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Introduction

The Mysidacea are an order of sea-originated crustaceans which currently includes species
to be found in widely differing environments such as the open sea, brackish waters, the
interstitial coastal belt and fresh surface and groundwater habitats.

Most groundwater or cave dwelling taxa have been placed in the Lepidomysidae and
Stygiomysidae families (GorpoN 1960). However, the disjunct, world-wide distribution
of some genera, such as Spelaeomysis and Stygiomysis, and their taxonomic assessment
based chiefly on characters which might reflect convergent or parallel evolution (e. g. the
absence of statocystis) raise the question of whether monophyly is well-established in these
genera or whether different cave forms originate from different marine ancestors. Diffi-
culties in identifying epigean relatives of the more specialized subterranean species also
stem from the lack of good taxonomic characters not related to adaptation to cave habitats.
Relationships between subterranean species and their epigean relatives have been
thoroughly assessed only in a few taxa belonging to the Mysidae family, which still exhibit
statocystis (PEsce 1976).

The present paper reports genetic divergence and variability data obtained by
electrophoretic analysis of enzymatic proteins from Apulian (s. eastern Italy) populations
of Spelaecomysis bottazzii Caroli and Diamysis bahirensis (Sars).

Spelacomysis bottazzii is a hypogean endemic of Southern Apulia showing blindness,
depigmentation and other features typical of most troglobites (i. e. obligatory cave
dwelling animals). Diamysis bahirensis is an epigean species which has adapted to several
aquatic habitats and is widely distributed along the coasts of the Mediterranean basin. Both
species are markedly eurhyaline as shown by the fact that the former may be found in
waters whose salinity varies from 0.2%; to 9% (RUFFo 1958) and the latter in fresh,
brackish and salt waters (salinities: 10-13 and 40%y, respectively.

Our study aims:

1. to establish the degree of genetic differentiation among conspecific populations and the
possible occurrence of gene flow among them;

2. to detect the genetic relationships between the two species in order to test their present
taxonomic arrangement in different families, and

3. to assess their respective degrees of polymorphism.

Both divergence and variability sets of data provide meaningful information in estimating

the antiquity of cave colonization by S. bottazzii.
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Materials and methods

Spelaeomysis bottazzii (fam. Lepidomysidae) occurs in several caves and wells near Bari, Lecce,

Taranto and in the Apulian coast between Otranto and S. Maria di Leuca (PEsck et al. 1978; Pesce and

C1coLaNt 1979). Our study populations came from the following sampling sites (Fig. 1):

1 — MOL: an artificial well near Mola di Bari (Bari): depth, 6.5 m; average water level, 0.50 m;

water temperature, 16.9-18.5°C; pH, 6.9; salinity, 1.5-1.7%y; specimens sampled, 95;

2 — ABI: Abisso cave near Castromarina (Lecce); a natural cave with an underground lake whose

level varies seasonally from 0.50 to 5.50 m; temperature, 12.8-13.5°C; pH, 6.8; salinity, 2.5-2.9%;

specimens sampled, 34;

3 — PBA: an artificial well near Porto Badisco (Lecce); depth, 14.5 m; water level, 0.80 m; tempe-

rature, 14.5°C; pH, 6.9; salinity, 2.4-2.6%;; specimens sampled, 14;

4 — GAL: an artificial well near Gallipoli (Taranto); depth, 3.5 m; water level, 0.30 m; temperature,

14.5-15.6°C; pH, 6.9; salinity, 1.7-1.8%; specimens sampled, 60.

" All sampling sites were coastal, three of them on the Adriatic and the fourth, near Gallipoli, on
e Ionian. )

Diamysis babirensis (fam. Mysidae), on the other hand, is a circummediterranean species with
a relict distribution in the coastal brackish waters of France, Tunisia, Israel, Sicily, Apulia, Dalmatia;
in fresh waters near Trieste and Padua, and, occasionally, in open sea waters (TATTERsALL 1927;
Bacgescu 1941; HoLMQuisT 1955; GENOVESE 1956; ARIANI 1966). The species has also been found
in the Black Sea where the mecznikowi subspecies has been sited (Bacescu 1954). Our study samples,
which belong to an unnamed Adriatic subspecies (Ar1aNI 1979, 1981), were collected in the following
localities along the Apulian coastal belt:

1 - DCM: Morello River, near Torre Canne (Brindisi); a stream with mesoaline waters; average
salinity, 10-12 %e; average annual temperature, 18°C; At, 11-12°C; pH, 7.4-7.5. Habitat con-
ditions are most stable in spring. Specimens sampled, 196;

2 — DCP: Piccolo River, a stream near Torre Canne (Brindisi); temperature, 18°C; salinity, 11%;;
pH, 7.1; specimens sampled, 51;

3 — DQU: a brackish lagoon near Quatine (Lecce); salinity, 20—25%; specimens sampled, 18.

Starch gel electrophoresis was carried out to assay eight enzymes, namely : aldehyde oxidase (AO),
alkaline phosphatase (APH), esterase (EST), glucose-6-phosphate dehydrogenase (G6PD), gluta-
mate-oxaloacetate transaminase (GOT), leucine aminopeptidase (LAP), phosphoglucoisomerase
(PGI), phosphoglucomutase (PGM). For buffer systems and staining techniques, see SBORDONI et al.
1979. 12 staining zones with independent variation, each presumably controlled by a single gene locus,
were scored. When a given enzyme is encoded by more than one locus, the symbol of the enzyme is
followed by 2 number to designate each locus: the locus coding for faster allozymes is designated 1
(e. g. Est-1), the next on is de-
signated 2, and so on. At each
locus the most common allele
was assigned the number 100
while other alleles were nu-
merically designated accord-
ing to their mobility with re-
spect to allele 100. Allelic de-
signations and frequencies for
the twelve loci are summarized
in Table 1.

Genetic identity (I) and
genetic distance (D) were cal-
culated using NEr's method
(1972). The dendrogram in
Fig. 2 was built up from the

Fig. 1. Collecting sites of Spe-
laeomysis bottazzii (black cir-
cles): 1 =MOQOL;2 = ABI;3 =
PBA; 4 = GAL and Diamysis
babhirensis (white circles): 1 =
DCM; 2 = DCP; 3 = DQU
study populations
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Table 1
Allele frequencies at 12 gene loci coding for enzymes in 4 populations of S. bottazzii (from MOL
to PBA) and in 3 of D. bahirensis (from DCM to DQU)
N is the number of the genome sampled, He is the expected frequency of heterozygous individuals
assuming Hardy-Weinberg equilibrium and Ho is the observed heterozygosity

Locus | Allles | MOL | GAL ABIL | PBA | DCM | DCP | pqQu
Ao N 186 106 66 24 102 12 -
He 0.00 0.00 .160 020 0.00 0.00
Ho 0.00 0.00 0.00 167 .020 0.00
102 .990 1.00

101 .010
100 1.00 1.00 1.00 917
98 .083
Aph N 190 114 66 16 272 60 -
He .031 0.00 0.00 125 426 413
Ho 032 0.00 0.00 125 448 .567
102 695 717
101 .016 .063
100 305 283
98 984 1.00 1.00 937
Est-1 N 188 60 40 28 268 102 36
He 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ho 0.00 0.00 0.00 0.00 0.00 0.00 0.00
100 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Est-2 N 92 34 20 16 108 - -
He .084 0.00 268 0.00 0.00
Ho .087 0.00 .300 0.00 0.00
100 .956 1.00 .850 1.00 1.00
98 044 .150
Est-3 N 94 22 28 16 78 - -
He 467 416 138 458 631
Ho 298 364 143 375 461
102 362 273 929 313 192
100 .638 727 071 687 487
98 321
Est-4 N 178 60 40 28 150 10
He 0.00 0.00 0.00 0.00 0.00 0.00
Ho 0.00 0.00 0.00 0.00 0.00 0.00
100 1.00 1.00 1.00 1.00 1.00 1.00
Got N 140 14 28 - 24 -
He 0.00 0.00 0.00 0.00
Ho 0.00 0.00 0.00 0.00
100 1.00 1.00 1.00
90 1.00
Gépd N 128 120 68 28 110 78 -
He 118 .033 214 .550 .300 379
Ho .062 033 176 500 291 318
102 017 .103 071
100 937 983 882 643 818 .750
98 .063 015 214 182 250
96 071
Lap-2 N 168 108 26 28 392 78 34
He 0.00 .502 0.00 0.00 .005 0.00 401
Ho 0.00 .502 0.00 0.00 .005 0.00 .529
null .537
100 463 997 1.00 735
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Table 1 (continued)

Locus | Alleles MOL GAL | ABI | PBA | DcM | Dcp | DQu
29 .003
98 1.00 1.00 1.00
97 265
Lap-3 N 186 106 46 28 294 66 28
He 0.00 A72 125 0.00 305 451 423
Ho 0.00 189 043 0.00 238 364 429
102 .094 065
101 1.00 .906 935 1.00
100 813 667 286
98 187 333 714
Pgi N 116 114 56 24 136 - 24
He 129 0.00 0.00 0.00 137 681
Ho 138 0.00 0.00 0.00 .088 333
105 .069
100 931 1.00 1.00 1.00
80 .926 333
75 .074 417
70 250
Pgm N 176 116 68 12 120 56 36
He 292 0.00 0.00 0.00 .080 166 560
Ho 193 0.00 0.00 0.00 017 179 .500
100 .824 1.00 1.00 1.00 958 911 583
98 176 042 .089 333
97 .028
95 .056
Table 2

Estimates of genetic identity (above) and distance (below) between populations and species of
Spelacomysis and Diamysis

MOL | GAL |  ABL | PBA | Dpcm DCP
eaL %7
ABL 116
PA ) 051 043
peM 5 423 P P
DCP o o ‘365 ‘380 005
DQU ) pr 630 prd 155 097

matrix of genetic distances (Table 2) using the unweighted pair-group method (UPGMA, SNEATH
and SokaL 1973). D may be considered as an approximate measure of the average number of amino
acid substitutions per locus accumulated by two populations since they formed a single ancestral
population.

Evolutionary divergence times between populations and species have been computed according to
the following formula (NEe1 1975): D D

- 2« 2cng Al

t=-—"0 =
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Spelasomysis ABl  Fig. 2. Cladogram based on UPGMA

1 GAL  clustering (SNEATH and SoxarL 1973)

of the genetic distance data, showing

i ; 1 J genetic relationships between popula-

.70 10 .05 0 tions of Spelaeomysis bottazzii and

GENETIC DISTANCE Diamysis babirensis

where t stands for the time lapsed since the two populations separated, D for genetic distance, c for the
proportion of amino acid replacements electrophoretically detectable, n; for the average number of
amino acids per protein and } , for the rate of amino acid replacements per polipe?tide per year.
Two different values of « were used, namely: & = 1077 (NE1 1975) and o = 1.136x107", calculated on
the basis of available biochemical information for the tested proteins.

Allele frequency data were analysed by the RQ factorial method [designated also as ‘correspondence
analysis’ (ORLGCI 1975)] to obtain deeper insight into genetic relationships among populations and
species.

Results and discussion

Genetic differentiation between populations and species

Table 2 gives the coefficients of genetic identity, I, and of genetic distance, D, for all pairwise
comparisons between populations of Spelaeomysis bottazzii and Diamysis bahirensis.

Genetic identity and genetic distance values between populations of S. bottazzii (Table 2)
vary within the limits usually observed in intraspecific comparisons for a great number of
animal species (NEI 1975; Avara 1975; Avise 1976). The genetic distances in Table 2 range
from 0.011 (I = 0.989) to 0.116 (I = 0.891). As may be seen these values are rather low in
comparison with other troglobitic species (Astyanax mexicanus, D = 0.17, AvisE and
SELANDER 1972; Ptomaphagus hirtus, D = 0.21, LAING et al. 1976). The degree of genetic
divergence between populations is very high in other troglobitic crustaceans (Niphargus
longicandatus, D = 0.3, SBORDONI et al. 1979). Genetic distances between S. bottazzii
populations are close to values for troglophilic organisms such as the Meta menardi cave
spider D = 0.026, LAING et al. 1976).

The degree of genetic similarity between these populations may be due to either 1. some
gene flow among populations as a result of groundwater mixing, as suggested by the
structural homogeneity of the Apulian
limestone table land ; and/or 2. a recent
colonization of caves and phreatic waters
by S. bottazzii. This view is in contrast
@ GAL-PBA with earlier speculations (Rurro 1955).

@ MOL-GAL As for Hypothesis 1, we tested the
relationship between geographic distance
and degree of genetic divergence (Fig. 3),
but found no significant correlation be-
tween genetic and geographic distances.
MOL-PBA @ The highest values of D were found in

L pairwise comparisons between the Io-
nian population (GAL) and the Adriatic
ones, whereas lower values of D were
Fig. 3. Relationship between genetic and geographic found within the Adriatic populations,
distances in Spelacomysis bottazzii populations in spite of their greater geographic dis-

@ GAL-ABI

05}-@ aBI-PBA
MOL-AB! @

GENETIC DISTANCE
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Fig. 4. A two-dimensional plot of Spelaeomysis bottazzii populations based on RQ factorial analysis of
allele frequencies at 12 loci. Points referring to populations (circles) and to alleles (squares) are plotted
against the first two principal axes

placement (see also Fig. 4). These findings suggest that the populations along the two coasts
of the Salentine peninsula are geographically isolated, possibly because of two groundwater
basins are distinctly separated.

Evidence in favour of Hypothesis 2 is given by the comparatively low genetic variability
in all tested populations of §. bottazzii (see following pages).

There is a substantially greater genetic distance between the D. babirensis study
populations of DQU and either of the two Torre Canne populations (DCM and DCP) than
between the latter two populations alone, which are only 70 km from DQU. Average genetic
distance between DQU and the two Torre Canne populations is = 0.126, a higher value than
observed between populations of S. bottazzii (D = 0.063). This figure for genetic distances
between D. bahirensis populations may partially be due to population isolation as a result of
the relict distribution of D. babirensis (Ar1anT 1981).

The mean genetic distance between S. bottazzii and D. bahirensis may be seen to be 0.7,
a value frequently recorded between congeneric species (NE1 1975; Avise 1976) and yet
Spelaeomysis and Diamysis are currently classified in different families.

An interpretation of allele frequency data resulting from RQ factorial analysis provides
further information on the genetic relationships between populations of the two species
(Figs. 4 and 5). Fig. 4 reports data for the S. bottazzii populations. The GAL population is
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Fig. 5. A two-dimensional plot of Spelaeomysis bottazzii and Diamysis bahirensis populations based

on allele frequency RQ analysis. Points referring to populations (circles) and to aﬁeles (squares) are

plotted against the first two principal axes. Due to space requirements the coordinates of some points
have been shortened to a third of their real value

separated from the others by the second axis which explains 29 % of the overall variance,
indicating its relative degree of genetic differentiation and isolation in agreement with the
previously discussed data on genetic distance. The PBA population is separated from GAL
by the second axis and from MOL and ABI populations by the first one which explains 56 %
of the overall variance. Common alleles, which occur with similar frequencies in the various
populations, and which contribute only slightly to inter-population differentiation, are
plotted around axis origin. Other alleles are situated near a particular population, and con-
tribute substantially to its genetic differentiation and characterize it. For instance, alleles
Pgm'®, Est-1'®, Pgi'®, Est-2'® and Ao'® do not differentiate S. bottazzii populations
whereas Lap-2"!, Lap-2'® and Est-3'® are peculiar to GAL and G6pd”™, Ao*®, Gépd”™® are
peculiar to PBA and so on.

Fig. 5 reports data on both S. bottazzii and D. bahirensis. The four Spelacomysis
populations form a very homogenous group, which is separated from the Diamysis
populations by the second axis which explains 24 % of the overall variance. The relative
distances between the Spelacomysis populations shown in Fig. 5 are modified and diminished
by the presence of Diamysis. Diamysis DQU population isolation from the other two
(DCP and DCM) is stressed by its displacement with respect to the first axis, which explains
52% of the overall variance.
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Variability estimates and inference as to the evolutionary history
of Spelaecomysis bottazzii

Table 3 shows several estimates of genetic variability for the study populations. All values
reflect alow degree of genetic variability in S. bottazzii. In fact, expected heterozygosity for
the S. bottazzii populations was found to be 0.081 on the average and 0.159 for D. babirensis
(DCM) population, for which a comparable set of loci were assayed. S. bottazzii genetic
variability ranks among the lowest values so far observed for aquatic cave dwelling species,
such as Astyanax mexicanus (Avise and SELANDER 1972) and other species, with relatively
recent cave colonization and isolation.

According to Barr (1968), genetic variability in a cave population increases as it
progresses from a troglophilic to a troglobitic stage of adaptation. BARR’s model predicts low
variability in a newly isolated cave population, due to the founder effect. According to his
hypothesis, variability should then increase as a result of extensive epigenotype reorgani-
zation which improves population adaptation to the cave environment.

PoursoN and WHITE (1969), on the other hand, hypothesize low variability in cave
populations as the result of strong stabilizing selection pressures in the cave environment.

The low variability exhibited by S. bottazzii would seem to agree with both hypotheses.
Nevertheless, high values of heterozygosity have been reported in other troglobitic species,
mostly in aquatic Amphipodan and Isopodan crustaceans such as several populations of
Niphargus longicaudatus (H = 0.298, SBORDONI et al. 1979), Crangonyx antennatus (Fl =
0.118, Dickson et al. 1979) and several species of Monolistra (Fl = 0.314, SBORDONTI et al.
1980). These values are often higher than those shown by similar epigean forms such as
amphipods [Echinogammarus tibaldii: H = 0.07, Echinogammarus stammeri: H = 0.1,
Gammarus aequicanda: H = 0.1 (SsorpONI 1980; SBORDONI et al., unpubl.)] and isopods
[Sphaeroma hookeri: H = 0.21 and Sphaeroma serratum: H = 0.28 (SBORDONI et al.
1980)]. These findings contradict PouLson and WHiTE hypothesis. The high heterozygosity
values found in Niphargus and in Monolistra are more probably the result of an ancient
colonization by these hypogean populations (SBorpONI 1980), and support BARR’s model.

Thus, the low genetic variability and the high genetic similarity between populations of
S. bottazzii suggest they are young cavernicoles that colonized caves after a relatively recent
isolation from a sea ancestor.

Assuming a monophyletic origin of Spelaecomysis and Diamysis (Fig. 2), and starting from
genetic distance values, we estimated divergence times between the two taxa, according to
NEer’s method (1975) and found the values for the two tested species to range from 3,100,000
to 3,550,000 years, according to the two different values of o (see ‘Materials and methods’).

Table 3

Genetic variability estimates in populations of S. bottazzii and D. bahirensis

f’%e;‘ij:t?:’lg He Ho A P No. of loci scored
S. bottazzii
MOL .093 .067 1.50 .50 12
GAL .052 049 1.33 33 12
ABI .062 .055 1.41 33 12
PBA 117 .106 1.54 36 11
D. babirensis
DCM .159 31 1.75 .67 12
He, average heterozygosity (expected under Hardy-Weinberg equilibrium). Ho, average observed
heterozygosity. A, mean number of alleles per locus. P, frequency of polymorphic loci (those
with a frequency of the most common allele <.99).
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Divergence times between single allospecific populations range from 2,290,000 (or
2,016,000) to 4,400,000 (or 3,873,000) years.

On the basis of our rough estimates and assuming neutral evolution of protein poly-
morphism, gene flow interruption between Spelzeomysis and a possible sea-ancestor
— similar say to Diamysis — may be dated to the late Pliocene. These estimates fit present
palaeogeographic evidence well (GRIDELLI 1950; Pasa 1953; TERMIER and TERMIER 1952).
According to these authors, during most of the Pliocene Apulia was either completely
submerged or limited to a few small isles that do not in any way coincide with the present
distribution of Spelaeomysis (Fig. 6), thereby suggesting that cave colonization by the
Spelaeomysis ancestor did not occur until the late Pliocene.

-~ 100 Km
I

Fig. 6. A palaeogeographic map of Apulia, according to LEONARDI (1940) and to GrIDELLI (1950), and
the locations of all known populations of Spelaeomysis bottazzii

Moreover, the idea that S. bottazzii may only recently have.adapted to the cave
environment agrees with findings from other subtérranean crustaceans belonging to such
groups as Thermosbenacea, Isopoda (Microparasellidae, Cirolanidae), and Amphipoda.
These organisms are thought to have colonized underground freshwater systems as the result
of “stranding” and subsequent “uplifting” of their marine coastal ancestors during the Mio-
Pliocene regressions of the Mediterranean Sea. Such a colonization model, referred to as a
“Regression Model” by Stock (1977), would explain the present distribution of several
hypogean crustaceans (“thalassoid” groups according to DanieLopor 1978) that are
generally limited to subterranean environments not far from coasts and characterized by
variable salinity, temperature and dissolved oxygen conditions.

Unfortunately, data on the genetic distances between S. bottazzii and other species
currently classified in the Spelaeomysis genus are not available to establish whether the genus
is polyphyletic. On the grounds of our findings, these genetic distances between . bottazzii
and other Spelaeomysis species could ever be higher than those between S. bottazzii and
Diamysis. One possible hypothesis to test is that various Spelacomysis species, living in
widely different continental areas, might have evolved as the result of local adaptations to the
cave environment and that they have independent evolutionary histories similar to Spelaeo-
masis bottazzii.
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Summary

Genetic divergence and variability at 12 gene-enzyme loci were studied in 4 populations of S. bottazzii
and 3 populations of D. bahirensis (Crustacea, Mysidacea). Material examined included populations
collected in caves, wells, mesosaline and brackish waters of Apulia (south eastern Iraly).

Genetic distance (D) values between S. bottazzii populations range from 0.011 to 0.116, showing

reater genetic similarity than other cave organisms. D values between D. bahirensis populations range
%rom 0.005 to 0.155 thereby revealing some genetic differentiation between these epigean populations.
The average genetic distance between the two species is 0.7.

RQ factorial analysis applied to the gene frequency data enables genetic relationships among
populations and species to be assessed and also contributes to determining which loci and alleles are
involved in the differentiation of conspecific and allospecific populations.

Expected average heterozygosity (He) is 0.081 in S. bottazzii populations and 0.159 in a D. babhi-
rensis population, for which a comparable set of loci were assayed.

Both genetic divergence and variability estimates suggest recent cave colonization and adaptation by
S. bottazzii populations. The time of this event has been roughly dated back 3,500,000 years. This
supports STOCK’s hypothesis that Mysidacea and other “thalassoid” hypogean crustacea colonized
subterranean waters in connection with Pliocene regressions of the Mediterranean sea.

Zusammenfassung

Genetische Differenzierung und Variabilitit von boblenbewobnenden und Brackwasser-Populationen
: der Mysidacea (Crustacea)

Genetische Unterschiede und Variabilitit in 12 Gen-enzym-Loci wurden bei 4 Populationen von
S. bottazzii und 3 Populationen von D. bahirensis (Crustacea, Mysidacea) untersucht. Das Untersu-
chungsmaterial umfafite Populationen aus Hohlen, Brunnen, Mesosalinen und brackigen Gewissern
Apuliens (Stiditalien).

Die Werte fiir die genetischen Abstinde (D) zwischen S. bottazzii-Populationen schwankten
zwischen 0,011 und 0,116 und zeigten damit eine gréflere genetische Ahnlichkeit als andere Héhlen-
bewohner. Die D-Werte zwischen D. bahirensis-Populationen lagen zwischen 0,005 und 0,115, offen-
barten also eine gewisse genetische Differenzierung zwischen diesen epiganischen Populationen. Der
durchschnittliche genetische Abstand zwischen beiden Arten betrigt 0,7.

Die faktorielle RQ-Analyse der Genfrequenz-Daten erméglicht die Abschitzung der genetischen
Bezichungen zwischen Populationen und Arten und trigt zur Bestimmung der Loci und Allele bei,
welche die Differenzierung konspezifischer und allospezifischer Populationen bewirken.

Die geschitzte durchschnittliche Heterozygotie (H) betrigt bei S. bottazzi-Populationen 0,081,
bei D. bahirensis-Populationen 0,159, was mit einem entsprechenden Satz an Loci in Zusammenhang
gebracht wird.

Sowohl die genetische Divergenz als auch die Variabilititsschitzung weist auf rezente Hohlen-
besiedlung und -anpassung der S. bottazzii-Populationen hin. Die Zeit dafiir wird grob als 3500000
Jahre zuriickliegend geschitzt. Dies steht im Einklang mit der Hypothese von Stock, dafl Mysidacea
und andere ,thalassoide’ hypogiische Krustazeen unterirdische Gewisser in Verbindung mit der
pliocinen Regression des Mittelmeeres besiedelten.
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