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Evolutionary Significance of Morphospecies:
A Test with Cheilostome Bryozoa

JEREMY B. C. JACKSON AND ALAN H. CHEETHAM*

Much of the controversy concerning the theory of punctuated equilibrium stems from
skepticism about the biologic validity of fossil morphospecies, particularly for suppos-
edly simple invertebrate taxa like cheilostome Bryozoa that form the bulk of the fossil
record. However, evidence from breeding experiments and protein electrophoresis
shows that morphospecific identity of cheilostomes is heritable and that morphospe-
cies are genetically distinct with no indication of morphologically cryptic species. Thus
paleontologists can study cheilostome evolution at the species level, and previously
demonstrated patterns suggesting punctuated speciation in cheilostomes should be

that together constitute a colony. As con-
ventionally distinguished, species of cheilo-
stomes are morphospecies based on skeletal
characters of ordinary feeding zooids and,
where present, of specialized polymorphs
(9, 10). Despite their asexual origin, zooids
within the same colony typically vary mor-
phologically. Variation within colonies may
be as great as that between zooids of differ-
ent colonies, producing overlapping ranges
of variation from colony to colony. This
variation provides the basis for a statistically
rigorous approach to morphospecies dis-
crimination that is applicable to both living
and fossil cheilostomes (2).

To explore the degree to which morpho-
species correspond to biologic species, we
studied three distantly related genera of
Panamanian cheilostomes (11). Parasmittina
is morphologically complex, with nearly 40
quantifiable skeletal characters, whereas Ste-
ginoporella and Stylopoma are less complex,
each with approximately 20 characters (Fig.

taken at face value.

ANY FOSSIL SPECIES APPEAR IN

the record fully differentiated

morphologically and persist for
millions of years with little or no indication
of transitional morphologies (1, 2). But are
fossil species really biologic species, and to
what extent can we recognize biologic spe-
cies using only morphology, especially that
restricted to preservable skeletal features (3—
5)? A single morphologically defined species
(morphospecies) might comprise two or
more morphologically indistinguishable
(cryptic) species (3, 5-7) or, alternatively,
several morphospecies might be defined
from a single, morphologically variable, in-
terbreeding population (8). In either case,
morphology would not be sufficient to dis-
criminate species, and evolutionary stasis
would be more apparent than real. We
present evidence from breeding experiments
and protein electrophoresis showing that
skeletal characters of the kinds typically
available in fossil material are indeed suffi-
cient to discriminate biologic species of liv-
ing cheilostome Bryozoa. Thus paleontolo-
gists can describe the tempo and infer the
mode of evolutionary change at the species
level in this group.

Cheilostomes are a diverse group of pre-
dominantly sessile invertebrates that have
been abundant on the sea floor for about
100 million years (9). Cheilostomes grow by
budding minute modules termed zooids
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Table 1. Summary of morphometric analyses for three genera of Panamanian cheilostome Bryozoa. X,
mean. :

Parameter ‘itjfé;;z Stylopoma Srf;:?na
Species distinguished morphometrically 3 4 15
Morphologic characters used
All characters* 20 20 37
Feeding zooids T 11 12 32
Overall morphologic differencest
Between species
All characters 31-103 32-53 14-94
(x=77) (x=41) (x =58)
Feeding zooids 10-14 8-10 7-38
(x=13) x=9) (x = 26)
Within species (feeding zooids only)
Total§ 4.9 + 0.2l 4.3 +0.2 6.0 0.1
Within colonies 3.0+0.3 35+0.3 41+02

*Includes vicarious avicularia and ovicelled zooids, if present. tIncludes adventitious avicularia, if present.
tStatistical distance, square root of Mahalanobis D?. §Includes both within- and between-colonies statistical
distances. IIMean * standard error.

Table 2. Heritability of morphospecies identities for three genera of Panamanian cheilostomes.
Offspring are considered identical to maternal parent if probability of correct identification is >0.99,
averaged for three zooids per colony. Data for both parental and offspring. colonies entered as
“ungrouped” in third discriminant analysis (14). Discrepant results for nine F; colonies of Stylopoma
excluded (18). X, mean.

Morpho- Maternal Probability F, Identical E, Identical
species colonies of correct colonies to maternal colonies to maternal
of maternal assignment colony colony
colony () (%) () (%) () (%)
Steginoporella
buskii 1 1.0000 4 100.00 0
connexa 1 1.0000 1 100.00 0
Stylopoma
Species 1 39 0.9998 111 91.89 12 75.00
Species 2 45 0.9996 215 100.00 15 93.33
Parasmittina
Species 1 1 1.0000 1 100.00 0
Species 6 42 0.9921 115 100.00 21 100.00
Species 7 2 1.0000 3 100.00 0
Total 131 0.9973 450 98.00 48 91.67
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1). A range of morphologic complexity was
chosen to test whether ability to discrimi-
nate biologically significant taxa depends
strongly on the number of available charac-
ters (3).

Each genus was considered separately. To
minimize effects of nonheritable variation
on comparisons, the first step in distinguish-
ing morphospecies used only characters that
could be measured, counted, or coded on
two replicate sets of five feeding zooids in
each colony (Fig. 1) (12). Colonies were
clustered by the unweighted pair-group
method with the use of arithmetic averages

of intercolony statistical distances (13). The
resulting clusters were tested for stability in
a series of discriminant analyses, using first
the characters of feeding zooids and then all
characters, including those of polymorphs
(Fig. 1) (14).

Results of the morphologic analyses are
summarized in Table 1. Most of the differ-
ence within morphospecies (approximately
70%) is due to variation within colonies and
therefore unlikely to be genetically based.
Differences between morphospecies average
at least two times greater than differences
within species, even when only characters of

feeding zooids are used. Despite previously
expressed doubts (3), differences between
morphospecies within the different genera
appear unrelated to either the total numbers
of characters or the numbers of species per
genus.

Heritability of morphospecies identity
was studied by raising offspring of colonies
from different populations in a common
garden experiment (15). Offspring colonies
were grown from embryos derived from
known maternal colonies but of unknown
paternity (16). Two generations of off-
spring, F; and F,, were raised to test for

Fig. 1. Skeletal morphology of ordinary feeding
zooids (A, C, and E) and polymorphs (B, D, and
F) in representative species of three Panamanian
cheilostome genera. Skeletons bleached in com-
mercial sodium hypochlorite and carbon coated
for scanning electron microscopy (SEM). (A and
B) Steginoporella connexa, S. magnilabris; (C and D)
Stylopoma species 3, Stylopoma species 1; (E and
F) Parasmittina species 6, Parasmittina species 1;
scale bars, 0.25 mm. Characters of feeding zooids:
length and width of zooid, length and width of
orifice (all genera); length and width of crypto-
cystal perforate area, length and width of polypide
tube, length and width- of opesiule slit, distance
between adjacent opesiules (Steginoporella); num-
ber, size, position, and orientation of lateral-oral
adventitious avicularia, number and size of proxi-
mal adventitious avicularia (Stylopoma, Parasmit-
tina); frontal pore density, length and width of
oral sinus (Stylopoma); number and disposition of
frontal areolae, ornamentation of frontal surface,
number of oral spines, length and width of lyrule,
length and shape of oral condyles, intercondyle
distance, origin of peristome, shape of lateral-oral
adventitious avicularia, number and size of distal
adventitious avicularia (Parasmittina). Characters
of polymorphs: characters of B-zooids as for
ordinary feeding zooids (Steginoporella); length
and width of ovicell, number and size of adventi-
tious avicularia on ovicells (Stylopoma, Parasmit-
tina); size and shape of vicarious avicularia (Stylo-
poma); size and pattern of ovicell perforations
(Parasmittina).
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maternal effects on development, such as
could result from maturation of embryos
within maternal colonies in their natural
environment (17). A total of 507 offspring
of seven species were grown to a size suffi-
cient to classify by skeletal characters.

All but nine of the offspring in all three
genera were classified by discriminant analy-
sis in the same morphospecies as their ma-
ternal parents (Table 2); the few excep-
tions we attribute to mixing of colonies that
had fallen off their rack during a storm
(18). In Parasmittina and Steginoporella, all
offspring colonies were virtually identical to
their parents (P> 0.99), despite having
been raised in an unnatural environment.
Moreover, congruence of results for the
F, and F, generations of Parasmittina
species 6 indicates an absence of maternal
effects on skeletal development in this spe-
cies. Slightly different results were obtained
in Stylopoma. In both species, the probability
of assignment of several F, colonies to their
parental morphospecies dropped below
0.99 (Table 2), apparently reflecting sensi-
tivity to the unnatural conditions of the
experiment. A similar effect on the develop-
ment of F; colonies is evident in Stylopoma
species 1.

Horizontal starch gel electrophoresis was
used to study enzyme variation in 402 colo-
nies in three species each of Steginoporella
and Stylopoma and two of Parasmittina. Each
species was collected from one to five popu-
lations at depths of 10 to 20 m (19). Colo-
nies were assigned to morphospecies by
visual inspection, and identifications were
checked for 10 to 20% of the colonies by the
same procedure used to establish morpho-
species identities in the heritability experi-
ment. These checks confirmed the initial
taxonomic assignment in all cases, at proba-
bilities averaging more than 0.99 and in no
case less than 0.92. We scanned more than
30 enzymes using conventional methods
and staining (20). Only seven loci can be
consistently resolved and scored, but all are
polymorphic and vary within and between
morphospecies (Table 3).

There were no diagnostic alleles at any
locus between any pair of populations of the
same morphospecies (21). Moreover, values
of Nei’s unbiased genetic distance D be-
tween any two local populations of the same
morphospecies were always less than 0.08,
with average values per morphospecies pair
ranging from 0.00 to 0.03 (22). These aver-
ages are similar to those reported for local
population differences and considerably
lower than those for cryptic species or sub-
species in other animals (6, 23).

Gene frequency data for each species with
all populations combined are presented in
Table 3. There are diagnostic alleles between

4 MAY 1990

each of the pairs of morphospecies within all
three genera. In addition, genetic distances
between morphospecies are consistently
much higher than between populations of
the same morphospecies (24). Thus prob-
lems of false species distinctions can be

discounted at least for these cheilostome
morphospecies.

Our results show that the identity of
quantitatively defined morphospecies of
cheilostome bryozoans is both heritable and
unambiguously distinct genetically. The im-

Table 3. Allele frequencies in eight morphospecies of Panamanian cheilostomes, all local populations
combined, where # is the number of individuals (colonies) per species per locus. GPI, glucosephosphate
isomerase; TPI, triosephosphate isomerase; PEP, peptidase; EST, esterase; and MDH, malate
dehydrogenase. The alleles identified for each locus are represented by a to h. Alleles are presented in
order of mobility on the gel, 4, representing slowest, h representing fastest. Allele designations for GPI
locus in Parasmittina were not compatible with other genera because of different gel buffers. The
probability of assigning correctly an individual to one of two species based only on a single locus is
explained in the footnote to this table [see also (21)].

Steginoporella Stylopoma Parasmittina
species species
Locus
buskii r;tagn‘t- connexa 2 3 1 6
abris
GPI
(n) @y (7 a7 @ 85 9 13) 12
a 0.188 1.000
b 0.139 0.812 0.889 1.000
c 0.019 0.583 0.111
d 0.097 0.278
e 0.481
f 0.524 0.403
g 0.476 1.000
TPI
(n) 35 (44) (15)
a 1.000
b 0.920
c 0.080 1.000
PEP I
(n) (18)  (78) (16)
a 0.278 1.000
b 0.722 1.000
PEP II
(n) 42)  (102)  (61) (63 (%) (10 (9
a 0.286
b 0.714 0.922 1.000
c 0.078
d 1.000
e 0.024 1.000
f 1.000
g 0.929
h 0.048
PEP III
(n) (102) (61) (64) (90) (10) (13) (12)
a 1.000
b 0.016 0.962
c 0.015 0.926 1.000 0.038
d 0.985 0.074 1.000
e 0.984
ESTII
(n) 43)  (88) G0 ) 8 9
a 0.026 0.011
0.833 0.096
c 0.140 0.893 1.000
d 1.000
e 0.602 0.680
f 0.369 0.160
g 0.028 0.160
MDH
(n) (13) (12)
a 0.042
b 0.958
c 1.000

Diagnostic loci between morphospecies,¥* P > 0.999; *P > 0.99. Between species of Steginoporella: buskii-magnilabris,
TPI** PEP II** EST II**; buskii-connexa, TPI** PEP II** EST II*¥*; magnilabris-connexa, GPI**, PEP I**, PEP
II**, Between species of Stylopoma: species 1 and 2, GPI*, PEP ITI**; species 1 and 3, PEP III**, EST II*; species 2
and 3, PEP III**. Between species of Parasmittina: species 1 and 6, GPI*¥*, PEP III**, MDH**.
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portance of rigorous quantitative analysis
was underlined by our discovery of three
species of Stylopoma previously classified as
one, a separation subsequently confirmed
genetically. The widely supposed lack of
correspondence  between morphospecies
and biospecies (3, 5) may result as much out
of uncritical acceptance of outdated, subjec-
tively defined taxa as from any fundamental
biologic differences between the two kinds
of species.

Absence of cryptic species is not as well
established because of the limited number of
consistently resolvable loci. Nevertheless,
high concurrence of shared common alleles
and absence of diagnostic alleles among
local intraspecific populations suggest that
cryptic species are rare. Thus cheilostome
morphospecies appear to be good biologic
species, at Jeast within local populations and
between those up to 100 km apart. Even
this distance should be sufficient to restrict
gene flow severely between cheilostome
populations. This is because larval dispersal
by cheilostomes is typically very short (9), a
pattern that might be expected to bias
against our results. Nevertheless, the possi-
bility of geographically segregated cryptic
species needs testing on a larger scale.

Similarly good correspondence between
genetically and morphologically defined
species is apparent for scattered examples of
marine organisms with preservable skele-
tons, the land snail Cerion, and various verte-
brates and amphipods (25). In contrast,
cryptic species are common among soft-
bodied ctenostome bryozoans and sea anem-
ones, the marine snail Crepidula, freshwater
mollusks, salamanders, and butterflies (4, 7,
26), so that each major taxon clearly needs
to be examined case by case. Such diversity
is expected given differences in ecology,
behavior, limits to distribution, and poten-
tial isolating mechanisms that exist between
taxa and environments. Regardless of prob-
lems in other groups, however, the consist-
ency of our results across three distantly
related cheilostome genera suggests that
previously documented patterns of morpho-
logic stasis punctuated by relatively sudden
appearances of new morphospecies in the
cheilostome Metrarabdotos (2) do indeed re-
flect patterns of evolution at the species
level. This is consistent with the punctuated
equilibrium model.
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Anesthesia Cutoff Phenomenon:
Interfacial Hydrogen Bonding

logical activities, such as enzyme functions
or solute transports. Similarly, lipid mem-
branes are assembled by the interaction with
water. When anesthetics disengage the mac-
romolecular structure from the constraint of
water matrix, these structures become disor-
dered and expand. The relaxed conforma-
tions would be suboptimal for their func-

JanG-SHING CHIOU, SHAO-MU MA, HIROSHI KAMAYA, IsSAKU UEDA

tions and may be accompanied by global
attenuation of biological activities leading to

Anesthesia “cutoff” refers to the phenomenon of loss of anesthetic potency in a
homologous series of alkanes and their derivatives when their sizes become too large.
In this study, hydrogen bonding of 1-alkanol series (ethanol to eicosanol) to dipalmi-
toyl-L-a-phosphatidylcholine (DPPC) was studied by Fourier transform infrared
spectroscopy (FTIR) in DPPC-D,0-in-CCl, reversed micelles. The alkanols formed
hydrogen bonds with the phosphate moiety of DPPC and released the DPPC-bound
deuterated water, evidenced by increases in the bound O-H stretching signal of the
alkanol-DPPC complex and also in the free O-D stretching band of unbound D,O.
These effects increased according to the elongation of the carbon chain of 1-alkanols
from ethanol (C;) to 1-decanol (C,4), but suddenly almost disappeared at 1-tetrade-
canol (Cy4). Anesthetic potencies of these alkanols, estimated by the activity of brine
shrimps, were linearly related to hydrogen bond—breaking activities below Cyo and
agreed with the FTIR data in the cutoff at C,.

HE ANESTHETIC POTENCY OF l-AL-

I kanols increases with elongation of

their carbon chains, but the potency
suddenly disappears when the carbon-chain
length exceeds about Cy, (7). No anesthetic
potency is observed above Ci4. This phe-
nomenon is known as “cutoff” and several
explanations have been proposed, such as
the size of the anesthetic binding site is not
large enough to accommodate longer alco-
hols, or the low water solubility of longer 1-
alkanols limits their access to the action sites
(2). With DPPC vesicle membranes, the
main transition temperature between the
liquid-crystalline and solid-gel phases de-
creases by the addition of short-chain 1-
alkanols, but increases by long-chain 1-al-
kanols (3). The switchover from depression
to elevation of the transition temperature
occurs at the same carbon-chain length as
the cutoff point. This suggests that the
disordering effect of anesthetics on the hy-
drophobic core of the membrane determines
the cutoft phenomenon.

The above result on the phase transition
of lipid membranes supports the lipid theory
of anesthesia: anesthetics disorder and ex-
pand the lipid membrane, and the increased
lateral pressure interferes with the electro-
genic ionic flow through the ion channels
ensuing anesthesia (4). Against the lipid
theory, which assumes nonspecificity of an-
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anesthesia. In fact, anesthetized states are
characterized by generalized depression of
all metabolic activities. Eyring and co-work-
ers proposed that the primary action site of
anesthetics is the water-macromolecule in-
terface, releasing electrostricted water mole-
cules from the surface charges with disrup-
tion of hydrogen bonds (6).

Sandorfy and co-workers (7) found in a
mixture of secondary aliphatic amines and
brominated fluorocarbons that the hydro-
gen-bonded N-H band decreased when the
temperature was lowered and disappeared
completely at —190°C, while the free N-H
stretching band increased. This was unex-
pected, because lowering the temperature
melted ice. They further showed that vola-
tile anesthetics also disrupt hydrogen bonds
and that the anesthetic potency correlates to
their hydrogen bond-breaking activity.
With 1-alkanols in water-in-oil surfactant-
reversed micelles, the association constant
between alcohols and the hydrophilic group
of the surfactant decreased with elongation

esthetic actions, there are proponents for the
protein theory who advocate that anesthet-
ics interact with specific receptors of certain
proteins (5).

We contend that anesthetics interact with
macromolecules, irrespective of proteins or
lipid membranes, and disrupt water-macro-
molecule associations. These structures are
supported by the hydrogen-bonded matrix

Fig. 1. Difference IR spectra of 1.00 -

D,0-in-CCl; reversed micellar

systems at 22°C after subtraction Q

of CCl;y absorption bands: (a) ) o,
DPPC 0.008M in the absence of 4 a [z
I-butanol and (b) DPPC with Tz vl
0.IM of l-butanol. Synthetic ° 3 z
DPPC, D,O (nominal isotopic % © 5 o i
purity 100%) and 1-butanol were ~ § 050} % § Qo v
obtained from Sigma, and spec- E Lol g 2 o
troscopic-grade CCly from EM 2 3 S

Science (Cherry Hill, New Jer- (b) "'l‘ 'f 2

sey). Carbon tetrachloride was I

dried by activated aluminum ox- e}

ide (Fluka) columns. The absence l

of water was confirmed by infra- (a)

red spectroscopy. DPPC was kept 0.00 —L

in a desiccator at reduced pressure 4000 2425 850
until use. D,O-DPPC-CCl; mix- Wavenumber

tures were sonicated by a Branson

ultrasonic disrupter (Danbury, Connecticut) in a cup-horn until clear dispersions were obtained (about
20 min). Each sample was scanned 20 times over the frequency range of 400 to 4000 cm™'. All spectra
were acquired at 22.0°C. A Perkin-Elmer model 1750 FTIR spectrophotometer interfaced with a
Perkin-Elmer model 7300 computer was used for analysis. The window (FT 04-794) was a fixed-
thickness zinc-selenide cell with 1.18-mm pathlength (Spectra-Tech). The cell was calibrated against the
benzene band at 845 cm™". A triglycine sulfate detector was used for all experiments. Assignments of
the major peaks are (CH3)3-N* stretching of the choline head at 970 cm ™', P=O stretching at 1238
cm ™!, C=0O stretching of the ester group at 1734 cm', O=D stretching of the free and bound D,O at
2690 cm™" and 2495 cm ™', respectively, and O—H stretching of the free and bonnd 1-butanol at 3635
cm™! and 3400 cm ™!, respectively. The small absorbance of bound O—H stretching at 3400 cm ™" in the
control DPPC spectrum (a) may originate from the traces of water contaminating the DPPC and D,O.
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