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Molecular and biochemical genetic analyses have revealed that many marine invertebrate taxa, including some well-
studied and presumably cosmopolitan species, are actually complexes of sibling species. When morphological
differences are slight and estimated divergence times are old, data suggest either unusualy high rates of sequence
evolution or long-term morphological stasis. Here, five gene regions (mitochondrial cytochrome oxidase subunit |
and large-subunit ribosomal 16S rDNA and nuclear ITS1, 5.8S rDNA, and ITS2) were analyzed in four geographic
samples of the meiobenthic harpacticoid copepod Cletocamptus deitersi. Molecular sequences revealed four extreme-
ly differentiated molecular lineages with unalignable nuclear intergenic spacers and mitochondrial uncorrected di-
vergences reaching 25% (cytochrome oxidase) and 36% (16S rDNA). These levels of divergence are greater than
those reported previously for congeneric species in diverse invertebrate taxa, including crustaceans. The nominally
intraspecific divergence matches or exceeds the corresponding divergence from a known congener (Cletocamptus
helobius). A molecular clock applied to the cytochrome oxidase subunit | data suggests that these lineages split in
the Miocene, consistent with the fossil record of a North American Cletocamptus from the same period. Morpho-
logical differences among the major lineages are subtle but congruent with the patterns of genetic differentiation.
Our conclusion, based on concordant patterns of variation in two mitochondrial and three nuclear gene regions, as
well as morphological observations, is that C. deitersi in North America is composed of at least four separate
species by the genealogical concordance, phylogenetic, and morphol ogical-species criteria. Alternative explanations
for the deep phylogenetic nodes and apparent morphological stasis, including high rates of sequence evolution,

balancing selection, and genetic signatures of historical events, are considered unlikely.

I ntroduction

When morphological stasis persists after speciation
events, resulting species may continue to diverge ge-
netically in the absence of morphological differentiation,
producing cryptic species. An inability to recognize
cryptic or sibling species using traditional morphologi-
cal analyses has hindered our understanding of ecolog-
ical and evolutionary processes, with negative conse-
quences such as underestimation of true levels of spe-
ciesrichness, overestimation of potential for long-dis-
tance dispersal in putatively cosmopolitan species,
failure to recognize cryptic biological invasions, and
misinterpretation of ecological and paleoecological data
(e.g., Knowlton et al. 1992; Geller et al. 1997).

Cryptic species of small metazoan invertebrates
(<2 mm body length and <5 g dry weight) are par-
ticularly difficult to identify using morphological criteria
alone. Small body size generally reduces the number of
taxonomic characters available, and many groups have
soft bodies that preserve poorly. With improved micro-
scopic techniques and more consistent use of an ad-
vanced conceptual framework of systematics methods,
many invertebrates once supposed cosmopolitan are
now considered to have more limited geographic ranges.
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For example, the fraction of cyclopoid copepods that are
putatively Holarctic has decreased from 68% to 28% as
the proportion of Nearctic species shared with the Pa-
learctic region has steadily declined (Reid 1998). Cryp-
tic species are also known to occur among harpacticoid
copepods (e.g., Ganz and Burton 1995); however, im-
proved taxonomic techniques and inclusion of characters
such as body ornamentation suggest that harpacticoid
cryptic species can frequently be distinguished based on
subtle morphological characters (Huys et a. 1996),
thereby representing ‘‘pseudosibling species’ sensu
Knowlton (1993).

Cletocamptus deitersi (Richard 1897) is a cantho-
camptid meiobenthic copepod with a highly cosmopol-
itan distribution reported from inland brines (seeps,
streams, and lakes), as well as coastal estuaries and man-
groves on all continents except Europe (Mielke 2000).
This species has been shown to be morphologically
polymorphic within and between populations (e.g., Flee-
ger 1980; Mielke 2000). Cletocamptus deitersi lacks a
planktonic dispersing larval stage, since free-living lar-
val stages develop benthically, and adults and juveniles
are capable of only short-distance (meter-scale) dispersal
through the water column (Sun and Fleeger 1994). The
geographical isolation of inland brines suggests that
long-distance migration and colonization events are rare
and that gene flow should be limited among inland pop-
ulations. Morphological variability and the potential for
geographic differentiation make C. deitersi a good can-
didate for analyses of geographic genetic variation
aimed at determining the existence of cryptic species
and understanding how rates of morphological and mo-
lecular evolution are related.

Using a multilocus approach, we analyzed Cleto-
camptus deitersi from four localities in North America
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to determine if separate populations were represented by
morphologically and/or genetically differentiated spe-
cies. We also obtained genetic data from Cletocamptus
helobius, a readily identifiable and morphologically dif-
ferentiated congeneric species, to establish a reference
level of indisputably interspecific genetic differentiation.
An undescribed harpacticoid (Canuellidae: Coullana
sp.) and a planktonic calanoid (Calanus pacificus Brod-
sky 1948) were used as outgroups in phylogenetic
reconstructions.

Materials and M ethods
Copepod Samples and DNA Extraction

Samples were collected at an inland brine seep in
Alabama (June 1998, 31°23'N, 87°53'W) and at two lo-
cations on the coast of Louisiana (Port Fourchon, De-
cember 1998, 29°05.4'N 90°05.8'W, and Cocodrie, Jan-
uary 1999, 29°15.2'N, 90°39.8'W). Cletocamptus dei-
tersi was also obtained from laboratory cultures estab-
lished from collections made in the Salton Sea,
California (July 1997, 33°13'N, 115°52'W) and at the
mouth of the Estero del Yugo estuary (January 2000,
23°18.14'N, 106°29’'W) in Mazatlan, Sinaloa, Mexico.
These environments are very different. For example, sa-
linity at the Alabama brine seep reaches 45 ppt close to
the source, and the stream is located in a bottomland
forest subject to annual flood and drought cycles some
83 km from the coast. The Louisianasalt marsh istidally
flooded, and salinity ranges from O to 28 ppt. The Salton
Sea, where salinity has been increasing to over 44 ppt
in recent times, was created in 1905 and is more than
100 km inland from the Pacific Ocean and from the
Colorado River Delta in the upper Gulf of California.

Field-collected copepods were removed from
sieved sediment and fixed in 95% ethanol. All harpac-
ticoids were carefully identified by one of us (JW.F).
We extracted total genomic DNA from individual co-
pepods based on Schizas et al. (1997). Ethanol-pre-
served specimens of C. pacificus from southern Cali-
fornia (32°25’'N, 119°58'W) were provided and identi-
fied by Annie Townsend (Scripps Institution of Ocean-
ography). DNA extraction for these copepods was done
by standard proteinase-K digestion and phenol-chloro-
form-isoamyl organic extractions, followed by ethanol
precipitation.

PCR Amplification and Sequencing

All copepods were subject to an initial PCR am-
plification of the mitochondrial DNA (mtDNA) cyto-
chrome oxidase subunit | (COX-I) gene using univer-
sal primers (Folmer et al. 1994; 0.72 mM total dNTR,
2.5 mM MgCl,, 1 U Promega Taq in manufacturer’'s
“A"” buffer; conditions for Perkin EImer 480 thermal
cycling were as follows: 10 min at 95°C, followed by
40 cycles of 15 s at 95°C, 30 s at 40°C, and 60 s at
72°C, and a final extension time of 5 min at 72°C).
We sequenced two additional gene regions in cope-
pods representative of the major lineages identified on
the basis of COX-I sequences (except for the Mexican
copepods, for which all gene regions were sequenced
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in all individuals): (1) part of the mitochondrial large-
subunit ribosomal DNA (LSU rDNA 16S), amplified
using Palumbi’s (1996) 16SAR and 16SBR universal
primers, and (2) part of the nuclear rDNA, comprising
al of ITSL, ITS2, and the intervening 5.8S rDNA,
amplified using Heath, Rawson, and Hilbish's (1995)
ITS primers (cf. table 1 in Heath, Rawson, and Hilbish
1995). We designed Cletocamptus-specific internal
primers for reamplification of weak initial reactions
(COX-I: CLEIntF [TTTTGATTTTCTYATCCAGC]
and CLEiIntR [CCTAGTAANGARGAAATTCC]), for
amplification when universal primers failed (16S:
16SciF [YTAAGGTAGCATAGTAA] and 16SciR
[TTAATTCAACATCGANGTC]), and for sequencing
of long PCR products (nuclear rDNA: 5.8SciF
[GGGGTCGATGAAGAACG] and 5.8SciR [CCCTGA-
GCCAGACATGG]). Target PCR products were electro-
phoresed, excised from gels (2% agarose), purified using
columns (QiaQuick, Promega), and sequenced using
Applied BioSystems ABI-Prism Big-Dye terminator
chemistry (Perkin-Elmer) in scaled-down reactions and
run on an ABI-377 Gene Analyzer. Representative nu-
cleotide sequences have been submitted to GenBank
(AF315001-AF315033).

Multiplex Haplotype-Specific PCR

We designed a rapid, cost-effective method of
large-scale genotype screening of individual copepods,
using a multiplex haplotype-specific PCR reaction
(MHS-PCR; Rocha-Olivares 1998), to assign copepods
to one of the first two COX-1 mtDNA major lineages.
Initial LCOI-HCOI amplicons were used as templatesin
the MHS-PCR, in which the size of the products, visu-
alized in an agarose gel, could be used for PCR-based
genotyping. Multiplexing with nested primers produced
a positive control amplicon in al haplotypes and a sec-
ond, haplotype-specific, amplicon, whose size would be
diagnostic (fig. 1). All MHS-PCR batches included ex-
perimental positive and negative controls. We sequenced
a number of copepods genotyped with MHS-PCR to
verify the accuracy of the method.

Data Analyses

Orthologous nucleotide sequences were aligned
with the CLUSTAL W agorithm (Thompson, Higgins,
and Gibson 1994) with default parameters. In mitochon-
drial and nuclear rDNAS, inferred indels were further
adjusted by eye to minimize those separated by one or
very few bases. Aligned nucleotide sequences, with the
exception of internal transcribed spacer (ITS) regions,
were used to reconstruct gene trees using maximum par-
simony (MP) and neighbor joining (NJ) with the pro-
gram PAUP*, version 4.0b4a (Swofford 1998). NJ
searches were made with distances computed using a
best-fit model of nucleotide substitution. Models were
fit to each data set (COX-I, 16S, and 5.8S) under a max-
imum-likelihood framework and tested for significance
(overall o = 0.05 after Bonferroni correction) with like-
lihood ratio tests (LRTs) using the program Modeltest,
version 3.04 (Posada and Crandall 1998). Branch sup-
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port was assessed by 1,000 nonparametric bootstrap rep-
licates. Phylogenetic analyses of the mtDNA 16S rDNA
were performed on the data set bounded by the 16SciF-
16SciR primers (313 bp), not the entire 16SAR-16SBR
alignment (466 bp), which was incomplete for the Mex-

MHS-PCR
n
55
126

VLTS ican C. deitersi and C. helobius. Competing phyloge-
838353 netic hypotheses and the existence of a molecular clock
PePeR g were tested under a likelihood framework with LRTs.
2153 i I 2 The program Seg-Gen (Rambaut and Grassly 1997) was
% § § § ua: L used for parametric bootstrapping of data sets. Rates of
Ardnd synonymous and nonsynonymous substitutions were
% T<<<< computed following Yang and Nielsen (1998) with the
Z program PAML, version 3.0b (Yang 1997).
o
z
oo < o <t Morphological/Genetic Comparisons
I ARREEREE
LOINT For both sexes, the number of inner setae on the

distal segment of the third-swimming-leg exopod is
known to differ within and among C. deitersi popula-
c|wostdsto- tions (Fleeger 1980) and in related species (Mielke
2000). To determine if morphological and genetic pat-
terns correlated in C. deitersi, 51 specimens from Lou-
isiana and 23 from Alabama were examined morpho-
logically and genetically. The third leg was removed

o E % E g E % E with a fine probe, mounted on a microscope slide, and
Olfmmm®m®m examined with phase microscopy. The remaining cope-
<< pod tissue was used for DNA extraction and genotyping

by MHS-PCR. Specimens were given identification
numbers upon dissection, and genetic analysis was con-
ducted without knowledge of their geographic origins.
SN O A A O In addition, the third-leg exopods of several specimens
from California and Mexico were examined and com-
pared with specimens from the Gulf of Mexico.

16s°

Results
Genotypic Variability

A total of 135 copepods (121 C. deitersi, 7 C. he-
lobius, 2 Coullana sp., and 5 C. pacificus) were initialy
sequenced for one or more gene regions. The number
of distinct COX-I haplotypes per locality ranged from 1
(Mazatlan) to 10 (Alabama) (table 1). COX-I sequences
fell into one of three major types, which will be here-
inafter referred to as ““major types’ or “‘major lineag-
es.” Type | was found among copepods from Alabama,
and type Il was found predominantly among organisms
from Louisiana but also in Alabama, whereas type Il
was exclusively present in all copepods from California
(INC) and Mazatlan (I11M). A small fraction of cope-
pods from Louisiana also harbored type | sequences.

Of al the C. deitersi of types | and Il genotyped
(sequencing + MHS-PCR, total N = 240), 11 (7.7%)
from Louisiana harbored type I, and 132 (92.3%) har-
bored type Il COX-I sequences. Conversely, 90 (92.8%)
C. deitersi from Alabama had type |, whereas only 7
(7.2%) had type II. All COX-I sequences obtained from
15 haphazardly selected copepods genotyped via MHS-
PCR (both type | and type II) corroborated the identi-
fications obtained with the PCR-based method.

Eleven distinct 16S sequences were found among
47 C. deitersi analyzed (table 1). Overall, the 16S rDNA

GB
AF315009
AF315012
AF315011
AF315010
AF315014
AF315015
AF315013

COX-IP
Cadlifornia; MX = Mazatlan, Mexico.

b Mitochondrial cytochrome oxidase subunit 1.
¢ Mitochondrial LSU rDNA (16S).

17
33
11
6
2
3

Louisiana; CA

SPECIES (sample)?
d Nuclear -DNA consisting of 1TS1, the 5.8S rRNA gene, and ITS2.

€ Number of distinct 1TS1/5.8S rRNA/ITS2 gene copies.

Number of Copepods (n), Number of Distinct mtDNA Haplotypes or Nuclear Gene Copies (h), and Accession Numbers of Representative Sequences Submitted to
aAL = Alabama; LA

GenBank (GB) of Each Copepod Species Genotyped by Direct Sequencing (COX-I, 16S, n rDNA) or Multiplex Haplotype-specific PCR of the COX-l1 Gene (MHS-

PCR)

Cletocamptus deitersi (AL)®
C. deitersi (LA) .....
Calanus pacificus. . . .

C. deitersi (CA) .....
C. deitersi (MX).....
Cletocamptus helobius
Coullana sp. ........

Table 1
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MHS-PCR

—> > —»

| DNA template (COX-I gene) |

N Amplicons:

| Positive control

A (/77777777777 7 7 4 Haplotype-specific 1

NSNS Haplotype-specific 2

. —> non-specific primer
Legend: _o haplotype-specific primer

1 2 3 4 5 6 7 8
b | 750 bp
B |- | 500 bp

—— e S G — —

400 bp
300 bp

200 bp

Fic. 1.—Multiple haplotype-specific PCR (MHS-PCR) used to genotype individual Cletocamptus deitersi based on cytochrome oxidase
subunit | amplification. A, A pair of nonspecific primers is used as a positive control, and an additional pair of haplotype-specific primersyields
amplicons of diagnostic size used for genotyping. B, Negative gel image of the results obtained with C. deitersi. Lanes 1 and 8 show molecular
markers; lane 2 shows a type | copepod verified by direct sequencing (427- and 349-bp bands); lanes 3 and 4 show unknown copepods from
Louisiana; lanes 5 and 6 show unknown copepods from Alabama; and lane 7 shows a type |l copepod verified by direct sequencing (427- and

253-bp bands).

followed the same pattern as COX-I, in that sequences
fell into major types analogous to those identified earlier.

We obtained nuclear rDNA sequences from 23 C.
deitersi, 4 C. helobius, and 1 C. pacificus (table 1). The
nuclear gene regions showed different levels of varia-
tion, with ITS having the highest and 5.8S having the
lowest. Except for the Mexican copepods that shared
two distinct ITS1 alleles but only one ITS2, the remain-
ing copepods had the same number of ITSL and ITS2
distinct alleles. In sharp contrast, the 5.8S rDNA showed
very low variability, with only four distinct alleles
among the 23 C. deitersi and two among the 4 C. he-
lobius (table 1). However, no nuclear alleles were shared
between the two congeneric species. In both ITS re-
gions, aleles assorted into three extremely divergent
groups, each matching the major mitochondria types (I,
I, and I1l) previously identified on the basis of the
MtDNA sequences. On the other hand, one of the four
5.8S aleles was shared by individuals with different
mtDNA types, notwithstanding the fact that in each or-
ganism the same 5.8S allele was flanked by drastically
different ITS aleles faling into the divergent groups
described above.

Intraspecific and Interspecific Levels of Genetic
Differentiation

Levels of genetic differentiation within each major
type of C. deitersi were small and typical of those found

among conspecific organisms, leading to the assumption
that each type represents a putative species. Mitochon-
drial genes were less variable (0.2%—1.7%; diagonal of
table 2) than noncoding nuclear ITS regions (2.7%—
8.5% in faster-evolving ITS1 and 0.7%—-2.6% in ITS2;
table 3). As expected, intralineage variation in the 5.8S
rRNA gene was virtually absent. Although copepods
from Mazatlan were unequivocally most closely related
to those from California, they were quite differentiated
in both mitochondrial (11% in COX-I and 5% in 16S
rRNA) and nuclear (12% in ITS1 and 2.8% in 1TS2)
genes (table 3). Thus, four species may be represented
within our three major lineages of C. deitersi.

Further evidence that our nominal C. deitersi is
composed of more than one species came from a com-
parison with its morphologically differentiable congener
C. helobius. Organisms of the three major lineages of
C. deitersi were as genetically differentiated from each
other as they were from C. helobius. Corrected levels of
mtDNA sequence divergence among the three major lin-
eages were at least one, if not two, orders of magnitude
higher than intralineage divergences, with values rang-
ing from 48.7% to 88.3% (20.8%—26.4% uncorrected)
in the COX-1 gene and from 29.4% to 82.5% (20.3%—
36.0% uncorrected) in the 16S rRNA (table 2). The cor-
responding values of indisputably interspecific (i.e., C.
deitersi vs. C. helobius) differentiation were 71.9%—
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Table 2

Mean Pairwise Genetic Distances in the COX-I (above diagonal) and 16S (below diagonal) Mitochondrial Genes in
Four Lineages of Cletocamptus deitersi (types|, I, I11C, and I1IM) and in Cletocamptus helobius (CH)

Typel

Type Il

Type llIC

Type IlIM

CH

Typel......

0.27 (0.2-05), n = 28

23.15 (22.5-25.3)

24.68 (24.0-26.1)

26.27 (26.1-26.4)

26.77 (24.5-26.8)

035, n=1 61.59 (58.5-74.4) 68.44 (62.2-82.0) 76.70 (73.9-88.3) 79.67 (77.3-91.7)
n=64 n=32 n=2_8 n=2=8
Typell ..... 32.15 (31.4-32.4) 0.33 (0.2-0.6), n = 28 21.49 (20.8-22.0) 22.13 (22.0-22.3) 23.82 (23.7-24.0)
58.03 (56.0-58.9) 0.69 (0.3-1.0), n = 10 51.28 (48.7-53.4) 52.02 (51.2-53.0) 72.80 (71.9-74.1)
n=10 n=32 n=2_8 n=28
Typel llIC. .. 35.77 (35.6-36.0) 20.92 (20.3-21.3) 119 (0.2-1.7),n = 6 8.66 (8.4-8.8) 26.37 (26.1-26.6)
80.76 (79.1-82.5) 30.54 (29.4-31.2) 0.69 (0.3-1.0),n =3 11.04 (10.6-11.3) 88.45 (80.5-82.0)
n==~6 n=15 n=4 n=4
Type llIM. .. 35.68 (35.7-35.7) 21.07 (20.7-21.1) 4.48 (4.1-4.8) NA 25.84
82.16 (81.8-82.5) 31.67 (30.9-32.2) 4.64 (4.3-5.0) 79.26
n=2 n=>5 n=3 n=1
CH........ 35.77 (35.8-35.8) 31.96 (31.7-32.1) 32.89 (32.6-33.0) 32.28 NA
81.12 (80.8-81.4) 63.57 (63.1-63.9) 70.17 (69.9-70.5) 68.51
n=2 n=>5 n=3 n=1

NoTe—16S distances were computed on a 16SAR-16SBR fragment corrected for missing data for type I111M and CH. On the diagondl, line 1 = COX-I, line2 =
16S (mean uncorrected percent nucleotide site differences [%p], n = number of comparisons). Off the diagonal, line 1 = uncorrected %p, line 2 = %K81uf+1+G
(COX-l), and %TIM+1+G (16S) (range in parentheses), line 3 = number of comparisons. See text for explanation of genetic distance measures. NA = not applicable.

91.7% (23.7%—26.8% uncorrected) for the COX-I gene
and 63.1%-81.4% (31.7%—-35.8% uncorrected) for the
16S rRNA (table 2). Data from nuclear genes were con-
sistent with mitochondria results. For the widely diver-
gent noncoding ITS regions, nucleotide sequences of al-
leles from different lineages were so different that their
alignment was dubious (fig. 2). Conspicuous size dif-
ferences (ITS1 lengths were 359376 bp in type |, 292—
300 bp in type I, 288-289 bp in type I1I1C, and 284 bp
in type l1IM; whereas ITS2 lengths were 221-228 bp in
type 1, 204206 bp in type I, 215-219 bp in type I11C,
and 216 bp in type [1IM) and alarge degree of sequence
differentiation are indicative of a thorough randomiza-
tion of the nucleotide sequences via mutation and re-
combination, such that statements of sequence homol-
ogy can no longer be established confidently by align-

ment. Thus, no quantitative appraisal of divergence is
given (table 3); instead, we present the imposed multiple
alignment as qualitative evidence of the extent of dif-
ferentiation (fig. 2). The alignment shows that aside
from the well conserved 18S and 5.8SrDNAs, the align-
ability of the sequences decays rapidly in the ITS re-
gions, but not to the same extent among the lineages of
Cletocamptus, since types Il and Il share more struc-
tural elements. Findly, in the slowly evolving 5.8S
rRNA gene, mean levels of intraspecific variation in the
nominal C. deiterss were smaller (0.6%—1.5%) than
those of interspecific variation (3.7%—4.6%).

Molecular Evolution and Phylogenetic Analyses

The 16S amplicons in C. deitersi were either 462
bp (type 1) or 467—-468 bp (types Il and I11) in length.

Table 3

Mean Uncorrected Genetic Distances (%) in the ITSL, 5.8S, and ITS2 Gene Regions in Four Lineages of

Cletocamptus deitersi (types|, I1, I1IC, and I111M) and in Cletocamptus helobius (CH)

Gene Comparison Mean n Range

ITSL1... .ot Type | X type | 7.63 10 0.6-12.6
Type Il X typell 2.73 3 2.1-34
Type lHIC X type llIC 4.06 6 24-5.9
Type IIIM X type I1IM 8.50 1 NA
Type lIIC X type IIIM 11.95 8 8.5-15.7

ITS2..0ooiien. .. Type | X type | 0.73 10 0.0-1.4
Type Il X type Il 0.65 3 0.5-1.0
Type I1IC X type I1IC 2.60 3 1.8-3.2
Type IIIM X type [1IM NA 0 NA
Type IIIC X type I1IM 2.80 3 1.4-46

58S.. ... Type | X type | 0.61 1 NA
Type Il X type Il 0.61 1 NA
Type Il X type Il NA 0 NA
Type | X typell 1.53 2 1.2-1.8
Type | X type Il 0.92 2 0.6-1.2
Type Il X type Il 0.61 1 NA
CH X type | 3.70 4 3.1-4.3
CH X typell 4.62 2 43-49
CH X type Il 3.99 2 3.7-4.3

NoTE.—n = number of pairwise comparisons averaged. NA = not applicable. All type Il copepods from California (111C) and Mazatlan (I11M) shared the

same 5.8S gene copy.
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The amplified mitochondrial COX-1 fragment was 658
bp long in all organisms. Almost a third of the nucleo-
tides were variable (228 total variable sites; the ratio of
variable 1:2:3 codon positions was 43:8:177). Inferred
COX-I amino acid sequences revealed that all nucleotide
substitutions within types | and Il were silent (details
not shown). Most amino acid replacements were con-
servative with respect to hydrophobicity (20 out of 23;
see supplementary data at http://www.molhbiolevol.org).
Rates of synonymous and nonsynonymous substitutions
along the lineages leading to types 1, I, and Il were dg
= 11.19, dy = 0.04 (I); ds = 1.56, dy, = 0.006 (I1); and
ds = 1.87, dy = 0.007 (l1).

Different models of nucleotide substitution were
fitted to each data set. For the COX-I gene, the best-fit
model was K81 (Kimura 1981) with unequal base fre-
quencies corrected for proportion of invariable sites (1)
and for rate heterogeneity among sites with a Gamma
distribution (G; Yang 1993). For the 16S rRNA gene,
the best-fit model was TIM (TIM+1+G; Rodriguez et
a. 1990), whereas for the 5.8S rRNA gene, the best-fit
model was Jukes-Cantor (Jukes and Cantor 1969) (table
4).

The COX-I and 16S rDNA aignments including
al taxa had, respectively, 309 and 215 variable sites
(treating indels as missing data), of which 275 and 180
were parsimony-informative. The strict-consensus tree
of the eight COX-lI most-parsimonious reconstructions
obtained via branch-and-bound (length = 670 steps,
consistency index [Cl] = 0.72, retention index [RI] =
0.91) was completely congruent with the NJ tree (fig.
3). For the 16S, the NJ tree differed from the three
branch-and-bound most-parsimonious trees (length =
419 steps, Cl = 0.79, Rl = 0.87) in that Cletocamptus
was not monophyletic. Instead, C. helobius was sister to
type | sequences and both were a sister group to the rest
of the C. deitersi sequences (fig. 3). An NJ tree con-
strained by monophyly of C. deitersi was not signifi-
cantly different from the unconstrained tree (LRT; & =
2.48, P = 0.43). In the MP analyses, the monophyly of
C. deitersi had a nonparametric bootstrap branch support
of 64%. Trees featured extensive unresolved polytomies
within each major type (I, 11, and 111C) but were oth-
erwise completely resolved. Both mtDNA gene trees
featured long branches, in excess of 30% corrected se-
guence divergence, separating C. deitersi types|, 11, and
I11 and the other congeneric and noncongeneric species.
All bootstrap replicates recovered the monophyly of the
three major mitochondrial types in both genes. Within
type 111 sequences, the Californian haplotypes formed a
reciprocally monophyletic assemblage relative to the
Mexican haplotypes with very high bootstrap support.
Despite overall topological congruence of the gene trees,
considering that a 16S NJ tree constrained by the mono-
phyly of C. deitersi is not significantly worse than the
one shown (fig. 3), the two mtDNA genes were not
equally powerful in resolving the relationships of the
major lineages within Cletocamptus. For example, the
sister taxon relationship between types 1l and 111 was
very strongly supported by the NJ analysis of the 16S
data set but less so by the corresponding MP analysis
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or by the COX-I data set (bootstrap 55%—57%). Mono-
phyly of Cletocamptus and Harpacticoida, however, was
very well supported by the mtDNA data (bootstrap >
93%).

The nuclear 5.8S rDNA alignment was 166 bp long
with 32 variable sites, of which only 6 were parsimony-
informative. An exhaustive search produced a single
most-parsimonious reconstruction (length = 33, CI =
1.0, Rl = 1.0), and the NJ reconstruction was compl ete-
ly congruent (fig. 4). Unlike the mitochondrial gene
trees, the nuclear 5.8S rDNA proved more powerful for
supporting the monophyly of C. deitersi (fig. 4). Vari-
ation within C. deitersi was too small to gain any insight
into the phylogenetic relationships among mitochondrial
lineages.

Branch-and-bound maximum-likelihood analyses
using best-fit models of substitution and one represen-
tative sequence of each Cletocamptus lineage, including
C. helobius, indicated that the existence of a molecular
clock could not be rejected in the mtDNA genes (COX-
I: x2 = 2.89, P = 041, 16S: x*> = 6.04, P = 0.11).

Morphological/Genetic Comparisons

All specimens of C. deitersi examined in this study
had indistinguishable body plans (i.e., body length and
width, rostrum shape, caudal rami shape, and leg seg-
mentation were essentially identical). Small variations
in leg setation and body ornamentation have been de-
scribed in species related to C. deitersi. For example,
the number of inner setae on the distal segment of the
third-leg exopod of Cletocamptus axi (one seta) differs
from that of Cletocamptus schmidti (two setae) in both
sexes (Mielke 2000). Specimens from Louisiana, Cali-
fornia, and Mexico al had one inner seta, whereas those
from Alabama had two. MHS-PCR was successful for
70 of the 74 specimens. Copepods with one inner seta
on the third-leg exopod, al from Louisiana, were of
MtDNA COX-1 major type I, whereas those with two
inner setae, all from Alabama, were of type I.

Discussion
Genetic Diagnosis of Species Boundaries

Species criteria are not necessarily mutually exclu-
sive, and alternate criteria typically capture different as-
pects of the biological information present in a particular
data set. We suggest that rather than use a single crite-
rion specified a priori for diagnosing species boundaries,
using multiple criteria simultaneously can produce spe-
cies identifications that are more robust to the assump-
tions employed by different investigators. Therefore,
where appropriate, we will make specific reference be-
low to the genealogical concordance, phylogenetic, and
morphological species criteria (see de Queiroz [1998]
for terminology).

The nominally intraspecific genetic differentiation
found in mitochondrial and nuclear gene regions among
major lineages of C. deitersi represents the largest yet
reported for a marine invertebrate and strongly suggests
that North American lineages are composed of cryptic
species. The likelihood that the large genetic differen-
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10 20 30 40 50 60 70 80 920
cogiggigs GTTTCCGTAG GTGAACCTGC GGAAGGATCA TTATCGATTG CTTCTTTTTC TTTTCACTTG ACTGTGATTT GAAAATTGGC AGGCAAGCTG
AF .C.

AF315018
AF315019
AF315020
AF315021
AF315022
AF315023
AF315024
AF315025
AF315026
AF315027
AF315028
AF315029
AF315030
AF315031
AF315008
AF315032
AF315033

>>>>>>>>>> >>>>>>>>> | VI TIU/Z/7777 7777777177 1777707777 11771707777 17770777717 1171710777 1111777717

110 120 130 140 150 160 170 180 190 200
consensus AACTTGGTTT TGACGGCCTA GAGAGAGTAA GTCTWKTTGR GTTGAGCTTT TGTAAAGTCT YGGGTGGSTT GGTAGATGCG AGTTTTCCTT GCCATCTTTY

AF315017 .T..TCTCGG C.TT.T.TG. .T.G.T..GC ..CCC.GGGA AG.C.G.C.C
AF315018 T..TCTCGG C.TT.T.TA. .T.G.T..GC ..CCC.GGGA AG.C.G.C.C
AF315019 C.TT. .T.G.T..GC ..CCC.GGGA AG.C.G.C.C
AF315020 C.TT. .T.G.T..GC ..CCC.GGGA AG.C.G.C.C
AF315021 A A. .-GGCT.CA TT.TCT---C
AF315022 AL .GG..T..C TT.T.TC..C
AF315023 AL . .GAGGGG. TT.TCT---C
AF315024 A, .GG..T..C TT.T.TC.CC
AF315025 A . .GAGGGGG TT.TCT---C
AF315026 .G. TT7..Covvn el T
AF315027 T
AF315028 T
AF315029 T T
AF315030 T T
AF315031 T T
AF315008 T T
AF315032 T -T
AF315033  —————----- - ———__—- T .CT.TTA..C C..AGCAAAA AC.CCGCC.. T......C.. «.A...v0.. A .Couvy ouTouu.o,

ALLCLLL
1111777777 7171177717 ////////// ////////// ////////// ////////// /l/\//////// //////////

0 260 270 28 290 300
GMGGTTKGSS TGGTTCTTKT TTTGCCTCTT TTTGTTGGGG RAGGAGGACA

//////////

21 220 230 240
consensus CTTAGWC TGGAGSGTCT TGGTTCCYKT TGCATGGTTC
LCALLLTCT. LALLCL.AGT

AF315017 ....A.G.TG CT..AC.G.G A.TC.T.GG .,.CAGG.CTC ..CTT..TC. .C.C..... A GGA.T.A..T
AF315018 v .A.G.TG CT..AC.G.G .C.... A.TC.T.GG ..CAGGCCTC ..CTT..TC. .c.c ..... A GGA.T.A..T
AF315019 CT..AC.G.G .CA.. A.TC.T.GG ..CAG..CTC ..CTT..TC. .C.C..... A GGA.T.A..T
AF315020 CT..AC.G.G .C... A.TC.T.GG ..CAG..CTC ..CTT..TC. .C.C..... A GGA.T.A..T
AF315021 CTTCC...C G.C.. A.C..T.GG .C..C.C.T. CAAAAGAT.. ...... TTTT G.TTG.C...
AF315022 ccT.CcC .C.. A.C..T.GG .C..C.C.T. CAAAAGA... ...... TITT G.TTG.C...
AF315023 CTTCC .C.. - A.C..T.GG .C..C.C.T. CAAAAGAA. L.TTTT G.TTG.C...
AF315024 ccc.cc C.. T A.C..T.GG .C..C.C.T. CAAAAGA... .A....TTCT G.TTG.C...
AF315025 cTTCC .C....CT. C-.T. N A.C..T.GG .C..C.C.T. CAAAAGAA.. .C....TTTT G.TTG.C...
AF315026 .CT.GC CTLIUTGE TT...AL.. ....TT.CTC ACC.ACG.CC ..AG....G. wvueners C. ...TA.TTT. A....T..AG
AF315027 .CT.GC LT TGE LT Ae e .0 JTTLCTC ACCLALGACC .. A..... Ge i C TA.TTT. A....T..AG
AF315028 .CT.GC T L TGE e +o . TT.CTC ACC.ACG.CC .. A..... G, it C TA.TTT. A....T..AG
AF315029  ...T.-..A. ..... GTovt einnnn TGG ....Guvunn .. T.GG.CT. TC..GCG.CC ..TG....GG G........ C A= LA ALLALALLG.
AF315030 C..T.-..A. ..... [/ TGG [T LCT.GG.CT. TC...CG.CC ...G....GG Guvruuunn C ....A-.... A..A.A..G.
AF315031  ...T....A. ..... GT.T. vvvnnnn T6G [T .T.GG.CT. TC...CG.CC ..vvun.. GG Guvrnnnn C ....A-...A A..A.A.GG.
AF315008 .. A e GC.v't wvineen TGG G.ouv. ..T.GG.CT. TC...CG.CC ...G....GG G,.urvunn. C A- A..A.A..G.
AF315032 .. AL e GC ....... TG G ..... T TG.CT. TC...CG.CC TG . GG G ........ c A— AT.A.A.GG.
AF315033 LT -LiAL L GC.. . aiii TG. v iiiGusn. TC...CG.CC ..TG....GG Guvuvrunn AT.A.AA.G.
1177177777 ////////// ////////// ////////// ////////// 1171177777 ////////// ////////// ////////// 1117177177
310 320 330 340 350 360 370 380 390 400
consensus RGTTCWCTTC GCTTCCGCCC TGGTTGGGTT TGTTTATCGT GCCTCGGAAG AGCTGGGGAA AAAAAAGTTT GTCTTTTTTT CATTTTCTTT TCTAKTAAAA
AF315017  GC.CAAAG.G AT. ..T ..C.CA...A CTTCTTCG.T GCG.T.7.TT .GCTTTT... T LG.TTC...T
AF315018  GC.CAAAG.G AT. AC..T LCicaLliA CTTCTTCG.T GCG.T.T.TT .GCTTTT... T .G.TTC...T
AF315019  GC.CAAAG.G AT...AC..T ..C.CA...A CTTCTTCG.T GCG.T.T.TT .GCTTTT... T .G.TTC...T
AF315020  GC.CAAAG.G AT...AC..T ..C.CA...A CTTCTTCG.T GCG.T.T.TT .GCTTTT... T T
AF315021  GAAA.AG... C...G.T.GG GIT...CC.. cer Guennn A..
AF315022  GAAA.AG... C...G.T.GG GIT...CC R A..
AF315023  GAAA.AG... C...G.T.GG GIT...CC P A..
AF315024  GAAA.AG... C...G.T.GG G.C.C.CC o= m=.GLLALL
AF315025  GAAA.AG... C...G.T.GG GIT...CC N . A.
AF315026 A.AG.TTC.T ....T..... .T.C.C..G. AL -
AF315027 A.AG.TTC.T .......... .T.C.C..G. AL
AF315028 A.AG.TTC.T .......... .T.C.C..G WAL
AF315029 A...TT.... ..CC.T.... A.. ... -T B I it
AF315030 A...TT CCC T Al - T i - -
AF315031 A...TT L.CC.T.... A TAT T venn —ea-- -
AF315008 A...TT cC.T. Accunn -T LTee e -- -
AF315032 A...TT.... .CCTT. G A TAT el TLTe -
AF315033 A...TT.... RS 5 2
£111171777 ////////// ////////// R //////////
410 420 430 440 450 460 470 480 490 500
consensus AAGAAWGAAA GAGAAATAAC AACACTATAC AGTGGATCAC TTGGCTCGGG GGTCGATGAA GAACGCAGCY AACTGCGCGT CGGAATGTGA ACTGCAGGAC
AF315017 ..TC.T..G. .. A T T
AF315018 ..TC.T..G. A AL -
AF315019 ..TC.T..G. ..A.
AF315020 .. TC.T..G. A
AF315021 .TC..T.T.-
AF315022 TC..T.T.-
AF315023  .TC..T.T.-
AF315024  .TC..T.T.-
AF315025 TC..T.T.~
AF315026  ..A.GAAT..
AF315027  ..A.GAAT
AF315028  ..A.GAAT.T
AF315029 T....A.... ....... -
AF315030 T....A. ... c.oien.. -
AF315031 T....A.... «...... -
AF315008 T....A.... ....... -
AF315032 T A ....... -
AF315033  T....A.... o......

////////// JIITIIIITE 1T

Fic. 2—CLUSTAL W DNA multiple alignment of part of the nuclear rDNA comprising the entire internal transcribed spacers (ITS1 and
ITS2) and the intervening 5.8S ribosomal RNA gene. Gene regions are indicated at the bottom of the alignment. Labels refer to GenBank
accession numbers presented in table 1. Dots represent identity with the majority-rule consensus sequence on top, and dashes represent inferred
indels.
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510 520 530 550 560 570 580 590 600
consensus ACATGAACAT CGACACTTTG AACGCACATT GCGGACTGTG GCTTGTCCAC AGTCCATGTC TGGCTCAGGG TCGGTTGAAA AGCATTCATC CAATGTGCAT
AF315017 T. C. T AALLLL e AT....G..
AF315018 A AL Ll A.T....G..
AF315019 T A.T....G..
AF315020 AL AAL L. A.T....G..
Y 371 7 R, ... T..ALG
AF315022 Lttt e it e seereceees heaaaaean areaeaaaas amaaraaeas aeeaeeen R o TOALG
Y5 3] 0 S e o TOALG
AF315024 L.t e cei e e eeeeeeaee maeaaraent ey eaeeea e e LT, .. T..ALG
AF315025 ittt it et e eeeeeee esesaeath saaaaaaens seeteraeas eeaatateas teeaaaan ERE T, ....T..AG
AF315026 ittt et et eeeeeeeett seeeeeaa heaeaaaaas seasaaaaas aaaaaeaan L ...-.GA.T.
AF3L5027 ottt i b eaan eeeeeceaet saseetaaat seeeesaaae seaaaaaias aeaaraaan - e ...=.GA.T.
AF315028 it e i iiaeeeia eeseabies etiaaeeaas hheaeeaaae saeaeeeeee e R, ...-.GA.T.
AF315029 L. it e et e e it eaaeeaaees sasaaaaaas areseseeas raeeanasaae taveaeaas - e SaWALTL L
AF315030 4 itiii ittt eiii i e eeds eesaeaaee eeaae e heeeaaaaes hesaiaaaes saiaeeean R, LLALTL L
AF3L503 ] Lt i i ea e e iaaaeie i hesasenes eataaaeae seeeeaanee saaaaaaeas aeaseeaan EE CLALLT. ..
AF3 L5008 Lo i et i tieasasees secasaaae seeevaeant weeemaneae e L LALLT .
AF315032 ottt i iieet s e e e seaeaeaees aesaaaaaas areaeataes eraaaaaess teveeaean - e LWALLT. ..
AF3L5033 it b eaaaeen e eeeeees seeaeeaaas haeesaaaae eeaaaarees aesieaaes T CLAALLT.

==\ VL
0 630 640 65 670 680 690 700
consensus TTGTTGAGCT SMTTKSKSYT TTCTGAGAGR TTTGCAGTGG CTTTAAGRTG CAWAAATGGT TMGGGAGCAC
AF315017  CGT..TTCGA ..T CAC.GGGCT. A .. A
AF315018  CGT..TTCGA .. CAC.GGGCT. ..
AF315019 CGT..TTCGA .. . CAC.GGGCT. ..
AF315020  CGT..TTCGA .. . CAC.GGGCT. ..
AF315021  AAA . . .GGGLT . T
AF315022 . .GGGCT . T
AF315023 . .GGGCT. T
AF315024 GGGCT .T
AF315025 GGGCT T
AF315026 TCTGC T
AF315027 TCTGC T
AF315028 TCTGC .T
AF315029 GTCTGC ..
AF315030 GTCTGC
AF315031 GTCTGC
AF315008 GTCTGC
AF315032 GTCTGC LGA. .CT.
AF315033 GAL - JCTLAL.G--
ATERRLIRRL AN \\\\\\\\\\ \\\\\\\\\\ ATTRILLATL ARLLLLL AR \\\\\\\\\\ ALLTRALLAL T

710 720 730 740 750 760 770 780 790 800
consensus  TCTCTRAATC TCTGTTGACK CTTRSWSKCG KGATTAAAAG CTCYCTGGGT CTTCMKCGAA TGAGGTGGCC TCTAACGTTT TGAGSWGAGW ATGGTTCTCT
AF315017 .G.T.A. -GA.C.C..G GCAACTCT.. G. GCCACTGA.C .TG.TGTTT- T..AT C.CC.AAGAG
AF315018 .G.T.A. -GA.C.C..G GCAACTCT.. G . GCCACTGA.C .TG.TGTTT~ . .AT C.CC.AAGAG
AF315019 .G.T.A..—— -GA.C.C..G GCAACTCT.. G . GCCACTGA.C . . .AT C.CC.AAGAG
AF315020 .G.T.A..-- -GA.C.C..G GCAACTCT.. G . GCCACTGA.C . .. AT C.CC.AAGAG
AF315021  .TCACAGT.G G..T.CTTAG AAGACTCTT. G.... TCIT.T- L TT .
AF315022 .TCACAGT.G G..C.CTTAG AAGACTCTIT. G.... TCIT.T- LTT
AF315023  .TCACAGT.G G..C.CTTAG AAGACTCTT. G TCTT.T- LTT
AF315024  .TCACAGT.G G..C.CTTAG AAGACTCTT. G TCTIT.T- T .
AF315025  .TCACAGT.G G..C.CTTAG AAGACTCTT. G TCTT.T- T .
AF315026  A....G.... t.iiun... T ...GGAGGAA T AGL .- LA -
AF315027 A . Giune wuiinnnnn T ...GGAGGAA T AGL .- AL LT
AF315028 A....G.... ....u...n T ...GGAGGAA CAGL - AL ..T.
AF315029  G....G.... si..u.... T ...GGAGG.T . .AG. - A -
AF315030 PR I T ...GGAGG.T .AG - LA -
AF315031 G....G..'vv winiinn... T ...GGAGG.T . .AG. - LA -
AF315008 L T ...GGAGG.T . .AG. - LA -
AF;%Egg% L < T .GGAGG T AG - .. A ve-
AF. Gt v T L GGAGG. T TT-. GCG, . o Tt cunlAGa L, =i =uii== L .u.. - ---LGALLLA ... -

JARRRRRNNNY \\\\\\\\\\ \\\\\\\\\\ \\\\\\\\\\ \\\\\\\\\\ \\\\\\\\\\ \\\\\\\\\\ \\\\\\\\\\ \\\\\\\\\\ \\\\\\\\\\

810 820 830 840 850 859
consensys TTGWYTTTGC CCTCTCTCCT CWCATTATTG ATCTTTCTTT CGACCTCAGA TCAGACCAG
AF315017  ...TTGC.-T .A.G.TG.AG .G.CA
AF315018 ...TTGC.-T .A.G.TG.AG .

AF315019 ...TTGC.-T .A.G.TG.AG .
AF315020 ...TTGC.-T .A.G.TG.AG .
AF315021  ..ATT...TG -..T..AATC
AF315022 LATTLL.TG -, . T. . AATC
AF315023 . .ATT...TT T..T..AATC
AF315024  ..ATT...TG -..T..AATC
AF315025  ..ATT...TT -..T..AATC

AF315026  “AAAC. ...t vrvuinnnnn
AF315027  -AAAC..vnn meminii,

AF315028  .AAAC..... ....ven...
AF315029  G..AC..... .ivavrn...
AF315030  G..AC..... «.........
AF315031  G..AC..... +uveurnn..
AF315008  G..AC..... «.evarnnns
AF315032  G. AC. s e AT A ..
AF315033 G..AC..ovv vvvianns A T Al
\\\\\\\\\\ OLEEENEAT TR WS <LLLLLLRLL <<RLRRLK

Legend:

>>>> <<<<  Forward and reverse primer
NN 18S SSU rRNA gene
i 1TsA

========= 5.8S rRNA gene
- ITs2

Fic. 2 (Continued)
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Table 4
Parameters of the Models of Nucleotide Substitution Fit to Mitochondrial and Nuclear Genes of Cletocamptus deitersi
Gene Model2 Base Frequencies (ACG) Rate Matrix? Ie Gd

COX-l. vt K 81 0.2689, 0.1688, 0.2051 rA-G) = 9778 0.435 1.141
rA-T) = 2.014

16SIDNA ... ... TIM 0.4024, 0.1518, 0.1443 r(A-G) = 8327 0.222 4.235
r(A-T) = 3.047
r(C-T) = 11.053

58SIDNA...... JC 0.25, 0.25, 0.25 r(N-notN) = 1.0 NAe NA

aK 81 (Kimura 1981), TIM (Rodriguez et a. 1990), and JC (Jukes and Cantor 1969).
b Relative rates to r(A - C) fixed at 1.0; only distinct elements of the matrix are shown.

¢ Proportion of invariable sites.

d Shape parameter of the Gamma distribution assumed to describe rate heterogeneity among sites.

¢Not applicable.

tiation is due to sequences derived from nonfunctiona
paralogous copies (e.g., pseudogenes), as reported for
other crustaceans (Schubart, Neigel, and Felder 2000b),
is negligible. This assertion is supported by patterns of
nucleotide substitutions, in relation to reading frames
and rates of synonymous and nonsynonymous substi-
tutions per synonymous and nonsynonymous sites (ds/
dy) (COX-l), coding versus noncoding regions (5.8S
rDNA), and secondary structures (16S, 5.8S rDNA) ob-
served in the gene regions examined (details not shown).
Also, our sequence data sets are large (table 1), so the
apparent absence of intermediate nodes in our phylo-
genetic reconstructions is not an artifact of inadequate

A
BA
e
COX-I ma
100
0.10 100 =
57 | 2 2
55
100 \ 0
o

94
96

100

(s =

—_
(=
(=]

100

-y
o
o

sampling within our four collecting sites (e.g., Funk
1999). Instead, the three major types (I, I, and I11) can
be characterized as separate species using the phyloge-
netic-species and the geneal ogical-concordance criteria.
In addition, our data and preliminary morphological ob-
servations (S. Gomez, personal communication) suggest
that type Il may be composed of two species. Admit-
tedly, we analyzed samples from only four localities in
one subcontinent of the almost cosmopolitan C. deitersi.
Because our phylogenetic trees are based on a limited
geographic sampling, it is possible that analysis of ad-
ditional C. deitersi from other locations would uncover
nodes that are intermediate in depth between those sep-

C. deitersi
Type ll
0.10
®
Type lll o
L ]
o 100
g5
Tvoe | &) 100
e Al 100 <50 100
I na. 100
C. helobius
Coullana sp.

l Calanus pacificus

Localities: A Alabama

M Louisiana

@ California O Mexico

Fic. 3.—Neighbor-joining (NJ) phylogenetic reconstructions based on genetic distances of distinct mitochondrial cytochrome oxidase subunit
| (COX-I, K81uf+1+G distances) and 16S ribosomal RNA (16S, TIM+1+G distances) haplotypes of the harpacticoid copepods Cletocamptus
deitersi, Cletocamptus helobius, and Coullana sp. and the calanoid copepod Calanus pacificus. Branch lengths are proportional to genetic
distance according to scales shown. Numbers on branches are nonparametric bootstrap support values (1,000 replicates) obtained with NJ (above)
and with maximum parsimony (below). Localities where haplotypes were found are indicated by symbols; numbers in symbols are the numbers
of copepods sharing a particular haplotype. See text for explanation of genetic distance measures. n.a. = not applicable.
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C. deitersi

2
+r C. helobius
2

Calanus pacificus

Mitochondrial (COX-1) haplotypes

® Typel W Type i O Type il

FiG. 4—Neighbor-joining (NJ) phylogenetic reconstruction based
on Jukes-Cantor genetic distances of distinct nuclear 5.8S ribosomal
RNA alleles of the harpacticoid copepods Cletocamptus deitersi and
Cletocamptus helobius and the calanoid copepod Calanus pacificus.
Branch lengths represent genetic distances according to the scale
shown. Numbers on branches represent nonparametric bootstrap sup-
port values (1,000 replicates) obtained with NJ (above) and with max-
imum parsimony (below). The corresponding mitochondrial haplotype
found in the same copepods is indicated by the symbols. Numbers in
symbols represent the individuals sharing the same 5.8S rRNA gene

copy.

arating the major lineages and those separating individ-
ual sequences within lineages. Although such a potential
result would complicate the use of sequence data for
systematic purposes within Cletocamptus, it would not
invalidate our major conclusions concerning the exis-
tence of deep lineages and morphological stasis.
Additiona support for the assertion that our col-
lections are composed of highly divergent species comes
from comparison with orthologous sequences of a bona
fide congeneric species (tables 2 and 3) and from com-
parisons with patterns of genetic differentiation found in
more than 200 invertebrate taxa (table 5). These patterns
show that levels of mtDNA differentiation among the
major typesin C. deitersi are comparable to those found
at several supraspecific and often suprageneric levels
(table 5). The divergence between Mexican (11IM) and
Californian (I111C) copepods is dwarfed by that found
among the major mtDNA types (1, 11, and I11), but it is
comparable to that separating morphologically differ-
entiated and uncontested species in other congeneric ar-
thropods (table 5). In contrast, intraspecific differentia-
tion in divergent lineages suspected of harboring cryptic
or sibling species are generaly considerably smaller
than those found in C. deitersi (table 5). Levels of
mtDNA divergence comparable to those in C. deitersi
have been found in the freshwater amphipod Hyalella
azteca and the marine harpacticoid copepod Tigriopus
californicus. In H. azteca, seven mitochondrial lineages
of presumed cryptic species sampled within central gla-
ciated North America showed extreme levels of diver-
gence (COX-1: 20.2%—-27.6% corrected; Witt and Hebert
2000). In T. californicus, alopatric populations at one
end of the species range in southern Bgja California ex-
hibit reproductive isolation (Ganz and Burton 1995) and
very large levels of divergence (COX-I: 18%—23% un-
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corrected; S. Edmands, personal communication) from
the rest.

We have not found in the literature a degree of ITS
differentiation as extreme (i.e., unalignable sequences)
as the one found among the putative cryptic species in
C. deitersi in conspecifics and in members of closely
related complexes of cryptic or sibling species. Conge-
neric invertebrates can sometimes show significant dif-
ferentiation in the ITSs of nuclear ribosomal genes (e.g.,
up to 23% across taxa in Acropora; Odorico and Miller
1997). More often, however, ITS sequences show incip-
ient levels of differentiation (<5%) among subspecific
organisms or others belonging to complexes of cryptic
or sibling species (e.g., black flies in the genus Simu-
lium; Tang et al. 1996). In the ITS1 of Microarthridion
littorale, the only harpacticoid ITS sequence reported to
date, the largest divergence (only 10.8%) was found be-
tween organisms bearing extreme cytochrome b differ-
entiation (ca. 30%, computed from data in Schizas et al.
[1999)).

The comparisons cited above strongly suggest that
genetic differentiation among the major lineages of the
nominal harpacticoid C. deitersi would be reconcilable
with intraspecific polymorphism only in the presence of
(1) extraordinarily high rates of molecular evolution in
both mitochondrial and nuclear genomes, (2) strong bal-
ancing selection, or (3) historical vicariant events that
would maintain the polymorphisms. We argue that ad-
ditional evidence contradicts these alternative
interpretations.

First, there appears to be a strong correspondence
between morphology (third-leg setation) and molecular
lineage (nuclear and mitochondrial) in 70 nominal C.
deitersi COX-I's examined from Louisiana and Ala
bama. All copepods with one inner seta on the third-leg
exopod were from Louisiana and al were of type I,
whereas those with two inner setae, all from Alabama,
were of type |. Our molecular studies show that both
type | and type Il lineages are sympatric in Louisiana
and Alabama, with both locations exhibiting one dom-
inant and one rare lineage. Even though leg setation
could be environmentally determined (e.g., by salinity,
which is much higher at the brine stream), Fleeger
(1980) found that both morphotypes (one or two inner
setae on the third-leg exopod) co-occur in Louisiana salt
marshes. This suggests that leg setation is not a mor-
phologically plastic nongenetic response or an adaptive
character under strong habitat-specific selection that has
evolved rapidly relative to the timing of cladogenetic
events. This trait thus provides more evidence of con-
cordant patterns of molecular and morphological varia-
tion, consistent with the interpretation that types | and
Il constitute separate species on multiple criteria. Con-
cordance of molecular and morphological variation
would not be expected if the deep phylogenetic nodes
separating the major types were an artifact of high mu-
tation rates in the gene regions examined.

Second, the suggestion that gene regions from two
genomes would all be under strong balancing selection
appears unlikely. Selection can maintain ancient poly-
morphisms within, and even between, species (Hughes
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Kimura two-parameter model (Kimura 1980), HKY-I" = Hasegawa, Kishino, and Yano (1985) model with gamma correction for rate heterogeneity among sites (Yang 1993).

aNumbers in parentheses are numbers of species or taxa compared.

b A single number indicates a unique comparison.

¢p = percentage of sequence divergence; K2P
Several distance metrics are reported for C. deitersi for ease of comparison with earlier studies.

Cryptic Species in a Harpacticoid Copepod 1099

and Yeager 1998). The only mechanism for maintenance
of ancient alleles in mtDNA that has been reported in
invertebrates is male- and female-specific mtDNA ge-
nomes associated with sex determination in some bi-
vaves (e.g., Quesada, Wenne, and Skibinski 1999).
However, thisis unlikely here, since the skewed relative
frequencies of type | and type Il sequences between Al-
abama and Louisiana (i.e., type | is rare in Louisiana,
but type Il is rare in Alabama) suggests no connection
with sex determination.

Third, it is possible that C. deitersi shows genetic
signatures of historical vicariant events in the form of
high levels of genetic differentiation. Such patterns have
been documented for a number of coastal marine inver-
tebrates in different regions of the world, including the
harpacticoid copepod T. californicus (Burton and Lee
1994; but see Burton 1998). In these continuously dis-
tributed species, a deep genetic break coincides with a
documented faunal break, reflecting the influence of his-
torical vicariant events (phylogeographic category | of
Avise [2000]). Limited geographic sampling prevents
determination of whether any of our deep phylogenetic
nodes correspond to known phylogeographic break
points in other species. However, this scenario does not
involve mechanisms preventing conspecific organisms
from hybridizing in sympatry. Although present samples
are limited, we did not detect heterozygosity for nuclear
rDNA sequences characteristic of types | and Il in either
the Alabama or the Louisiana samples. This inferred
lack of hybridization provides evidence against a vicar-
iant explanation of deep phylogenetic nodes and corrob-
orates the geneal ogical-concordance results. Additional
nuclear genes are needed to determine the extent of re-
productive isolation of sympatric types | and 11, which
would satisfy the biological-species criterion.

Temporal Perspective

Extensive genetic differentiation among the genetic
lineages of C. deitersi suggests long times since initial
divergence. Assuming that the rate of molecular evolu-
tion in the COX-I gene calibrated in other crustaceans
can be applied to C. deitersi, copepods from the Salton
Sea and Mazatlan appear to have shared a common an-
cestor between the late Miocene and the early Pliocene
(table 6). The molecular ancestor of lineages Il and 1|
dates back to the early and middle Miocene, and the
oldest divergence between lineages | and Il and lineage
I11 dates back to atime between the late Eocene and the
early Miocene (table 6). These dates are in remarkable
agreement with the fossil record. Fossilized specimens
assignable to Cletocamptus have been found in sedi-
mentary deposits dating to the middle and late Miocene
(Palmer 1960). The fossils are similar to an extant spe-
cies, Cletocamptus albuquerguensis (Herrick) but can-
not be identified due to lack of preservation of key char-
acters. However, close resemblance between the fossil
and recent Cletocamptus suggests a morphological con-
servatism that has lasted for more than 10 Myr, a time-
scale comparable to the one suggested by the molecular
data of the seemingly old cryptic species of C. deitersi.
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Table 6

Ranges of Divergence Since Common Ancestor Based on Corrected Sequence Divergence and

Crustacean Molecular-Clock Calibrations

16S COX-I
Mean Corrected Distance Mean Corrected Distance
COMMON ANCESTOR OF (%) Divergence Range (Myr) (%) Divergence Range (Myr)
MM and IIIC.......... 4.66K 5.1K-12.3K 9.35K-11.1H 3.9K-7.9H
IlMand l.............. 24.52K 27.2K—-64.5K 26.20K—-40.67H 10.9K-29.1H
land I, ..ol s 46.83K 52.0K-123.2K 30.56K-51.17H 12.7K-36.6H

Note.—Rates of molecular evolution used for the 16S rRNA gene include 0.38% Kimura two-parameter/Myr for anomurans (Cunningham, Blackstone, and
Buss 1992) and 0.90% Kimura two-parameter/Myr for fiddler crabs (Sturmbauer, Levinton, and Christy 1996). A second calibration of 0.65%—-0.88% Kimura two-
parameter/Myr (Schubart, Diesel, and Hedges 1998) obtained from grapsid crabs gave intermediate values. COX-| calibrations of geminate species of alpheid shrimps
include 1.4% maximum-likelihood-I'/Myr (Knowlton and Weigt 1998) and 2.4% Kimura two-parameter/Myr (Knowlton et a. 1993). A third calibration of 1.66%
Kimura two-parameter/Myr (Schubart, Diesel, and Hedges 1998) obtained from grapsid crabs also gave intermediate values. Letters following values refer to the
correction using the HKY85-I" (H) or the Kimura two-parameter model (K). These models were used in order to match those used in the calibrations; best-fit models

would produce older estimates.

The mitochondrial 16S rDNA distances and rates yield
larger estimates of divergence than the COX-I gene data
(table 6). The discrepancy may be accounted for by a
larger correction imposed by the Hasegawa, Kishino,
and Yano (1985) model with gamma correction for rate
heterogeneity among sites (Yang 1993) on the 16S
rRNA gene, particularly with respect to the rate hetero-
geneity among sites, and, more importantly, by the rel-
ative rates of evolution of both genes in C. deitersi,
where it appears that the 16S rRNA gene evolves faster
than the COX-1 gene (table 2). This difference is likely
the result of the inclusion of hypervariable regions in
the molecule (i.e., loops) that are much less variable in
the taxa and timescales involved in rate calibrations.
Rates previously reported (cf. table 6) reflect that the
COX-1 gene evolves twice to almost six times as fast as
the 16S gene. Even if the present COX-I gene sequences
showed uncorrected saturation and the “true’” rate of
evolution was closer to the one shown by the 16S rRNA
gene, this would only increase the estimates of time
since divergence, making the morphological conserva-
tism of C. deitersi even more remarkable.

Morphological Stasis

Two types of analyses have generally been con-
ducted to address the question of whether evolutionary
processes such as drift, mutation, and selection result in
a correlation between rates of morphological and mo-
lecular evolution over diverse time intervals. One ap-
proach is to collect DNA sequence or other molecular
data on morphologically conservative taxa and compare
the amounts of molecular divergence at particular tax-
onomic levels to amounts of divergence characterizing
the same taxonomic levels in less conservative taxa
(e.g., Wilson, Carlson, and White 1977; Avise, Nelson,
and Sugita 1994; King and Hanner 1998; Jarman and
Elliott 2000). These studies have provided clear evi-
dence of a decoupling between the two rates of evolu-
tion in selected taxa. When molecular divergence times
can be dated with geological evidence, the results are
consistent with morphological stasis. The generality of
these studies has been questioned, both on the grounds
that taxa known a priori to be morphologically conser-

vative were chosen for analysis (Omland 1997) and on
the grounds that nonmorphological characters such as
physiological, ecological, or behavioral traits might
show changes that are correlated with molecular differ-
ences (Schubart, Neigel, and Felder 2000b). A second
approach is to compare rates of morphological and mo-
lecular evolution in taxa chosen without bias regarding
expectations about these rates. For example, Omland
(1997) found significant positive correlations between
inferred morphological and molecular branch lengths in
a phylogenetic study of eight taxa. Our study is some-
what different from both of these approaches in that we
had no prior expectation of ancient divergence timesin
the presence of morphological conservatism within the
nominal C. deitersi. This result may, in part, reflect de-
vel oping taxonomic resolution within Cletocamptus, and
retrospective analysis of our four major types(l, I1, 11IC,
and 11M) has revealed subtle morphological differences
among them (S. Gbmez, personal communication).
However, even the most genetically divergent lineages
in our data set share identical body plans, and they can-
not be differentiated by casual observation at magnifi-
cations of less than 100X (J.W.F, unpublished data). We
conclude that the morphological stasis of these types
over atimeinterval of at least 10 Myr isreal. Given the
challenge of studying evolutionary and ecological pro-
cesses in these small benthic copepods, one way to in-
crease our understanding of the mechanisms and pat-
terns of morphological stasis from a comparative per-
spective would be to examine additional meiobenthic
invertebrate taxa for the occurrence of cryptic species
and deep evolutionary lineages.

Supplementary Material

The nucleotide alignment of the COX-I sequences
submitted to GenBank is available at http://
www.molbiolevol.org.
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