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INTRODUCTION

Many marine taxa are assumed to have high disper-
sal ability due to free-swimming larvae, highly motile
adults, or the ability of larvae or adults to use floats.

While it remains difficult to document large-scale
movement of marine taxa through direct observation,
molecular methods have been successfully employed
to investigate population structure, dispersal and gene
flow (Avise 2000). High gene flow is expected to
oppose population isolation, differentiation and speci-
ation in marine organisms (Grosberg & Cunningham
2001). Many molecular studies of marine organisms

have confirmed a correlation between the swimming
ability of adults, or the long larval duration of species
with benthic adults, and the lack of population struc-
ture (reviewed in Avise 2000), but a number of studies
have detected population structure in marine species
over comparatively small scales (Edmands 2001).

Copepods are the most abundant fraction of marine
zooplankton, yet little is known about their population
structure, and molecular methods have only been used
in a few studies (e.g. Bucklin et al. 2000, 2003, Edmands
2001, Rocha-Olivares et al. 2001, Goetze 2003, 2005). 

The harpacticoid copepod Macrosetella gracilis
(Miraciidae) is unique among the predominately ben-
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thic harpacticoid copepods due to its specialized life
history and association with the nitrogen-fixing cyano-
bacterium Trichodesmium spp. (Huys & Böttger-
Schnack 1994, O’Neil 1998). Like most harpacticoids,
M. gracilis is not well adapted for swimming (Hwang &
Turner 1995); it uses Trichodesmium spp. colonies as
rafts in the open ocean, where other floating substrates
are rare. This ‘pseudobenthic’ habitat offers the cope-
pod an opportunity for life in the open ocean, possibly
shelter from predation, and presumably allows for
greater dispersal compared to benthic copepods. The
areas of distribution of M. gracilis— tropical and
subtropical marine regions—are generally limited in
nutrients. The nitrogen-fixing cyanobacterium Tricho-
desmium spp. is one of the most abundant primary pro-
ducers in these ocean regions and can form geographi-
cally extensive ‘blooms’ spread over 100s to 1000s of
kilometers (Capone et al. 1997). M. gracilis, at various
life history stages, is the most abundant metazoan regu-
larly associated with Trichodesmium spp. colonies
(O’Neil 1998). M. gracilis inhabits geographically and
temporally discontinuous habitats in the form of Tri-
chodesmium spp. blooms and thus may show signifi-
cant genetic structure related to environmental patchi-
ness as proposed for other marine species (Avise 2000,
Goetze 2005). 

Population genetic data for Macrosetella gracilis is of
particular interest given the rarity of a pelagic lifestyle
among the predominately benthic harpacticoid cope-
pods (examples of the few known harpacticoid copepod
species with a pelagic lifestyle are given in Huys &
Boxshall [1991], but no population genetic data are
currently available for these species). Based on mor-
phological data, M. gracilis has been thought to occur
pan-globally in tropical and subtropical
oceans (Huys & Böttger-Schnack 1994).
Recent molecular work on other zoo-
plankton species has often revealed a
greater number of unrecognized (‘cryp-
tic’) and sibling species than expected
(Knowlton 1993, Lee 2000, Goetze 2003).
Here we use molecular data to assess
support for the pan-global distribution
of M. gracilis, previous to this analysis
based only on morphology (Huys &
Böttger-Schnack 1994). The goals of the
present study were to: (1) use molecular
data to confirm the occurrence of M. gra-
cilis as a single, cohesive species in both
the Atlantic and the Pacific; (2) deter-
mine levels and patterns of distribution
of genetic diversity for M. gracilis; and
(3) compare genetic diversity of the
pelagic M. gracilis with data from ben-
thic harpacticoid copepods.

MATERIALS AND METHODS

Sample collection. For this study, 149 individuals of
Macrosetella gracilis from 3 collection areas were ana-
lyzed: one in the western Atlantic, north of the Amazon
outflow (‘A’); and 2 in the Pacific, one near the islands
of Hawaii (‘H’), and the other near Japan (‘J’) (Table 1,
Fig. 1). Sampling stations in both the Atlantic (8 sta-
tions) and Hawaii (8 stations) were spread over areas
of approximately 900 km2; there was 1 sampling sta-
tion in Japan (see Fig. 3). Individuals of the occasion-
ally co-occurring copepod Miracia efferata (Harpacti-
coidea, Miraciidae) were also collected for out-group
comparison. Samples of M. gracilis (Harpacticoidea,
Miraciidae) were collected from plankton tows at 0 to
100 m depth, immediately sorted and preserved in
95% ethanol, or frozen at –20°C. 

DNA extraction. DNA extractions were initially per-
formed on individual Macrosetella gracilis to compare
several methods for optimal yield: 10% Chelex® (Bio-
Rad) extraction, phenol chloroform extraction (Hillis et
al. 1996), and extractions with the DNEasy animal kit
(Qiagen). The latter method had best overall perfor-
mance with the following modifications to the manu-
facturer’s protocol: (1) the samples were left to incu-
bate overnight with buffer and 20 µl Proteinase K
(10 mg ml–1); (2) columns were incubated with elution
buffer at room temperature for a minimum of 20 to
30 min; (3) columns were eluted once using 200 µl of
elution buffer, and the eluate was concentrated in
a Speedvac® vacuum concentrator to approximately
50 µl.

Direct sequencing. Initially, ‘universal’ PCR primers
HCO-2198 and LCO-1490 (Folmer et al. 1994) were
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Table 1. Sampling locations of Macrosetella gracilis with ocean, cruise and 
station identifier, sampling coordinates and sampling dates

Ocean Cruise Stn Latitude Longitude Date

Pacific MPO9 P16 19° 29.59’ N 157° 00.01’ W Aug 2003
Pacific MPO9 P17 19° 32.14’ N 158° 58.75’ W Aug 2003
Pacific MPO9 P18 20° 32.11’ N 160° 59.87’ W Aug 2003
Pacific MPO9 P19 21° 00.78’ N 158° 59.70’ W Aug 2003
Pacific MPO9 P20 20° 14.46’ N 156° 30.01’ W Aug 2003
Pacific MPO9 P21 20° 15.18’ N 159° 11.32’ W Aug 2003
Pacific MPO9 P22 19° 06.26’ N 162° 13.62’ W Aug 2003
Pacific St. ALOHA Aloha 22° 45’ N 158° 00’ W Nov 2004
Pacific Japan J 32° 40’ N 136° 10’ E Oct 2004
Atlantic MPO8 A4 10° 46.97’ N 52° 16.90’ W Apr 2003
Atlantic MPO8 A8 10° 20.87’ N 55° 06.07’ W Apr 2003
Atlantic MPO8 A18 6° 59.97’ N 49° 59.35’ W May 2003
Atlantic MPO8 A32 10° 42.26’ N 52° 31.65’ W May 2003
Atlantic MPO8 A34 10° 33.44’ N 50° 04.37’ W May 2003
Atlantic MPO8 A36 10° 26.42’ N 48° 18.12’ W May 2003
Atlantic MPO8 A38 8° 00.14’ N 48° 29.45’ W May 2003
Atlantic MPO8 A39 7° 51.41’ N 50° 03.96’ W May 2003
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used to amplify and sequence a 710 bp fragment of
the mitochondrial cytochrome c oxidase subunit I
(COI) gene from a few individuals of Macrosetella
gracilis. New copepod-specific PCR primers MacL
5’-AAATCATAAAGATATTGGAACAC-3’ and MacH
5’-GTGGAGTTCAGATTTCGATC-3’ were designed
based on our preliminary sequence results combined
with sequences of other copepod species from Gen-
Bank, and used to amplify and sequence 449 bp of
COI from the remaining specimens. PCR reaction
mixtures contained: 5 µl of 5 × PCR buffer without
MgCl2 (Roche Diagnostics), 2.5 µl dNTP (10 mM total),
2.5 µl MgCl2 (25 mM,), 1.25 µl of each primer (10 µM),
0.25 µl of Expand High Fidelity Plus taq (Roche Diag-
nostics), approximately 10 to 20 ng of DNA template
and water to 25 µl total reaction volume. PCR reaction
parameters were: initial denature at 94°C for 160 s;
35 cycles of denature at 94°C for 30 s, anneal at 50°C
for 30 s, extension at 72°C for 45 s; final extension at
72°C for 300 s. PCR products were size-separated and
visualized on an ethidium bromide-stained 1.8% aga-
rose-Tris-borate-EDTA gel, and purified using either a
QIAquick PCR purification kit (QIAGEN), or with
SAP/EXO (Shrimp Alkaline Phosphatase/Exonu-
cleaseI, USB) for digestion of unincorporated primers
and dNTPs. Purified, amplified products were se-
quenced in both directions on an ABI 3130 capillary
sequencer or ABI 377 slab-gel sequencer (Applied
Biosystems). Forward and reverse sequences from
each individual were aligned and edited with Se-
quencher 3.1.1 (Gene Codes). 

Genetic diversity. Analyses of genetic diversity of
Macrosetella gracilis were carried out with the

software packages ARLEQUIN v.2.0
(Schneider et al. 2000) and DnaSP 4.0
(Rozas et al. 2003). Haplotypic diver-
sity (h) values were calculated using
Nei’s index (Nei 1987):

h = 1– Σfi
2 (1)

where fi is the frequency of the i th
haplotype. Nucleotide diversity (π)
was calculated as:

π = [ Σpij]�nc (2) 

where pij is the proportion of
nucleotide differences between the
i th and the j th individual, and nc is
the total number of sequence com-
parisons expressed as [n (n–1)/2].

Phylogenetic analysis. A series of
analyses were performed on complete
and partial datasets in order to esti-
mate phylogenetic relationships from
the COI sequence data. The best-fit

model of molecular evolution for this dataset was
determined by hierarchical likelihood testing as imple-
mented in the program MODELTEST, v.3.04 (Posada &
Crandall 1998). Neighbor joining (NJ), parsimony (P)
and maximum-likelihood (ML) analyses were per-
formed in PAUP* 4.0b8 (Sinauer Associates, Swofford
2000). The ML analysis was performed using the suc-
cessive approximations strategy (Swofford & Sullivan
2003). Tree support was assessed by bootstrapping
(NJ, P = 1000 replicates, ML = 500 replicates). 

In order to infer relationships between haplotypes, a
minimum spanning tree was constructed using the
program MINSPNET in ARLEQUIN (Schneider at al.
2000). All alternative connections were examined to
determine if they resulted in fundamental changes in
the topology. 

Population structure and gene flow estimates. In-
ference of the degree of population subdivision was
based on a hierarchical analysis of molecular variance
(AMOVA, Excoffier et al. 1992) implemented in ARLE-
QUIN 2.0 to test for significant differences between
oceans, among stations within an ocean, or within sta-
tions. Pairwise Wright’s fixation index FST values be-
tween different regions and average population differ-
ences were calculated using ARLEQUIN to obtain an
estimate of gene flow (Weir & Cockerham 1984), where
the number of female migrants per generation (Nfm) is:

Nfm = [(1/FST] – 1)�2 (3)

The FST approach is based on assumptions of equilib-
rium populations, symmetrical gene flow and equal
populations sizes. Additional estimates of gene flow
were calculated using 2 coalescent-based software pro-
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Fig. 1. Macrosetella gracilis. Sampling locations in the Pacific near Japan (J) and
Hawaii (H) and in the Atlantic near the Amazon river outflow (A). Multiple sta-
tions were sampled at H (n = 8) and A (n = 7). For a detailed map of station 

locations see Fig. 3
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grams: MDIV (Nielsen & Wakeley 2001) and MIGRATE
v.2.0.3 (Beerli & Felsenstein 2001). MDIV estimates di-
vergence time and migration rate between 2 populations
that descend from a single ancestral population using a
Markov Chain Monte Carlo (MCMC) algorithm with a
finite-sites model to account for multiple substitutions
at a site (Nielsen & Wakeley 2001). Five independent
runs with all 149 COI sequences of Macrosetella gra-
cilis divided between the Atlantic (n = 61) and Pacific
(n = 88) were conducted with the following parameters:
5 000 000 cycles in the Markov chain, burn-in time of
200 000 cycles, Mmax = 10, Tmax = 10, where Mmax and
Tmax are maximum values for M, the scaled migration
rate (2 × effective population size × M ), and T is the
scaled divergence time (divergence time/2 × effective
population size). Since MDIV allows for only 2 popula-
tions, Hawaii and Japan were pooled as one Pacific
population. To overcome the limitation of migration es-
timates between only 2 populations, and to account for
the possibility of asymmetrical gene flow, we used
the program MIGRATE (Beerli & Felsenstein 2001) to
estimate directional gene flow between Hawaiian,
Japanese and Atlantic sampling sites using the
Metropolis-Hastings MCMC sampling, maximum like-
lihood procedure (Kuhner 2003). MIGRATE simultane-
ously estimates the effective population size (θ = 2 μNf)
and pairwise migration rates (M = mNf) between popu-
lations, where µ is the per-generation mutation rate,
and mNf is the product of effective female population
size and mutation rate, assuming that θ remains con-
stant for each population, but can vary between popu-
lations. To decrease run time, the Atlantic and Hawai-
ian datasets were both reduced to 30 sequences each,
using a random number generator to drop individuals
from the dataset. The Japanese population included all
the original 10 samples (half of the minimum recom-
mended number of 20 individuals per population). Mul-
tiple runs were performed with 10 short chains of
length 100 000 with a sampling increment of 200, and
2 to 3 long chains of length 1 000 000 with a sampling
increment of 200, and adaptive heating with tempera-
tures of 1, 1.5, 3, 6 and 12 (Beerli & Felsenstein 2001).

To test for population expansion and selection, val-
ues of Tajima’s D (Tajima 1989) were calculated using
DnaSP 4.0 (Rozas et al. 2003) for the whole dataset,
for different ocean basins, and for the Japanese and
Hawaiian sampling regions.

Pairs of latitude/longitude coordinates were used to
calculate geographic distances between stations using
the program ‘Latitude/Longitude Distance calculations’
(Michaels 1997). The correlation between genetic and
geographic distances was evaluated with the Isolation
by Distance Web Service (IBDWS) (Jensen et al. 2005)
using Mantel test and Reduced Major Axis (RMA)
regression analysis (Sokal & Rohlf 1995).

RESULTS

Molecular characteristics

The aligned COI sequence dataset had a length of
449 bp and contained 36 unique haplotypes (GenBank
accession DQ989142–DQ989177). Sequences of 149 in-
dividual Macrosetella gracilis revealed 60 polymorphic
sites with a total of 67 mutations; 44 sites were parsi-
mony-informative. Of the polymorphic sites 88.4% were
in the 3rd codon position, and 11.6% were in the 1st po-
sition. Five non-synonymous substitutions occurred, 2 of
which were parsimony-informative. The transition-trans-
version ratio was 5.55. Average base frequencies (A =
0.30092, C = 0.12525, G = 0.17261, T = 0.38103) were sta-
tistically homogenous across samples (χ2 = 3.566498, df =
105 and p = 1.00). All COI nucleotide sequences were
translated into amino acid sequences using the Droso-
phila mitochondrial genetic code, and no misplaced start
and stop codons or insertions or deletions were found.

Demographic statistics and genetic diversity

COI sequences of Macrosetella gracilis revealed
moderate to high levels of haplotype and nucleotide
diversity. Of the 36 haplotypes, 15 occurred more than
once (Table 2). The number of haplotypes per sam-
pling station (among 3 to 20 individuals sequenced)
ranged from 2 to 7 (Table 2). Japan had the overall
highest level of haplotypic and nucleotide diversity
(Table 3) and did not share any haplotypes with
Hawaii or the Atlantic (Fig. 2). Four haplotypes (31.5%
of all sequences collected) were shared between
Atlantic and Hawaiian samples (Table 2).

The most common —haplotype A — occurred 34
times. Haplotype A and the other 3 shared haplotypes
(B, C, D) occurred in more individuals in the Atlantic
than in the Hawaiian samples (Fig. 3). Overall, the
Pacific had 21 unique haplotypes, and of these 14 were
only found once (‘singletons’). Hawaii had 13 unique
haplotypes (8 singletons, Fig. 3a), and Japan had 8
unique haplotypes (6 singletons). In the Atlantic, we
found 13 unique haplotypes (10 singletons) (Fig. 3b).

Uncorrected divergence (‘p-distances’) for all Macro-
setella gracilis sequences ranged from 0.2 to 8.4%
(0.2 to 8.5% for Kimura 2-parameter [K2P]-, and 0.2
to 9.3% for Hasegawa-Kishino-Yano [HKY]-corrected
distances), and were thus smaller than distances
reported from other harpacticoid copepods and more
similar to results for differences between calanoid cope-
pods from different oceans (Table 4). Genetic distances
between M. gracilis and Miracia efferata (both in the
family Miraciidae) showed a sequence divergence
ranging from 23.3 to 24.7% (28.7 to 31.3% for K2P, 29.2
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to 32.1% for HKY), a distance value comparable to
interspecific distances in other species (Table 4).

Phylogenetic analysis

The best fit to our COI data as determined with
MODELTEST (Posada & Crandal 1998) was provided
by the HKY85 model with unequal base frequencies, a
transition transversion ratio of 5.55, a shape parameter
of 0.017, and no significant amount of invariant sites.
NJ, P and ML analyses all produced essentially the
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Table 2. Macrosetella gracilis. Mitochondrial cytochrome c oxidase subunit I (mtCOI) haplotypes (A–S) of the copepod at differ-
ent collection locations and numbers (No.) of individuals sequenced per station, per ocean (All Atlantic, All Pacific) and for all
stations combined (Total). Haplotypes A–O occurred more than once; numbers of singleton haplotypes (S) are summarized per 

location. Markings on the bar refer to location as used in Figs. 2 to 4

Location No. A B C D E F G H I J K L M N O S

Stns A4+A32 7 4 1 2
Stn A8 4 2 1 1
Stn A18 15 5 1 1 2 1 2 3
Stn A34 6 5 1
Stn A36 3 2 1
Stn A38 6 2 1 1 1 1
Stn A39 20 13 4 1 2
All Atlantic 61 33 4 2 2 7 2 2 2 7
Stn Aloha 5 3 1 1
Stn P16 11 1 4 2 1 1 2
Stn P17 12 1 1 4 2 2 1 1
Stn P18 5 2 1 1 1
Stn P19 9 3 2 3 1
Stn P20 9 1 2 1 1 1 3
Stn P21 14 1 1 5 2 4 1
Stn P22 13 3 3 3 1 1 2
All Hawaii 78 1 3 1 1 26 10 12 11 5 8
Stn J 10 2 2 6
All Pacific 88 1 3 1 1 26 10 12 11 5 2 2 14
Total 149 34 7 3 3 26 10 12 11 5 7 2 2 2 2 2 21

Table 3. Macrosetella gracilis. Measures of genetic diversity
of the cytochrome c oxidase subunit I (COI) of M. gracilis sep-
arated by sampling area and total diversity: number of indi-
viduals (n i), number of segregating sites (S ), number of haplo-

types (nh), haplotype diversity (h), nucleotide diversity (π) 

Location ni S nh h π

All Atlantic 61 38 15 0.694 0.01305
All Hawaii 78 25 17 0.832 0.01018
Japan 10 48 8 0.956 0.04420
All Pacific 88 58 25 0.868 0.01489

Total 149 60 36 0.899 0.01677

Fig. 2. Macrosetella gracilis. Global
distribution of M. gracilis cyto-
chrome c oxidase subunit I (COI)
haplotypes at different sampling
sites with haplotypes shared be-
tween Atlantic and Hawaii (A+H),
among sampling sites in the Atlantic
(A), Hawaii (H) and Japan (J) and
singleton haplotypes (S) where pie
slices with the same shading repre-
sent different haplotypes except for
singletons. Number of individuals
sampled (n) is indicated for each 

region
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same ‘tree’ topology with few clusters receiving high
bootstrap support (Fig. 4).

Phylogenetic analysis of the 36 COI haplotypes from
Macrosetella gracilis obtained in this study showed no
geographical structuring of haplotypes into separate
clades. All phylogenetic reconstructions contained 2
distinct clades with moderately high bootstrap support.
The smaller clade included sequences from the Atlantic
and Japan only, whereas the larger clade had repre-

sentatives from all 3 sampling areas
(Fig. 4). Haplotypes that were shared
between ocean basins, and common hap-
lotypes found only within one ocean,
were distributed evenly across the tree.
Although only 4 of the 36 haplotypes
were found in both the Atlantic and
Pacific, the phylogenetic relationship of
the haplotypes showed no evidence for
partitioning into Atlantic and Pacific
clades. 

The minimum spanning tree (Fig. 5)
revealed several shared and centrally
located haplotypes surrounded by single-
ton haplotypes. Examination of alterna-
tive links within the network did not sig-
nificantly change the overall appearance
of the minimum spanning tree. One well-
supported clade was separated by 21
mutational steps from the rest of the tree
and contained both Atlantic and Japan-
ese but no Hawaiian haplotypes. Haplo-
types from all 3 sampling regions oc-
curred scattered around the tree, with
the greatest spread for haplotype distrib-
ution found among Japanese samples,
despite the small sample size of only 10
individuals.

Population structure and gene flow
estimates

Pairwise FST values for all sampling
locations ranged from 0.117 to 0.235 and
were significant at p < 0.05 (Table 5).
Estimates of migration rates derived from
FST values ranged from 1.6 to 3.8 migrat-
ing females per generation. The posterior
distribution of scaled migration rates
(M ) between the Atlantic and Pacific ob-
tained with the program MDIV showed
the highest probability at M = 1.45, sug-
gesting exchange between regions of
about 1 to 2 females per generation.
Levels of interchange between Atlantic,

Hawaiian and Japanese populations estimated using
MIGRATE were variable between separate runs, but
all population pairs showed average M > 1 migrant per
generation. Both Atlantic and Hawaiian populations
had on average >10 migrants per generation coming
from Japan, whereas the migration rates in the oppo-
site direction were much smaller.

AMOVA of Atlantic and Pacific samples showed
that only 9.2% (p = 0.002) of the variation is explained
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Fig. 3. Macrosetella gracilis. Distribution of cytochrome c oxidase subunit I
(COI) haplotypes at different sampling stations at (a) Hawaiian and (b) Atlantic
sampling sites with haplotypes shared between Atlantic and Hawaii (A+H),
among Atlantic sampling sites (A), among Hawaiian sites (H), and singleton
haplotypes (S) where pie slices with the same shading represent different 

haplotypes except for singletons. Numbers refer to sampling stations
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by differences between oceans, and most of the varia-
tion was found within stations (Table 6). Values of
Tajima’s D were not significantly different from 0 (p >
0.1) for all population (D = –1.161), Atlantic (D =
–0.426), Pacific (D = –1.487), Hawaii (D = –0.304), and
Japan (D = 0.299), and suggest large and stable popu-
lations that have not undergone a recent population
expansion. 

Isolation-by-distance analysis using the Mantel test
and regression analyses of genetic and geographic dis-
tances between sampling stations showed no signifi-
cant isolation by distance for the whole dataset (r =
–0.005, p = 0.45), for the Atlantic (r = –0.191, p = 0.70),
or for the Pacific (r = –0.482, p = 0.92).

DISCUSSION

Our study represents the first population genetic
dataset available for harpacticoid copepods in the
family Miraciidae, and one of just several available for
oceanic copepods, despite their abundance, diversity
and importance for pelagic ecosystems. The results of
our phylogenetic analyses of Macrosetella gracilis COI
sequences were in agreement with previous studies on
the distribution of M. gracilis based solely on morpho-
logical characteristics (Huys & Böttger-Schnack 1994),
and confirmed the occurrence of genetically similar M.
gracilis in both the Atlantic and the Pacific. The
hypothesis of a global distribution of M. gracilis was
supported by low genetic distances between most COI
sequences across the sampling range, and by shared
haplotypes between the Atlantic and the Pacific. Sur-
prisingly, we did not find shared haplotypes between
Hawaiian and Japanese samples. Genetic diversity of
COI sequences in M. gracilis was highest in Japanese
samples. 
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Fig. 4. Macrosetella gracilis. Maximum likelihood tree, where
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Fig. 5. Macrosetella gracilis. Minimum spanning tree of cyto-
chrome c oxidase subunit I (COI) haplotypes, where the size
of the circle is approximately proportional to the number of
haplotypes (smallest circle represents an individual), and the
hatch marks represent number of mutations between haplo-
types. Shading corresponds to sample location: white = 

Atlantic, grey = Hawaii, and black = Japan
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Phylogenetic analysis placed samples from the
Atlantic and the Pacific within the same clades, sug-
gesting some level of exchange between the 2 oceans
or retention of ancestral polymorphisms across a huge
geographic area. Genetic distances observed for
Macrosetella gracilis average less than 2% (K2P dis-

tances) within (Atlantic 1.8%, Pacific 1.5%) and be-
tween oceans (1.9%), which is comparable to average
intraspecific distances for metazoans, but lower than
COI intraspecific diversity in calanoid copepod species
(Bucklin et al. 2003, Goetze 2003). Genetic diversity
data are available for only 2 benthic harpacticoid cope-
pods, the intertidal Tigriopus californicus (Edmands
2001) and the meiobenthic Cleptocampus deitseri
(Rocha-Olivares et al. 2001). Extremely high levels of
genetic differentiation at mitochondrial loci (20.8 to
26.8% for COI) led to the suggestion of a species com-
plex with 4 cryptic species within C. deitseri (Rocha-
Olivares et al. 2001). Intraspecific genetic distances for
T. californicus —18.2 to 21.1% sampled across the spe-
cies range (Edmands 2001)—were also much higher
than we found for M. gracilis (Table 4). The evolution
of a pelagic lifestyle appears to have strongly in-

fluenced the population genetics of M.
gracilis as evidenced by comparatively
low levels of population differentiation
inferred from our genetic results. The
harpacticoid copepods previously studied
inhabit distinctly different habitats—tide-
pools (T. californicus ), estuaries and inland
salt ponds (C. deitseri )—compared to the
tropical and subtropical open ocean areas
inhabited by M. gracilis. Furthermore,
both T. californicus and C. deitseri lack a
pelagic naupliar stage, whereas M. gracilis

40

Table 4. Copepod spp. Genetic distances for cytochrome c oxidase subunit I (COI) for Macrosetella gracilis and Miracia efferata
using different substitution models (K2P: Kimura 2-parameter; HKY: Hasegawa-Kishino-Yano) compared to distance values for 

other copepods obtained from the literature. p: uncorrected divergence (‘p-distances’)

Taxa Range Metric Source

M. gracilis (Atlantic and Pacific) 0.2–8.4 p Present study
M. gracilis (Atlantic and Pacific) 0.2–8.5 K2P Present study
M. gracilis (Atlantic and Pacific) 02.–9.3 HKY Present study
M. gracilis and M. efferata 23.3–24.7 p Present study
M. gracilis and M. efferata 28.7–32.3 K2P Present study
M. gracilis and M. efferata 29.2–32.1 HKY Present study

Other harpacticoid copepods
Cleptocamptus deitseri (among major lineages) 20.8–26.8 p Rocha-Olivares (2001)
Cleptocamptus deitseri (among major lineages) 24.7–34.1 K2P Rocha-Olivares (2001)
Cleptocamptus deitseri (within one cryptic species) 8.7 p Rocha-Olivares (2001)
Tigriopus californicus (along the California coast) 18.2–21.1 p Burton & Lee (1994)

Calanoid copepods
Eurytemora affinis (worldwide estuarine) 17 p Lee (2000)
Eucalanidae (different species Atlantic and Pacific) 0.5–10.1 p Goetze (2003)
Rhinocalanus nasutus (cryptic species) 20–24.3 p Goetze (2003)
Eucalanus hyalanus (cryptic species) 7.9–8.7 p Goetze (2003)
Acartia clausi (within Norway) 1.0–2 p Bucklin et al. (2000)
Clausocalanus furcatus (Atlantic–Aegean) 4 p Bucklin et al. (2003)
Clausocalanus acruicornis (New Zealand–Aegean) 4 p Bucklin et al. (2003)
Clausocalanus jobei (New Zealand–Aegean) 4 p Bucklin et al. (2003)
Neocalanus robustior (Atlantic–Pacific) 3 p Bucklin et al. (2003)
Clausocalanus pergens (New Zealand–Aegean) 1 p Bucklin et al. (2003)

Table 5. Macrosetella gracilis. Pairwise measures of genetic
differentiation of M. gracilis between sampling regions. FST

values above, ΦST below diagonal. Significance values were
obtained from 1000 permutations (**p < 0.01, *p < 0.05)

Atlantic Hawaii Japan

Atlantic – 0.235** 0.204**
Hawaii 0.173** – 0.117**
Japan 0.143* 0.328** –

Table 6. Macrosetella gracilis. Analysis of molecular variance (AMOVA) of 
149 individuals from sampling stations in the Atlantic and Pacific

Source of df SS Variance % p-value
variation components variation

Among oceans 1 31.6 0.367 9.27 <0.002
Among stations
within oceans

14 66.6 0.145 3.67 <0.051

Within stations 133 458.5 3.447 87.06 <0.001

Total 148 556.7 3.959 100.00
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nauplii hold onto Trichodesmium spp. colonies with
modified appendages and use the cyanobacterial
colonies as a floating substrate during development.
The availability of floating substrate has been shown
by Thiel & Gutow (2005a,b) to be important for connec-
tivity between areas. While these authors acknowl-
edge the importance of rafting for harpacticoid cope-
pods, they do not include M. gracilis in their long list of
rafting animals, nor discuss Trichodesmium spp. as
rafting substrate. The role of Trichodesmium as an
important floating habitat was previously recognized
elsewhere (Sheridan et al. 2002). Our results show that
habitat and life history of M. gracilis have a strong
influence on the genetic structure of these harpacticoid
copepods. The effect of habitat preference and life his-
tory on population structure of copepods has previ-
ously been shown by a comparison of drifting and res-
ident calanoid copepod species (Bucklin et al. 2000).
Resident Acartia clausii showed significant genetic dif-
ferences between different fjords, whereas drifting
Calanus spp. did not differ significantly. Genetic dis-
tances between M. gracilis in different regions found
in this study were closer to the distances found in stud-
ies of some open ocean calanoid copepods within and
across ocean basins (0.5 to 10.1%) (Bucklin et al. 2003,
Goetze 2003). Genetic distances between M. gracilis
and Miracia efferata (28.7 to 31.3%, K2P) in the pre-
sent study were similar to distances found between dif-
ferent species and genera in calanoid copepods (Buck-
lin et al. 2000, 2003).

One clade in our dataset was separated from the rest
by 21 mutational steps (up to 8.5% sequence diver-
gence). This is a high intraspecific divergence for a
pelagic copepod (Goetze 2005), but within the diver-
gence range of the tidepool copepod Tigriopus califor-
nianus (Edmands 2001). While the possibility of cryptic
speciation within Macrosetella gracilis exists, future
studies using multiple loci are needed to address this
possibility. Studies of marine invertebrates have found
frequent evidence for cryptic speciation in the marine
environment (Knowlton 1993). Several species of cope-
pods appear to have diverged at the molecular level
without becoming morphologically distinct, for exam-
ple, the meiobenthic harpacticoid copepod Cletocamp-
tus deitseri (Rocha-Olivares et al. 2001), the estuarine
copepod Eurytemora affinis (Lee 2000), and the pelagic
copepod Rhinocalanus nasutus (Goetze 2003)—all at
levels of divergence similar to those found between M.
gracilis clades. Data from other genes are needed to
determine whether the observed divergences be-
tween M. gracilis COI sequences are signs of cryptic
speciation. 

While the existence of cryptic speciation in our
dataset is unresolved, the possibility of sympatric
speciation exists. Sibling species often have distinct

habitat preferences, e.g. differences in salinity or
depth distribution (Knowlton 1993, Lee 2000). The
observed depth distribution of Macrosetella gracilis in
the Red Sea with a shallow and a deep ‘population’
(Böttger-Schnack & Schnack 1989) could suggest the
presence of sibling species and requires further study.
Behavioral differences in feeding ecology have been
shown in sympatric species of the harpacticoid cope-
pod Tisbe (Marcotte 1984). The cyanobacterium Tricho-
desmium spp. is capable of producing toxins (Cox et al.
2005). Adaptation and various levels of tolerance to
these toxins by the copepod could also lead to specia-
tion in M. gracilis. It has been shown that M. gracilis is
resistant to these toxins to a certain extent (O’Neil et al.
1996), although the differences in utilization of Tricho-
desmium spp. as a food source (O’Neil 1998, Eberl &
Carpenter 2007) may be attributed to variations in
toxin concentration.

The largest genetic diversity in our study was found
among Japanese haplotypes, despite a low sample size
there. It is possible that this area harbors remnants of
the oldest and most diverse population. Our sampling
area was north of the presumed Center of Origin in the
Indo-West Pacific, where the highest levels of diversity
have been observed for many marine species (Briggs
1999). Briggs (1999) suggested that within the Pacific,
radiation of diversity occurred eastward. This hypothe-
sis is in accordance with our genetic data, where levels
of diversity are higher in Japan than in Hawaii. Due to
the availability of only 10 samples, Japan was likely
under-sampled. If the hypothesis of an older popula-
tion with higher genetic diversity near Japan holds
true, increased sampling should reveal more Japanese
haplotypes and perhaps the presence of common hap-
lotypes A to E in Japanese waters. Increased sampling
may also reveal more rare haplotypes that are sepa-
rated from these common haplotypes by only one
mutational step and have been missed due to under-
sampling.

Shared haplotypes between oceans, as well as lack
of geographical partitioning of haplotypes, suggest
gene flow between the Atlantic and the Pacific (either
historical or current) or long-term maintenance of wide-
spread ‘ancestral’ haplotypes. Geographical lineage
sorting between Atlantic and Pacific populations might
be expected if the populations of Macrosetella gracilis
in the different oceans had been separated since the
rise of the Isthmus of Panama (3.5 million years ago)
and no gene flow exists. This expectation might be in
error given the very large population sizes possible for
small plankton species. One factor likely affecting the
population structure of many copepods is their wide-
spread distribution and large population size. Despite
widespread distribution, however, populations may
experience local bottlenecks that could lead to local
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lineage extinctions. Variance in reproductive success
also influences the persistence of different haplotypes
in a population (Avise 2000) as is the case for M. gra-
cilis, where reproduction and larval survival are linked
to the presence of Trichodesmium spp. colonies (Björn-
berg 1964).

Anthropogenic factors have been implicated in
changing the distribution of many marine species,
especially dispersal through ballast water exchange
(Carlton & Geller 1993). In addition to rafting on Tri-
chodesmium spp., dispersal of Macrosetella gracilis
could be facilitated by shipping activity. M.gracilis was
found in ballast water after mid-ocean exchange in the
Pacific (Choi et al. 2005). Dispersal of M. gracilis by
means of ballast water is feasible, although to date
there is not sufficient data available to determine the
role of humans in dispersal of M. gracilis.

In this study of Macrosetella gracilis, ‘migration’
(interchange between regions) appears to counteract
genetic differentiation. Estimates of gene flow from
FST values for all possible migration patterns between
the 3 sampling regions and between different oceans
indicate the general magnitude of interchange as
>1 female per generation. It is also possible that due
to the large population sizes of M. gracilis, remnants
of old haplotypic lineages are still present in the now
separated ocean basins, and it will take a long time
before Atlantic and Pacific lineages will be completely
separated. Further study using multiple molecular
markers and an increased sampling range will help
to distinguish between current and past gene flow in
M. gracilis.
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