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Abstract Morphologically plastic, cryptic, or geo-
graphically widespread species pose similar challenges
to the evolutionary biologist: their taxonomic status is
often unclear yet must be known to study almost any
aspect of their biology, ecology, evolution, or
biogeography. The marine bryozoan Membranipora
membranacea (L.) is morphologically plastic and geo-
graphically widespread in temperate oceans of the
Northern and Southern Hemispheres, and its taxonomy
is unclear. This study examined genetic relationships
among allopatric populations and sympatric morphs of
this species, or species complex. Colonies were collected
from 1992 to 1995. Allozymes were used to elucidate
the relationships among four widely separated popula-
tions, two in the North Atlantic and two in the North
Pacific Ocean. Allozymes and mtDNA sequencing were
used to clarify the genetic relationships among three
sympatric morphs that might correspond to the species
M. villosa Hincks and M. membranacea in the north-
eastern Pacific (Washington State). Populations in the
North Atlantic and North Pacific had no fixed allelic
differences at the loci tested but were separated by an
average Nei’s genetic distance of 0.581, suggesting their
near-sibling species status. Populations from Friday
Harbor (Washington) and Catalina Island (California)
were not significantly differentiated, which was attrib-
uted to high gene flow. Populations on either side of the
North Atlantic were genetically indistinguishable, which
is most likely due to the recent establishment of the
West Atlantic populations from European founders. At
Friday Harbor, sympatric morphs varying in their spi-
nation and spine inducibility were genetically indistin-
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guishable, supporting the hypothesis that M. villosa is
an induced phenotype of M. membranacea and not a
distinct species in the northeastern Pacific. Since such
phenotypic plasticity is common in cheilostome
bryozoans, the morphospecies concept must be used
with caution.

Introduction

The fundamental unit in evolutionary biology is the
species. Adequately identifying species is often prob-
lematic for widely distributed and phenotypically plastic
organisms, especially when the plastic characters are
used in defining taxonomic affinity. The marine
bryozoan Membranipora membranacea is widely dis-
tributed in temperate oceans of the Northern and
Southern hemispheres and is plastic in taxonomically
important characters. This raises taxonomic confusion
about the relationships of populations and/or species
within and between oceans. M. membranacea is a colo-
nial invertebrate growing on kelps and has a simple
morphology offering few taxonomic characters. Osburn
(1950) recognized three species of Membranipora along
the North American west coast: M. membranacea (L.),
M. villosa Hincks, and M. serrilamella Osburn.
M. serrilamella is distinguished by the presence of a
serrated cryptocyst (inner extension of the zooid wall,
Fig. 1), M. villosa by the presence of a cryptocyst and
numerous spines on the frontal membrane and lateral
zooid walls, and M. membranacea by the lack of both
characters (Fig. 1). However, several authors have
found variation in these taxonomic characters within
single colonies (O’Donoghue 1926; Pinter 1969; Seed
1976). Yoshioka (1982a) found that the M. villosa form
was temporally and spatially correlated with the pres-
ence of nudibranchs in the field and suggested that these
predators induced this form. In laboratory experiments,
Harvell (1984, 1986, 1991) confirmed that M. mem-
branacea exposed to nudibranchs grew M. villosa-like
spines. In a laboratory common-garden experiment 178
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Fig. 1 Membranipora spp. Zooids of three species. M. serrilamella is
characterized by the presence of a crypotcyst, M. membranacea by the
absence of a cryptocyst and spines on zooid walls, and M. villosa by
the presence of both characters. Redrawn from Osburn (1950)

colonies were exposed to the nudibranch cue. A total of
80.3% of the colonies produced spines, 13.5% remained
unspined, and 6.2% were constitutively spined (spined
before exposure to the cue) (Harvell 1998). Thus, at least
two of the three species described along the North
American west coast might simply be an expression of
the polymorphism of one species (M. membranacea)
induced by exposure to the nudibranch predator and
other environmental conditions some time before the
type specimens were collected. But since there are three
distinct morphotypes there is also the possibility that
these are different species. Still other variation in colony
form may be associated with substrate type, because
M. membranacea grows on many species of brown algae.
In fact, aspects of colony morphology do seem to vary
with substrate. In southern California, few stolons
(elongated specialized zooids produced in response to
intraspecific competition; Harvell and Padilla 1990) are
made on Macrocystis integrifolia but many on Lami-
naria spp. (L. Roberson and C. D. Harvell unpublished
data). These observations raise the question of whether
colonies on different kelps are genetically distinctive or
phenotypically plastic in response to different substrates.
There is currently no information about plasticity as-
sociated with the M. serrilamella phenotype.

Similarly, on a global scale the relationship of
Membranipora membranacea described from various
geographic locales is unclear (Osburn 1950; Yoshioka
1982b). Morphological differences between geographic
populations of this species have been reported in tem-
perate waters of the Northern and Southern Hemi-
spheres (Osburn 1950) raising the question of whether
these allopatric populations belong to the same species.
For example, the planktotrophic larvae of M. mem-
branacea of the US west coast are smaller and differ in
ornamentation from those in FEuropean waters
(Robertson 1908; Atkins 1955). The populations of
M. membranacea in the West Atlantic are reported to be
recent invaders (Berman et al. 1992; Lambert et al.
1992), but the source population is unknown. In the
absence of a solid taxonomic or evolutionary framework

we cannot interpret such variation nor can we explain
how the global distribution of the species or species
complex has come about.

The present study determined the relationships
among populations of Membranipora membranacea at
varying spatial scales and assessed whether different in-
ducible spine morphologies correspond to different
species. This study uses allozyme allele frequencies and
mitochondrial DNA (mtDNA) sequences to address the
following questions: (A) How closely related are popu-
lations in the North Atlantic and North Pacific? Did the
Northwest Atlantic invaders come from Europe? (B) Are
local populations in Friday Harbor, Washington ge-
netically structured? (C) Are populations on different
host algae from the same site genetically differentiated?
(D) Are the different morphs of M. membranacea at
Friday Harbor genetically distinct species?

Materials and methods
Sampling and preservation
Genetic structure

Samples of Membranipora membranacea (L.) and M. serrilamella
Hincks were collected from 1993 to 1995 at locations shown on
Table 1 and Fig. 2. Relationships among populations in different
oceans (Table 1A), in regions within oceans (Table 1A, B), and
among local groups growing on different hosts (Table 1C) were
determined in different collections. At Friday Harbor (Washington,
USA) colonies were collected from kelps, Nereocystis luetkeana and
Laminaria groenlandica, while at Bamfield Marine Station (Van-
couver Island, British Columbia, Canada), colonies were collected
from N. luetkeana and Macrocystis integrifolia. This comparison of
colonies from different host algae was necessary because
M. membranacea grows on different hosts worldwide so any geo-
graphic analysis could be confounded by host species, i.e. Macro-
cystis spp. at Catalina and Bamfield, Laminaria spp. at Friday
Harbor, the Isle of Man (UK) and Appledore Island (Maine,
USA).

All colonies were obtained by collecting whole blades of kelp
with visible colonies growing on them, maintaining them in flowing
seawater, and preserving colonies either on site, or after live-ship-
ment to Cornell University, Ithaca, New York, USA. Colonies
were identified according to Osburn (1950) and Ryland and Hay-
ward (1977). Individuals were gently scraped off the kelp before
freezing in dry ice or liquid nitrogen, and stored at —80 °C. Care
was taken to sample each colony (genotype) only once.

Morphs

Colonies of the three morphs [constitutively spined (CS), consti-
tutively unspined (CU) and inducibly spined (IS)] were obtained as
described by Harvell (1998). In summary, Lucite panels (black,
2.5 x 5 cm) were set out in May 1995 at the Friday Harbor Lab-
oratory Dock. Newly settled colonies (n = 178) were removed to
the laboratory each day to avoid premature exposure to the spine-
inducing nudibranch Doridella steinbergii. Colony morphologies
were determined before the spine-induction experiment as being
unspined or constitutively spined (CS). After 1 month in the
laboratory, colonies were exposed to the spine inducer using an
extract of D. steinbergii as stimulus (Harvell 1998). Five days after
the exposure, the colonies’ morphs were again determined, to yield
constitutively unspined (CU; no change) or inducibly spined (IS; no
spines before induction, but spined afterwards). After allowing the



Table 1 Membranipora membranacea, M. serrilamella. Collection
sites, sample sizes, loci analyzed, and year collected, organized by
question (see “Introduction”) (loci abbreviations: Ada adenosine
deaminase; Dia diaphorase; EstFa-1 esterase; Gpi glucose phos-
phate isomerase; Idh isocitrate dehydrogenase; Me malic enzyme;
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Mdh malate dehydrogenase; Np nucleoside phosphorylase; Pep-la
peptidase, leucyl-alanine; Pgd phosphogluconate dehydrogenase;
Pp inorganic pyrophosphatase; Sod superoxide dismutase; Tpi
triosephosphate isomerase)

Variation in question, Allozymes mtDNA Year collected
Sample location (n)
(n) Loci
(A) Inter- vs intra-ocean,
North Atlantic, North Pacific
Isle of Man, England (IOM) 29 Pep-la, Tpi, Gpi, Ada, Pp, Pgd, Idh, Np 1992
(Monomorphic, n = 10 per popul.: Sod,
Mdh, EstFa-1, Dia)
Appledore Island, Maine (AI) 29 1992
Friday Harbor, Wash. (FH) 30 1992
Catalina Island, Cal. (CAT) 31 1992
(B) Local populations,
Friday Harbor
Dock (DO) 27 Pep-la, Tpi, Gpi, Ada, Pp, Pgd, Idh, Np 1992
Shady Cove (SC) 28 1992
West Side (WS) 27 1992
Turn Island (TT) 28 1992
©) Substrates,
Bamfield, BC, and Friday Harbor
FH N. luetkeana (FHN) 27 Ada, Gpi, Pgd 1993
FH L. groenlandica (FHL) 80 1992
Bamfield N. luetkeana (BFN) 26 1993
Bamfield M. integrifolia (BFM) 27 1993
(D) Morphs,
Friday Harbor
Constitutively spined (CS) 4 Pgd, Gpi, Np, Tpi, Ada, Idh 6 1995
(Monomorphic: Mdh, Me)
Constitutively unspined (CU) 11 7 1995
Inducibly spined (IS) 18 6 1995
M. serrilamella, Japan (M.ser) 2 - 2 1995

colonies to reach approximately 2 cm in diameter, half of each
colony was preserved in 100% ethanol for mtDNA analysis, and
the other half was shipped alive to Cornell University, where
specimens were frozen at —80 °C for allozyme analysis. In total,
four CS, 11 CU, and 18 IS colonies were used for allozyme analysis.
Six CS, seven CU and six IS colonies were sequenced. To compare
these morphs to known Membranipora serrilamella genotypes, two
colonies, collected in Japan in 1995 by E. Hunter and preserved in
100% ethanol, were also sequenced.

Molecular methods
Allozymes

Starch gel electrophoresis of allozymes was performed using
methods of May (1992). I used 75 pl of extraction buffer for 60 to
120 mm? of tissue. To improve resolution, two stain recipes were
modified: (1) to stain for Aat, the amount of fast garnet GBC salt
was doubled and the stain was left on the gel slice rather than
poured off, and (2) in the Pgm stain 1.0 M MgCl, was used. Gel
buffer C worked best for loci Idh, Me, Mdh, and Pgd, the R-buffer
for loci Dia, EstFa-1, Gpi, Pep-la, and Sod, the 4-buffer for Ada,
Np, and Tpi, and the S-9 buffer for locus Pp. An initial survey (27
loci, n = 10 representatives each from the four most widely sepa-
rated populations: Friday Harbor, Catalina Island, Appledore
Island, Isle of Man) was performed to identify scorable loci. Of the
12 scorable loci, 11 (7 polymorphic and 4 monomorphic) were used
to calculate Nei’s D. Only polymorphic loci were examined for an
additional 18 or 19 colonies from each location to enlarge the
sample size (Table 1A). The same polymorphic loci (Table 1B)

were used to analyze genetic variation among Friday Harbor
populations (Dock, Shady Cove, West Side, Turn Island). The
three most informative polymorphic loci in Friday Harbor (Ada,
Gpi, Pgd) were used to analyze genetic variation based on algal
substrate (Table 1C). Finally, six polymorphic loci and two
monomorphic loci were used to analyze the genetic variation
among the three morphs of Membranipora membranacea (Ta-
ble 1D). About 10% of the samples on each gel were re-runs,
serving as controls to establish allelic identities.

mtDNA

Total DNA was extracted from ethanol-preserved tissue by first
letting the ethanol evaporate for several minutes, then grinding the
tissue (0.5 to 1 cm?) mixed with an equal volume of crushed glass in
a mortar precooled in liquid nitrogen. The ground tissue/glass
mixture was transferred into 700 pl 2x CTAB buffer and incubated
with 0.15 pg pl™" Proteinase K for 2 h at 55 °C. DNA was extracted
with 650 pl 24:1 chloroform:isoamylalcohol, followed by 650 pl
25:24:1 phenol:chloroform:isoamylalcohol, followed by 650 ul 24:1
chloroform:isoamylalcohol. DNA was precipitated using 1 ml of
100% cold ethanol and 50 pl 3 M sodium acetate, and washed twice
with 1 ml 80% cold ethanol (Danforth et al. 1996).

A 710-basepair fragment of the mitochondrial cytochrome ox-
idase 1 (COl) gene was amplified using published PCR primers
(Folmer et al. 1994). The primer sequences were LCO1490: 5-ggt
caa caa atc ata aag ata ttg g-3” and HCO2198: 5’-taa act tca ggg tga
cca aaa aat ca-3’. Fifty-microliter reactions were first denatured for
3 min at 96 °C immediately followed by 35 cycles of 1 min at
95 °C, 30 sat 55 °C, and 1.5 min at 72 °C, with additional 5 min of
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Fig. 2 Membranipora membranacea. Locations referred to in Table 1
and in text. Abbreviations are: FH Friday Harbor, Washington,
which includes WS West Side, DO Dock, SC Shady Cove, 71 Turn
Island; CAT Catalina Island, California; A7 Appledore Island, Maine;
IOM Isle Of Man, UK; BF Bamfield, Vancouver Island, Canada

extension at 72 °C at the end. MgCl, concentration was 3.0 mM.
PCR bands were visualized on 1% agarose gels stained with
ethidium bromide. At least one negative control without any
template DNA was included in each PCR run and these controls
never produced bands.

The PCR products were manually sequenced after labeling
using a cycle sequencing protocol modified from Stratagene’s Cy-
clist Tag DNA Sequencing Kit. To prepare the templates, the PCR
reactions were precipitated with 50 ul fresh 5 M ammonium acetate
and 1 ml cold 100% isopropanol and resuspended in half the
original PCR volume of water. The primer (either one of the end
primers or a specifically designed sequencing primer) was labeled
with **P ATP. To label the templates, four separate cycling reac-
tions were set up per template, one for each ddNTP and using
ordinary Taq polymerase (Gibco). Templates were again denatured
at 95 °C for 3 min, then run through 38 cycles of 30 sat 95 °C, 30 s
at 55 °C and 45 s at 72 °C followed by a final 5 min of extension at
72 °C. Reaction products were separated on vertical 6% acryl-
amide sequencing gels. Autoradiographs were produced using
Kodak BioMax X-ray film and exposures of 2 to 8 d. Of the 600 bp
used for this analysis, the first 350 nt came from the light strand
(primers LCO), the remaining 250 nt from the heavy strand
(primers HCO).

Analysis
Allozyme data

Genotype frequency data obtained from the gels were analyzed
using the computer programs Genes In Populations (designed by

B. May and C. C. Krueger, written by W. Eng) and FSTAT
(Goudet 1998). Allele frequencies (Table 2), heterozygosity (not
reported), a test for Hardy—Weinberg equilibrium, and Nei’s
standard genetic distance D (Table 4) were obtained using Genes In
Populations (May and Krueger 1990). The Hardy—Weinberg test
determines whether the observed frequency of genotypes fits what
one would expect based on allelic frequencies of the sample, and
random mating. The program computes a G-test statistic that is
distributed as a X? variable. This program pools rare genotypic
classes to reduce the problem of low cell counts. Genes In Popu-
lations computes the statistics Fi; and Fy (reviewed by Nei 1987,
Hartl and Clark 1989) based on expected (under Hardy—Weinberg
equilibrium conditions) and observed average heterozygosities
within and between populations. These parameter estimates are not
reported here because the program offers no test of significance for
Fis and Fy. Weir and Cockerham’s (1984) f (unbiased estimator of
F, Table 3) and 6 (unbiased estimator of Fy, Table 4) were ob-
tained from FSTAT (Version 2.3), which offers permutations to
test the significance of f and bootstrapping, jackknifing, and per-
mutations to test the significance of 6. Weir and Cockerham’s
(1984) hierarchial F-statistics are based on variance components of
gene frequencies (Nei 1987; Hartl and Clark 1989; Weir 1996). Fig
calculates deviations from Hardy—Weinberg expectations within
populations due to non-random mating. F;s values can range from
—1 to 1, with 1 indicating 100% selfing (heterozygote deficit), 0
indicating random mating, and —1 indicating extreme outcrossing
or negative assortative mating (heterozygote excess). Fy, is a mea-
sure of differentiation (inbreeding) due to structure among such
populations and may provide an index of average historical gene
flow. Assuming Wright’s island model of migration, no selection
and negligible mutation (Nei 1987), Fy; is mathematically related to
N.m, the number of migrants exchanged per generation between
populations, by the equation Fy = 1/(4N.m+1) (Wright 1951,
Table 4). Values of Fy near zero indicate no sub-structuring and
high levels of migration while values near 1 indicate very low levels
of migration. Estimates of the parameter may be negative because:
(1) The estimate may be below or above the true value; thus a
negative 0 may occur if the true value is positive but close to zero
(Weir 1996). (2) The parameter may be negative which would in-
dicate that there is a negative intra-class correlation, i.e. the alleles
are more related between than within populations (Weir 1996).
When 0 is negative, migration rates calculated from the formula
above are negative. In these cases, migration between populations
is infinite if the island model is a suitable representation of the
populations (J. Goudet personal communication). Confidence in-
tervals for 8 were obtained by 1000 bootstrap replicates over loci.
Bootstrapping over loci, suggested by Weir and Cockerham (1984),
obtains an empirical distribution of the F-statistic using many
subsamples of the complete data set. Because the confidence in-
tervals are empirical, the presence of linkage disequilibrium be-
tween loci does not violate implicit assumptions of the model (Hartl
and Clark 1989). Significance of 6 was tested by 1000 permutations
of alleles among samples as well as permuting (1000) multi-locus
genotypes among samples. Genotypes were permuted in cases
where Fj, was not zero, in which case the alleles within an indi-
vidual are no longer independent (Goudet 1998, manual for version
1.2). A sequential Bonferroni correction was used to reduce the
type-1 error rate when pairwise Fy, were calculated from one data
set (Rice 1989, Table 4).

DNA data

DNA data were analyzed using LaserGene (DNA Star, Madison,
Wisconsin) and the test version 4.0d64 of PAUP* (written by D. L.
Swofford). Sequences were aligned in DNA Star’s Megalign using
the Clustal option and the default parameters (gap penalty = 10,
gap length penalty = 10) and by eye. A neighbor-joining tree using
Kimura two-parameter distance was obtained in PAUP* (Fig. 3).
A cladogram based on maximum parsimony was also obtained in
PAUP*. Two congeneric bryozoans, Membranipora chesapeakensis
and M. arborescens, were sequenced and used as outgroups. Be-
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con 1 Table 3 Membranipora membranacea. Weir and Cockerham’s
wn | = 24 4 (1984) unbiased estimator of Fi, f. P-value of Hardy—Weinberg
Oz SERESHE test: *P < 0.05, **P < 0.005. P fnot > 0: probability of Fj; being
not bigger than zero (a very small number means that there is a
significant probability that Fs is positive) (N/4 monomorphic
o locus)
5| e g _
.| © Z — ] — Locus Population
=
% (A) Inter- vs intra-ocean FH CAT Al 1IOM
s oo Pep-la -0.043  NJ/A ~0.057  —0.024
= a2 Pl Tpi 0.425 -0.009 -0.024 0.127
22|z S = Ada 0.165 0337 -0.087 0277
Pp -0.000 N/A -0.038 —-0.043
_J Pgd -0.254 -0.189 —-0.000 N/A
T x e Idh N/A N/A -0.070  0.151
== Z Np N/A 0.500  —0.037  —0.035
All loci 0.045 0.088 -0.064 0.150
P fnot >0 0.314 0.276 0.846 0.030
% o o (B) Local populations DO SC WS TI
=z Z Pep-la -0.048  —0.000 N/A -0.036
Tpi -0.152 0.353 0.603** —0.034
Ada -0.212 0.146 —0.041 0.300
Pp N/A? N/A N/A -0.000
E r-‘é o Pgd 0.047 0.203 0.281 -0.014
o | B Z Z Idh N/A N/A N/A 1.000
3 Np N/A N/A N/A N/A
> Average —-0.068 0.200 0.356 0.117
2 S P fnot>0 0.744 0.048 0.005 0.072
SAE1E azﬁ (C) Substrate FHN FHL BFN BFM
~ Ada -0.022 0.031 -0.075 0.015
o . e Pgd 0.147  0.190* -0.125  0.115
5 & Sogagq Average 0.126 0.129  -0.105 0.081
E S S Sococoo 3 P fnot >0 0.129 0.048 0.836 0.334
(D) Morphs IN CU CS
Pgd 0.078 0.084 0.333
S 222 Idh N/A N/A N/A
»n < ==2 Np N/A 0.000 0.000
= L Te o eee 4 Ada -0.076 0.000  —0.500
Tpi -0.063  N/A -0.091
& Gpi -0.011 —-0.184 0.200
2 S T2 Average 0.005  —0.053  0.032
= O s, 2= - P fnot >0 0.459 0.732 0.455
ARz Lo NI
a,
= cause of the large number of taxa, a heuristic search was per-
g o co formed. The characters were treated as unordered and carried
i o = B4 equal weights. Starting trees were obtained by stepwise (random)
S Na T e a addition, and five trees were held at each step. The branch-swap-
ping algorithm used was tree—bisection-reconnection (TBR). No
= S oo topological constraints were enforced. A total of 100 bootstrap
[:t < S 29 replicates were performed to estimate the support for each node of
O NI SIee R the cladogram (Fig. 3).
- 8 g xSg Z Results
. (=) | [} (l(]l [=Rele) | o g
g Intraspecific genetic structure
Q
S
£ 52 $=3 Global
R= ::‘ oSS ® coco =
- I S o )
9| 7 The genetic differences between populations of the two
| 8 oceans were large, while populations within each ocean
215 |s| EE 224 were less differentiated. This pattern was reflected by
3 <|o SS q SSe | n allele frequency distributions, 0 (Fy), and Nei’s genetic
~ distances. Table 2A shows the allele distributions for the
= 2 lymorphic allozyme loci scored. Allele frequencies at
ﬁ 8 Q‘ ~~ S‘ o) pO ym p . y. .' . q
= ) NemamE K~amwyn S the most informative polymorphic loci (4Ada, Idh, Np,



Table 4 Membranipora membranacea. Below diagonal: Weir and
Cockerham’s (1984) unbiased estimator of Fg, 0 (calculated from
sample), with 99% confidence intervals (from 1000 bootstrap re-
plicates over loci, in parentheses) and N.m (average number of
successful migrants per generation). Above diagonal: Nei’s D (only
in A and D, where monomorphic loci were included in the analy-
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sis). N.m was calculated from 6 assuming an island model for gene
exchange; negative 0 interpreted as infinite (inf) gene flow. In C the
P-value of 6 was obtained by permuting genotypes among the total;
permuting alleles among the total gave similar P-values. Locus Gpi
was excluded in A, B, and C

(A) Inter- vs intra-ocean FH
FH -
CAT 0.014%
(-0.017, 0.079)°
Nem = 17.453°
Al 0.740*
(0.369, 0.912)
N.m = 0.088
IOM 0.691*
(0.304, 0.889)
Nem = 0.112
Average inter-ocean 6 = 0.726, Nom = 0.098, Nei’s D = 0.581
(B) Local populations, Friday Harbor DO
Shady Cove (SC) -0.014*
(-0.016, —0.009)°
N.m = in
West Side (WS) 0.015
(-0.009, 0.052)
N.m = 16.637°
Turn Island (TT) —-0.002
(-0.032, 0.021)
Nem = inf

Average 0 (99% CI) = —0.001(=0.009, 0.015)

(C) Substrate FHN
Friday Harbor L. groenlandica (FHL) 0.011%
P = 0.157
Nem = 22.477°
Bamfield N. luetkeana (BFN) 0.015
P = 0.148
Nem = 16.417
Bamfield M. integrifolia (BFM) —-0.004
P = 0.433
N.m = inf
Friday Harbor (combined hosts)
(D) Morphs IS
Inducibly spined (IS) -
Constitutively unspined (CU) -0.012°
(=0.017, 0.033)°
N.m = in
Constitutively spined (CS) 0.048
(0.010, 0.185)
Nem = 4.976°

Average D of morphs = 0.026

CAT Al 10M

0.008° 0.597 0.606

- 0.555 0.567

0.760* - 0.005

(0.402, 0.915)

Nem = 0.088

0.711* 0.019

(0.366, 0.884) (—0.013, 0.086)

Nem = 0.102 Nem = 13.111

SC WS

0.006

(—0.013, 0.024)

Nem = 42.958

-0.010 0.008

(—=0.020, 0.002) (—=0.021, 0.049)

N.m = inf Nem = 30.260

FHL BFN BF (combined hosts)

—-0.001

P = 0.386

Nem = inf¢

—-0.009 -0.013

P = 0.764 P = 0.79%

N.m = inf N.m = inf
—-0.001
P = 0433
N.m = inf

CU CS

0.006° 0.036

- 0.036

0.047

(—0.050, 0.320)

Nem = 5.083

49 calculated from sample
®99% confidence interval from 1000 bootstrap replicates over loci
¢ N.m, the average number of successful migrants per generation

and Pp) showed clear inter-ocean differences and within-
ocean similarities. Table 3A shows the f (Fi)-values
calculated from these allele frequencies. Gpi was ex-
cluded from Table 3A—C because of scoring problems
and was not used to calculate 6 (Fy) in Table 4A—C nor
Nei’s D in Table 4A. Gpi allele frequencies are reported
in Table 2 because the information is qualitatively useful
by showing a large number of alleles in the North Pacific
compared to the North Atlantic (Table 2A). Further,
GPI was unambiguously scorable for the morphs and

9 negative 0 interpreted as infinite gene flow
¢Nei’s genetic distance D
*P <0.01 Bonferroni corrected

was used in calculations in Tables 3D and 4D. To test
the null hypothesis of no population structure (F not
significantly different from zero) pairwise 0 were calcu-
lated based on about 30 colonies per population and
seven polymorphic loci (excluding Gpi). The average 0
between the oceans was 0.726, between Friday Harbor
and Catalina (within the Pacific) 8 was 0.014, and be-
tween the Isle of Man and Appledore Island (within the
North Atlantic) it was 0.019 (Table 4A). All pairwise
inter-ocean 0s (AI-FH, AI-CAT, IOM-FH, IOM-
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Fig. 3 Membranipora spp. Neighbor-joining tree showing phyloge-
netic relationships among individuals of three morphs of M.
membranacea (IS inducibly spined; CU constitutively unspined; CS
constitutively spined), two members of M. serrilamella (M.ser), and
the two congeneric outgroups M. chesapeakensis (M.ches) and
M. arborescens (M.arb). The tree was obtained in PAUP* (test
version 4.0d64) based on 600 bp of COI sequence and Kimura two-
parameter distance. The strict consensus of 50 most parsimonious
trees was based on 141 parsimony-informative characters and had a
length of 333 steps. The strict consensus tree and the bootstrap tree
had a topology identical to the neighbor-joining tree. Bootstrap values
are shown above branches

CAT) were significant at o = 0.01 (Bonferroni correct-
ed), while both intra-ocean 0s (CAT-FH, IOM-AI)
were not significant. Similarly, Table 4A shows that,
based on seven polymorphic and four monomorphic
loci, and ten colonies per population, Nei’s D is 0.581
between oceans, 0.008 between Friday Harbor and
Catalina Island, and 0.005 between Isle of Man and
Appledore Island. Average gene flow between the oceans
was estimated from 0 to be 0.098 migrants per genera-
tion, while within the oceans it is 17 migrants between
Catalina and Friday Harbor and 13 between the Isle of
Man and Appledore Island (Table 4A).

Local populations and substrate

Local populations in Friday Harbor and colonies
growing on different hosts belong to one panmictic
population. Similarly, colonies on different algal host
species belong to the same panmictic population
(Table 4C). All 0-values are small and insignificant
(Table 4B,C) and gene flow is at least 16 successful

migrants per generation among the local populations in
Friday Harbor (Table 4B), as well as between Friday
Harbor and Bamfield, and among populations on dif-
ferent substrates (Table 4C). This indicates that “host”
is not a confounding variable in the analysis of popu-
lation structure or cannot be detected with this method.
Note that calculations for Table 4C use only a subset of
the loci used for those for Table 4A and B because,
partly due to tissue limitations, only the most poly-
morphic loci were analyzed to address the question of
differentiation based on substrate. In retrospect, it ap-
pears that inclusion of 7pi and Pep-la would have al-
lowed stronger inference in this question. Also, to test
for significance of 8, P-values from permuting genotypes
within the total are given because there were too few loci
to generate confidence intervals by bootstrapping over
loci. Similar P-values were obtained when permuting
alleles among the total (Table 4C).

Morphs

Both allozyme and mtDNA data (GenBank Accession
Numbers AF147957 to AF147977) showed that the
three morphs were not genetically distinguishable from
each other. There were no fixed allelic differences at al-
lozymes between the morphs (Table 2D). The 6-values
were insignificant and ranged from —0.012 to 0.048
(Table 4D). As expected, genetic distances were also
small, ranging from 0.006 to 0.036 (Table 4D; note:
different loci from calculations in Table 4A). The 99%
confidence interval of 0 between IS and CS (Table 4D)
indicates (by not including zero) the only departure from
this general pattern of insignificance of the genetic dif-
ferences between the morphs. One needs to consider that
these results contain a considerable amount of error due
to the small number of loci and small sample sizes es-
pecially for CS colonies (Nei 1978; Rosenblatt and
Waples 1986). When alleles or genotypes were permuted
this 8 (IS-CS) was not significantly different from zero.
All loci were in Hardy—Weinberg equilibrium.

The neighbor-joining tree (Fig. 3) shows the rela-
tionship among the morphs based on 600 bp of the
mitochondrial COI gene. Among the ingroup (all se-
quences from the three morphs and two sequences from
Membranipora serrilamella), the sequences show Kimura
two-parameter distances of 0 to 16.938%. The three
major mitochondrial lineages do not correspond to the
morphological (spines) characteristics of the colonies
analyzed, nor do the morphs cluster together in mono-
phyletic clades as would be expected of well-defined
phylogenetic species or even races. The M. serrilamella
genotypes from Japan cluster well within the ranges of
the three morphs of M. membranacea from Friday
Harbor.

Maximum parsimony analysis yielded 50 most par-
simonious trees with a length of 333 steps. These trees
were based on 141 parsimony-informative characters.
The strict consensus tree was identical to the bootstrap



50% majority-rule tree that had high bootstrap values
(Fig. 3) and was identical to the neighbor-joining tree.
The trees obtained by maximum parsimony are not
shown here because they are identical to the neighbor-
joining tree in Fig. 3.

Discussion
Intraspecific genetic structure

The allozyme data from populations of Membranipora
membranacea from the North Atlantic and the North
Pacific Oceans show clear geographic patterns. First,
there was strong population genetic differentiation be-
tween populations in the Atlantic compared to those in
the Pacific. Second, populations within the same ocean
(both Atlantic and Pacific), but separated by hundreds
to thousands of miles, were only slightly differentiated.
Third, populations from the same locale but living on
different algal substrates were not genetically distinct.

Structure between oceans

The populations of Membranipora membranacea were
highly differentiated between oceans, with a Nei’s D of
0.581 (but no fixed allelic differences). Strong differenti-
ation was also present at the mtDNA sequence level,
where the average divergence between 33 North Pacific
and 25 North Atlantic sequences was 13% at the COI
gene (Schwaninger 1999 and in preparation). There were
no obvious differences in adult morphology between
these populations. Similarly, there seem to be no great
ecological differences, except perhaps that the kelp beds
of the east coast of the United States may be damaged
more severely (Lambert et al. 1992) by the epiphytic ac-
tivity of M. membranacea than those elsewhere. Thus, the
genetic results of this study raise the question of whether
the populations in the Atlantic and the Pacific are allo-
patric populations of the same species or whether they
are sibling species, i.e. true species that are difficult to
distinguish morphologically (Mayr and Ashlock 1991;
Knowlton 1993). More generally, these results raise the
question of why the populations are so differentiated; are
there intrinsic or only extrinsic barriers to gene exchange?

Because the species status of the populations in the
different oceans is unresolvable by other criteria, it is
useful to compare the genetic distance obtained in this
study with that of other studies where genetic distances
of known species are compared. Two difficulties associ-
ated with such a comparison are the problem of asso-
ciating a certain value of D with reproductive isolation
(Avise and Aquadro 1982; Harrison 1991), and the
dependence of D on loci chosen and laboratory proce-
dures (Thorpe 1982; Nei 1987). Ayala et al. (1973) found
that in the Drosophila willistoni group local populations
were separated by D = 0.031, subspecies by D = 0.23,
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semi-species by D = 0.226, sibling species by D = 0.581,
and non-sibling species by D = 1.056. Knowlton (1993)
found that many marine sibling species have a Nei’s D of
0.5 or greater. Thus, using genetic distance as a proxy
for (unknown) reproductive compatibility, it appears
that Membranipora membranacea populations in the
North Atlantic and North Pacific Oceans with a
D =0.581 are as differentiated or more differentiated
than many pairs of sibling species. The findings pre-
sented here contrast with those for sea urchins where
mitochondrial DNA revealed little differentiation be-
tween Atlantic and Pacific populations (Palumbi and
Wilson 1990; Palumbi and Kessing 1992), although these
sea urchins have potentially widely dispersing larvae like
those of M. membranacea. A consideration of how
M. membranacea and the sea urchins are affected by
barriers to gene flow might explain the difference.

The extrinsic barriers to gene flow in Membranipora
membranacea are obvious: current climatic conditions
are not conducive to migration across the Arctic Ocean
because it is too cold and algal hosts are lacking. The
route across the tropics is also unavailable because of
unfavorable currents (Tchernia 1980) and too high
temperatures (Yoshioka 1973, 1982a). Genetic distances
of the magnitude calculated between North Pacific and
North Atlantic populations of M. membranacea are
thought to take millions of years to develop (Nei 1987).
Suitably ancient opportunities for gene flow between the
North Atlantic and the North Pacific for temperate
marine organisms occurred during the trans-Arctic In-
terchange about 3.5 to 3.1 million years ago (e.g. Ve-
rmeij 1991) or perhaps as early as 7 million years ago
(Marincovich and Gladenkov 1999) when the Bering
Strait was opened during a warm period. The fossil re-
cord indicates that during that time a large number of
cold-water marine species dispersed predominantly from
the Pacific to the Atlantic (Durham and MacNeil 1967
Vermeij 1991). The Northern Hemisphere glaciations
from 3.1 to 2.5 million years ago made the Arctic much
less hospitable to migrants, although Pleistocene inter-
glacial periods may have offered windows for dispersal
via the trans-Arctic route (Shackleton et al. 1984). The
cold-tolerant sea urchins, whose North Atlantic and
North Pacific populations are genetically very similar,
may have used this passage during Pleistocene intergla-
cials (Palumbi and Kessing 1991), or may have been re-
introduced anthropogenically even more recently. As for
M. membranacea, a Nei’s D of 0.581 (or a 13% diver-
gence at the COI gene) suggests that this species did
migrate during the trans-Arctic Interchange (either from
the Atlantic to the west or from the Pacific to the east,
but alternative routes through the Southern Hemisphere
are possible) but did not experience gene flow as recent
as the Pleistocene interglacial periods. Similar arguments
have been made for cod (D = 0.415, Grant and Stahl
1988) and halibut (D = 0.162, Grant et al. 1984). In-
trinsic barriers to gene flow initiating reproductive iso-
lation and speciation could have developed during this
long time of separation, but there is no evidence of such
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barriers. Although the present study did not examine
intrinsic barriers, laboratory studies of reproductive
compatibility using colonies from the Atlantic and Pa-
cific Oceans would constitute a first step. Since colonies
are capable of selfing (Temkin 1994) the use of a genetic
marker would be required to determine if the offspring
resulted from inbreeding or outbreeding.

Structure within oceans

The Pacific populations (Friday Harbor, Catalina) as well
as the Atlantic populations (Isle of Man, Appledore
Island) are characterized by relatively small F-values and
small genetic distances (Table 4A), indicating that the two
samples from their respective oceans represent freely in-
terbreeding populations, or have only recently been sep-
arated. Considering that the larval stage of Membranipora
membranacea is planktonic for about 4 weeks (Yoshioka
1982a), but may last up to 2 months (Reed 1987, causes
not detailed) it is not surprising that the two populations
from the US west coast are not genetically subdivided: the
California current sweeps down that coast from the north
(Tchernia 1980) and offers efficient transport for larvae to
other populations in the south.

In the Atlantic, the close relationship between popu-
lations from England and from the US east coast is more
easily explained by recent history, than by current-in-
duced patterns of dispersal. Membranipora membranacea
is an invader, first observed on the east coast at the Isles
of Shoals, off the coast of New Hampshire and southern
Maine in 1987, which has since been spreading both
northward and southward (Berman et al. 1992). Thus,
the close genetic relationship between the two Atlantic
populations is consistent with European populations
being the source of the invaders. It is not known how the
founding individuals came across the Atlantic, but the
surface currents across the Atlantic are not conducive to
the transport of propagules to the coasts of New
Hampshire or southern Maine (Tchernia 1980) where
M. membranacea was first seen in the eastern USA. A
more likely site of first habitation would be near the
southern limit of the laminarian kelps, approximately
halfway down Long Island, New York if the invasion
were natural and not human-mediated. However, the
triangular cyphonautes larvae characteristic of the
bryozoans Membranipora spp., Electra spp. and Al-
cyonidium spp. have been observed in ballast water
(Carlton 1985). Since these larvae feed on phytoplank-
ton, they might survive a trip across the Atlantic. Thus,
human introduction of M. membranacea to the US east
coast is more likely. It would be interesting to know
where the founders came from exactly and whether the
east coast was colonized in a single or multiple event(s).
One way to address both questions is to analyze more
European and US east coast populations, preferably at
the DNA level, to infer recent history from the pattern of
DNA variation. Such studies are currently in progress
(Schwaninger 1999 and in preparation).

Even though the F; is not significant, the populations
on either side of the North Atlantic seem to differ ge-
netically. It is possible that the US east coast population
experienced a genetic bottleneck when (probably few)
founders first established it. One signature of the foun-
der effect is a loss of rare alleles. The present data-set
does contain such evidence: the recently established
Appledore Island (AI) population lacks several rare al-
leles present in the population at Isle of Man (IOM) at
the loci Ada, Np, and Pep-la (Table 2A). On the other
hand, the Appledore Island population is the only
population in this study whose Fj; is slightly negative at
all loci analyzed (Table 3A), indicating strong out-
breeding. In a population just recently established from
a few individuals one would expect strong inbreeding,
which would translate into positive Fj-values. In
Membranipora membranacea inbreeding can take the
form of mating among close relatives, as well as selfing,
since each colony is a single genotype and hermaphro-
ditic, and fertilization occurs internally before the fer-
tilized eggs are released into the water (Ryland and
Bishop 1993; Temkin 1994). Thus, the data presented in
Table 3 indicate that this species is largely outbreeding.
These findings are consistent with those of other authors
(Thorpe and Beardmore 1981). It is most likely that the
reduction in number of rare alleles in the Al sample is a
chance result of small sample size — both in number of
individuals and number of loci tested.

Local populations and substrate

As indicated by small and insignificant Fg-values, this
study shows that there is unrestricted gene flow among
local populations at Friday Harbor (Table 4B) as well
as between Friday Harbor and Bamfield (Table 4C).
Thus, propagules of outer-coast populations (repre-
sented by Bamfield) are not restricted from inter-
breeding with sheltered, inner-coast populations
(represented by Friday Harbor). Similarly, there is no
barrier to gene flow among colonies on different algal
hosts (Table 4C). While this inference is based on only
two loci, there is no compelling reason to think that
colonies mate assortatively based on algal substrate
rather than, for example, based on proximity. Even if
there were assortative mating for any reason, the long
planktonic larval stage ensures thorough mixing of
zygotes before the larvae settle. Thus, unless there is a
genetic tendency to settle on the same species of host
alga where the parent colony came from, or the host
alga acts as a disruptive selective agent on the
bryozoans, substrate will not cause population subdi-
vision. The small and insignificant Fg-values in Ta-
ble 4C suggest that these possible mechanisms are not
in effect in this system. It is expected that additional
loci, had they been analyzed, would concur with this
conclusion. Thus, host algae are not a confounding
variable in this analysis of population structure in
Membranipora membranacea.



Morphs

This study clearly shows that the three morphs of Me-
mbranipora membranacea growing around Friday Har-
bor, Washington belong to the same species. The
neighbor-joining tree (Fig. 3) is especially convincing in
that the morphs do not cluster together in monophyletic
clades as would be expected of a well-defined phyloge-
netic species [“...an irreducible (basal) cluster of or-
ganisms, diagnosably distinct from other such clusters,
and within which there is a parental pattern of ancestry
and descent” (Cracraft 1989)]. On the other hand, it is
possible that both the allozyme markers and the mito-
chondrial COI gene are evolving too slowly and that
effective population sizes are too large to show genetic
separation among the morphs if reproductive isolation
has originated very recently. However, COI is suffi-
ciently variable to differentiate populations of
M. membranacea in different oceans (Schwaninger 1999
and in preparation). Thus one would expect it to sepa-
rate the morphs if they were different species. I extrap-
olate these results to the three species described for the
west coast of North America and conclude that M. vil-
losa is an alternative morphology of the polymorphic
species M. membranacea. This view is supported by the
fact that several researchers have found characteristics
of M. villosa in a single clonal colony of M. membran-
acea (O’Donoghue 1926; Seed 1976; Yoshioka 1982b)
and that the ‘‘villosa” morph can be induced on a
M. membranacea colony by exposure to nudibranchs
(Harvell 1984). The fact that the known M. serrilamella
colonies from Japan fall squarely within the range of
mtDNA variation observed for the three morphs of
M. membranacea (Fig. 3) suggests that M. serrilamella is
also a synonym of M. membranacea (Schwaninger 1999
and in preparation) although clustering due to insuffi-
cient time to sort ancestral polymorphisms cannot be
excluded. The findings reported in this paper have im-
plications for the concept of morphospecies in cheilos-
tome bryozoans. A morphospecies is a species that is
defined exclusively based on its morphology (Mayr and
Ashlock 1991), usually skeletal characters in bryozoans,
and is the species concept most frequently used for fossil
taxa. Cheilostome bryozoans have an excellent fossil
record, thus the correspondence of biological species
with morphospecies is of great interest to paleontolo-
gists. Jackson and Cheetham (1990) tested this corre-
spondence with thorough breeding studies using two to
four species each of three distantly related Panamanian
genera of bryozoans. Their statistical and genetic (allo-
zyme) analysis showed that in their common garden
experiment morphology was sufficiently heritable to re-
liably assign F, colonies to species based on morpholo-
gy. The present study found no genetic separation
between morphs differing in taxonomically important
characters (spines) and indicates that Jackson and
Cheetham’s (1990) conclusions are not applicable to all
cheilostome bryozoans. If they were applied to
M. membranacea, at least two of the morphs would be
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assigned to different species depending on whether or
not they had encountered certain predators. Thus,
skeletal morphology alone is not adequate to distinguish
highly variable species (Levinton et al. 1991; Lidgard
and Buckley 1994). Detailed quantitative genetic analy-
sis indicates that the taxa tested by Jackson and Cheet-
ham do show environmental variation among zooids
within colonies, but have highly heritable (additive ge-
netic) variation among colonies in local populations
(Cheetham et al. 1993, 1994, 1995). In these cases mor-
phology appears a reliable indicator of species identity.

Discovery of morphologically cryptic species by ge-
netic methods in many phyla also cautions against ex-
clusive use of morphology to describe species. Species in
the very common bryozoan genus Alcyonidium have a
gelatinous skeleton, thus depriving the taxonomist of
most characters usually applied in bryozoan taxonomy.
Genetic examination of three intertidal (A. hirsutum,
A. polyoum, A. mytili) and one subtidal (4. gelatinosum)
nominal species revealed that what had been regarded as
only four (or even three) species include at least 12 ge-
netically distinct entities. Some of these sympatric spe-
cies are morphologically indistinguishable but show
fixed allelic differences at multiple loci (Thorpe et al.
1978a, b; Thorpe and Ryland 1979). The geographic
scale of sampling was quite limited in these studies while
the four nominal species were generally thought to occur
over thousands of miles or worldwide (Thorpe and
Ryland 1979). Thus, one wonders how many cryptic
species will be discovered when populations from the
whole geographic ranges of these nominal species are
examined. The results are bound to dramatically change
our thinking about evolution and speciation in these and
possibly other widely distributed species. Similarly, one
of the most common and important reef-building corals,
Montastraea annularis, was thought to be broadly dis-
tributed with respect to depth and location (Goreau
1959, cited by Knowlton and Jackson 1994). By apply-
ing molecular techniques, measurements of aggressive
behavior and corralite morphology, M. annularis was
found to comprise at least three different species which
are differentiated with respect to their depth range
(Knowlton et al. 1992; Weil and Knowlton 1994).
Knowlton (1993 and references therein) and Knowlton
and Jackson (1994) review many other examples of
marine sibling species and discuss the importance of
accurate taxonomy. It is obvious that good taxonomy is
essential for studies of the biology, ecology and evolu-
tion of present or fossil taxa.

Conclusions

In this study I have used molecular methods to under-
stand genetic structuring of the widely dispersing and
morphologically plastic bryozoan Membranipora mem-
branacea. These data represent a first step, yet have al-
ready given a more complete view of the genetic
connectedness of distant allopatric populations and
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sympatric morphs than has previously been possible
using morphological information. The results of the
genetic analysis of M. membranacea’s allopatric popu-
lations is consistent with the idea that populations
within an ocean represent a shared gene pool, while the
North Pacific and the North Atlantic harbor highly
differentiated populations that may no longer belong to
the same species. The genetic distances between Atlantic
and Pacific populations indicate that these gene pools
have been isolated for millions of years, and suggest that
M. membranacea participated in the trans-Arctic Inter-
change, although migration through the Southern
Hemisphere cannot be excluded in the absence of
Southern Hemisphere populations in this study. In the
analysis of sympatric morphs, allozymes and mtDNA
data concur that these morphs (CS, CU, IS) are con-
specifics, confirming that morphology is not always
sufficient to identify a cheilostome bryozoan. Specifi-
cally, this congruence of independent molecular data
with experimental and field data is powerful evidence
that spines are not a reliable taxonomic character in this
species and implies that the species M. villosa in the
eastern Pacific is an induced morph of M. membranacea.
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