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ABSTRACT. Seagrasses are representatives of the families Cymodoceaceae, Posidoniaceae, Zosteraceae, Hydrocharitaceae
(Monocotylendoneae - Alismatales), adapted to growing in seawaters and all their important life circle events are taking
place under the water including pollination and distribution of diasporas. Seagrasses are widespread in the littoral areas
of the World Ocean, except for Antarctica, and play an important ecosystem role. Due to the insufficiently studied history
of dispersal and formation of modern seagrasses habitats, we carried out a phylogenetic analysis of representatives of the
families Cymodoceaceae (Amphibolis, Halodule, Syringodium, Cymodocea, and Thalassodendron), Posidoniaceae (Posidonia),
Zosteraceae (Zostera, and Phyllospadix), and Hydrocharitaceae (Enhalus, Halophila, and Thalassia). The cladograms constructed
based on molecular data analysis of the 5.85 ribosomal RNA and ribulose-1,5-bisphosphate carboxylase/oxygenase large
subunitgenesare used as the basis for reconstructing the history of dispersal of the studied taxa. It is found that the main stages
of dispersal of selected groups of seagrasses took place in the Late Cretaceous period. The main track of historical distribution
is largely predetermined by the modern ranges of almost all genera of seagrasses, stretches from the southwestern waters
of eastern Gondwana to the northwestern waters of the Eurasian part of Laurasia. The main route of movement of diasporas
and seagrasses populations was the Tethys water area, which was modified in the Late Mesozoic and early Cenozoic. It was
revealed that the main method of dispersal of seagrasses was long-distance dispersal, which is confirmed by both molecular
genetic data and very fast (on a geological time scale) processes of penetration into new water areas, and analysis of the
features of dissemination of modern representatives. An alternative vicar scenario was proposed only for the reconstruction
of the formation of the Posidonia range.
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INTRODUCTION of seagrasses depends on the ability to spread and occupy
new areas of the littoral and sublittoral zones. The highest
Seagrasses are an ecological group of marine  diversity of seagrasses is observed in Southeast Asia and

monocotyledonous angiosperms (Monocotylendoneae
- Alismatales) adapted for growing in seawater. This
ecological group includes representatives of the families
Cymodoceaceae  (Amphibolis, Halodule,  Syringodium,
Cymodocea, Thalassodendron), Posidoniaceae (Posidonia),
Zosteraceae (Zostera, Phyllospadix), and Hydrocharitaceae
(Enhalus, Halophila, Thalassia) and the plants grow, become
pollinated, and produce fruits underwater (Hogarth 2015;
lurmanov et al. 2021). Seagrasses grow in estuaries, bays,
lagoons, banks, and shoals in most parts of the Northern
and Southern Hemispheres, except for the coastal areas of
Antarctica (Hemminga and Duarte 2000). The distribution

in different directions out of this area the number of
species decreases along the trajectory of the main ocean
currents (Green and Short 2003). Seagrasses populations
are productive ecosystems that create three-dimensional
shelter structures and generally form the habitat for
dozens of companion species (Nagelkerken and van der
Velde 2004), including breeding and growth sites, the final
link in the food chain in such ecosystems often become
marine mammals (Irlandi and Peterson 1991). They are
important carbon sinks, accounting for about 10% of the
total carbon sequestration in the atmosphere. Seagrasses
communities sequester about 27.4 million tons of CO,
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annually (Macreadie et al. 2013). All this gives reason to
consider them as habitat formers, similar in importance
to the meadows of monocotyledonous plants on land
(Coleman and Williamc 2002). Since a decrease in the
cover of seagrasses in the sublittoral leads to a decrease in
biodiversity and a change in the entire structure of coastal
marine biocoenosis, they require attention not only as
biological species but also as biotopes (Hemminga and
Duarte 2000).

The available information on seagrasses fossils is not
very extensive, but it is sufficient to establish in general
terms the main stages of their evolution. Reliable fossils
records are present for two extinct genera, Thalassocharis
and Archeozostera, from the Upper Cretaceous of Western
Europe (Voigt 1981) and Japan, respectively (Larkum and
den Hartog 1989), and the modern genus Posidonia is
represented by fossil species Posidonia cretacea Hosius von
der Marck found in the sediments of the Upper Cretaceous,
belonging to the Late Santonian - Campanian stages (84.9
-70.6 Ma ago), in Ahrenfeld (Germany) (Hosius and Von der
Marck 1880). Presumably, the first angiosperms returned
to the marine environment during the Cretaceous, about
100 to 70 million years ago (Les et al. 1997). However, early
Cretaceous seagrasses are almost unknown. The initial
invasion of the ancestral sea by seagrasses occurred later,
presumably in the Tertiary along the shores of the Tethys in
parallel with the evolution of mangrove forests (Hogarth
2015). After that, the change in the areas of distribution
of seagrasses was a consequence of tectonic movements,
the emergence of barriers (landmasses), fragmenting the
Tethys into partially isolated water areas. These barriers
explain, for example, the phenomenon of habitation of
morphologically closely related pairs of species from
the genera Thalassia, Halodule, and Syringodium in the
Pacific Ocean and the Caribbean, as well as Zostera and
Phyllospadix on opposite coasts of the Pacific, separated,
respectively, by the Isthmus of Panama and the vast
water area of the central part of the Pacific. Throughout
history, seagrasses have probably never been represented
by a large number of species. Some of the fossil species
are now extinct, but it is unlikely that the total number
of species ever exceeded 50-60. Supposedly this can be
explained by the reproductive limitations of life in the
marine environment and the tendency for the spread of
seagrasses by vegetative reproduction (the phenomenon
of "vegetative mobility”), and not with the help of seed
reproduction.

At the end of the Eocene, about 40 million years
ago, most modern seagrasses genera evolved, including
Thalassia, Thalassodendron, Cymodocea, and Halodule,
while Enhalus and Phyllospadix appeared more recently
(Larkum and den Hartog 1989). The origin of the seagrasses
remains unclear as far as the fossil data are insufficient,
and the modern molecular data support the concept that
the life form of seagrasses arose during the evolution of
monocots of the order Alismatales s.|. more than once and
independently. The genera of Hydrocharitaceae (Enhalus,
Halophila, and Thalassia) are most likely descended from
freshwaterancestorsthatacquired salttolerance and spread
downstream into the sea; whereas the representatives
of other families of seagrasses (Posidoniaceae,
Cymodoceaceae, Zosteraceae) descended from freshwater
or marine ancestors independently from each other and
developed largely in parallel (Les et al. 1997). To model the
history of dispersal of seagrasses the relationship between
the genera of seagrasses was revealed based on molecular
genetic data and taking into account paleobotanical data.
The resolving of the evolutionary relationships of various
species of key genera and families of seagrasses will make
it possible to reconstruct the processes of their dispersal
and to gain an idea of the hypothetical origin of modern
marine biosystems.

MATERIALS AND METHODS

For the reconstruction of the dispersal history of the
seagrasses, it was analyzed almost half (35 out of a total of
70 species) of the representatives, distributed in different
parts of the range. As outgroup was selected Hydrocharis
morsus-ranae L. (Hydrocharitaceae) and Scheuchzeria
palustris F. Muell. (Scheuchzeriaceae) sister to seagrasses
(APG IV 2016). Molecular genetic data was not enough
to create a single cladogram of these species, so it was
necessary to separate molecular cladograms for two groups
of species. For molecular genetic analysis of genes was
selected the data are shown in GenBank: 5.8S ribosomal
RNA gene, and ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBisCo) large subunit gene (Table 1.).
Because of the formation of two groups of analyzed
species, we created several phylogenetic scenarios (for
greater representativeness of the results obtained) for most
families. These two concepts of evolutionary relationships
served as the basis for the reconstruction of a unified
dispersal history model.

Table 1. Selected species for the study, sequenced for the 5.8S ribosomal RNA gene and ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit gene

ribulose—1,5-bisphosphate carboxylase/oxygenase large

H. uninervis (Forssk.) Boiss., H. wrightii Asch., Thalassia hemprichii
(Ehrenb.) Asch., Th. testudinum Banks ex K. D. Kbnig, Enhalus
acoroides (L. ) Royle, Halophila australis Doty & B. C. Stone,

H. beccarii Asch., H. decipiens Ostenf, H. engelmannii Asch., H.
hawaiiana Doty & B. C.Stone, H. major (Zoll.) Miq., H. ovalis (R.Br.)
Hook. f, H. tricostata M. Greenway

Gene 5.8S ribosomal RNA gene )
subunit gene
Hydrocharis morsus—ranae L., Scheuchzeria palustris F. Muell,
Hydrocharis morsus—ranae L., Scheuchzeria palustris F. Muell, Posidonia australis Hook. f, P oceanica (L.) Delile, Zostera
Posidonia australis Hook. f, P oceanica (L.) Delile, Zostera asiatica angustifolia (Hornem.) Reichenb., Z. asiatica Miki, Z. capensis
Miki, Z. capricorni Asch., Z. japonica Asch. & Graebn., Z. marina L., Setch., Z. capricorni Asch., Z. japonica Asch. & Graebn., Z.
Z.mucronata Hartog, Z. noltii Hornem., Z. novazelandica Setch., marina L., Z. mucronata Hartog, Z. noltii Hornem., Phyllospadix
Phyllospadix torreyi S. Watson, Cymodocea nodosa (Ucria) Asch., C. scouleri Hook., Ph. torreyi S. Watson, Ph. japonicus Makino,
Species serrulata (R. Br,) Asch. & Magnus, Halodule pinifolia (Miki) Hartog, Amphibolis antarctica (Labill.) Asch., A. griffithii (J. M. Black)

Hartog, Cymodocea serrulata (R. Br.) Asch. & Magnus, Halodule
pinifolia (Miki) Hartog, H. uninervis (Forssk.) Boiss., H. wrightii
Asch., Syringodium filiforme Kiitz, S. isoetifolium (Asch.,) Dandy,
Thalassodendron pachyrhizum Hartog, Thalassia hemprichii
(Ehrenb.) Asch., Th. testudinum Banks ex K. D. Kénig, Enhalus
acoroides (L. f,) Royle, Halophila decipiens Ostenf, H. engelmannii
Asch., H. ovalis (R.Br,) Hook. f.

62




Anton A. lurmanov

PHYLOGENETIC PHYTOGEOGRAPHY OF SELECTED GROUPS OF SEAGRASSES ...

Using DNA sequencesdatafrom GenBank, phylogenetic
molecular genetic cladograms were constructed for genera
of families of seagrasses and outer groups. After that, the
encoded gene portions are copied into one file, which has
loaded into the WinClada program to build a phylogenetic
cladogram (Hall 2011). Selected portions of the DNA
sequence are quite large, their length is in selected species
from 477 to 670 (5.8S ribosomal RNA gene) and from 619
to 970 (RuBisCo large subunit) nucleotides.

The alignment for non-homologous portions was
performed in Jalview Version: 2.9.0b2 (Waterhouse et
al. 2009) using the Clustal W algorithm with standard
parameters. The end portions that were not present in
all sequences were excised. As a result, an alignment was
obtained with a length of 670 (5.8S ribosomal RNA gene)
and 970 (RuBisCo large subunit) nucleotides. The resulting
alignment was also saved in FASTA format and processed
in WinClada ver. 1.00.08 using the NONA ver. 2. Using
bootstrap analysis, phylogenetic trees were constructed
for 26 and 27 species seagrasses with outer groups.

RESULTS

As a result of our research, cladograms were obtained
(Fig. 1, A, and B, respectively). The resulting cladograms are
generally similar with high at most nodes bootstrap index,
but there are differences in the topology of cladogram A,
which reflects the relationship of 26 species of seagrasses
(analysis of the RuBisCo large subunit gene) and cladogram
B, reflecting the relationship of 27 species of seagrasses
(analysis of the 5.8S ribosomal RNA gene).

Basal in both of these cladograms is the outgroup
species - Hydrocharis morus-ranae. This is followed by a
division into two large clades. The first consists of the
seagrasses Hydrocharitaceae family species. The basal
taxon in clades A and B is Enhalus acoroides. The sister
species Thalassia hemprichii and Thalassia testudinum
are closest to it. Also in this segment of the cladogram
is the Halophila group of species. The second clade
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a0 Enhalus acoroides [l ]
Thalassia hemprichii ll O
Thalassia testudinum
Halophila beccarii [
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99 Halophila australis [

Halophila major 0
Halophila hawaiiana B
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consists of the families Cymodoceaceae, Posidoniaceae,
and Zosteraceae. A similar feature is the proximity of the
Halodule and Posidonia clades. In the group of species of
the Zosteraceae family, the clade begins with the species
of the genus Phyllospadix, and the terminal taxa are the
group of species of the genus Zostera.

Also, in the topology of cladograms, there are
differences. The first distinguishing feature of the two
phylogenetic trees is the topology of the genus Halophila.
In contrast to cladogram A, in cladogram B, Halophila
decipiens and H. ovalis have a sister, not a daughter position.

The position of one of the species of the outgroup, the
Sheuchzeria palustris group, which in cladogram B goes
immediately after the group of the genus Halophila, also
differs. On cladogram A, before Sheuchzeria palustris, there
are groups in sister relationships with a high bootstrap
index (minimum 99); they form the species Cymodocea
nodosa and C. serrulata, followed by closely related groups
Posidonia australis and P. oceanica, as well as the clade of
the genus Halodule, which includes all 3 studied species
- H. pinifolia, H. uninervis, H. wrightii. While H. pinifolia and
H. wrightii occupy a daughter position to H. uninervis in
cladogram B.

In cladogram A, the representative of the outgroup,
Sheuchzeria palustris, is followed by Phyllospadix torreyi. It,
in turn, is followed by the terminal genus Zostera on the
cladogram, in which the basal Zostera marina is sister to all
other studied species. The next bifurcation is represented
by sister Z. noltii and closely related species of the genus
(Z. asiatica and Z. japonica), as well as three species — Z.
capricorni, Z. mucronata, Z. novazelandica. In cladogram B, a
similar clade begins with Phyllospadix japonicus, inhabiting
the northwest of the Pacific followed by a sister group of
species from Ph. torreyi and Ph. scouleri, distributed in the
northeastof the Pacific. The terminal taxon in the cladogram,
asinthe previous case, is Zostera; however, the relationships
between the species of the genus are markedly different.
The Zostera species form two sister clades, the first of which
includes Z. asiatica and the sister species Z. angustifolia
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Fig. 1. Original phylogenetic trees of selected representatives of seagrasses, indicating their range, numbers - bootstrap
index: A - 26 species (analysis of the RuBisCo large subunit gene), B - 27 species of sea grasses (analysis of the 5.8S
ribosomal RNA gene), C - 8 species of the Posidoniaceae family (5.8S ribosomal RNA assay)
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and Z. marina; in the second clade, the basal species is Z.
mucronata, sister to which is a polytomy of four species: Z.
capensis, Z. capricorni, Z. japonica, Z. noltii. This position of
the freshwater representative of the outgroup Sheuchzeria
palustris in both cladograms of the Zosteraceae family
indicates the origin of the family independent of other
seagrasses.

DISCUSSION

To begin with, it is necessary to turn to the individual
stages of the geological history of the Earth and the change
in the position of the continents during the collapse of
Gondwana, that is, the opening of new water areas, littoral
bridges for the settlement of seagrasses. The penetration of
seagrasses through the littoral zones into new water areas
is associated with the disintegration of Eastern Gondwana,
which included Australia, Antarctica, Madagascar, and
India, as well as the course of such geological processes as
the end of the Messinian crisis (5 million years ago) and the
separation of Japan from Eurasia (15 -20 million years ago)
(Barnes 2003; Garcia-Castellanos et al. 2009).

The complete separation of the southern part of
Gondwanatookplace 120-100 millionyearsago, leaving the
Subantarctic Islands as the only connecting link between
Antarctica and South America (Gabdullin 2005), the littoral
of which could have become through the dispersal of
seagrasses from the water area of Australia. Dissemination
of seagrasses occurs both vegetatively and by seeds, but,
unfortunately, has not yet been any studies that determine
the time that the fruit can be held in the water and does
not rot, as well as how long may be part of the plants by
the roots and leaves is a substrate (that is, to vegetate in the
water column, drawn by currents, until the moment when
they can be fixed in the substrate). That is, the distance
that seagrasses can travel in one “act of resettlement”is not
known. In this regard, an interesting example is Halophila
hawaiiana, an endemic to the Hawaiian Islands, which,
according to our data, penetrated its present range from
the southwestern Pacific. The flora of the Hawaiian Islands
- both terrestrial and coastal - was formed due to the influx
of new species and their further evolution in isolation for a
long time (70 million years ago - the formation of the first
islands, and the age of the oldest of the current surface,

1?0“

150°W  120°W  90°W
| |

Midway - 28.3 million years ago (Clague & Dalrymple 1987).
The remoteness and isolation of the Hawaiian Islands
predetermined that the first marine monocots were able
to make a long way to them without intermediate “stops”.
The proposed seagrasses dispersal model is based on
phylogenetic trees (Fig. 1) and paleobotanical data (Fig. 2).

Seagrasses Hydrocharitaceae family

In addition to small families formed only by taxa of
seagrasses, there is the freshwater family Hydrocharitaceae,
in which there are three genera of marine (Cook 1998). The
genus Enhalus (family Hydrocharitaceae) includes a single
species, Enhalus acoroides (L. f) Royle is a perennial herb
(Cook 1998). Enhalus lives in the tropical coastal waters
of the Indian and western Pacific oceans. The genus
Halophila (family Hydrocharitaceae) includes 19 species
of perennial or annual rhizome herbaceous plants (Cook
1998). Dissemination of seeds is hydrochory (pericarp
rots underwater) or endozoochory (juicy fruits are eaten
by aquatic animals). The genus Halophila is widespread
in tropical waters, but its range also covers subtropical
and temperate waters, primarily the Indian and Pacific
Oceans. Also, representatives of the genus grow on the
coasts of the Mediterranean and Caribbean Seas, the Gulf
of Mexico. The genus Thalassia (family Hydrocharitaceae)
includes 2 species: Thalassia hemprichii (Ehrenb.) Asch. and
Thalassia testudinum Banks ex K. D. Konig is a perennial
rhizome herbaceous plant (Cook 1998). Dissemination is
hydrochloric (conical seeds with a massive basal part have
adisplaced center of gravity). Two species belonging to the
genus Thalassia have a non-overlapping range. Thalassia
hemprichii (Ehrenb.ex Solms) Asch. grows in the littorals of
the tropical zone of the Indian Ocean and the western part
of the Pacific, and Thalassia testudinum Banks & Sol. ex K. D.
Koenig lives in the littoral areas of the Caribbean Sea.

Unfortunately, now, fossil marine representatives
of this family, represented mainly by freshwater forms,
have not been found. Our data suggest that the family
settled in the Southwest Pacific/Indian Ocean, where
most species of the genus still live (Fig. 3). In particular,
the basal Enhalus acoroides and the closely related genus
Thalassia, possibly widespread earlier. Later, the formation
of land barriers divided the common range into two
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Fig. 2. Localities of discovery of fossils seagrasses
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species growing in the warm waters of the Southwest
Pacific, Indian Oceans (Thalassia hemprichii), and in the
Caribbean Sea with adjacent waters (Thalassia testudinum).
As for the numerous and widespread genus Halophila,
representatives of the genus inhabited the tropical waters
of the Atlantic twice independently (Halophila engelmannii
and Halophila decipiens), two other tracks of the Halophila
dispersal reached the center/northwest of the Pacific
Ocean (Halophila major) and temperate waters of Australia
(Halophila australis). The sister position of Halophila
hawaiiana, which reached the water area of the Hawaiian
Islands, in relation to Halophila ovalis, testifies to the fact
that this species, whose range is noticeably isolated from
other taxa of the genus, settled from the southwestern
Pacific (lurmanov 2018).

Family Cymodoceaceae

The Cymodoceaceae family includes 5 genera
(17 species): Amphibolis (2 species), Cymodocea (4
species), Halodule (6 species), Syringodium (2 species),
Thalassodendron (3 species) (APG V) of perennial
herbaceous plants (Kuo and McComb 1998a). Hydrochory
dissemination (Amphibolis fruits with 4 hard blades covered
with thin thorns can spread epizoochory, juicy bracteole of
Thalassodendron fruits can be eaten by fish), for Cymodocea
nodosa (Ucria) Asch. autobasichoric is characteristic.

The genus Amphibolis is distributed along the western
and southern coasts of Australia and Tasmania. The genus
Cymodocea is widespread in the littorals of the tropical and
subtropical seas of the Old World. The genus Halodule is
widespread on tropical and subtropical coasts. Itis found, in
fact, on most continents, except for Europe and Antarctica.
Representatives of the genus Syringodium are found on
the coasts of the Indian and Pacific Oceans, the Caribbean,
and the Gulf of Mexico. The genus Thalassodendron grows
in the western part of the Indian Ocean and the western
part of the Pacific Ocean - Thalassodendron ciliatum
(Forssk.) Hartog littoral of the tropical seas of the Indian
and western Pacific oceans, Thalassodendron pachyrhizum
Hartog littoral of the temperate coast of Western Australia,
Thalassodendron leptoarteaule Mariade , sp. nov. littoral of
the coast of Mozambique and KwaZulu-Natal.

7% regoin of origin
M Hydrocharitaceae
£ direction of genus
Enhalus dispersal

direction of genus
Thalassiadispersal

direction of genus
hila dispersal

The evolution of this family is relatively well
documented by fossil remains (Fig. 2). For example, there
are reliably dated and well-preserved fossils of the genus
Halodule on the western and eastern sides of the Atlantic.
Fossils of the genus Halodule have long been represented
only by finds of Halodule sp. from the Paleogene, Eocene,
Late Bartonian - Priabonian stages (404 - 37.2 Ma ago)
in Florida (USA) (Taylor 2008). However, in 2017, fossils
of this genus were discovered in the Canary Islands. The
presence of fossil remains of Halodule sp., on the island
of Gran Canaria (Canary Islands), was explained by warm
currents during the Neogene, Pliocene, Zanklian stage
(5.332 - 3.6 million years ago). The identification was
confirmed by the presence of fossilized plagiotrophic
rhizomes and fruits in the sedimentary deposits of the Early
Pliocene. This fossil material from seagrasses is the first on
the West African coast (Tuya et al. 2017). Thalassocharis
bosqueti Debey was discovered in Limburg (Netherlands)
and dates from the Upper Cretaceous, more precisely, its
Maastrichtian stage (70.6 - 66.043 million years ago) (Voigt
1981). Also Thalassocharis westfalica Hosius von der Marck,
dated to the Campanian Stage (83.6 - 72.1 Ma ago), was
discovered in Westphalia (Germany) (Hosius and Von der
Marck 1880). Thalassodendron auriculaleporis den Hartog
occurs in sediments of the Paleogene, Late Middle Eocene,
Bartonian Stage (404 - 37.2 Ma ago) in Florida (USA)
(Lumbert et al. 1984). The appearance of the first reliable
fossil representatives of this genus in America, where it
is now widespread, corresponds to the concept of den
Hartog (1970), according to which the range of this genus
is relict. Itis also worth noting Thalassotaenia debeyivan der
Ham from the Maastrichtian Stage, the Upper Cretaceous
System (70.6 - 66.043 Ma ago), found in Belgium (van der
Ham et al. 2007).Various fossils and possibly existing species
represent the genus Cymodocea. These are, for example,
Cymodocea floridana Lumbert, which occurs in sediments
of the Paleogene, Late Middle Eocene, Bartonian Stage
(48.6 - 37.2 Ma ago) in Florida (USA) (Lumbert et al. 1984),
and Cymodocea maior Cavolini, belonging to the Neogene,
Pliocene (5.332 - 2.558 Ma ago), discovered in Copanello
(Italy) (Ruggieri 1952).

The dominant in the processes of dispersal of the
genera Cymodoceaceae was probably the same track as

Fig. 3. Formation of the range of marine representatives of the Hydrocharitaceae family. Hereinafter: The position of the
land corresponds to the Upper Cretaceous period (90 million years ago). Basemap - Paleogeographic map by Ron Blakey,
Colorado Plateau Geosystems (2011)

65



GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY

2022

in the marine taxa Hydrocharitaceae (Fig. 4). Halodule from
the waters of the southwestern Pacific, where the genus
probably arose (which is confirmed by the distribution
of the basal species here - Halodule uninervis), spread to
the Indian and South Pacific Ocean (Halodule uninervis
and Halodule pinifolia), reaching even the western coast
of Central America (Halodule wrightii). Another track was
the settlement of Halodule in the tropical waters of the
Atlantic across the waters of western Africa, where the
Halodule wrightii range now remains. The dispersal of other
Cymodoceaceae taxa proceeded according to a different
scenario. The genus Syringodium (Syringodium filiforme),
which appeared in this water area, settled from the tropical
waters of the western Atlantic, from which, upon reaching
the western coast of Africa (Syringodium isoetifolium).
The genus Cymodocea (Cymodocea serrulata) probably
originated, and then - and the genera Thalassodendron
(Thalassodendron  pachyrhizum) and Amphiobolis
(Amphiobolis antarctica and Amphiobolis griffithii), which
reached the southern coast of Australia during further
dispersal (lurmanov et al. 2020a).

Family Posidoniaceae

The Posidoniaceae family includes 1 genus (9 species) -
Posidonia (APG IV) of perennial herbaceous rhizome plants
(Kuo and McComb 1998b). Dissemination is hydrochory,
fish and seabirds eat juicy fruits. The genus Posidonia
has a disjunctive range - the Mediterranean Sea and the
Atlantic coast of the Iberian Peninsula (Posidonia oceanica
(L) Delile), as well as the southern coast of Australia and
Tasmania.

According to den Hartog (1970), two Posidonia fossils
are known (Fig. 2): Posidonia cretacea Hosius and Von der
Marck (Hosius and Von der Marck 1880), and Posidonia
parisiensis (Brongt.) Freitel (= Caulinites parisiensis Brongt.
Posidonia perforata Saporta & Marion) from the Eocene of
the Paris Basin, Germany, Italy, Great Britain, also found in
the Oligocene deposits of Great Britain (48.6 - 23.03 million
years ago) (Stockmans 1932). These species have thick
rhizomes with short internodes and flattened pointed
leaves. Among other things, in the sediments of the
Neogene, Pliocene, Zanklian stage (5.332 - 3.6 million years
ago), on the territory of the island of Rhodes (Greece), a

Cymodoceaceae
region of ongin
direction of genus
Halodule dispersal

direction of genus
Syringodium dispersal
direction of genus
Cymodocea dispersal
direcfion of genus
Thalassedendron dispersal

direction of genus
Amphibolis dispersal

recent species, Posidonia oceanica, was found (Moissette et
al. 2007).

To analyze the hypothetical history of the settlement
of the Posidoniaceae family and to better understand
the relationships within the family, it is necessary to refer
to a separately constructed cladogram (lurmanov, 2017)
(Fig. 10). The basal species in this cladogram is Posidonia
oceanica, probably the oldest taxon of the genus (and
family). Fossils of Posidonia are found only in Europe. The
described cladogram considers two equally probable
scenarios: the first, within the framework of the long-
distance dispersal concept, and the second, based on
the vicar paradigm. (Fig. 5). The first scenario assumes
that the genus Posidonia originated in the water area that
corresponds to the modern Mediterranean Sea, no later
than the Cretaceous period. Probably, at the end of the
Cretaceous through the water area of the increasing Tethys
Ocean, the species of the genus migrated to the Southern
Ocean, where they settled in the water areas adjacent to
Australia. The content of the second scenario is that at the
end of the Cretaceous period, the hypothetical “progenitor
species” Posidonia inhabited almost the entire Tethys
basin. P oceanica is probably closest to this basal species
since the relatively stable conditions of the Mediterranean
basin contributed to the conservation of the traits of the
“progenitor species,” whose descendants are so widely
represented as fossil remains in Europe. Taxa of the genus,
distributed in the southeastern regions of Tethys (den
Hartog 1970), evolved at a faster rate, transforming during
the Tertiary period into riverine species of temperate
waters in Australia and Tasmania (lurmanov, 2017).

Family Zosteraceae

The Zosteraceae family includes 2 genera (22 species)
of perennial herbaceous plants (Kuo and McComb 1998¢):
Phyllospadix (6 species) and Zostera (16 species) (APG
IV). Dissemination is hydrochloric. The genus Zostera
is generally widespread along the coast of most of the
Northern Hemisphere, as well as Australia, New Zealand,
Southeast Asia, and southern Africa. One species of the
genus is Zostera noltii Hornem. — also grows in the waters
of the enclosed Caspian Sea. Phyllospadix is native to the
temperate North Pacific.

Fig. 4. Formation of the range of the Cymodoceaceae family
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Fig. 5. Formation of the range of the Posidoniaceae family

The reconstruction of the history of distribution and
settlement of this family is based on the results of original
phylogenetic research and paleobotanical data (Fig. 6).
Well-preserved fossils of Archeozostera Koriba & Miki (=
Archaeozostera) (1931, 1958), have been described from
the Upper Cretaceous (99.7 - 66.043 Ma ago) from several
ranges of Japan, in particular Izumi, and were considered
as protozosteroid - ancestral forms of modern Zosteraceae
(den Hartog 1970; Larkum and den Hartog 1989). However,
a re-examination of these fossils led to the conclusion
that Archeozostera was not a marine monocot (Kuo and
McComb 1989). They were inland freshwater so, we
assume, that Archeozostera pinnata was a freshwater, this
ancestor of modern Zosteraceae, which are quite resistant
to desalination. Therefore, we can assume that the dispersal
of representatives of this family began precisely from this
range (Fig. 3).

The basal species in the cladogram (Fig. 1 B) is the
species Phyllospadix japonicus inhabiting the waters of
China, Korea, and Japan, while the Phyllospadix species
from the west coast of North America are sister species to
the first taxon. Presumably, the genus Phyllospadix settled
on the North American coast of the North Pacific - from
west to east; some species of the genus Zostera likely
followed the same path, which also appeared, most likely,
in the water area corresponding to the present Far Eastern
seas. The genus Zostera could have two, not mutually
exclusive, tracks in the future dispersal. The first is along the
northern coasts of Eurasia. This fact is confirmed by the fact
that the modern Zostera marina in this region overwinters
under ice and endures desalination (water area of the
White Sea), that is, Zostera may have been resettled along
the “northern route” along the confluence of large rivers
and further drift of diasporas to the west, which allowed
representatives sort to reach the northeastern Atlantic
and further - the northwestern part of its water area. At
the same time, the sister species of Zostera marina, Zostera
angustiflora, and Zostera asiatica, spread from west to east
along the littorals of Beringia. Another dispersal track for
Zostera passed through the southwest Pacific and the
Indian Ocean, reaching Australia (Zostera mucronata), New
Zealand and New Guinea (Zostera capricorni), and the east
coast of Africa (Zostera capensis). Possible competition
with other species of primordially tropical seagrasses
(and, hypothetically, with abundant macrophyte algae
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in temperate waters of the Southern Hemisphere) could
significantly complicate the dispersal of the genus Zostera
in the waters of the southern Indian and Pacific oceans
(lurmanov et al. 2020b).

Phylogenetic phytogeography of selected groups of
seagrasses

Thus, despite the presumably different regions of origin
of the selected families of seagrasses, we can distinguish
common tracks of their dispersal. The most important of
them originate in the subtropical waters of Australia, follow
through southern Asia to the east coast of Africa and the
waters of Madagascar. The seagrasses colonization of the
eastern coast of North America proceeded from the waters
of eastern Asia through the waters of northern Europe, and
from the basin, widely understood as Tethys, through the
western coasts of Africa. But the settlement of the western
coast of the Americas, most likely, was carried out from the
waters of Eastern Eurasia through the waters of Beringia, as
well as from the waters of eastern Australia along with the
littoral islands of the Antarctic - up to the western coast
of South America. Representatives of the genus Zostera
performed the last track (lurmanov and Romanov 2020).

CONCLUSIONS

1. The analysis of fossil remains of seagrasses concludes
that the main families of this ecological group arose at
the turn of the Early/Late Cretaceous and rather quickly
settled in the World oceans, by the end of the Mesozoic
having settled in tropical and subtropical littorals, as well
as penetrated temperate waters in certain water areas.

2. The family Zosteraceae probably arose in the waters
corresponding to the present northern part of the Pacific,
and settled from there along the northern and southern
coasts of the Eurasian landmasses, penetrating the waters
of the Southern Hemisphere at least twice.

3. The region of origin of the only genus of the family
Posidoniaceae was the water area of the Tethys, or only
its extreme western part (corresponding to the modern
Mediterranean basin). According to the most probable
dispersal scenario, the ancient Posidonia species settled in
the Southern Hemisphere,“moving”along the littoral zones
of the western part of the Indian Ocean.
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Fig. 6. Formation of the range of the Zosteraceae family

4. In the waters of the tropical part of East Gondwana
(Australia + Antarctica), the Cymodoceaceae family arose.
This most polymorphic (5 genera) group of seagrasses
spread across the World Ocean through various tracks, the
most important of which passed along the southern coast
of the Eurasian continental masses (through the Tethys'
residual basin) and then reached the water area of the
modern Atlantic. The genera Cymodocea and Syringodium
formed in these waters used the same track to populate the
waters of the Indian Ocean and the southwestern Pacific,
but“moving”along it, however, in the opposite direction.

5. Analogously, marine representatives of the
Hydrocharitaceae family - the genera Enhalus, Halophila,
and Thalassia - settled into the Atlantic from the waters

REFERENCES

of the tropical part of Eastern Gondwana. Just like in the
representatives of Cymodoceaceae, seagrasses from the
number of Hydrocharitaceae also spread along other,
secondary tracks, penetrating the waters of the Pacific and
the southwestern Indian Ocean.

6.The main method of dispersal of the studied groups of
seagrasses was long-distance dispersal, which is confirmed
not only by molecular genetic data and very fast (on the
scale of geological time) penetration into new water areas
but also by the analysis of the features of dissemination
of modern representatives. Only for the reconstruction of
the formation of the range of the genus Posidonia was an
alternative vicar scenario proposed. [l

APG IV. Angiosperm Phylogeny Group IV. (2016). An update of the Angiosperm Phylogeny Group classification for the orders and
families of flowering plants: APG IV. Botanical Journal of the Linnean Society, 181, 1-20.

Ascherson P. (1871). Die geographische Verbreitung der Seegr aser. Petermann’s Geographische Mittheilungen, 17, 241-248.

Ascherson P. (1875). Die geographische Verbreitung der Seegr“aser. In: Anleitung zu wissenschaftlichen Beobachtungen auf Reisen, mit
besondere R'ucksicht auf die Bed urfnisse der kaiserlichen Marine. Berlin: Robert Oppenheim Verlag, 359-373.

Ascherson P (1906). Die geographische Verbreitung der Seegraser. In: Anleitung zu wissenschaftlichen Beobachtungen auf Reisen. 3rd
Ed, Band 2. Hannover: Dr. Max Janecke Verlagsbuchhandlung, 389- 413.

Barnes G. (2003). Origins of the Japanese Islands: The New «Big Picture». Nichibunken Japan Review, 15, 3-50.

Bobrov A, Roslov M., Romanov M. (2020). Phylogenetic biogeography of Hamamelidaceae s. |. based on molecular data. Bulletin of St.
Petersburg University. Earth Sciences, 65(2), 224-244. (In Russian with English summary).

Borum J,, Duartes C,, Krause Jensen D. and Greve T. (2004). European seagrasses: an introduction to monitoring and management.
London: EU Project Monitoring and Managing of European Seagrasses (M&MS).

Cambridge M. and Kuo J. (1979). Two new species of seagrass from Australia, Posidonia sinuosa and Posidonia angustifolia

(Posidoniaceae). Aquatic Botany, 6, 307-328.

Clague D. and Dalrymple G. (1987). The Hawaiian-Emperor Volcanic Chain. Geologic Evolution. Volcanism in Hawaii, 1, 5-54.
Coleman F. and Williams S. (2002). Overexploiting marine ecosystem engineers: potential consequences for biodiversity. Trends in

Ecology and Evolution, 17(1), 40-44.

Cook C. (1998). Hydrocharitaceae. In: The Families and Genera of Vascular Plants. Vol 4. Monocots. Alismatanae and Commelinanae

(expect Gramineae). Berlin: Springer, 234-248.

den Hartog C. (1970). The sea-grasses of the World. Rotterdam: A. A. Balkema.
Gabdullin R. (2005). Historical Geology. Book. 1. Moscow: Publishing house of Moscow State University. (In Russian) Garcia-Castellanos
D, Estrada F, Jiménez-Munt I, Gorini C, Fernandez M., Vergés J. and De Vicente R. (2009). Catastrophic flood of the Mediterranean after the

Messinian salinity crisis. Nature, 462, 778—781.

Green E. and Short F. (2003). World Atlas of Seagrasses. Berkeley: University of California Press.

Hall B. (2011). Phylogenetic Trees Made Easy: A How To Manual. 4th Ed. Sunderland: Sinauer Ass.

Hemminga M. and Duarte C. (2000). Seagrass Ecology. Cambridge: Cambridge University Press.

Hogarth P. (2015). The Biology of Mangroves and Seagrasses. 3rd Ed. Oxford: Oxford University Press.

Hosius A. and Von der Marck W. (1880). Die Flora der Westfalische Kreideformation. Palaeontographica, 26, 125-236.

68



Anton A. lurmanov PHYLOGENETIC PHYTOGEOGRAPHY OF SELECTED GROUPS OF SEAGRASSES ...

Irlandi E. and Peterson C. (1991). Modification of animal habitat by large plants: mechanisms by which seagrasses influence clam growth.
Oecologia, 87,307-318.

lurmanov A. (2017). Phylogenetic biogeography of the Posidoniaceae family: molecular genetic analysis. In: Proceedings of the VI
International Scientific and Practical Conference "Marine Research and Education (MARESEDU-2017)" Tver: LLC PoliPRESS», 507-510. (In
Russian).

lurmanov A. (2018). Phylogenetic biogeography of Halophila Thouars (Hydrocharitaceae) In: Proceedings of IV (XII) International
Botanical Conference of Young Scientists in Saint-Petersburg. Saint-Petersburg: Komarov Botanical Institute of the Russian Academy of
Sciences. 256.

lurmanov A, Romanov M. and Bobrov A. (2020a). Phylogenetic phytogeography of the family Cymodoceaceae. Problems of Botany of
South Siberia and Mongolia, 19(2), 94-97. (In Russian with English summary).

lurmanov A, Romanov M. and Bobrov A. (2020b). Phylogenetic phytogeography of the family Zosteraceae. // Problems of Botany of
South Siberia and Mongolia, 19(2), 98-9101. (In Russian with English summary).

lurmanov A, Romanov M. (2020). Phylogenetic phytogeography of selected groups of seagrasses (Monocotylendoneae - Alismatales).
In: Materials of the International Youth Scientific Forum Lomonosov-2020 (Electronic resource). Moscow: MAKS Press, 1-3.

lurmanov A, Romanov M. and Bobrov A. (2021). Fruit morphology and histology of Zostera asiatica Miki and Phyllospadix iwatensis
Makino (Zosteraceae) in connection with comparative carpology of higher Alismatales. Botany Letters, 168(4), 570-576.

Koriba K. and Miki S. (1931). On Archeozostera from the Izumi Sandstone. Chikyu (The Globe), 15, 165-201. (In Japanese).

Koriba K. and Miki S. (1958). Archeozostera, a new genus from Upper Cretaceous in Japan. The Palaeobotanist, 7, 107-111.

Kuo J. and den Hartog C. (2000). Seagrasses: A profile of an ecological group. Biologia Marina Mediterranea, 7(2), 3—17.

Kuo J. and McComb A. (1989). Seagrass taxonomy, structure and development. In: Biology of seagrasses: A treatise on the biology of
seagrasses with special reference to the Australian region. Amsterdam: Elsevier, 6-73.

Kuo J. and McComb A. (1998a). Cymodoceaceae. In: The Families and Genera of Vascular Plants. Vol 4. Monocots. Alismatanae and
Commelinanae (expect Gramineae). Berlin: Springer, 133-140.

Kuo J. and McComb A. (1998b). Posidoniaceae. In: The Families and Genera of Vascular Plants. Vol 4. Monocots. Alismatanae and
Commelinanae (expect Gramineae). Berlin: Springer, 404-407.

Kuo J. and McComb A. (1998c). Zosteraceae. In: The Families and Genera of Vascular Plants. Vol 4. Monocots. Alismatanae and
Commelinanae (expect Gramineae). Berlin: Springer, 496-502.

Larkum A.and den Hartog C. (1989). Evolution and biogeography of seagrasses. In: Biology of Seagrasses. A Treatise on the Biology of
Seagrasses with Special Reference to the Australian Region. Amsterdam: Elsevier, 112-156.

Larkum A, McComb A. and Shephard S. (1989). Biology of Seagrasses. Elsevier: Amsterdam. Larkum A, Orth J. and Duarte M. (2006).
Seagrasses: biology, ecology and conservation. Berlin: Springer.

Les D, Cleland M.and Waycott M. (1997). Phylogenetic studies in Alismatidae, Il: Evolution of marine angiosperms (Seagrasses) and
hydrophily. Systematic Botany, 22, 443-463.

Lumbert S., den Hartog C,, Phillips R, and Olsen F. (1984). The occurrence of fossil seagrasses in the Avon Park Formation (Late middle
Eocene), Levy County, Florida (US.A.). Aquatic Biology, 20,121-129.

Macreadie P, Baird M,; Trevathan-Tackett S., Larkum A. and Ralph P. (2013). Quantifying and modelling the carbon sequestration capacity
of seagrass meadows. Marine Pollution Bulletin, 83(2), 430-439.

Moissette P, Koskeridou E., Cornée J,, Guillocheau F. and Lécuyer C. (2007). Spectacular preservation of seagrasses and seagrass-
associated communities from the Pliocene of Rhodes, Greece. Palaios, 22, 200-211.

Nagelkerken I. and van der Velde G. (2004). Relative importance of interlinked mangroves and seagrass beds as feeding habitats for
juvenile reef fish on a Caribbean island. Marine Ecology Progress Series, 274, 153-159.

Ostenfeld C. (1915). On the geographical distribution of the seagrasses. A preliminary communication. Proceedings of the Royal Society
of Victoria, 27, 179-191.

Paling E., van Keulen M., Wheeler K., Phillips J. and Dyhrberg R. (2001). Mechanical seagrass transplantation in Western Australia.
Ecological Engineering, 16, 331-339.

Petrov K. (2008). Ocean biogeography.2nd ed. Moscow: Academic Project; Alma Mater. (In Russian). Ruggieri G. (1952). Segnalazione di
frutti fossili di Cymodocea maior (Cavol.) Grande. Webbia, 8(1), 141-146.

Setchell W. (1920). Geographical distribution of the marine Spermatophytes. Bull Torrey Botanical Club, 47, 563-579.

Short F, Carruthers T, Dennison W. C. and Waycott M. (2007). Global seagrass distribution and diversity: a bioregional model. Journal of
Experimental Marine Biology and Ecology, 350, 3-20.

Short F. and Coles R. (2001). Global Seagrass Research Methods. Elsevier: Amsterdam.

Stockmans F. (1932). Posidonia perforate Saporta et Marion des mares de Gelinden (Paleocene). Bulletin de I'Institut Royal des Sciences
Naturelles de Belgique, 8(27), 1-9.

Taylor T, Taylor E. and Krings M. (2008). Paleobotany: The Biology and Evolution of Fossil Plants. 2nd Ed. Burlington: Academic Press (an
imprint of Elsevier).

Tiner R, Bergquist H., Halavik T. and MacLachlan A. (2003). Eelgrass Survey for Eastern Long Island Sound, Connecticut and New York.
Hadley: National Wetlands Inventory report.Tuya F, Betancort J., Haroun R, Espino F, Lomoschitz A. and Meco J. (2017). Seagrass paleo-
biogeography: Fossil records reveal the presence of Halodule cf. in the Canary Islands (eastern Atlantic). Aquatic Botany, 143, 1-7.

van der Ham R, van Konijnenburg-van Cittert J. and Inderherberge L. (2007). Seagrass foliage from the Maastrichtian type area
(Maastrichtian, Danian, NE Belgium, SE Netherlands). Review of Palaeobotany and Palynology, 144(3-4), 301-321.

Voigt E. (1981). Upper Cretaceous bryozoan-seagrass association in the Maastrichtian of the Netherlands. In: Recent and Fossil Bryozoa.
Fredensborg: Olsen & Olsen, 281-298.

Waterhouse A, Allen S. and Bowie A. (2009). Upwelling flow dynamics in long canyons at low Rossby Number. Journal of Geophysical
Research, 114, 1-18.

69



