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Abstract. Halophila stipulacea is a dioecious marine
angiosperm, widely distributed along the western
coasts of the Indian Ocean and the Red Sea. This
species is thought to be a Lessepsian immigrant that
entered the Mediterranean Sea from the Red Sea
after the opening of the Suez Canal (1869). Previous
studies have revealed both high phenotypic and ge-
netic variability in Halophila stipulacea populations
from the western Mediterranean basin. In order to
test the hypothesis of a Lessepsian introduction, we
compare genetic polymorphism between putative
native (Red Sea) and introduced (Mediterranean)
populations through rDNA ITS region (ITS1-5.8S-
ITS2) sequence analysis. A high degree of intraindi-
vidual variability of ITS sequences was found. Most
of the intragenomic polymorphism was due to
pseudogenic sequences, present in almost all indi-
viduals. Features of ITS functional sequences and
pseudogenes are described. Possible causes for the
lack of homogenization of ITS paralogues within
individuals are discussed.
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Introduction

Halophila stipulacea (Forssk.) Aschers. is a subtidal
dioecious marine angiosperm, originally distributed
along the western coasts of the Indian Ocean and in
the Red Sea. This species was first recorded in the
eastern Mediterranean Sea in 1895 (Fritsch 1895) and
only since 1988 in the western part of the basin
(Villari 1988). The species was initially considered as
a tropical relict in the eastern Mediterranean Sea
(Péres 1967), while the current opinion is that H.
stipulacea came from the Red Sea after the opening
of the Suez Canal in 1869 (Lessepsian hypothesis
[Lipkin 1975]).

The genetic and morphological variability was
investigated in two western Mediterranean popula-
tions of H. stipulacea using RAPD-PCR markers
(Procaccini et al. 1999). High genetic variability
within and between the two populations was found.

In the present work, we used a nuclear rDNA re-
gion (ITS1-5.8S-ITS2) as molecular marker to assess
the genetic relationships between Mediterranean Sea
and Red Sea populations of H. stipulacea, in order to
verify the hypothesis of a recent introduction in the
Mediterranean basin. A Lessepsian scenario would
result in a weak or absent phylogeographic signal,
due to the recent disjunction of populations and re-
peated migration events, due to antropic activities
(i.e., shipping).

ITS has been widely used in phylogenetic and
phylogeographic studies on a variety of organisms
(Baldwin et al. 1995), possessing features that allow
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Fig. 1.
Vulcano Island (Sicily, Italy).

addressing phylogenetic questions from infraspecific
to interspecific level (Hillis and Dixon 1991). The
whole sequence is constituted by regions with differ-
ent evolutionary rates: the conserved 5.8S rRNA gene
flanked by the two fast evolving internal transcribed
spacers, ITS1 and ITS2. ITSI and ITS2 possess a
stable and compact secondary structure and have a
functional role maintaining sequences for proper ex-
cision in processing the RNA precursor (van Nues
et al. 1995; Reed et al. 2000). The ITS region is pre-
sent with hundreds of tandemly repeated copies
within the genome of a single individual and, as part
of a multigene family, is subjected to concerted evo-
lution (Dover 1986). Concerted evolution allows ho-
mogenization between multiple copies within the
genome of a single individual through DNA recom-
bination mechanisms, such as gene conversion
(Arnheim 1983) and unequal crossing-over (Smith
1976). If lack of recombination between copies oc-
curs, intragenomic polymorphism can be revealed.
rDNA intraindividual heterogeneity is now recog-
nized to be a common feature and has been described
in various animals and plant species (Suh et al. 1993;
Buckler and Holtsford 1996a, b; Campbell et al.
1997; Serrdo et al. 1999; Denduangboripant and
Cronk 2000; Fama et al. 2000; Harris and Crandall
2000; Kita and Ito 2000; Reed et al. 2000; Coyer et al.
2001; Gandolfi et al. 2001; Hartmann et al. 2001;
Muir et al. 2001).

An alternative source of intragenomic polymor-
phism could be the presence of pseudogenic sequences.
Pseudogenes are copies of the transcriptional unit that
undergo to a loss of function, with subsequent relaxing
of selective constraints and accumulation of mutations.
Thepresence of pseudogenes for the ITS region has been

Sampling sites. Red Sea: 1, Ras Mohammed (Egypt); 2, Small Creek (Egypt); Mediterranean Sea: 3, Rhodes Island (Greece); 4,

recently described in various plant and animal species
(Buckler and Holtsford 1996a, b; Hartmann et al. 2000;
Muir et al. 2001; Kita and Ito 2000; Hughes et al. 2002;
Marquez et al. 2003).

In this paper, genetic polymorphism of the ITS
region in H. stipulacea is described from the inter-
population to the intraindividual level. The pres-
ence of a subset of ITS sequences presenting
pseudogenic characteristics with increased evolution
rates with respect to the functional ones is also
described.

Materials and Methods

Specimen Collection. Individuals were collected by SCUBA
diving from three locations, two in the Red Sea (Ras Mohammed
and Small Creek, Egypt; two individuals each) and one in the
Mediterranean basin (one individual from Rhodes Island, Greece).
Four individuals from Vulcano Island (Sicily, Italy) sampled for a
previous work (Procaccini et al. 1999) were also included in the
analysis (Fig. 1).

DNA Extraction and PCR Amplification. DNA was
extracted using the CTAB method of Doyle and Doyle (1987)
modified as by Procaccini et al. (1996). Amplification of the com-
plete ITS region (ITS1-5.8S-1TS2) was performed in an Omn-E
thermal cycle (Hybaid) using the universal primers ITSI and ITS4
(White et al. 1990). The amplification profile consisted of a dena-
turation step of 4 min at 94°C followed by 30 cycles as follows: 1
min at 94°C, 1 min at 58°C, and 2 min at 72°C. A final extension
step of 7 min at 72°C was added. Amplification products were gel-
purified after separation on 1.5% agarose, with the QiaexIl Gel
Extraction kit (Qiagen).

Cloning and Sequencing. First attempts at direct se-
quencing were not successful, due to multiple peaks per position in
the electropherograms. PCR products were then cloned using the
TOPO-TA cloning kit (Invitrogen).
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Fig. 2.  Neighbor-joining tree constructed on the Kimura two-

parameter distance matrix (1000 bootstrap replicates). Populations
are in capital letters, numbers identify the individuals, and lower-
case letters indicate different clones. Populations: RM, Ras Mo-
hammed; SC, Small Creek; VU, Vulcano Island; RH, Rhodes
Island. Arrows indicate pseudogenic sequences.

Two to seven clones for each individual (38 in total) were se-
quenced on a Beckman CEQ 2000 Automated Sequencer using the
Dye-Terminator cycle sequencing kit (Beckman).

Sequence Alignment and Analysis. Alignment was
conducted using BioEdit 4.5.8 software (Hall 1999) and checked
manually. Phylogenetic reconstruction for the entire ITS region
(ITS1, 5.8S, and ITS2) was conducted using the MEGA software
(version 2.1 [Kumar et al. 2001]). Analyses were performed using
the Kimura two-parameter distance method with 1000 bootstrap
replicates. A phylogenetic tree was constructed using the neigh-
bor-joining method. Halophila ovalis was included in the analysis
and used as an outgroup (sequence obtained by Michelle Way-
cott, James Cook University, Townsville, Australia).

Analysis of haplotype and nucleotide diversity was conducted
using DNAsp software (Rozas and Rozas 1999), according to Nei
(1987). P; values were calculated using a sliding window approach
(window width: 30 bp).

Hierarchical analysis of variance (AMOVA) was conducted using
Arlequin software (Schneider et al. 2000), considering the (i) intrain-
dividual, (i) among-individual, and (iii) among-population level.
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In order to characterize putative pseudogenic sequences, the
following analyses were performed. A relative rate test was con-
ducted using the two-cluster test of Takezaki et al. (1995) included
in the Phyltest software, version 2.0 (Kumar 1996), where the
constancy of the molecular clock is examined for two lineages when
an outgroup lineage is given. If L, and L, are the averages of
observed numbers of substitutions per site (branch lengths) from
the common ancestor of clusters A and B, then L, = L, is the null
hypothesis under constancy of the molecular clock, i.e., 8 = L, —
L, = 0, and 3 will become negative if lineage B is evolving faster
than A. Deviation of § from 0 was tested by a two-tailed normal
deviate test, with a Z value >1.96 required to reject rate constancy
at the 5% level. We tested putative pseudogenic sequences (cluster
B) against functional sequences (cluster A), considering only one
copy for each haplotype. H. ovalis was used as an outgroup. The
Kimura two-parameter model was used as the distance estimation
method.

Methylation-related substitution sites (C—T and G—A) were
checked by eye, considering as putative methylation sites dinucle-
otides CdG and trinucleotides CANdG (Gardiner-Garden et al.
1992). The GC content for each sequence was determined by
BioEdit software.

Free energy of secondary structures for the three regions was
calculated using mFold (Zucker 1989).

Results

Thirty-eight sequences were obtained by cloning from
nine specimens collected in the four populations (see
Fig. 2 for population codes).

Twenty-two haplotypes were found of 38 se-
quences (GenBank accession numbers AY352600-
AY352637). Substitutions and indels appeared to be
distributed evenly all along the repeat units. Five
mononucleotidic indels were present; one 4-bp dele-
tion was present in the ITS2 subregion in one se-
quence (SC2e) and two large deletions of 31 bp were
found in the same subregion in two other sequences
(RM1f and RM2e). Sequences presented the follow-
ing characteristics: ITS1 was 218-221 bp long, pre-
senting 54 polymorphic sites, a nucleotide diversity
(P;) of 0.025, and a haplotype diversity of 0.839; the
5.8S region was 161-163 bp long, having 27 poly-
morphic sites, P; of 0.012, and a haplotype diversity
of 0.570; ITS2 was 194-226 bp long, presenting 29
polymorphic sites, a P; of 0.010, and a haplotype
diversity of 0.422. Polymorphism values ranked as
follows: ITS1 > 5.8S > ITS2.

A neighbor-joining tree inferred from pairwise
Kimura two-parameter distances on the whole
alignment showed a lack of phylogeographic pat-
tern, with low bootstrap values. Clones from single
individuals, in fact, were scattered across the tree
(Fig. 2). The AMOVA conducted for ITS1, 5.8S,
and ITS2 separately confirmed that most of the
variability was due to intraindividual polymorphism
(Table 1a).

A group of eight sequences (marked in the tree
with arrows) showed higher levels of polymorphism.
These sequences were in a basal position within the
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Table 1.

AMOVAs on (a) all sequences and (b) set 1 sequences (after eliminating more divergent sequences)®

Variance components

Percentage variation

Source of variation df ITS1 5.8S 1TS2 ITS1 5.8S 1TS2
a
3 3.02 -0.76 1.47 11.48 -7.54 5.67
1P 5 -2.27 0.038 -0.78 —-8.60 3.81 -3.00
29 25.59 1.05 25.22 97.13 103.73 97.33
Total 37 26.34 1.01 2591
b
P 3 4.59 0.001 3.31 19.22 —-0.60 10.50
IP 5 -2.13 0.01 -3.68 -8.91 —4.02 -11.65
I 21 21.42 0.21 31.93 89.69 104.62 101.16
Total 29 23.88 0.20 31.57

% P, among populations; IP, among individuals within populations; I, within individuals.
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Fig. 3. Nucleotide diversity (P;) for set 1 and set 2 sequences.

Subdivision among regions is also shown.

phylogenetic tree (see Fig. 2). The average number of
nucleotide differences between these eight sequences
(henceforth called set 2) and the remainder of the
sequences (set 1) was 19.833. The comparison be-
tween P; values of the two sets showed that diver-
gence within set 2 is much higher than divergence
within set 1 (Fig. 3). Some sequences from set 2
showed large deletions (4-bp deletion in SC2e clone
and 31-bp deletion in RM1f and RM2e clones).

Results of an AMOVA on set 1 showed that most
of the variability was still at the intraindividual level
(Table 1b). Variance was higher for the complete set
of sequences than for set 1 only. The 5.8S region
showed the lowest variance.

The high level of variation found in the sequences
in set 2 was considered a clue for the possible pres-
ence of pseudogenes. In order to verify this hypoth-
esis the following analyses were performed.

(1) A relative rate test based on Kimura two-
parameter distance was conducted to assess dif-
ferential substitution rates among set 1 and set 2
sequences (Table 2). For all regions, rate con-
stancy was rejected at the 5% level. The substi-

tution rate of the set 1 subregions is ITS1 > 5.8S
= ITS2. Rates for set 2 sequences maintain the
same ranking, with values significantly higher
than those obtained for the set 1 sequences.
(2) As a result of relaxed selective constraints, pseu-
dogenes are often characterized by an elevated
rate of deamination-like substitutions, related to
methylation sites (Gojobori et al. 1982; Li et al.
1984). Deamination-driven mutations, related to
putative methylation sites (dinucleotides CdG and
trinucleotides CdNdG [Gardiner-Garden et al.
1992]), were compared between functional and
putative pseudogenic sequences. In Table 3 the
number of G—>A and C—T methylation-related
mutations is shown for putative pseudogenes and
for functional sequences in comparison with
nonmethylation sites. The greatest number of
mutations was found in ITSI regions, the lowest
in the 5.8S region. As a result of the high deam-
ination rates, the average GC content in pseudo-
genes is significantly lower than in the functional
sequences. Values are within the range of those
reported in the literature for angiosperms (50—
75% in ITS1 and ITS2 [Baldwin et al. 1995]).
In order to investigate if putative pseudogenes
presented a lower stability of their secondary
structure, as expected from the loss of functional
constraints, we measured the free energy (AG) of
the RNA secondary structure for the three sub-
regions separately (Table 3). Stability of the RNA
secondary structure was significantly lower in
pseudogenes than in functional sequences for
ITS1 and ITS2 (P < 0.05), while differences were
not significant for the 5.8S.

(©)

In order to verify if the presence of paralogous
pseudogenes in the data set had determined the lack
of resolution in the phylogeographic pattern ob-
tained, we also constructed phylogenetic trees sepa-
rately for functional sequences and pseudogenes.
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Table 2.  Relative rate tests for functional and pseudogenic sequences®

L, Ly L, — Ly, (SE) z score
ITSI1 0.01599 0.0428 —0.0268112 (0.0102005) 2.62841
5.88 0.004154 0.03219 —0.0280388 (0.00702757) 3.98983
ITS2 0.003386 0.02489 —0.0215077 (0.00536159) 4.01145
Whole region 0.006459 0.03026 —0.0237968 (0.00409722) 5.80804

% The test was conducted considering only one copy for each haplotype. L,, rate of substitution of functional sequences. Ly, rate of
substitution of pseudogenic sequences. All values are significant at the 5% level.

Table 3.
functional (f) and pseudogenic (p) sequences

Methylation-related substitution pattern, GC content, and free energy of secondary structures for the three regions separately in

Methylation-related mutations

Non-methylation-related

% GC content AG (kcal/mol)

C->T G—oA mutations (SD) (SD)
ITS1 £ 4 2 1 70.67 (0.003) 102.23 (3.568)
ITSI p 19 40 11 66.25 (0.025) 92.97 (8.476)
58S f 2 1 1 56.15 (0.002) 52.57 (0.977)
58S p 7 12 5 54.94 (0.019) 49.81 (3.538)
ITS2 £ 0 0 1 64.96 (0.002) 83.43 (0.798)
ITS2 p 15 13 7 63.03 (0.018) 78.97 (5.579)

Lack of phylogeographic signal was confirmed in
both cases (data not shown).

Discussion

The aim of the present work was to verify the hypothesis
of a Lessepsian origin for the presence of H. stipulacea
in the Mediterranean Sea. The Lessepsian hypothesis
implies that the Mediterranean populations of H. stip-
ulacea established after the migration of individuals
from the Red Sea through the Suez Canal, thus repre-
senting a subsample of the genetic pool of the native
populations. We sampled two populations in the orig-
inal areal (Red Sea) and two populations in the Medi-
terranean Sea, one from the eastern and one from the
western part of the basin. Using a nuclear ribosomal
DNA region (ITS1-5.8S-ITS2), no clear differentia-
tion was observed, either between Mediterranean and
Red Sea or within the Mediterranean populations,
supporting the hypothesis of a recent Lessepsian in-
troduction. The observed absence of any phylogeo-
graphic pattern between native (Red Sea) and
introduced (Mediterranean) populations of H. stipul-
acea, in fact, suggests a recent disjunction and a con-
tinuous and intensive gene flow through recruitment of
new polymorphic individuals from the native areal,
possibly as a consequence of human activities (e.g.,
shipping through the Suez Canal).

The alternative hypothesis of Pérés (1967) that
considers H. stipulacea as a tropical relict would have
resulted in a sensible genetic divergence between
populations from the two studied areals.

Our study also reports the existence of intraindivid-
ual polymorphism in the ITS region in H. stipulacea.
The rDNA multigene family is known to undergo
concerted evolution, resulting in homogenization
among unit copies through gene conversion (Arnheim
1983) and unequal crossing-over (Smith 1976) at an
estimated rate of 107-10"* events per kilobase per
generation (Dover 1989). The degree of homogeniza-
tiondepends on the effectiveness of these mechanismsin
the face of novel mutations, which allow spreading of
new variants in populations. An increasing number of
recent papers reports intraindividual variability for
this region, mostly as a consequence of recent hybridi-
zation events (Suh et al. 1993) and multiple NORs
(nucleolar organizing regions) on nonhomologous
chromosomes (Suh et al. 1993; Jellen et al. 1994).

Information about the ploidy level and number
and location of NORs in H. stipulacea is unfortu-
nately lacking, but we hypothesize that the ITS in-
traindividual polymorphism found could be the
consequence of two contrasting factors.

On one hand, concerted evolution could have
failed because of loss of recombination through sex-
ual reproduction (Campbell et al. 1997). Although at
least gene conversion is known to occur both meiot-
ically and mitotically, mitotic processes seem to be
much less effective than meiotic ones (Jinks-Robert-
son and Petes 1993). Rare sexual recombination
could be supported, at least in the Mediterrancan
populations, by the rarity of female flowers, recorded
only recently for the first time in the basin (Di Mar-
tino et al. 2000).
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On the other hand, in the presence of a high level
of gene flow, new variants can be introduced and
spread within a population at rates faster than their
homogenization (Sanderson and Doyle 1992; Hart-
mann et al. 2001). The latter hypothesis is more
likely, considering H. stipulacea as an introduced
species characterized by high levels of migration be-
tween native and colonized areas.

Most of the intraindividual variability found was
due to the presence of putative ITS pseudogenic se-
quences in the genome of H. stipulacea. ITS pseu-
dogenes have been described in various plant species,
such as Zea mays (Buckler and Holtsford 1996a, b),
the genus Lophocereus (Hartmann et al. 2001), the
genus Quercus (Muir et al. 2001), the genus Aconitum
(Kita and Ito 2000), and the genus Leucaena (Hughes
et al. 2002), and recently in a marine organism, the
coral genus Acropora (Marquez et al. 2003).

Pseudogenic features, with respect to functional
units, can be summarized as follows: (i) a higher ev-
olutionary rate; (i) a higher number of methylation-
related mutations due to deamination (C—T and
G—A) and therefore a lower GC content; and (iii) a
higher free energy of the secondary structure of the
transcript, resulting in a lower stability. All these
features are consequences of the loss of selective
constraints implying that, under the neutral mutation
hypothesis, the fate of new mutations is determined
almost completely by genetic drift (Li et al. 1984).

Our analyses showed that 8 of the 23 haplotypes
found (34.8%) present pseudogenic characteristics.
This high representation of pseudogenes in the cloned
fragments of the studied genome could be explained
through a preferential PCR amplification due to the
lower GC content of these sequences, which allows
easier denaturation of the DNA fragment during the
PCR cycling (Wagner et al. 1994). Eventual con-
tamination or amplification of organellar DNA was
checked through a BLAST search (http://www.
ncbi.nlm.nih.gov/BLAST/) and excluded.

Although differences in stability of secondary
structure between 5.8S functional and pseudogenic
sequences seem not to be statistically significant, rates
of evolution for 5.8S putative pseudogenes were
much higher with respect to the functional ones, in-
dicating that processes leading to the formation of
pseudogenes have been acting in these sequences.
High levels of ITS intragenomic variability has been
shown in few marine photosyntetic organisms (e.g.,
Caulerpa [Fama et al. 2000], Fucus [Serrdo et al.
1999], Macrocystis [Coyer et al. 2001]), while the only
other marine angiosperm in which low ITS intrain-
dividual polymorphism has been described is Posi-
donia oceanica (Capiomont, unpublished data).

The ever-growing evidence of the presence of
pseudogenic sequences for the ITS region could lead
to a reconsideration of the observed intragenomic

variability in marine photosynthetic organisms. More
studies are needed in order to verify if the presence of
pseudogenes in H. stipulacea represents a particular
feature of this species or if it is also characteristic of
other phylogenetically related seagrass species.

In conclusion, the present study is the first report
of the presence of high intraindividual polymorphism
and pseudogenes in the rDNA of a marine angio-
sperm and represents another indication that cau-
tions must be taken when using ITS regions in
phylogenetic studies.
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