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Until recently many oceanic zooplankton species have been considered as cosmopolitan organisms. At present it became evident that some
of them comprise many distinct molecular operational taxonomic units (MOTUs) that often are regarded as cryptic species. As they can sig-
nificantly change our perceptions of large-scale biogeographic patterns, it is important to characterize the true diversity within common and
ecologically important groups. We have analysed the molecular and morphological diversity of the cosmopolitan mesopelagic chaetognath
Pseudosagitta maxima throughout the Atlantic Ocean from 60� S to 85� N and its position within the genus Pseudosagitta. Three distinct mi-
tochondrial clades within P. maxima were revealed with phylogenetic analyses (Maximum Likelihood, Bayesian Inference) and were geograph-
ically separated. The subsequent analyses of nuclear markers (H3, ITS1) have shown that P. maxima most likely comprises two distinct
MOTUs, tropical and bipolar, that also have some morphological differences. The latter MOTU consists of two genetically slightly divergent
populations: southern and northern. The morphological examination allowed the determination of a character (type of hook coloration) that
accurately distinguishes juveniles of the P. maxima complex from the other congeneric species. Molecular data have shown that evolutionary
P. lyra and P. gazellae are more closely related to each other than to P. maxima. Number of hooks, number of anterior and posterior teeth
and the arrangement of ova in the ovary were proposed to be the most useful morphological characters to distinguish between tropical and
bipolar MOTUs within the P. maxima complex. The first three characters should be determined for each maturity stage separately.

Keywords: bipolar species, Chaetognatha, cryptic species, marine biodiversity, phylogeography, Pseudosagitta maxima,
Pseudosagitta phylogeny, zooplankton.

Introduction
In recent decades, the number of studies on phylogeography and

the genetic structure of the zooplankton species from several taxa

have increased [e.g. copepods (Goetze, 2010; Halbert et al., 2013),

pteropods (Jennings et al., 2010; Burridge et al., 2015), chaeto-

gnaths (Peijnenburg et al., 2004; Miyamoto et al., 2012;

Kulagin et al., 2014), cnidarians (Holland et al., 2004;

Ram�sak et al., 2012)]. The main aims of nearly all of these

investigations are to reveal real biodiversity and the evolutionary

mechanisms that drive biological diversification in

holoplanktonic organisms. In some cases, these studies are find-

ing that species initially described to be widely distributed, with

ranges spanning multiple ocean basins, in fact consist of geneti-

cally divergent populations or even cryptic species that can be re-

stricted in distribution to particular pelagic habitats. Because

cryptic species can heavily bias our perceptions of large-scale

biogeographic patterns (Bickford et al., 2007; Hubert et al., 2012),

it is important to characterize, where possible, the true diversity

within common and ecologically important groups (Halbert

et al., 2013).
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Chaetognaths are regular and typical components of zooplank-

tonic assemblages that are found from the coastal waters to the

open ocean. They are often highly abundant and are functionally

very important in marine food webs (Longhurst, 1985; Bone

et al., 1991). Pseudosagitta maxima (Conant, 1896) is one of the

largest members of the phylum: up to 90 mm in length

(Casanova, 1999). The horizontal distribution of this species is

wide, ranging from the Arctic basin to the Antarctic zone of the

Southern Ocean (Alvari~no, 1964; David, 1965; Pierrot-Bults and

Nair, 1991; Kosobokova et al., 2011). In the subarctic Atlantic

Ocean and in the Subantarctic zone of the Southern Ocean P.

maxima is one of the most abundant chaetognath species (David,

1965; Samemoto, 1987; Pierrot-Bults, 2008). P. maxima inhabits

mainly the mesopelagic layer (200–1000 m) but its vertical distri-

bution changes with latitude: in the polar and subpolar regions

this species occurs predominantly in the layer 100–600 m,

whereas in the lower latitudes (tropical and subtropical regions)

the species is found at depths over 400 m (Alvari~no, 1964; David,

1965; Cheney, 1985b). Therefore, ecological and hydrological pat-

terns of environments that P. maxima inhabits, differ in the vari-

ous parts of the World Ocean. Whether there is still a connection

between Arctic and Antarctic populations of this species is a mat-

ter of debate (Pierrot-Bults, 1976; Pierrot-Bults and Nair, 2010).

That makes this species a good subject with which to study the

extent of gene flow within the Atlantic Ocean.

The genus Pseudosagitta within the family Sagittidae was sub-

divided by Bieri (1991) and consists of 4 or 3 species: P. lyra

(Krohn, 1853), P. maxima, P. gazellae (Ritter-Z�ahony, 1909) and

P. scrippsae (Alvari~no, 1962); the latest one is accepted by some

authors as a junior synonym of P. lyra. P. lyra in its distribution

is restricted to the tropical and subtropical regions of all three

oceans, P. gazellae occupies the Southern Ocean and P. scrippsae

is found in the North Pacific transitional waters (Pierrot-Bults

and Nair, 1991). The monophyly and validity of the genus

Pseudosagitta are well supported by recent phylogenetic studies

that used the nuclear markers (Telford and Holland, 1997; Gasmi

et al., 2014).

In the present work, we investigated the genetic diversity of P.

maxima based on mitochondrial [cytochrome c oxidase subunit I

(COI)] and nuclear marker genes [histone h3 (H3) and ribosomal

internal transcribed spacer 1 (nITS1)]. The specimens for the

study were collected from the Arctic basin, North, Equatorial and

Southwest Atlantic, and from the Antarctic and Subantarctic

zones in the Drake Passage. P. lyra and P. gazellae specimens

from the same samples were included in this study as an out-

group and to clarify phylogenetic relationships within the genus.

We aim to define population subdivision of P. maxima, to eluci-

date their geographic boundaries and to discuss the possible

mechanism that forms the present genetic structure of this spe-

cies. We also examined some morphological characters of all ana-

lyzed P. maxima specimens to reveal some differences between

populations.

Material and methods
Sample collection and morphological examination
Zooplankton were collected in bulk plankton samples from 34

stations in the Atlantic (32 stations) and Arctic (2 stations)

Oceans (Figure 1) from 60�S to 85�N in 6 cruises that took place

from 2011 to 2015. Bulk plankton were preserved immediately in

96% ethanol with a change in ethanol after 24 h of the initial

fixation, and maintained at �20 �C to minimize degradation of

DNA.

Specimens were removed from bulk samples in the laboratory

and identified to the species level according to Casanova (1999).

Due to the rare occurrence of mature individuals in our collec-

tions, we also used juvenile and immature animals for the present

study. For the following morphological analysis the maturity

stage of the animals was determined using the method described

by Kramp (1939). Stage I animals had faint development with no

visible ovaries and no sign of testes; stage II had signs of testes de-

velopment and well developed ovaries without mature eggs; and

stage III had the sperm totally/partly evacuated, ovaries without

mature eggs, and seminal receptacles filled with the sperm; stage

IV had the sperm totally evacuated and ovaries filled with ripe

eggs; and in stage V, the sperm was evacuated as were the eggs.

For the morphological characterization of P. maxima popula-

tions, the following characters were used: the number of hooks,

number of anterior and posterior teeth, pigmentation, size of the

eyes, and the arrangement of ova in the ovary.

In general, 33 specimens of P. maxima were collected at 18 lo-

cations (Table 1). Specimens of two other congeneric species

(P. lyra and P. gazellae) were also collected and were used as out-

groups for the molecular analysis. These three species are usually

distinguished by two characters: (1) the relative position of the

origin of anterior fin (AF) to ventral ganglion (VG) (in P. max-

ima AF beginning at level of VG, in P. lyra—a short distance

from VG and in P. gazellae—far from the VG) and (2) the relative

length of the tail segment (in adult P. maxima the tail segment

comprise 19–29% of the body length, in P. lyra—14–18% and in

P. maxima—<15%).

DNA extraction and PCR amplification
The Wizard SV Genomic DNA Purification Kit (Promega) was

used for tissue lysis and DNA purification. DNA concentration

and purification efficiency were determined by the electrophoresis

on a 1.2% agarose gel. The mitochondrial gene cytochrome c oxi-

dase subunit I (COI) was chosen as the primary genetic marker

for this study. Polymerase chain reaction (PCR) amplification of

Figure 1. Distribution of sampling locations. Fronts are marked in
accordance with Tomczak and Godfrey (1994) and Pingree et al.
(1999).
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the COI gene was performed with the universal primers:

jgLCO1490-tailed (50-TGTAAAACGACGGCCAGTTNTCNACN

AAYCAYAARGAYATTGG-30) and jgHCO2198-tailed (50-CA

GGAAACAGCTATGACTANACYTCNGGRTGNCCRAARAAYC

A-30) (Geller et al., 2013). Since the analysis of the COI sequences

indicated three distinct clades within the P. maxima populations,

we further analysed the H3 and ITS1 regions to determine

whether these clades represented reproductively isolated popula-

tions. PCR amplification of the H3 gene fragment was performed

with the primers H3af (50-ATGGCTCGTACCAAGCAGACVGC-

30) and H3ar (50-ACATATCCTTRGGCATRATRGTGAC-30)
(Colgan et al., 1998); 18S-ITS1-5.8S fragment—with the primers

SR6R (50-AAGTAAAAGTCGTAACAAGG-30) and 5.8S (50-
CGCTGCGTTCTTCATCG-30) (Vilgalys and Hester, 1990). Loci

were amplified using the Encyclo PCR kit (Evrogen).

Amplifications were made in a total volume of 25 ml reaction mix

that contained 1�PCR buffer, 1 ml of 10 mM of primer pair mix,

1 ml of template, 0.2 mM of each dNTP, and 0.5 units of Taq po-

lymerase. Reactions mixtures were heated to 94 �C for 120 s; fol-

lowed first by 35 cycles of 15 s at 94 �C, 30 s at specific annealing

temperature, and 60 s at 72 �C; and then by a final extension of

7 min at 72 �C on VeritiVR Thermal Cycler. Annealing temperature

was set to 45 �C for COI primer pair jgLCOI 1490 and jgHCOI

2198, 50 �C for ITS pair primers 5.8S and SR6R and 53 �C for his-

tone H3 primer pair H3af and H3ar. The PCR Purification Kit

protocol (Promega) was used to purify amplification products of

COI and histone fragments. ITS1 fragments were separated by

agarose gel electrophoresis; the amplified band of approximately

500 bp was purified, ligated into pGEM-T vector, and trans-

formed into competent E. coli–strain DH5a. Two or three clones

were sequenced from most samples to account for polymor-

phisms or errors introduced by Taq DNA polymerase; however, if

initial clones differed at only 2% of sites or fewer, these were

treated as ambiguities and coded appropriately in phylogenetic

analyses. These products were sequenced in both directions. Each

sequencing reaction mixture, including 1 ml of BigDye 3.1

(Applied Biosystems), 1 ml of 1 mM primer, and 1 ml of purified

PCR template, was run for 40 cycles of 96 �C (15 s), 50 �C (30 s),

and 60 �C (4 min). Sequences were purified by ethanol precipita-

tion in order to remove unincorporated primers and dyes.

Products were re-suspended in 12 ml formamide and electrophor-

esed in ABI Prism3500 sequencer (Applied Biosystems).

Sequence data analysis
Sequences were assembled into contigs, aligned and edited using

CodonCode Aligner 3.7.1, and base calls were confirmed by align-

ing both strands. Four COI sequences named Chaetognatha sp.

from the NCBI GenBank database (Accession Numbers:

KF931008–KF931011) were 99–100% similar to some of our P.

maxima sequences and they evidently represented the same spe-

cies. Only two of them with the similarity of 99% were included

Table 1. Collection data for Pseudosagitta spp. specimens analysed in this study.

Geographic region
and station Latitude Longitude Date Cruise

Sampling gear,
(sampling layer, m)

Number of specimens
P. maxima/lyra/gazellae

Arctic
PS80/388-1 84.37N 17.56E 28.09.2012 ARC-XXVII-3 Bongo net (0–700) 5/-/-
AT-76 78.71N 125.86E 20.09.2015 NABOS-2015 Bongo net (0–130) 1/-/-
North Atlantic
2974 59.50N 10.67W 06.07.2013 AI-41 Juday net (0–700) 1/-/-
2980 59.50N 14.67W 07.07.2013 AI-41 Juday net (0–300) -/1/-
2982 59.50N 16.00W 08.07.2013 AI-41 Juday net (0–300) -/1/-
2986 59.50N 18.67W 08.07.2013 AI-41 Juday net (0–300) 1/-/-
2997 59.50N 26.00W 10.07.2013 AI-41 Juday net (0–300) 1/-/-
3006 59.50N 32.00W 12.07.2013 AI-41 Juday net (100–300) 1/-/-
3017 59.50N 39.33W 14.07.2013 AI-41 Juday net (0–300) 1/-/-
3024 59.81N 41.93W 15.07.2013 AI-41 Juday net (0–300) 1/-/-
NE Atlantic
2500 41.97N 14.28W 22.09.2013 ASV-37 Bogorov-Rass net (1180–3000) 1/-/-
2504 31.20N 20.80W 27.09.2013 ASV-37 Bogorov-Rass net (190–500) -/1/-
2505 26.23N 21.05W 28.09.2013 ASV-37 Bogorov-Rass net (200–500) -/1/-
North Central Atlantic
2506 19.98N 21.37W 30.09.2013 ASV-37 Bogorov-Rass net (0–200, 200–500) -/4/-
Equatorial Atlantic
2507 5.08N 22.0W 03.10.2013 ASV-37 Bogorov-Rass net (200–500) 4/2/-
2518 1.42S 24.00W 09.10.2013 ASV-37 Bogorov-Rass net (200–500) 1/-/-
2519 7.02S 26.07W 11.10.2013 ASV-37 Bogorov-Rass net (200–500) 1/-/-
2474 9.42N 19.73W 24.10.2012 ASV-36 Bogorov-Rass net (200–600, 600–1200) 4/-/-
2483 0.83S 22.43W 28.10.2012 ASV-36 Bogorov-Rass net (200–500) 2/-/-
SW Atlantic
2528 29.28S 36.93W 21.10.2013 ASV-37 Bogorov-Rass net (500–1200) -/1/-
2499 32.18S 46.44W 10.11.2012 ASV-36 Bogorov-Rass net (0–3000) 2/2/-
Subantarctic
2601 56.93S 65.38W 03.11.2011 AI-36 Juday net (0–300) 1/-/-
2598 57.35S 64.93W 03.11.2011 AI-36 Juday net (0–300) 4/-/2
Antarctic
2579 60.08S 61.93W 30.10.2011 AI-36 Juday net (0–300) 1/-/-
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in the present study (Table 1), while the other two had small

length and were identical with our sequences. Multiple align-

ments within each dataset were performed using the ClustalW al-

gorithm (Wang and Jiang, 1994). For the phylogenetic analyses,

the aligned sequences were trimmed to the shortest sequence

within each contig. The obtained sequences were submitted to

the NCBI GenBank database (KT309090–KT309128, KT351853–

KT351861, and KY027072–KY027099).

To assess phylogenetic relationships among specimens,

Maximum Likelihood (ML) and Bayesian phylogenetic trees were

inferred. We selected substitution models using the Akaike infor-

mation criterion (AIC), as implemented in MrModeltest 2.3

(Nylander, 2004). The best-fit model was the General time-

reversible model with a gamma distribution and invariable sites

(GTRþGþI) for COI, the GTRþ I model for H3 and Hasegawa-

Kishino-Yanomodel (HKY) for ITS1 data set. The ML analysis

was performed in RAxML GUI 1.3 (Stamatakis, 2006). To assign

support to branches in the ML tree bootstrap resampling with

1000 replicates was conducted using the thorough bootstrap pro-

cedure. Bayesian phylogenetic analysis was made with the use of

MrBayes 3.2.1 (Ronquist and Hulsenbeck, 2003). The Markov

Chain Monte Carlo (MCMC) analysis was further used with the

following settings: (1) for COI—7 million generations, trees sam-

pled every 5000 generation, and the first 350 trees discarded, (2)

for H3—4 million generations, trees sampled every 5000 genera-

tion, and the first 200 trees discarded. The average standard devi-

ation of split frequencies between two runs of MCMC was less

than 1% for each analysis, thus indicating convergence.

To quantify genetic distances between clades, the divergence

over sequence pairs between and within clades was averaged using

the Kimura 2-parameter model (Kimura, 1980) in MEGA 5

(Tamura et al., 2011). We calculated estimates of genetic varia-

tion for all the determined clades as haplotype diversity (HD)

and nucleotide diversity (p) (Nei, 1987) using DNAsp 5.10.1

(Librado and Rozas, 2009). Tajima’s tests of selective neutrality

(Tajima, 1989) were performed also in DNAsp.

Results
Genetic diversity and molecular phylogeny
COI gene. The final alignment of the 591 bp COI gene fragment

included 35 specimens of P. maxima, 4 specimens of P. lyra and 2

specimens of P. gazellae. Amino acid sequences translated from

the nucleotide sequences had no stop codons within the open

reading frame using the invertebrate mitochondrial code, and a

majority of substitutions were in the third codon position. The

numbers of synonymous and non-synonymous changes were 156

and 10, respectively.

Three genetically divergent mitochondrial clades (A, B and C)

appeared within P. maxima and were well supported both in

Bayesian (posterior probabilities� 0.99) and ML (boot-

strap> 75%) phylogenetic analyses (Figure 2). The haplotype and

nucleotide diversities within each of the P. maxima clades were

relatively low (Table 2). Tajima’s D was negative and non-

significant for clades A, B, C, and P. lyra, but positive and signifi-

cant for pooled P. maxima specimens.

Average genetic K2P distances between P. maxima and other

congeneric species ranged from 43.2% to 45.0% (with P. lyra and

P. gazellae, respectively). Within P. maxima average genetic dis-

tances between clades ranged from 5.5% to 22% (Table 3); the

largest differences were found between clades A and C and the

lowest—between clades B and C. No marked genetic diversity ap-

peared within clades A, B, and C.

H3 gene. Two specimens were randomly selected from each of

the three COI clades of P. maxima as well as from P. lyra and P.

gazellae, and used for the H3 analysis. The length of these se-

quences was 394 bp. No stop codons were observed in H3 se-

quences. Within the final alignment, there were 27 variable sites,

all of which were parsimony-informative. We did not observe any

differentiation between P. maxima COI clades; specimens within

each of these three clades had identical sequences with the hetero-

zygotes in the same positions. K2P distances between P. maxima

and two congeneric species were equal and reached 6.1%.

Divergence between P. lyra and P. gazellae was markedly lower

and reached only 1.4%.

ITS1 region. The same individuals of P. maxima used in H3

analysis and additional specimens from clades B and C were

screened for ITS1 variability. Five specimens had multiple forms

of ITS1 and a total of 18 sequences were determined from 9 indi-

viduals. The final alignment had a complete ITS1 region with the

length of 512 bp. Two lineages were determined by ML method

with a high bootstrap value (100%) (Figure 3). The average K2P

distance between these two lineages was 2.4%, and diversity

within each lineage did not exceed 0.2%. One lineage comprised

the sequences obtained from the specimens of mitochondrial

clade A and the other lineage from the specimens of mitochon-

drial clades B and C. No obvious phylogenetic structure was

found within the second lineage.

Morphology
We examined the morphology of all 33 P. maxima specimens

used in molecular analyses. Most were in maturity stage I (Table

4). We compared morphological characters within each maturity

stage as the size of P. maxima varies depending on the region.

Arctic adults are as long as 90 mm, whereas those in the Antarctic

are 55 mm in length (David, 1958). In tropical waters the length

Figure 2. Bayesian tree of the Pseudosagitta species inferred from
the COI gene fragment (591 bp). The horizontal scale bar marks the
number of expected substitutions per site. Statistical support
indicated as Bayesian posterior probabilities (left values) and ML
bootstrap analysis with 1000 replicates (right values).
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of the adults does not exceed 36–43 mm (Ducret and Casanova,

1968; Srinivasan, 1971). In our collection, some stage I individ-

uals from Arctic and North Atlantic were larger than fully mature

individuals from the Equatorial and Southwest Atlantic (approxi-

mately 40 mm vs. 30 mm).

We did not observe differences among specimens from all three

clades in the size of the eyes, in pigmentation and size of the pigment

spot. Some differences appeared between P. maxima clades in the

numbers of hooks, and anterior (AT) and posterior (PT) teeth.

Within each maturity stage, specimens from clade A carried a smaller

number of hooks, AT and PT than specimens from clades B and C

(Table 4), though at maturity stage I these morphological differences

were unclear. With growth and maturation, the number of hooks in

all three clades decreased. At maturity stages II and IV (specimens in

maturity stage III were absent in our collection) we observed clear

differences in the arrangement of ova in the ovary between speci-

mens from clade A on the one hand and clades B and C on the other

(Table 4). We found no differences in shape and coloration of hooks

and teeth between all three clades.

We examined 14 P. lyra specimens from our collections to search

for additional morphological differences with P. maxima not men-

tioned in the identification key (Casanova, 1999). The characters

used in the key are for the adult specimens but cannot be used for ju-

veniles. The COI gene fragment was sequenced for all analysed speci-

mens to confirm morphological identification (GenBank:

KT309092–KT309105). We found a character that unambiguously

distinguished one species from another, even among juveniles 8 mm

in length. All P. maxima specimens had hooks fully coloured in

brown (Supplementary Figure S1a), while all P. lyra specimens had

only the outer margin of hooks coloured brown, with the rest re-

maining transparent (Supplementary Figure S1b).

Discussion
Morphological and genetic differentiation between
Pseudosagitta species
Three Pseudosagitta species that inhabit the Atlantic Ocean can be

clearly distinguished from one another by the relative position of

the origin of the anterior fin to the ventral ganglion (Casanova,

1999). Unfortunately, this character is almost impossible to dis-

cern in juveniles, which comprise the majority of individuals in

populations. Casanova (1999) suggested that in P. maxima the

teeth and hooks are brown, while clear amber in the two other

species; but this is not entirely correct. In juveniles of P. maxima

(with the length <15 mm), the teeth are transparent, as well as in

the two other species. More adult P. maxima and P. gazellae

specimens (personal observations) have more or less brown teeth.

Adults (maturity stage II and higher) of both species have brown

teeth that clearly distinguish them from P. lyra. Hooks of P. max-

ima are fully coloured brown, even in juveniles. In P. lyra, only

the outer margin of hooks is brown while the rest part of hooks

remains transparent. P. maxima and P. lyra occur throughout

most of the Atlantic Ocean; we propose to distinguish them by

the coloration of hooks that can be easily seen even in juveniles.

Juveniles of P. gazellae have a coloration of hooks like in P. lyra

(Supplementary Figure S1b, c), and adults—as in P. maxima. At

the same time, even juveniles of P. maxima can be easily distin-

guished from P. gazellae by the relative length of the tail segment

[19–29% in P. maxima and less than 15% in P. gazellae

(Casanova, 1999)].

All three Pseudosagitta species are clearly distinguished by the

COI barcoding region. The averaged K2P genetic distances

Table 2. Molecular diversity data of each species and Pseudosagitta COI gene clades.

Number of
specimens

Number of
haplotypes

Haplotype diversity
(Hd 6 s.d.)

Nucleotide diversity
(p 6 s.d.) Tajima’s D

P. maxima 35 11 0.83 6 0.04 0.10 6 0.01 3.00*
Clade A 12 5 0.76 6 0.09 0.00 6 0.00 �0.42
Clade B 8 2 0.25 6 0.18 0.00 6 0.00 �1.05
Clade C 15 4 0.37 6 0.15 0.00 6 0.00 �1.69
P. lyra 4 4 1.00 6 0.18 0.15 6 0.03 �0.53
P. gazellae 2 2 1.00 6 0.50 0.01 6 0.00 –

*p< 0.01.

Table 3. Genetic diversity (in diagonal) within and distances (lower
triangle) between clades of Pseudosagitta maxima, P. lyra, and
P. gazellae.

P. maxima

P. lyra P. gazellaeClade A Clade B Clade C

P. maxima
Clade A 0.2
Clade B 21.1 0
Clade C 22.0 5.5 0.1
P. lyra 44.9 42.4 42.2 17.3
P. gazellae 45.4 44.4 45 31.2 0.7

Distances were calculated using the K2P model and averaged over all se-
quence pairs between clades and within clades. Values are given in
percentages.

Figure 3. ML tree of ITS1 sequences of Pseudosagitta maxima
specimens (512 bp). Statistical support indicated as ML bootstrap
values with 1000 replicates. Symbols located at the end of each
branch and correspond to each individual. Black and white circles
represent mitochondrial clade A specimens (voucher numbers are
given to the right of the symbols), other black symbols correspond
to clade B specimens and other white symbols—to clade C
specimens.
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among species (31–45%) are comparable with the results ob-

tained for another genus, Eukrohnia (HKY distances 17–45%)

(Miyamoto et al., 2012). Both mitochondrial and nuclear markers

show that evolutionarily P. lyra and P. gazellae are more closely

related to each other than to P. maxima.

Differentiation and distribution of P. maxima
populations
It is believed that P. maxima is a cosmopolitan species in the

Atlantic Ocean and is distributed over the entire area (Pierrot-

Bults and Nair, 1991; Casanova, 1999). This species displays a

phenomenon called tropical submergence when it can be found

only at depth in the tropical Atlantic while also at the surface in

colder regions (David, 1963). The maximum abundance of

P. maxima occurs in the Subarctic zone of the North Atlantic

between approximately 52�N and 65�N (Samemoto, 1987;

Pierrot-Bults, 2008). Northward, it is found in smaller numbers

but regularly throughout the Arctic basin (Kosobokova et al.,

2011). Southward from Subarctic Atlantic, the abundance of P.

maxima also decreases. This species was found in low abundance

along the North American coast to the south up to 34�N (Grant,

1991; Coston-Clements et al., 2009) and in the Central Northwest

Atlantic (32�–38�N, 62�–73�W) at depths 500–3500 m (Pierrot-

Bults, 1982; Cheney, 1985b). However, P. maxima was not found

in the upper 1000 m in the Northwest Atlantic (the Sargasso Sea)

between 33�N, 70�W and 14�N, 54�W (Pierrot-Bults and Nair,

2010). In small numbers, but regularly, P. maxima specimens

were sampled in the Caribbean Sea (16�–11�N, 86�–75�W), in the

Tropical Central Atlantic close to the Brazilian coast (3�–6�S,

32�–35�W) and in the Eastern Central Atlantic (4�–8�N, 26�–
23�W) (Colman, 1959). Also a few juvenile specimens were found

in the East Atlantic between 11�N, 20�W and 3�N, 15�W in the

layer 600–1000 m (Pierrot-Bults and Nair, 2010). Southward, P.

maxima is abundant along African coast between 0� and 35�S and

is associated with the Benguela Current (David, 1965; Ducret and

Casanova, 1968). In the South Atlantic, P. maxima is mostly

abundant in the Subantarctic zone (David, 1965), but in small

numbers it is also found in the Antarctic zone (Kruse et al.,

2009). Thus, available data show a gap in latitudinal distribution

of the species between 32�N and 16�N. Ducret and Casanova

(1968), followed by Cheney (1985a), suggested that P. maxima

does not have independent populations in central and equatorial

waters but is instead limited to polar, subpolar and transition wa-

ters and perhaps to upwelling regions on the eastern margins of

the oceans.

The present molecular analysis recognized three well supported

COI clades within P. maxima in the Atlantic Ocean. According to

our data all three clades have distinct geographical distribution

(Figure 4). Clade A is distributed in the Equatorial Atlantic at

depths of 200–1200 m. We suggest that clade B occurs in the

Subantarctic and Antarctic zones of the Southern Ocean from the

surface to depth but it can also be found in the north to at least

32�S along South America to the Subtropical zone in the

Antarctic Intermediate Water. Clade C is distributed throughout

the Arctic and North Atlantic to the north of the Subtropical

front at depths from the surface to at least 1200 m. The geo-

graphic distribution of clade C haplotypes in the North Atlantic

indicated high gene flow through the whole region, as the same

haplotype was found in many locations between 42�N and 85�N.

Clade C is likely and evolutionarily young clade and has a high

dispersal potential.

Tajima’s D test was significant (and positive) only for P. max-

ima when three clades were analyzed all together. Positive values

of Tajima’s D arise from an excess of intermediate frequency al-

leles (Tajima, 1989). Although the Tajima’s D statistic is com-

monly employed as a test for natural selection, this is confounded

by the influence of population history. For instance, balancing se-

lection may yield a positive value for Tajima’s D. However, de-

mographic processes such as population reduction, a recent

bottleneck (Maruyama and Fuerst, 1985), population subdivision,

or migration can also produce this result (Schmidt and Pool,

2002). In our case significant, positive value of Tajima’s D most

likely predicts a population subdivision in the distant past.

Results from the analysis of COI and ITS1 sequences indicate

that P. maxima includes at least two distinct, reproductively iso-

lated populations: tropical (clade A) and bipolar (clades B and

C). This differentiation was not observed in the more conserva-

tive H3 gene. Nevertheless, we suggest that these populations

should be considered as two distinct evolutionarily young species

as some morphological differences between them were observed.

Table 4. Morphological differences of P. maxima specimens from clades A, B, and C.

Number of
specimens

Number of hooks,
min–max

Number of anterior
teeth, min–max

Number of posterior
teeth, min–max

Arrangement of
ova in the ovary,
number of rows

Stage I
Clade A 9 7–8(9a) 2–3 1–4 –
Clade B 6 9 3–5 3–5 –
Clade C 12 (8a)9–11 4–7 2–8 5–8
Stage II
Clade A 2 4–5 3–4 4 3–4
Clade C 1 7–8 6 7–8 5–6
Stage IV
Clade A 1 4 3 2 3
Clade B 1 6 4–5 5 5
Stage V
Clade B 1 5 4–5 4–5 –
aOnly one individual in clade A and two individuals in clade C had 8 hooks on the one side and 9 hooks on the other side of the head (morphologically over-
lapped), but the same individuals in clade C had more anterior teeth (4–6 vs. 3 in clade A) and posterior teeth (5–6 vs. 3).
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For the present study, only a small number of P. maxima speci-

mens was available and was insufficient to perform a robust mor-

phological analysis. Nonetheless, we were able to compare our

own observations with those in the literature to characterize P.

maxima specimens from different parts of the Atlantic Ocean.

David (1958) first described morphological differences between

southern (attributed to our clade B) and northern (attributed to

our clade C) P. maxima specimens which differ only in maximum

body length. Arctic specimens are as long as 90 mm, whereas

those in the Antarctic are 55 mm in length. At the same time,

Colman (1959) conducted a more detailed morphological com-

parison of 167 specimens collected near south-west Greenland

(clade C) and in tropical central Atlantic including the Caribbean

Sea (probably clade A). He showed a gap in body length of adult

specimens (stages II–IV); northern specimens ranged in size from

42 to 59 mm, whereas tropical specimens ranged from 16 to

34.6 mm. In addition, northern adults had larger numbers of

hooks (H) and posterior teeth (PT) compared to those from the

tropics (H6-8, PT5-8, and H3-5, PT2-5, respectively). Later

Ducret and Casanova (1968) compared 325 specimens collected

near Newfoundland (clade C) and along the coast of Angola in

the Benguela Current. They found differences in the maximal size

(58 mm—near Newfoundland and 43 mm—near Angola) in the

number of hooks and posterior teeth (H7-8, PT4-5 vs. H4-5,

PT5-6) and in the position of seminal vesicles. Differences in the

relative tail length and in the relative position of the origin of an-

terior fin were unclear. Ghirardelli (1997) examined immature

specimens (stages I–III) with body lengths up to 43 mm in the

Magellan Strait, Subantarctic Zone (clade B). The number of

hooks (8–10) was greater among the specimens 10–14 mm in

length than in larger specimens, which had 5–6 hooks. The num-

ber of AT and PT were 2–4 and 3–5, respectively, and ova in their

ovaries were arranged in 4–5 rows. This morphological character-

ization coincides with our clade B specimens.

Adult specimens that were analysed in the present study had

damaged seminal vesicles and we were unable to compare them.

Also we did not compare the body length as this character is vari-

able and often depends on the environmental conditions

(McLaren, 1963; Sameoto, 1971). Nevertheless, fully mature

specimens from clade B (the Southern Ocean) had numbers of H,

AT, and PT that were within the range observed by Colman for

the northern population (attributed to our clade C). In stage I

Figure 4. Geographical distribution of Pseudosagitta maxima mitochondrial clades. Small, open circles indicate sample locations where no
specimens of this species were found.
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juveniles, we also did not find clear differences in the numbers of

hooks and teeth between clades B and C. Thus, both our results

and previous results did not reveal any morphological differences

between clades B and C, except for the maximum body length.

The morphological characters of our clade A (tropical) specimens

coincided with those in tropical Atlantic described by Colman

(1959). Moreover, the adult clade A specimens from our samples

were morphologically almost identical to those described by

Srinivasan (1971) in the tropical Indian Ocean (10�N, 75�E).

They had body lengths ranging from 33 to 36 mm; H4; AT2 and

PT2-3; ova were arranged in two rows. We suggest that clade A

has a wide tropical distribution in the oceans.

We could not clearly attribute the sample from the Benguela

Current to one of our clades. In number of hooks, it is more

closely related to clade A (tropical species), but the number of

posterior teeth is similar to clade B (subantarctic) specimens.

Mature P. maxima specimens from the polar and subpolar re-

gions have ova arranged in 4–6 rows instead of 2–3 rows in tropi-

cal waters. Thus, the arrangement of ova in the ovary might be a

good character to distinguish between tropical (clade A) and bi-

polar (clades B and C) species within the P. maxima complex.

Numbers of hooks, posterior and anterior teeth are also pro-

posed to be useful morphological characters to distinguish be-

tween tropical and bipolar species. These characters should be

determined for each maturity stage separately. This is crucially

important as otherwise they will be shared between both species

without clear differences. Our morphological findings are prelim-

inary; further morphological investigations will determine which

characters can be used to distinguish between species within the

P. maxima complex.

Based on the phylogenetic and geographic structure of the P.

maxima species complex, the diversification within the P. maxima

complex most likely took place in tropical waters. It can be as-

sumed that clade BþC differentiated from their tropical ancestor

due to colonization of the southern or northern subpolar zones

and adaptation to biotopes with rich, but seasonally variable re-

courses. Later, splitting of BþC and establishment of a bipolar

distribution could took as a result of the northward/southward

migration through the Central Atlantic. Geological and paleonto-

logical evidence does not support vicariance as a process to create

bipolar distributions (Lindberg, 1991) but favours biotic inter-

change, both southward and northward, between the hemi-

spheres. These events are probably related to a plurality of

mechanisms (i.e. regional tectonic events and Pleistocene glacia-

tions) rather than a single event (Stepanjants et al., 2006). Trans-

equatorial dispersals are likely to have increased during cooling

periods associated with glacial cycling in the Plio-Pleistocene; e.g.

low-latitude sedimentary records indicate the presence of subpo-

lar planktonic foraminifera within the equatorial zone during

these cooling cycles (McIntyre et al., 1989).

Trans-equatorial migration of clade B or C in the Atlantic

Ocean could occur by one of the two ways: (1) passage through

the tropics via deep water currents, (2) along the African coast

with the cold currents and through the upwelling systems. The

first way seems less probable due to scarcity of P. maxima in trop-

ical and subtropical waters. The second way is more likely due to

relatively higher abundance of P. maxima along the African coast

at least from the South Africa to equator. Furthermore, during

the last glacial maximum (18 000 years before present) in the

tropical region, increased upwelling off Africa’s west coast and in-

tensification of the cool-water boundary currents (the Canary

and Benguela), combined with the drop in global temperatures,

produced cooler and narrower tropical water masses than those

found today (McIntyre et al., 1976; Mix and Morey, 1996). This

would have increased the potential for trans-equatorial dispersals

to higher latitudes. Darling et al. (2000) discussed this mecha-

nism, associated with the cool boundary currents and the cool

seasonal upwelling zones off west Africa, as a possible way for ge-

netic exchange between the subpolar populations of planktonic

foraminifers in the past and possibly at present. Moreover, for the

copepod Calanoides carinatus s. l. that inhabit upwelling systems

along the West Africa, recently it was observed unhampered gene

flow along the African coast from 34�S to the Bay of Biscay

(Vi~nas et al., 2015). The uncertain morphological attribution of

the Benguela Current population (Ducret and Casanova, 1968) to

one of the two species in the P. maxima complex may indicate

that this region is inhabited by both species. Further sampling in

tropical waters and along the African coast are needed to resolve

this question. Due to the absence of the molecular clock’s esti-

mates for chaetognaths, we are unable to establish the timelines

of diversification of the clades within the P. maxima complex.

The absence of differences in nuclear markers between clades B

and C implies that gene flow is occurring at present or occurred

until recently between the polar regions. The latter is more likely,

as there were no shared COI haplotypes between the Southeast

and North Atlantic populations. Observed sequence divergences

between individuals in Clades B and C (5.5%) are markedly lower

than those usually observed in chaetognatha, even between cryp-

tic species (Jennings et al., 2010; Miyamoto et al., 2010, 2012).

Since we did not find any differences in morphology and nuclear

markers (H3 and ITS1) between clades B and C, these clades at

present should be considered as two populations (or subspecies)

within a single bipolar species.

Future morphological and molecular investigations of the P.

maxima complex should clarify differences between two young

species (tropical and bipolar) within each stage of maturity to

formally validate them as distinct species.

Supplementary data
Supplementary material is available at the ICESJMS online ver-

sion of the manuscript.
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