rats from more

native parts of their range across markers. If gene flow

is occurring, we should not see a coherent signal of

RrC Lineages in the SF Bay Area.

Methods and materials

Specimen acquisition

We utilized MVZ specimens originating from non-US

locations (Fig. 1a), and additional tissues on loan from

the Field Museum of Natural History (FMNH) and the

Museum of Southwestern Biology (MSB). We ana-

lyzed R. rattus Complex specimens newly trapped in

Alameda County, California, as well as Rattus sam-

ples already preserved at the MVZ collection, at the

University of California at Berkeley (Fig. 1b). We

limited our work only to rats identified in the field or

museum as R. rattus based on gross morphology (e.g.

tail to total length ratio and color). For a complete

specimen list, see Supplementary Table S1. While we

refer to the San Francisco Bay Area (SF Bay Area), our

samples are confined to the east side of the San

Francisco Bay, primarily in Alameda and Contra

Costa Counties (Fig. 1b).

We included 214 partial or complete mtDNA

cytochrome b (cyt b) sequences, among which are

90 individuals of Rattus from California, including 87

from the SF Bay Area (Table 1). To obtain an

approximation of worldwide diversity we included 36

non-North American Rattus RrC Lineages I and III

(sensu Aplin et al. 2011; of which we sequenced 19, 17

others from Genbank) and 55 non-North American

RrC Lineage II and IV (this paper: 20, Genbank: 35).

To better root this analysis, we included 33 sequences

from Maxomys, Niviventer, other species of Rattus,
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and RrC Lineages V and VI (this paper: 7, Genbank:

26).

We attempted to use diverse non-North American

samples where possible. The samples from Madagascar

are all from the east side of Madagascar, but are spread

out over nearly 480 km. The Vietnamese samples come

largely from Tam Dao National Park, with one other

sample from Hanoi, about 48 km away. The samples

from the Philippines come from the islands Luzon,

Midanao, Sibuyan and Siquijor. The samples from

China are spread over three general areas about 480 km

apart. The two Pakistan specimens originate about

190 km apart. The two samples from Iran are from the

same locality. The two samples from Cambodia also

came from one locality in that country.

DNA extraction and mitochondrial sequencing

Genomic DNA was extracted from tissue samples

using either a modified salt extraction method (Miller

et al. 1988) or Qiagen DNeasy extraction kits

(Valencia, CA). We amplified, through polymerase

chain reaction (PCR), 803 bp of the cyt b mitochon-

drial locus using the following primers: MVZ-05

(50-CGAAGCTTGATATGAAAAACCATCGTTG-30)
(S. Pääbo, MVZ) and MVZ-16 (50-AAATAGGAAR

TATCAYTCTGGTTTRAT-30) (C. Orrego, MVZ).

PCRs were carried out in a total volume of 15 lL and

contained 25 ng of DNA, 2 lL of 10 9 PCR buffer

(100 mM Tris–Cl, pH 8.3, 500 mM KCl, 15 mM

MgCl2, 0.01 % (w/v) gelatin) 400 lM deoxynucleotide

triphosphates (dNTPs), 1U AmpliTaq Gold DNA

polymerase (Applied Biosystems), 15 lg bovine serum

albumin (New England BioLabs), 0.33 lM of each

primer. The following thermocycling conditions were

used: an initial denaturation at 95 �C for 6 min; 40

cycles of 94 �C for 30 s, 54 �C for 1 min, and 72 �C for

1 min 30 s; final extension at 72 �C for 15 min. All

PCRs were performed using BioRad thermocyclers.

Amplified PCR products were purified using Exo-SAP-

IT (USB Corporation) and cycle-sequenced in both

forward and reverse directions using the Big Dye�

Terminator v.3.1 kit and run on an ABI 3730 sequencer

(Applied Biosystems).

Additional sequences of previously published cyt

b for RrC and additional species of Rattus from

throughout their global distribution were downloaded

from GenBank (Table S1). Sequences were aligned

using CodonCode v2.0.6 (CodonCode Corporation)

and manually inspected in MacClade v.4.08

(Maddison and Maddison 2005).

Phylogenetic analysis of mtDNA sequences

Phylogenetic analyses were conducted on the com-

plete data set using both partitioned Bayesian methods

as implemented in MrBayes ver. 3.1.2 (Huelsenbeck

and Ronquist 2001) and maximum likelihood methods

Table 1 For California

populations, sample size

(N), major mtDNA Lineage

detected, and haplotypes

For individual data, see table

Supplementary Table S1

Locality N Lineage I Lineage II Haplotypes detected

Berkeley, CA 2 2 0 44

Castro Valley, CA 2 2 0 44, 57

Dublin, CA 4 4 0 44

Hayward, CA 3 2 1 47, 40

La Grange, CA 1 1 0 44

Oakland, CA 47 43 4 44, 47, 42, 63

Orinda, CA 12 8 4 44, 46

San Lorenzo, CA 17 17 0 47

Snelling, CA 2 2 0 44

Fig. 1 a Range-wide distribution of Rattus samples showing

mitochondrial haplotype lineages and average likelihood values

for each of the three microsatellite clusters within each locality.

Small, medium, and large circles represent mitochondrial

Lineage I, Lineage II, and Lineage IV, respectively. Each pie

slice represents the mean likelihood of assignment to microsat-

ellite cluster 1 (white), cluster 2 (gray), or cluster 3 (black) of

each population. Sample sizes are given near each circle. b SF

Bay Area Rattus samples showing mitochondrial haplotype

lineages and average likelihood values for each of the two

microsatellite clusters within each locality. Small and large
circles represent mitochondrial Lineage I and Lineage II,

respectively. Each pie slice represents the mean likelihood of

assignment to microsatellite cluster 1 (white) or cluster 2 (dark
gray) of each population. Sample sizes are given below each

circle

b
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as implemented in RAxML (Stamatakis 2006). For

both analyses we reduced the dataset to unique

haplotypes but retained haplotypes that differed based

on length or base ambiguities. In both analyses,

Niviventer was used as the outgroup. For Bayesian

analyses, sequences were partitioned by codon posi-

tions into two partitions, with the third codon position

separated from the first and second positions. For each

partition, we calculated likelihood scores for 24

hierarchical substitution models in PAUP v.b4.10

(Swofford 2002) using the ‘‘modelblock’’ file in

MrModeltest (Nylander 2004) and selected model

parameters based on the Akaike information criteria

implemented in MrModeltest. In our MrBayes runs,

we unlinked parameters for each partition and allowed

branch lengths to vary proportionately across parti-

tions using the ratepr = variable setting. We ran two

independent sets of four chains for 10 million gener-

ations with trees and parameters recorded every 500

generations. Convergence and stationarity of MrBayes

runs were estimated by examination of likelihood

plots, split frequencies and by means of diagnostics

from AWTY (Wilgenbusch et al. 2004). We also used

the web-based RAxML Black Box software (Stamata-

kis 2006) to estimate an ML topology and to provide

ML bootstrap support values. We used DnaSP (Rozas

et al. 2003) to generate nucleotide and haplotype

diversity (Hd) statistics for each of the geographic

regions. We included all sequences, but defined

haplotypes in a method that ignored base ambiguities

and length differences.

Microsatellites genotyping

We developed an approach using co-dominant nuclear

genetic markers to assess genetic structure and gene

flow among rats in the SF Bay Area. We genotyped 12

microsatellite markers in 29 individuals from each of

two major mtDNA haplogroups which correspond

with Aplin et al.’s (2011) Lineage I (N = 20) and

Lineage II (N = 9). All samples genotyped were also

sequenced at the cyt b locus. We restricted our analysis

of California samples to test the hypothesis of gene

flow between rats of different mtDNA types. Rattus

samples were also genotyped from non-US loca-

tions, including China (n = 11), Vietnam (n = 10),

Philippines (n = 10) and Madagasacar (n = 18), to

determine the ability of the marker set to assess

diversity, gene flow and differentiation among rats

from distinct geographic regions. We expected that if

the markers were to be useful discerning any structure

within the SF Bay Area, we should examine how they

function at a larger scale. If they were insufficient for

detecting variation or structure at this level, we would

lack confidence in their utility for addressing our more

local question.

We used six markers that were originally isolated

from R. rattus (Rr14, Rr17, Rr22, Rr54, Rr68, Rr114—

Loiseau et al. 2008), and six that were isolated from

R. norvegicus (D10Rat20, D12Rat76, D15Rat77,

D16Rat81, D5Rat83, D2Rat234—Jacob et al. 1995).

An M13 fluorescent labeling protocol (Schuelke 2000)

was used to amplify five of the microsatellite loci: Rr22,

Rr68, D10Rat20, D12Rat76, D2Rat234. This protocol

used an M13 primer tagged with a HEX fluorescent

label (50 HEX-TGTAAAACGACGGCCAGT-30) in

addition to the standard locus-specific forward and

reverse primers. Forward primers were 50-end tagged

with a universal long tag (50-CGAGTTTTCCCAGT-

CACGAC-30) capable of binding to the M13-HEX

primer, and reverse primers were pigtailed (50-
GTTTCT-30) at the 50-end for stability of the reaction.

PCR mixes consisted of 25 ng DNA, 1.33 lL Gene-

Amp 10 9 PCR buffer, 0.7 U AmpliTaq Gold DNA

polymerase (Applied Biosystems), 0.2 mM dNTPs,

10 lg bovine serum albumin (New England BioLabs)

and 0.12 lM of the three primers (i.e. M13 floures-

cently tagged, forward universal tagged, and reverse

pigtailed) in a total reaction volume of 10 lL. Ther-

mocycling profiles for amplification of loci following

the M13 protocol were: initial denaturation at 94 �C for

6 min; 30 cycles of 94 �C for 50 s, 60 �C for 1 min,

and 72 �C for 1 min; 10 cycles of 94 �C for 50 s, 50 �C

for 1 min, and 72 �C for 1 min; final extension of 72 �C

for 30 min.

For the remaining seven loci, we directly tagged the

forward primers at the 50-end with HEX or 6-FAM

fluorescent labels (Sigma-Aldrich) for visualization of

allele fragments and determination of individual

genotypes. We used a standard protocol for amplifi-

cation of these loci with PCR mixes as described

above, with the exception of increased concentrations

of primers (0.5 lM of each forward and reverse

primer) and dNTPs (0.4 mM). PCRs for Rr14, Rr17,

Rr114, D15Rat77 and D16Rat81 were carried out

under a ‘‘touch-down’’ thermocycling profile: initial

denaturation at 95 �C for 10 min; 2 cycles of 94 �C for

1 min, 60 �C for 1 min, and 70 �C for 35 s; 18 cycles

C. J. Conroy et al.
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of 93 �C for 45 s, 59 �C for 45 s, and 70 �C for 45 s,

with the annealing temperature decreasing by 0.5 �C

with each cycle; 20 cycles of 92 �C for 30 s, 50 �C for

30 s, and 70 �C for 1 min; final extension at 72 �C for

10 min. Whereas, PCRs for Rr54 and D5Rat83 loci

used the following thermocycling profile: initial

denaturation at 95 �C for 15 min; 30 cycles of 94 �C

for 1 min, 60 �C for 1 min 30 s, and 72 �C for 1 min;

final extension at 72 �C for 30 min. Negative controls

were run with all PCR reactions.

Allele fragments were scored for size against the

LIZ-500 size standard through electrophoresis using

an ABI3730 DNA Sequencer followed by visualiza-

tion with GeneMapper v.4.0 (Applied Biosystems)

software. See Table S2 for a descriptive summary of

the microsatellites and corresponding protocols that

were used.

Statistical analyses

For all microsatellite loci, we tested for departures

from Hardy–Weinberg (H–W) equilibrium and geno-

typic linkage disequilibrium (LD) between pairs of

loci using Genepop 4.0 on the web (Raymond and

Rousset 1995). Significance of exact tests was esti-

mated with a Markov chain (MC) algorithm (Guo and

Thompson 1992) with default parameters and correct-

ing for multiple comparisons through a sequential

Bonferroni procedure (Holm 1979). Diversity statis-

tics including mean number of alleles (A), observed

heterozygosity (HO), expected heterozygosity (HE)

and the inbreeding coefficient (FIS) were calculated in

Genalex v.6.2 (Peakall and Smouse 2006).

Genetic differentiation among samples (both pop-

ulation and ‘‘species’’) was assessed by computing

overall and pair-wise FST values in Arlequin 3.5

(Excoffier and Lischer 2010). Differentiation among

population pairs was assessed using a weighted

average FST over all microsatellite loci, by computing

a distance matrix between sample groupings (based on

Weir and Cockerham 1984). An Analysis of Molec-

ular Variance (AMOVA) was conducted among

population samples, using non-parametric permuta-

tion procedures (10,000 permutations), to determine

the significance of the covariance components asso-

ciated with the different levels of population structure

and estimate overall levels of differentiation (U-

statistics; Excoffier et al. 1992). The frequency of null

alleles was estimated per locus using the expectation

maximum algorithm (EMA) implemented in FreeNA

(Chapuis and Estoup 2007), and was accounted for in

estimates of FST (Weir and Cockerham 1984).

We used the software Structure v2.3 (Pritchard et al.

2000), which uses a Bayesian model-based genotypic

clustering approach, to address whether structure exists

between mtDNA RrC Lineages in the SF Bay Area, and

assess whether admixture has been occurring. We also

examined clustering in roof rats across a larger regional

scale. Individuals were grouped based on genotypic

frequencies, under models that incorporated admixture

and assumed alleles are correlated, but differ in the

number of populations (K). We conducted five inde-

pendent runs, using different random number starting

seeds, for each value of K (where K = 1–10). Runs

were carried out for a total length of 1,000,000 Markov

Chain Monte Carlo (MCMC) iterations with a burn-in

period of 100,000 steps. Convergence was assessed by

consistency among runs and inspection of plots. The

‘‘true’’ number of clusters (K) was estimated by both

identifying the K value with the maximum log likeli-

hood and by DK, the rate of change in the log

probability of the data between successive K values

(Evanno et al. 2005). This latter approach maximizes

the mean posterior probability of the data for a given

K value, Pr (X|K), returned for a run set whilst

minimizing variance between runs. Outputs from

replicate analyses for the most likely K were aligned

using the algorithm implemented in CLUMPP v1.1

(Jakobsson and Rosenberg 2007) and visualized using

Distruct (Rosenburg 2004).

Results

MtDNA diversity

MtDNA sequences submitted to Genbank have acces-

sion numbers JQ814144 to JQ814283 and JQ824369

(Table S1). We detected 63 mtDNA haplotypes overall

using the ‘‘ignore ambiguities’’ option in DnaSP (Table

S1, Table 2). Many of these are highly divergent as they

include outgroups from other species, but also many

minor variants of the major R. rattus RrC Lineages.

Haplotype diversity (Hd) differed across major geo-

graphic or Lineage groups, ranging from 0.432 in SF

Bay Area Lineage I rats up to 0.876 in Lineage II rats

from China. Nucleotide diversity also varied across

groups in similar ways. Unfortunately, we had little

Cryptic genetic diversity
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control over the finer scale sampling of rats from the

various regions and these statistics might be difficult to

interpret.

Both Bayesian and maximum likelihood approaches

produced phylogenies that resolve major lineages in the

R. rattus complex (Fig. 2a, b). These topologies agree

with those also uncovered by Aplin et al. (2011). That is,

we found monophyly for Clades A, B, and I to VI as

depicted in Aplin et al. (2011), as well as the same

ordering of those clades. Rattus specimens from both

RrC Lineage I and Lineage II were found in California

in several locations across the east San Francisco Bay

region (Fig. 1b).

The strength of nodes in our analyses were not as

strong as those reported by Aplin et al. (2011). However,

we recovered Bayesian posterior probabilities of 1.00 and

1.00 for RrC lineages I and II, respectively, and 0.99 for

their sister relationship. Lower probabilities, between

0.58 and 0.98, were found for nodes supporting relation-

ships among more distant lineages. This may simply

reflect the greater sample sizes used in their study. They

also used a different set of sequences, so random

differences in node strength are expected. The phylog-

enies we present may suggest higher diversity than

expected from the number of haplotypes shown in Table

S1 and Table 2. This is due to the slight differences in

sequence length and inclusion of ambiguities in the

sequences, whereas we chose not to include such vagaries

in determining the number of unique haplotypes in the

dataset with DnaSP. We are confident that the specimens

we examined from the SF Bay Area are from RrC

Lineages I and II, sensu Aplin et al. (2011).

Of the 87 specimens from the SF Bay Area, 78 had

mitochondrial haplotypes from Lineage I and 9

individuals had mitochondrial haplotypes from Line-

age II (Fig. 2). These specimens were distributed

across Alameda and Contra Costa Counties, with some

specimen clustering in the north, and also derive from

a mixture of urban and rural locations. Due to variation

in tissue quality and PCR success, there are slight

differences among the cyt b haplotype read length and

quality in the SF Bay Area. Despite this, we found 3

haplotypes (haplotypes 44, 47 and 57) among Lineage

I rats in the SF Bay Area (Table 1). Two of these

haplotypes were detected in samples from Iran, French

Polynesia, New Zealand, Samoa, Japan and Papua

New Guinea (haplotype 44), as well as Brazil (hap-

lotype 47). We detected 4 haplotypes (haplotypes 40,

42, 46 and 63) among Lineage II rats in the SF BayT
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Area, whereas Aplin et al. (2011) reported two of these

from two rats. The haplotypes we detected were also

found in the Philippines (haplotype 40), China, Japan

and Vietnam (haplotype 42), and Indonesia (haplotype

46). Within the SF Bay Area there was sharing of

mtDNA haplotypes across localities among Lineage I

haplotypes, but not among Lineage II haplotypes. In

Lineage II, haplotype 40 was found only in Hayward,

haplotype 42 only in Oakland, haplotype 46 only in

Orinda and haplotype 63 was represented only by one

rat from Oakland (Table 1). Again, our sampling here

was quite low and more sampling might allow greater

detection of Lineage II haplotypes elsewhere.

Three localities (Hayward, Oakland, and Orinda)

included Lineage I and II haplotypes (Table 1).

Individuals from outside North America also fell into

one or another of the known mitochondrial Lineages

(Fig. 1b, Table S1).

Fig. 2 a MtDNA phylogeny showing only unique haplotypes.

Bold tips indicate haplotypes detected in the SF Bay region.

These tips also include haplotypes distinguished by length

variation and base ambiguities. Scores above branches are

Bayesian posterior probabilities and those below ML bootstrap

support values. b MtDNA phylogeny showing only unique

haplotypes of R. rattus, showing only Lineages I and II. As in

Fig. 2a, bold tips indicate haplotypes detected in the SF Bay

region
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The three distinct Lineage I haplotypes identified in

the SF Bay Area all belong to the ‘ship rat’ clade

identified by Aplin et al. (2011) as representing the

local mtDNA diversification that occurred in Europe

following dispersal out of India in prehistoric times.

The Lineage II haplotypes found in the SF Bay Area

are members of sublineage IIB as identified by Aplin

et al. (2011). This sublineage has its primary distri-

bution in the western Pacific including the Philippines,

and is less well represented on mainland Asia. It

should be noted that some haplotypes are spread quite

broadly. Aplin et al. (2011) noted that the Lineage II

haplotype they detected in California was also found

in Australia and South Africa. It seems likely that

many other haplotypes, and possibly other R. rattus

Lineages, will be found with further sampling.

Exact tests for H–W and linkage equilibrium

One locus, Rr14, exhibited significant departures from

Hardy–Weinberg equilibrium in SF samples (p\0.001,

after Bonferroni correction). Exact tests conducted by

locus in other regions (China, Vietnam, Philippines, and

Madagascar) were also significant for the following

combinations of loci: Rr14, Rr68 and Rr17 in China;

Rr14 and Rr68 in Vietnam; Rr17, Rr54 and Rr68 in the

Philippines; D12Rat76 in Madagascar. Averaged over all

loci the SF Bay Area, China, Vietnam and Philippines rat

populations showed significant (p \0.05) heterozygote

deficiency (Table 2). We hypothesize that the inconsis-

tent patterns of departures from H–W across loci are the

result of population specific demographic phenomenon,

such as population sub-structure, rather than locus-

specific effects. Given that there is likely widespread

mixing of Rattus lineages, departures from H–W would

be expected. We found no evidence for significant LD

between locus pairs over all populations after Bonferroni

corrections. Estimates of mean null allele frequency

(NAF) was moderate ([10 %) at the following loci:

Rr14, Rr17, Rr54 and Rr68 (Supplementary, Table S3).

However, variability in these estimates was high across

populations, again suggesting that these observations are

likely driven by demographic or sampling effects, rather

than due to genotyping error.

Diversity and differentiation among mtDNA RrC

Lineages and populations

All microsatellite loci examined were polymorphic in

both Rattus mtDNA Lineages in the study area and

among geographic localities (Table S2). In our Califor-

nia sample, the number of alleles at each locus ranged

from 2 to 12 alleles in rats with Lineage I (N = 20)

mitochondrial DNA and 2 to 9 alleles in rats with

Lineage II (N = 9), and diversity indices (A, HE) among

rats in each mtDNA Lineage category were not

significantly different (Table 2). SF Bay Area Rattus

exhibited significantly lower indices of genetic diversity

than rats from China and the Philippines (p \ 0.05);

they were also less diverse than the Vietnam rat

population sample, though not significantly. In contrast,

SF Bay Area Rattus exhibited levels of diversity similar

to that of rats from Madagascar.

We found a lack of genetic differentiation at

nuclear loci between rats with mtDNA Lineages I

and II within the study area (FST = 0.001, p = 0.701;

Table 3) and AMOVA results revealed that the

majority of genetic variation (70.6 %) is found within

individuals (Table S4). Global differentiation was

relatively high (UST = 0.166, p \ 0.001) providing

evidence for limited gene flow among the regions.

Fig. 2 continued
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As would be expected based on geographic proximity,

differentiation was lower between pairs of populations

within Asia (FST = 0.049–0.093) in comparison to all

other population pairs (FST = 0.155–0.211) (Table 3;

Fig. 3). Results after correcting for potential null

alleles were similar (Table S5).

Genotypic clustering

Only Rr14 showed significant departures from Hardy–

Weinberg equilibrium over a majority (3 out of 5) of

populations; therefore, structure analyses were run after

removing this locus. In the study area, clustering

analyses revealed the highest log-likelihood for two

genetic populations (K = 2, Ln = -1058.78; Table 4),

a result also corroborated by estimates of DK (Fig. S1).

The DK approach for model selection cannot assess

K = 1, and, thus, one genetic cluster cannot be rejected.

Our results suggest that while there may be genetic sub-

structure within SF Bay Area Rattus, individuals do not

cluster by cyt b Lineage (Fig. 4) indicating a significant

amount of mixing between the two lineages.

Structure analyses including Rattus samples from

outside of the study area (Madagascar, China, Vietnam,

and the Philippines) revealed that this marker set is

capable of detecting structure among geographic

regions of Rattus (Fig. 5). Notably, clustering did not

correspond with haplotype lineage assignments based

on the mtDNA phylogeny. We found the highest log-

likelihood for K = 3 populations (Ln = -3640.24):

(1) Asian populations, mtDNA Lineage II and IV,

(Table 4; Fig. 5), (2) Madagascar populations, mtDNA

Lineage I, and (3) San Francisco Bay Area populations,

mtDNA Lineages I and II. Estimates of DK furthermore

corroborated this result and provided the strongest

evidence for three genetic groups (Fig. S1). When K was

Table 3 Population pair-wise

FST

Weir and Cockerham’s

pairwise FST. values are shown

below the diagonal.

Significance (p values) based

on 10,000 permutations are

shown above the diagonal, with

highly significant (p \ 0.001)

values in bold

Populations SF Bay Area

Lineage II

SF Bay Area

Lineage I

Madagascar China Vietnam Philippines

SF Lineage II – 0.701 <0.001 <0.001 <0.001 <0.001

SF Lineage I 0.001 – <0.001 <0.001 <0.001 <0.001

Madagascar 0.174 0.184 – <0.001 <0.001 <0.001

China 0.153 0.192 0.155 – <0.001 <0.001

Vietnam 0.176 0.211 0.205 0.049 – <0.001

Philippines 0.176 0.210 0.194 0.066 0.093 –

Fig. 3 FST NJ plot of inferred similarities among regional

groups

Table 4 Average posterior probability of K populations in

STRUCTURE

K By Lineage By population

Ln P(D) SD Ln P(D) SD

1 -1066.72 0.48 -4406.26 1.34

2 -1058.78 11.11 -3938.14 10.38

3 -1175.72 48.34 -3640.54 1.96

4 -1325.72 57.68 -3680.32 21.09

5 -1304.60 45.18 -3748.02 62.23

6 -1343.22 58.86 -3685.84 52.47

7 -1262.16 29.83 -3811.92 53.78

8 -1267.10 41.83 -3968.32 55.20

9 -1266.08 13.89 -4013.50 82.40

10 -1311.78 42.00 -4127.38 119.83

Analyses conducted over K = 1–10 populations within SF Bay

Area Rattus ‘‘species’’ and over all populations. Runs were

conducted under a model of admixture and assuming alleles are

correlated (burnin = 100,000; # iterations = 1,000,000).

STRUCTURE output of the average log likelihood (Ln P(D))

and standard deviation (SD) for five runs at each value of K are

reported
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forced to equal four populations, the Philippines Rattus

clustered separately from the other Asian populations.

Whereas, when K was forced to equal two, SF Bay Area

rats grouped with the Madagascan population.

Discussion

Invasive species are an ongoing threat to numerous

aspects of intact, native ecosystems and human health,

welfare and industry (Lee 2002; Pimentel et al. 2005).

The ability to detect and combat these invasive species

assumes the ability to correctly identify them. Proper

identification, with knowledge of their ecology in their

native habitat or other colonized habitat, can aid in

their eradication or control. Tracking the movement of

diseases carried by invasive species also relies on

proper identification of those invaders. However,

some invasive species may be cryptic and our data

suggest that Rattus are no exception.

Brown and Simpson (1981) were perhaps the first to

examine genetic diversity in Rattus across North

America. These authors were surprised by the degree

of mtDNA diversity they uncovered, but at that time

our understanding of mtDNA evolution was rudimen-

tary. Although they included R. rattus from Alameda

County (specific individuals not identified) they

detected only one restriction enzyme profile in 11 rats

which, most likely, corresponds to the numerically

dominant mtDNA type (Lineage I) that we found.

However, their work suggested divergent mtDNA

haplogroups among roof rats from other geographic

areas and they called for further examination of the

genetic diversity of rats across North America to better

understand their movement patterns.

Our main finding is that roof rats in the SF Bay Area

contain genetic material derived from two distinct

sources—R. rattus Complex Lineages I and II, which

have been equated to R. rattus and R. tanezumi of recent

authors (e.g. Bastos et al. 2011, Chinen et al. 2005;

Lineage I (R. rattus), N = 20 Lineage II (R. tanezumi), N = 9

Fig. 4 STRUCTURE plot of Rattus from the SF Bay Area. With K = 2 populations having the highest posterior probability (Ln =

-1058.78). Black and white indicate the relative probability of each specimen to belong to either K = 2 populations

Lineage IV

K = 2

K = 4

San Francisco Bay Area
(N = 29)

Madagascar
(N = 18)

China
(N = 11)

Vietnam
(N = 10)

Philippines
(N = 10)

Lineage I Lineage II

Fig. 5 STRUCTURE plot of Rattus across regions. Plot

displays K = 3 populations, which has the highest log

likelihood (Ln = -3640.54), confirmed by estimation of ‘‘true’’

K based on DK (see Fig. S1). Black, grey and white indicate

relative probability of each specimen to each of the K = 3

populations. Bars above plot show the genotyping clustering by

region when K is forced to equal 2 and 4. Genotypic clustering

breaks down when K [ 4. Mitochondrial haplotype lineages

indicated, corresponding to cyt b phylogeny (Fig. 2)
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Musser and Carleton 2005; Pagès et al. 2010; Robins

et al. 2007). In contrast, the results of the microsatellite

analyses indicate that roof rats in the SF Bay Area

comprise a single genetic population, with weak

evidence of geographic subdivision but no indication

of subdivision by the mtDNA Lineages. Elsewhere in

the geographic range of roof rats we did find significant

nuclear genetic substructuring (i.e. Madagascar popu-

lations distinct from Asian populations), hence the most

likely explanation of the lack of agreement between

mtDNA and nDNA microsatellite variation in the SF

Bay Area is a history involving hybridization and

genetic introgression. This finding has implications for

various issues in the wider biology of roof rats.

Wider taxonomic issues

Evaluation of single genetic markers like mtDNA to

identify animals to species (i.e. genetic barcoding) can

often be efficient and highly informative. However, in

groups where hybridization is common, reliance on a

single marker can be misleading. In the case of the

RrC, previous work demonstrates that populations

with different chromosome numbers are capable of

interbreeding, albeit with greatly impaired fertility at

the F2 generation (Yosida 1980).

Although other studies have detected likely instances

of hybridization and introgression between chromo-

somally distinct populations of R. rattus (Yosida 1980;

Chinen et al. 2005; Bastos et al. 2011), the extent of

genetic introgression in any one case has not been

documented. Our study demonstrates that a population

of roof rats in the SF Bay Area carries mtDNA of two

historically divergent lineages (Lineages I and II) which

elsewhere show close association with different kary-

otypes—2N = 38 and 2N = 42, respectively (Yosida

1980). By using microsatellite DNA markers, we have

also demonstrated that this population shows no genetic

subdivision, in contrast with microsatellite DNA dif-

ferentiation between populations of roof rats from other

parts of the world, including animals from within the

known ranges of Lineages I and II (Aplin et al. 2011).

The clear implication is that Californian roof rats are the

product of introgression between two genetically

divergent populations of roof rats, with the result that

they now constitute a single gene pool.

Outside of North America, the microsatellite DNA

analysis revealed only three distinct genetic groups,

distinguishing Madagascan roof rats (mtDNA Lineage

I) from those of Asian origin (mtDNA Lineages II and

IV), or where one more group is defined, further

separating Philippine rats (mtDNA Lineages II and

IV) from mainland Asian rats (China and Vietnam—

mtDNA Lineage II). Madagascan roof rat populations

show limited mitochondrial diversity with the major-

ity of haplotypes belonging to a discrete sublineage of

RrC Lineage I, with Hd = 0.111 and cyt b nucleotide

diversity = 0.00015 (Table 2). This sublineage shares

a common ancestral haplotype with the European

‘ship rat’ cluster (Aplin et al. 2011) and both

populations are probably derived from a common

stock that invaded the Middle East from western India

in the late Pleistocene or early Holocene (Aplin et al.

2011). Haplotypes of the ‘ship rat’ clade were spread

worldwide on board ships during the Age of Explo-

ration, and in more recent times by numerous means.

Genetic differentiation of the Californian and Mad-

agascan populations might be due to strong filtering

and founder effects operating during the early dis-

persal history of the émigré roof rat population.

Alternatively, it might be due to a novel admixture of

Asian and ship rat genetic components in the case of

the Californian population. In contrast, Asian roof rats

appear to show genetic uniformity among a large

geographic area including China, Vietnam, Indonesia

and the Philippines. Mitochondrial diversity within

Lineage II is high in the East Asian region (Aplin et al.

2011) but similar to the situation in Lineage I, the

Asian lineage includes several mtDNA clusters that

have undergone major geographic range expansions

into the western Pacific. Our sampling of Lineage II is

dominated by populations carrying one of the sublin-

eages (IIA of Aplin et al. 2011), hence the low genetic

diversity suggested by the microsatellite DNA is not

surprising given the inferred population history. Based

on these considerations, we suspect that the pattern of

genetic variation revealed by the present study of

microsatellite DNA will prove to be unrepresentative

of broader patterns of diversity. Further to this, we

note that a recent investigation of house mouse

phylogeography in western Europe (Jones et al.

2010) also found a poor geographic correspondence

between mitochondrial and microsatellite DNA, with

the former apparently tracking the historical routes of

introductions and the latter showing regional popula-

tion clusters only. Jones et al. (2010) suggest a

possible dichotomy in the genetic components

between original colonisation and subsequent genetic

Cryptic genetic diversity

123



contamination but also note that low natural dispersal

capacity and infrequent long distance translocations of

house mice could generate the strong regionalism in

microsatellite DNA alleles.

For the present, we interpret our microsatellite

DNA results as an effective demonstration of

introgression between RrC Lineage I (aka R.rattus)

and RrC Lineage II (aka R. tanezumi) but of little

value for inferring the wider population genetic

history of the RrC. This situation may change with

more extensive genotyping of microsatellite DNA,

nDNA SNP’s, and including populations within the

natural ranges as well as regions of prehistoric to

recent introduction.

The taxonomy of SF Bay Area roof rats

Our results demonstrate that there is only one species of

roof rat in the SF Bay Area. However, they also

demonstrate that this population is of mixed genetic

origin. What taxonomic name should be applied to this

population is not immediately clear. The International

Commission on Zoological Nomenclature (2000 and

earlier editions) explicitly avoids the issue of animals

of hybrid origin and various auxillary systems have

been proposed to deal with this thorny issue. In the

present case, what is clear is that designation of SF Bay

Area rats to RrC Lineage I and II (or to R. rattus and

R. tanezumi) based solely on mtDNA gene sequences

is inaccurate and misleading, as both mtDNA lineages

are present within a single, freely interbreeding gene

pool. One option is to refer to them as hybrids (e.g. RrC

Lineage I X RrC Lineage II); however, as noted above,

the currently available genetic data do not allow us to

estimate the degree of genetic admixture. At one

extreme, the genetic composition of SF Bay Area rats

might prove to be near identical with ‘ship rats’ of

European origin and the presence of the RrC Lineage II

haplotypes might be an example of ‘allele surfing’

sensu Excoffier and Lischer (2010). Alternatively, the

SF Bay Area rats might be genuinely mixed in their

genetic composition, with significant components

derived from immigrant rats of Asian origin. In the

former case, we might be justified in calling them

R. rattus and treating them as little different (except in

their mtDNA composition) from other populations

derived from ship rats. In the latter case, it might be

preferable to employ a terminology that better reflects

their chimeric genetic identity.

As demonstrated by recent genetic work on the

house mouse—a species with a remarkably parallel

history of allopatric differentitation, prehistoric range

expansion and dispersal, and genetic admixture

(Boursot et al. 1993)—it is possible to estimate both

the genetic composition (Abe et al. 2004; Sakai et al.

2005; Frazer et al. 2007) and the hybridization history

(Nunome et al. 2010) of admixed populations given

sufficient genetic data. Until such time as this becomes

available for the roof rat group, we recommend that

the SF Bay Area rats be referred to as members of the

R. rattus Complex (sensu Aplin et al. 2011) or R. rattus

sensu lato.

Invasive species history

Our results suggest that there is still much to learn

regarding the nature and timing of historical rodent

invasions into North America. In the case of the roof

rat group, further work is now required to clarify the

historical events that lead to the genetically mixed SF

Bay population of roof rats. The data currently in hand

tell us that SF Bay Area roof rats are of mixed ancestry

but do not allow us to discriminate among various

possible scenarios, including (1) genetic admixture

prior to the arrival of roof rats in California; and (2)

historically separate invasions of Lineage I and II rats

with distinct genetic profiles, followed by in situ

hybridization and backcrossing, resulting in a single

effective gene pool. To some extent, these alternative

scenarios might be tested by investigation of historical

museum specimens of roof rats from the SF Bay Area

and other localities in the US. However, we caution

that the true history could well be more complex than

suggested by this simple dichotomy—potentially

involving multiple introductions at various times over

the past 200 years, and multiple phases of genetic

introgression. Indeed, given the proven success of roof

rats in stowaway dispersal on board ships and

potentially also on airplanes, a more complex history

intuitively seems more likely than a less complex one.

Further work on this problem obviously needs to

include detailed genetic studies of contemporary

populations, using highly variable genetic markers

(e.g. linked and unlinked nDNA SNP’s), larger sample

sizes and more dispersed populations (c.f. Bronnenhuber

et al. 2011). Other R. rattus populations in the US that

include both Lineages I and II have recently been

discovered in Florida (Lack et al. 2012) and southern

C. J. Conroy et al.

123



California (Thiemann et al. 2012). However, it should

also extend to genotyping of historical specimens, both

as a way of testing hypotheses derived from the

population genetics and suggesting others that might

otherwise have escaped consideration.

Another murid rodent with a potentially parallel

invasion history in California is the house mouse.

While most Mus in North America are M. musculus

domesticus of western European origin, a small pocket

of M. m. castaneus exists in southern California at

Lake Casitas. The castaneus subspecies of house mice

is of Asian origin and extends today from the Middle

East through to Japan and the Philippines (Yonekawa

et al. 2003). The Californian population has been

studied extensively for its genomic retroviruses

(Gardner et al. 1991) but its origin within the broad

Asian distribution of M. m. castaneus has not been

pinpointed. This population is known to be hybridiz-

ing with the more common M. m. domesticus (Orth

et al. 1998). The obvious parallels between Califor-

nian populations of R. rattus and M. musculus, each of

which support populations of European and Asian

origin, invites a comparative study of their invasion

histories and their outcomes.

Invasive species biology

Invasive species by their nature exist in a non-natural

environment and they can show novel biological

responses to unfamiliar environmental pressures.

Where multiple introductions of closely related taxa

occur, as in the case of the roof rats, there is a further

novel juxtaposition of genetic groups that, within their

native ranges, do not normally have the opportunity to

interact either genetically or ecologically. Novel

outcomes are to be anticipated, including higher than

usual levels of genetic diversity, unprecedented

recombinants, and new adaptations in response

to novel environmental and community pressures

(Gomulkiewicz et al. 2010). Mixing of genetic com-

ponents from divergent evolutionary lineages of roof

rats might produce a blending of their ecological

capabilities. Although several studies have been

conducted on SF Bay Area Rattus ecology (e.g.

Brooks 1966; Brothers 1972; Dutson 1973; Recht

1988; Stroud 1982), Rattus community ecology has

been relatively under-studied in the recent literature.

The distribution of Rattus in some parts of the SF Bay

Area is surely influenced by that of the native woodrats

(Neotoma fuscipes), most likely by resource compe-

tition. JLP and others (W. Z. Lidicker, pers. comm.)

noted the increase of R. rattus in Tilden Regional Park

in Alameda County during annual trapping for a field

course over the past two decades. The possibility that

genetic components derived from RrC Lineage II (aka

R. tanezumi) play a role in this Rattus-Neotoma

community interaction warrants examination.

On a more practical level, higher genetic diversity

due to unique combinations of alleles or novel

recombinants among roof rats could enhance a pop-

ulation’s ability to withstand rodenticides. For exam-

ple, it is well documented that there is a genetic basis

for resistance to anticoagulant compounds such as

warfarin by repression of the vitamin K reductase

reaction (VKOR; Rost et al. 2004). Mutations at this

locus can lead to resistance through structural changes

in the VKORC1 protein, but may also be due to other

mechanisms for blood clotting (Pelz et al. 2005; Rost

et al. 2004). Mutations in cytochrome P450 are also

known to effect metabolism of warfarin through

increased CYP3A2 expression in warfarin-resistant

rats (Ishizuka et al. 2007). While we have not tested SF

Bay Area rats for these kinds of functional mutations,

we suggest that invasive species with complex genetic

backgrounds may possess unique combinations of

genes that potentially confer resistance to a number of

rodenticides. Conversely, gene flow between these

disparate groups may also break up gene combinations

that in the past may have been selected for such

properties. Gene flow between rats from regions

without a prior selective background with those

exhibiting resistance to rodenticides can result in a

selective disadvantage.

Disease issues

Rattus species are known to carry a wide variety of

pathogenic micro-organisms (e.g., Bartonella, Ellis

et al. 1999). Aplin et al. (2011) postulated that the

exceptional diversity of such organisms in the roof rat

group might be due in part to its originally wide

natural distribution that included both South and East

Asia, and Indochina. However, given the close evo-

lutionary relationship between the various lineages of

roof rats and apparent ability to interbreed in the wild,

it is likely that disease strains that formed their initial

association with one lineage may be transferrable to

another, or to hybrids between the two. This may
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obscure our understanding of the co-evolution of

microorganisms and their hosts, which might already

be complicated by host transfer in evolutionary time

scales (e.g. hantaviruses, Plyusnina et al. 2009). In the

SF Bay Area, some of the rats we analyzed were tested

for Bartonella and Borrelia. Several individuals were

found to harbor Bartonella coopersplainsensis, only

recently described from Rattus leucopus in Australia

(Gundi et al. 2009), and several rats harbored Borrelia

bissetti (R. Lane, UC Berkely, pers. comm.). Rats in

this area are also known to carry Borrelia burgdorferi

(Peavey et al. 1997). More basic distribution informa-

tion might suggest a connection between rats in

Australia and the SF Bay Area, perhaps through a

common source area. More generally, the complex

genetic history and composition of roof rats in

California raises interesting questions regarding the

possible historical interchange of disease agents, and

the possible ongoing role of genetic diversity among

roof rats in modulating disease ecology.
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