Taylor & Francis
Taylor & Francis Group

THeEUROPEAN The European Zoological Journal

JOURNAL

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tizo21

Nothing is as it seems: genetic analyses on
stranded fin whales unveil the presence of a
fin-blue whale hybrid in the Mediterranean Sea
(Balaenopteridae)

T. Fioravanti, N. Maio, L. Latini, A. Splendiani, F. M. Guarino, M. Mezzasalma,
A. Petraccioli, B. Cozzi, S. Mazzariol, C. Centelleghe, G. Sciancalepore, G.
Pietroluongo, M. Podesta & V. Caputo Barucchi

To cite this article: T. Fioravanti, N. Maio, L. Latini, A. Splendiani, F. M. Guarino, M. Mezzasalma,
A. Petraccioli, B. Cozzi, S. Mazzariol, C. Centelleghe, G. Sciancalepore, G. Pietroluongo, M.
Podesta & V. Caputo Barucchi (2022) Nothing is as it seems: genetic analyses on stranded fin
whales unveil the presence of a fin-blue whale hybrid in the Mediterranean Sea (Balaenopteridae),
The European Zoological Journal, 89:1, 590-600, DOI: 10.1080/24750263.2022.2063426

To link to this article: https://doi.org/10.1080/24750263.2022.2063426

8 © 2022 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

@ Published online: 29 Apr 2022.

N
G/ Submit your article to this journal

A
& View related articles &'

View Crossmark data &

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tizo21


https://www.tandfonline.com/action/journalInformation?journalCode=tizo21
https://www.tandfonline.com/loi/tizo21
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/24750263.2022.2063426
https://doi.org/10.1080/24750263.2022.2063426
https://www.tandfonline.com/action/authorSubmission?journalCode=tizo21&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tizo21&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/24750263.2022.2063426
https://www.tandfonline.com/doi/mlt/10.1080/24750263.2022.2063426
http://crossmark.crossref.org/dialog/?doi=10.1080/24750263.2022.2063426&domain=pdf&date_stamp=2022-04-29
http://crossmark.crossref.org/dialog/?doi=10.1080/24750263.2022.2063426&domain=pdf&date_stamp=2022-04-29

Taylor & Francis Group

The European Zoological Fournal, 2022, 590-600 e Taylor & Francis
Vol. 89, No. 1, https://doi.org/10.1080/24750263.2022.2063426

W) Check for updates

Nothing is as it seems: genetic analyses on stranded fin whales unveil
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Abstract

The fin whale Balaenoptera physalus is a large rorqual species occurring worldwide, mainly in temperate and subpolar zones.
In contrast to many baleen whales, not all the fin whale populations show the same model of migration. In fact, migratory
behaviours of this latter species range from long seasonal migration between high and low latitudes to a complete non-
migratory behaviour. A resident fin whale population was described in the Mediterranean Sea, which is also frequented by
North Atlantic individuals entering through the Strait of Gibraltar in winter to feed. Between 2020 and 2021 three
individuals initially identified as fin whales died along the Tyrrhenian coasts (Mediterranean Sea, Italy). Their mitochon-
drial DNA control region (mtDNA CR) was analysed and compared to fin whale haplotypes previously described in North
Atlantic Ocean and Mediterranean Sea to identify their geographical origin. Our results show that two individuals most
likely belong to the Mediterranean fin whale population, while an individual was recognised as a putative fin-blue whale
hybrid (Balaenoptera physalus x Balaenoptera musculus) with a North Atlantic origin. The discovery of the first fin-blue whale
hybrid in the Mediterranean Sea was confirmed by the analysis of a biparentally inherited marker, the a-lactalbumin (o-lac)
nuclear gene, demonstrating that the morphological analysis alone does not allow to correctly identify hybrids, especially if
intermediate characters of both parental species are not clearly distinguishable.

Keywords: Fin whale, Balaenopteridae, genetics, hybrid, Tyrrhenian Sea

Introduction two subspecies (Tomilin 1946): the Northern

The fin whale Balaenoptera physalus (Linnaeus fin whale B. p. physalus (Linnaeus 1758) and

1758) is the second-largest whale in the world,
reaching lengths of up to 27 m in the Southern
Hemisphere (Mackintosh 1942) and 23 m in the
Northern Hemisphere (Nichol & Heise 1992; Loy
et al. 2019). The difference in body size between fin
whales inhabiting the Southern and Northern
Hemispheres validated the initial separation in

the southern fin whale B. p. quoyi (Fischer
1929). Two additional subspecies were later pro-
posed, the North Pacific fin whale B. p. wvelifera
Cope 1869, recently separated from the North
Atlantic fin whale (B. p. physalus) on the basis
of genetic evidence (Archer et al. 2019) and the
pygmy fin whale B. p. patachonica Burmeister
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1865, inhabiting the Southern Hemisphere and
characterised by a smaller size, dark body and
black baleen (Clarke 2004). For this latter, how-
ever, the taxonomic status is still debated due to
the lack of a genetic validation (Pérez-Alvarez
et al. 2021).

In the open sea, B. physalus is often mistaken with
other species of rorquals of similar size, such as blue
whale B. musculus, sei whale B. borealis, Bryde’s
whale B. edeni and Omura’s whale B. omurai
(Jefferson et al. 2015; Committee on Taxonomy
2021). The characters that most help fin whale
identification are the V-shaped head, the size and
position of the dorsal fin and, above all, the body
colouration. The fin whale is in fact characterised by
a dark body with a light belly, several lighter
V-shaped chevrons behind the head and an asym-
metrical head colour, the left lower jaw is mainly
dark while the right one is white (Jefferson et al.
2015). In the late nineteenth century, the capture
during commercial whaling operations of individuals
with unusual size and morphological characters sug-
gested the occurrence of hybridization between fin
and blue whales (Cocks 1887), later confirmed by
genetic analysis (Arnason et al. 1991; Spilliaert et al.
1991; Bérubé & Aguilar 1998; Pampoulie et al.
2021).

Fin whales are common in the waters of the whole
world, including the polar ones of both hemispheres,
specifically at latitudes higher than 20°N in the
North Pacific Ocean, 30°N in the North Atlantic
Ocean and 20°S in the Southern Hemisphere. It is
rarer in the tropics, except in areas with cold waters,
like Peru, and it is almost absent in the equatorial
region (Hamilton et al. 2009; Edwards et al. 2015).
The equatorial hiatus observed in the global distri-
bution suggests that fin whales do not perform the
long seasonal migration typical of baleen whales
(Edwards et al. 2015). The traditional Mysticete
migration model predicts a movement between sum-
mer feeding grounds, located at high latitudes, and
winter breeding grounds at lower latitudes (Kellogg
1929). However, several exceptions have been
noticed over time to this pattern, from complete
migration to non-migratory behaviour (Geijer et al.
2016). Resident populations of B. physalus, com-
posed of individuals staying in the same area
all year round, were described in the East China
Sea, Norther Sea of Japan (Mizroch et al. 2009),
Sea of Cortez (Tershy et al. 1993; Bérubé et al.
2002) and Mediterranean Sea (Bérubé et al. 1998;
Geijer et al. 2016; Notarbartolo di Sciara et al.
2016).

In the Mediterranean Sea, the existence of an
isolated and resident fin whale population was
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verified by the analysis of six microsatellite loci and
a sequence of the mitochondrial DNA control
region (mtDNA CR) (Bérubé et al. 1998). Results
obtained from the mtDNA CR showed the presence
of three private haplotypes in the Mediterranean
Sea, and a significant degree of differentiation
between North Atlantic and Mediterranean Sea
samples, supporting the presence of a recently
diverged Mediterranean population (Bérubé et al.
1998). However, a low male-mediated gene flow
was also hypothesised because of the lack of diver-
gence, highlighted by nuclear loci, between some
North Atlantic areas and the Mediterranean Sea
(Bérubé et al. 1998; Palsbell et al. 2004). The
movement of fin whales through the Strait of
Gibraltar was well documented and seems to occur
seasonally (Gauffier et al. 2018). In addition, the
isotopic analysis performed on baleen plates
(Bentaleb et al. 2011) and the analysis of recorded
fin whale songs (Castellote et al. 2012a) allowed the
recognition of two distinct populations in the
Mediterranean Sea. The first (MED whales) con-
sists of resident individuals inhabiting the basin
all year round, while the second (NENA whales) is
composed of North Atlantic individuals that move
into the westernmost region of the Mediterranean
Sea (Notarbartolo di Sciara et al. 2016).

Fin whales are present throughout the
Mediterranean Sea but they are very abundant in
the western region, especially in the Ligurian-
Corsican-Provencal Basin and Gulf of Lion, an
area characterised by a high biological productivity
(Notarbartolo di Sciara et al. 2003). The intense
maritime traffic of the Mediterranean Sea is affect-
ing the survival of fin whales. Collisions with vessels
are a significative cause of death (Panigada et al.
2006) and underwater noise negatively affects the
species (Castellote et al. 2012b). In addition,
Mediterranean fin whales could also be threatened
by the ingestion of plastic debris (Fossi et al. 2012),
exposure to chemical contaminants (Fossi et al.
2003), dolphin morbillivirus (DMYV) infections
(Mazzariol et al. 2016) and negative effects of
ongoing climate changes (Gambaiani et al. 2009).
The Mediterranean population of B. physalus is cur-
rently listed as “vulnerable” under criteria C2a(ii) by
the ITUCN Red List of Threatened Species
(ver. 2021-3) (Panigada & Notarbartolo di Sciara
2012). The high degree of anthropization of the
Mediterranean Sea and the lack of information
about the ecology of this population, require an
increase in research efforts in order to implement
conservation and management actions.

The present study investigates the geographical
origin of three fin whales, recently stranded along
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the coasts of the Tyrrhenian Sea (Mediterranean
Sea, Italy), comparing a sequence of the mtDNA
CR with those previously obtained for North
Atlantic and Mediterranean samples (Bérubé et al.
1998; Caputo & Giovannotti 2009; Cabrera et al.
2019). The analysis of the mtDNA CR, a maternally
inherited marker, revealed the misidentification of
one of the fin whale individuals. In fact, the analysis
of a biparentally inherited marker, the a-lactalbumin
(a-lac) nuclear gene, together with some morpho-
metric and morphological characters, allowed the
identification of a fin-blue whale hybrid among the
sampled individuals.

Materials and methods

All tissue samples analysed in this study were pro-
vided by the Mediterranean Marine Mammals
Tissue Bank (MMMTB) of the University of
Padova (Italy) and were collected from three indivi-
duals, identified as B. physalus, who died in the
Tyrrhenian Sea between 2020 and 2021. The indi-
vidual ID531 was found in a hidden inlet, Cala del
Rio (Capri, Naples, Italy), on November 7, 2020;
the individual ID536 was found in the Port of
Sorrento (Sorrento, Naples, Italy) on January 15,
2021; the individual ID553 stranded on a beach
near Albinia (Grosseto, Italy) on September 2,
2021. The tissue samples were shipped in 70%
ethanol and stored at —20°C until genetic analysis.
Genomic DNA was isolated from samples using
a digestion protocol with Proteinase K followed by
a standard phenol-chloroform extraction (Sambrook
1989). The quantity and quality of DNA extracted
were assessed using a Nanodrop-ND1000 spectro-
photometer (NanoDrop Technologies) and a 1%
agarose gel electrophoresis.

A fragment of the mtDNA CR was amplified by
Polymerase Chain Reaction (PCR) using the Forward
primer MT4 (5°-CCT CCC TAA GAC TCA AGG
AAG-3’) (Palsbgll et al. 1995) and the Reverse primer
Bp16071 (5°-CCT CAG TTA TGT TAT GAT
CAT GGG C-3’) (Drouot et al. 2004), as proposed
by Cabrera et al. (2019), to ascertain the geographical
origin of the stranded fin whales. The amplification
was performed in a 25 pl solution containing 5 pl of
5X MyTaq™ Reaction Buffer (BioLine), 2.5 ul of
F + R primer solution [5 uM], 0.3 ul of MyTaq™
DNA Polymerase (BioLine), 3 ul of DNA template
[20-40 ng/ul] and 14.2 pl of ddH,0. The PCR cycling
profile consisted of an initial denaturation at 95°C for
5 min, followed by 30 cycles of 95°C for 45 s, 54°C
for 45 s, and 72°C for 90 s, with a final extension step
at 72°C for 7 min. PCR products were visualized by
2% agarose gel stained with GelRed™ (Biotium) and

then sent to BMR Genomics (Padova, Italy) for
sequencing. At this facility, PCR products were pur-
ified by exoSAP-IT™ (USB Corp.) and Sanger
sequenced in both directions on an ABIPRISM
3730XL. automated sequencer (Applied Biosystems).
All mtDNA CR sequences obtained were aligned on
BLAST (Altschul et al. 1990) to check for their accu-
racy. After the discovery of an inconsistent result for
the samples ID531, its sequence was aligned using
CLUSTALW (Larkin et al. 2007) with those identi-
fied for B. musculus and fin-blue whale hybrids caught
in Icelandic waters (Pampoulie et al. 2021; down-
loaded from https://osf.io/hfjgx/?view_only=dea
b3655a50243e0bcc5cel138bd05872). Instead,
sequences of individuals ID536 and ID553 were
aligned with mtDNA CR haplotypes described for
B. physalus in the North Atlantic Ocean and
Mediterranean Sea (Bérubé et al. 1998; Cabrera
et al. 2019). North Atlantic and Mediterranean hap-
lotypes from Bérubé et al. (1998) are available in
Genbank (Accession numbers AF119956-
AF120003) while, mtDNA CR sequences and infor-
mation about sampling locations from Cabrera et al.
(2019) are downloadable from Datadryad.org under
accession: https://doi.org/10.5061/dryad.qt528n0.
Morphometric measurements, including body
length, were downloaded from the Italian Stranding
Database (http:/mammiferimarini.unipv.it/) to vali-
date the result obtained for the individual ID531
using the mtDNA CR. The length from the tip of
the snout to the anterior insertion of the dorsal fin,
the height of the dorsal fin and the length from ante-
rior insertion of the flipper to tip of the flipper (see
Tomilin 1957; Yablokov et al. 1972; Robineau 2005;
Cagnolaro et al. 2015). Several photographs were also
obtained and used to detect distinctive morphological
characters between fin and blue whales as the body
colouration and the colour of baleen. In addition,
a nuclear DNA (nuDNA) marker, the o-lac gene,
was also analysed using a PCR-RFLP (Restriction
Fragment Length Polymorphism) procedure pre-
viously described by Bérubé and Aguilar (1998).
Primers LacIl.F (5°- CCA AAA TGA TGT CCT
TTG TC -3’) and Lacl.R (5-CTC ACT GTC
ACA GGA GAT GT -3’) were used to amplify
a fragment of the o-lac gene (Bérubé & Aguilar
1998). The PCR was carried out in a 25 pl solution
containing 5 pl of 5X MyTaq™ Reaction Buffer
(BioLine), 2.5 ul of F + R primer solution [5 uM],
0.4 pl of MyTaq™ DNA Polymerase (BioLine), 5 pl
of DNA template [40 ng/ul] and 12.1 pl of ddH,
O. Amplification conditions were as follows: an initial
denaturation at 95°C for 5 min, followed by 35 cycles
of denaturation at 95°C for 45 s, annealing at 54°C
for 30 s, and extension at 72°C for 90s, with a final
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extension at 72°C for 7 min. After checking the PCR
product on a 2% agarose gel, an aliquot of them was
Sanger sequenced (see above for details) and another
was digested at 37°C for 30 min using the FokI
restriction enzyme (Bérubé & Aguilar 1998). The
digestion was performed in a 25 pl volume containing
2.5 ul of 10X rCutSmart™ Buffer (New England
Biolabs), 0.25 ul of Fokl (New England Biolabs),
5 pl of PCR product and 17.25 pl of ddH,
O. Restriction fragments were separated by electro-
phoresis on 2% agarose gel and the restriction pattern
observed was compared with those obtained by
Bérubé and Aguilar (1998) for a fin whale, a blue
whale and a fin-blue whale hybrid. In addition, chro-
matograms obtained by Sanger sequencing were
checked for the presence of double peaks and used
to infer two sequences of the a-lac gene for individual
ID531, one for each presumed allele. The two o-lac
gene sequences obtained were aligned using
CLUSTALW (Larkin et al. 2007) with those avail-
able in GenBank (Accession numbers AY398656,
AY398655) for B. physalus and B. musculus (Rychel
et al. 2004).

Results

A sequence of ~300 bp of the mtDNA CR was obtained
from all samples analysed but, after the alignment on
BLAST (Altschul et al. 1990), only two (ID536 and
ID553) of them were attributed to B. physalus while the
third (ID531) belongs to B. musculus. This result

Bpd6
a ) NA004 ’TTGT AATDACC}\(‘LGGACCI\CAC"ACTD’“
NA002
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AAAAAGTATATTCTACAATAACCRCAGGACCACAGMA\/TATG"“CCGTATTGAAAATAACT
ARGTA

b) .

Bpd6
NA004

NA002
Bp03

Bpd6
NA004

NA002
BpO3

Bpd6
NA004

NA002
Bp03

Bpd6
NA004

NA002
BpO3

TACTTCCACATAATTAATAGC
TACTTCCACATAATTAATAGC

'CCACATAATTAATAGC
ACATAATTAATAGC

GTCTTTCCATGGGTATGAACAGATATACATGCTATGTATAATTGTGCATTCAATTATTTT
GTCTTTCCATGGGTATGAACAGATATACATGCTATGTATAATTGTGCATTCAATTATTTT

CACCACGAGCAGTTGAA
CACCACGAGCAGTT

GTATTAAATTTTATTAATTTCACATATTACATAATATGT
ATTAAATTTTATTAATTTCACATATTACATAATATGT

CACCACGAGCAGTTGAAGCTCGTATTAAATTTTATTAATTTTACATATTACATAATATGT
CACCACGAGCAGTTGAAGCTCGTATTARATTTTATTAATTTTACATATTACATAATATGT

ATTAATAGTACAATAGCGCATGTTCTTATGCATCCCCAGAT
ATTAATAGTACAATAGCGCATGTTCTTATGCATCCCCAG

ATTAATAGTACAATAGCGCATGTTCTTATGCATCCCCAGATCTR
AT 'IAAAAG[A\.AA‘[SCCJC\‘G" PTATGCATCCCCAG
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suggests that the individual ID531 classified as a fin
whale is actually a fin-blue whale hybrid. The alignment
of our sequences against those recently published for
B. physalus (Bérubé et al. 1998; Cabrera et al. 2019),
B. musculus and fin-blue whale hybrids (Pampoulie
et al. 2021) highlights that studied individuals carry
mtDNA CR haplotypes already observed (Figure 1).
Specifically, the sequence of the individual ID536
resulted identical to the haplotypes Bp03 (Bérubé
et al. 1998) and NATLO002 (Cabrera et al. 2019)
while the sequence of the individual ID553 matched
the haplotypes Bp46 (Bérubé et al. 1998) and
NATL004 (Cabrera et al. 2019) (Figure 1(a)). The
putative fin-blue whale hybrid ID531 showed
a mtDNA CR sequence identical to that of two blue
whales (14-99, LK-BMO01-2015) and a fin-blue whale
hybrid (H2018-2) caught in Icelandic waters
(Pampoulie et al. 2021) (Figure 1(b)). The latter was
a hybrid adult male captured in 2018 and genetically
identified as a backcross between a first-generation
hybrid mother and a fin whale father (Pampoulie et al.
2021). The mtDNA CR sequences obtained in the
present study were uploaded in GenBank under the
accession numbers OMS859042, OMS859043 and
OM859044.

A fragment of the a-lac gene was amplified to
confirm the hybrid status of individual ID531, thus
generating a PCR product of ~600 bp in length
(Figure 2(a)). The digestion with the FokI endonu-
clease produced three restriction fragments
(Figure 2(a)). The comparison of this digestion

LK_BMO1_2015
H2018_2

14_99
LK_BMO1_2015
H2018_2

14_99
LK_BMO1 _2015
r(?OiS F

14_99 TCACCACGAGCAGTTARAGCCCGTATTAAATCTTATTAATTTTACATATTACATAARTATT
LK_BMO1_2015 TCACCACGAGCAGTTAAAGCCCGTATTAAATCTTATTAATTTTACATATTACATAATATT

H2018_2 TCACCACGAGCAGTTAARAGCCCGTATTAAATCTTATTAA' CATATTACATAATATT

GCATCCTCAGGTCAATTTARATC
TGTTCTTATGCATCCTCAGGTCAATTTAAATCAAA
TGTTCTTATGCATCCTCAGGTCAATTTAAATCAAATGAT

14_99 TATTAATAGTACAGTAGTGCA'
LK_BMO1_2015 TATTAATAGTACAGTAGT
H2018_2 TATTAATAGTACAGTA

14_99 TCCTATGGCCGCTCCA'

LK_BMO1_2015 TCCTATGGCCG
H2018_2 TC!

Figure 1. ClustalW multiple sequence alignment of ID531, ID536, ID553 mtDNA CR sequences (in red) with (a) identical haplotypes
described for B. physalus by Bérubé et al. (1998) and Cabrera et al. (2019), and (b) identical sequences of B. musculus and a fin-blue whale
hybrid from Pampoulie et al. (2021). Grey colour indicates a mutation site, asterisk (*) indicates positions which have a single, fully
conserved residue and dash (-) indicates a gap due to the presence of shorter sequences in the alignment.
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pattern with those obtained by Bérubé and Aguilar
(1998) for a fin-blue whale hybrid, a fin whale and
a blue whale (Figure 2(a)), confirms the hybrid
origin of the individual ID531. The digestion pat-
tern of the hybrid shows a ~200 bp fragment, pre-
sent in both fin and blue whales, and two restriction
fragments of ~300 bp and ~400 bp in length char-
acteristic of blue and fin whales, respectively
(Figure 2(a)). Accordingly, Sanger sequencing chro-
matograms revealed the presence of nine double
peaks (Figure 2(b)) indicating a heterozygous geno-
type in which the two alleles are inherited from
parents of different species. The alignment of the
two sequences inferred from chromatograms
showed that they match those described for the
two species, B. physalus and B. musculus (Figure 2
(©)), thus again confirming the hybrid origin of the
analysed individual.

Morphometric measurements and morphological
characters of the individual ID531 showed that col-
ouration and body proportions of this whale were
closer to those of a fin whale than a blue whale
(Tomilin 1957; Yablokov et al. 1972; Robineau
2005; Cagnolaro et al. 2015). The individual ID531
was a young female with a body length of 14.20 m.
The body colouration was asymmetrical as in fin
whales, being the right side lighter than the left one

Blilamu szt c
(R hub
BphysalusZ761_AY398656
-
- ID531_Bphysalus
-.. - o
.- -
- - BmusculusZ4502_AY398655
ID531_Bmusculus
b) 53 213 221 255
C T [G/T] G A T GI[T/CIT T C T[T/CIT T T C[T/C]C A

however, on the left side of the animal, the grey colour
of the back extends more towards the belly, so when
observed laterally the individual appeared uniformly
dark as a blue whale (Figure 3(a)). The colour of
baleen plates was yellowish anteriorly in the frayed
portion and not uniformly dark as in blue whales
(Figure 3(b)). The length from anterior insertion of
the flipper to tip of the flipper was 1.30 m, correspond-
ing to 9.15% of the body length, and therefore shorter
than that of a blue whale (about 15% of the body
length; see Tomilin 1957; Robineau 2005; Sears &
Perrin 2009; Cagnolaro et al. 2015). The dorsal fin
was moderately concave and pointed (Figure 3(d))
and is 0.29 m high, corresponding to 2.04% of the
body length. The size of the dorsal fin was probably
a character intermediate between that of a fin whale
(about 2.5% of the body length; Tomilin 1957;
Jefferson et al. 1993) and a blue whale (about 1% of
the body length; Jefferson et al. 1993; Robineau
2005). The length from the tip of the snout to the
anterior insertion of the dorsal fin was 10.43 m and
corresponded to 73.5% of the body length (Figure 3
(c)). The position of the dorsal fin was more similar to
that of the blue whale (dorsal fin at 3/4 back on body;
Geraci & Lounsbury 2005) rather than that of the fin
whale (dorsal fin at 2/3 back on body; Geraci &
Lounsbury 2005).

53
213
221
255
267
268
364
377
429

267 268 364 377 429

T [T/CIG/T] T C TI[T/CJIA T T AGITIG T A ClTCJG T

A 1 A o i

Figure 2. Analyses of the ~600 bp fragment of the a-lactalbumin nuclear gene. (a) Results of the PCR (lac) and RFLP analysis (Fok)
compared with a representation of digestion patterns observed by Bérubé and Aguilar (1998) for the fin whale (Bph), the blue whale
(Bmu) and the fin-blue whale hybrid (Hyb). (b) Double peaks observed in sequencing chromatograms. (c) Diagnostic sites obtained after
the alignment of our inferred sequences (in red) against sequences from GenBank.
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Figure 3. Morphological and morphometric features of the ID531 individual: (a) colouration of the left side of the ventral region, (b)
colour of baleen, (c) left side of the individual: the arrow indicates the dorsal fin, (d) dorsal fin at higher magnification.

Discussion

The three rorquals analysed in this study were, at
first, identified as fin whales based on the sole ana-
lysis of morphological characters. The genetic ana-
lysis performed highlights, on the contrary, the
presence of a fin-blue whale hybrid (B. physalus
x B. musculus) among them. The mtDNA CR
sequences of the two individuals genetically identi-
fied as B. physalus (ID536 and ID553) were com-
pared with the largest dataset of mtDNA CR
haplotypes collected so far for the North Atlantic
area (Cabrera et al. 2019). Cabrera et al. (2019)
analysed the first 285 bp of the mtDNA CR in 828
North  Atlantic samples (115 from the
Mediterranean Sea) recording the presence of 80
haplotypes. The sequence of the individual ID536
was attributed to the haplotype NATL002 while the
sequence of the individual ID553 was attributed to
the haplotype NATL004. Observing the sampling
locations of all the individuals analysed by Cabrera
et al. (2019) is evident that the haplotype NATLO002
is widespread both in North Atlantic Ocean and in
the Mediterranean Sea, while the haplotype
NATLO004 is abundant in the Mediterranean basin
and extremely rare in the North Atlantic Ocean
being observed here in only three individuals
(Cabrera et al. 2019). The comparison between
sequences of the haplotypes NATL002 and
NATLO004 (Cabrera et al. 2019) and those
described previously by Bérubé et al. (1998) shows

that they are identical to haplotypes Bp03 and Bp46
respectively. Bérubé et al. (1998) sequenced the first
288 bp of the mtDNA CR in 69 individuals sampled
in the Ligurian Sea (Mediterranean Sea) finding the
haplotype Bp03 in both North Atlantic Ocean and
Mediterranean Sea, while the haplotype Bp46 was
classified as private of the latter basin (Bérubé et al.
1998). The mismatch in the frequency of haplotypes
observed in North Atlantic and Mediterranean areas
is certainly linked to a difference in the number of
individuals analysed in the above-mentioned works
(Bérubé et al. 1998; Cabrera et al. 2019). However,
the haplotypes assigned to individuals ID536 and
ID553 are among the most common in the
Mediterranean Sea (Bérubé et al. 1998; Cabrera
et al. 2019), leading us to hypothesize that these
two individuals most probably belongs to the resi-
dent Mediterranean fin whales population. In addi-
tion, a preliminary analysis of the dorsal fin, using
a photo-identification method, highlighted that the
individual ID536 had already been observed in
June 1994 during a survey in the Pelagos
Sanctuary (Tethys Research Institute 2021). The
Pelagos Sanctuary is a Marine Protected Area
(MPA) established for the conservation of
Mediterranean Marine mammals which includes
the Ligurian Sea and parts of the Corsican and
Tyrrhenian Sea (Notarbartolo di Sciara et al.
2008). Both genetic (Bérubé et al. 1998) and acous-
tic analyses (Castellote et al. 2012a) confirmed that
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this area was frequented by MED whales, instead
NENA individuals enter through the Strait of
Gibraltar but remain confined in the westernmost
part of the Mediterranean Sea. The discovery of
a fin whale already sighted 26 years ago in the
Pelagos sanctuary seems to confirm that it most
likely belong to the MED whales population even
if the individual shows the haplotype NAO002, the
most abundant in both North Atlantic Ocean and
Mediterranean Sea. The individual ID553 was
found on a beach near Albinia (Grosseto, Italy),
a locality included in the Pelagos sanctuary and
carries the haplotype NAO004, very rare in the
North Atlantic Ocean, so also in this case the
belonging of the individual to the MED whales
population seems more probable. The mtDNA CR
sequence of individual ID553 also resulted identical
to that described for a fin whale stranded on a beach
near Ancona (Adriatic Sea, Italy) in the 2007 and
already assigned to the haplotype Bp46 (Caputo &
Giovannotti 2009).

The discovery of fin whales carrying haplotypes
common in the Mediterranean resident population
along the Tyrrhenian coasts (ID536 and ID553),
and even in the Adriatic Sea (Caputo &
Giovannotti 2009), is in accordance with the ability
of MED whales to widely move in the
Mediterranean Sea. MED whales are considered as
“nomadic opportunists” because their seasonal feed-
ing and breeding grounds are related with the pre-
sence of favourable environmental conditions in
different Mediterranean areas rather than to a fixed
migratory pattern (Geijer et al. 2016; Notarbartolo
di Sciara et al. 2016). Fin whales are usually aggre-
gated in the Ligurian-Corsican-Provencal Basin and
Gulf of Lion during the summer because the high
levels of productivity in this area and disperse
towards the Southern Mediterranean basin in winter
when trophic conditions become less favourable
(Notarbartolo di Sciara et al. 2016). The summer
trophic conditions of the Central and Southern
Tyrrhenian Sea make it attractive to an ever increas-
ing number of fin whales (Mussi et al. 1999;
Arcangeli et al. 2014) showing that this basin is
not only a transit area for individuals moving from
the Ligurian Sea, but also an important opportunis-
tic feeding ground. The use of the Tyrrhenian Sea
by an increasing number of fin whales would also
explain the recent stranding of the individuals ana-
lysed in this work. This feeding behaviour is also
common to other species considered “vagrant” in
the Mediterranean Sea (Maio et al. 2016).

The taxonomic identification of the individual
ID531 was found to be more problematic. The
initial misidentification is certainly due to its

morphology which makes it very similar to
a B. physalus. The morphological character that
mostly distinguishes B. physalus from B. musculus is
the colouration (Jefferson et al. 2015): the fin whale
has a dark dorsal region with a light belly and an
asymmetrical head colour, while the blue whale has
a mottled dark-grey body. In addition, the fin whale
has a V-shaped head, an asymmetrical colour of the
baleen which are light in the anterior right side,
a taller (about 2.5% of the body length; Tomilin
1957; Jefferson et al. 1993) and more falcate dorsal
fin located at 2/3 back on body (Geraci &
Lounsbury 2005), while the blue whale as
a U-shaped head, dark baleen and a small dorsal
fin (about 1% of the body length; Jefferson et al.
1993; Robineau 2005) located at 3/4 back on body
(Geraci & Lounsbury 2005). The flippers are long in
both species but in B. musculus they reach up to 15%
of the body length (Sears & Perrin 2009). The
majority of morphological and morphometric char-
acters observed in the individual ID531, e.g. the
body colouration, the baleen colour and the size of
flippers, are distinctive characters of the fin whale,
while the position of the dorsal fin along the back is
a distinctive character of the blue whale. The indi-
vidual ID531 therefore has the general appearance
of a fin whale and for this reason it was not imme-
diately recognised as a hybrid, but our analysis of
mitochondrial and nuclear markers allowed to clar-
ify its peculiar origin.

The first reports of putative hybrids between fin
and blue whales date back to the end of the nine-
teenth century when individuals sharing morpho-
logical characters of both parental species were
caught during commercial whaling operations
(Cocks 1887). However, genetic analysis of some
of them confirmed hybridization between these
species of rorquals only many years later
(Arnason et al. 1991; Spilliaert et al. 1991;
Bérubé & Aguilar 1998; Pampoulie et al. 2021).
Our findings show that the individual ID531 was
a hybrid between a female blue whale and a male
fin whale. In fact, the sequence of mtDNA CR,
a maternally inherited marker, suggests that the
mother of the hybrid is a blue whale
(B. musculus) while the analysis of the a-lac
nuclear gene, which follows a mendelian inheri-
tance pattern, confirms that the father is a fin
whale (B. physalus). The mtDNA CR sequence
of the individual ID531 is identical to those
observed in two blue whales and in one fin-blue
whale hybrid sampled in Icelandic waters
(Pampoulie et al. 2021). Interestingly, the pre-
sence of blue whales or fin-blue whale hybrids
represents the first record for the Mediterranean



Sea, indicating that a North Atlantic origin is most
likely for the individual ID531. North Atlantic fin
whales would in fact pass through the Strait of
Gibraltar to feed in the Mediterranean Sea during
the winter months (Gauffier et al. 2018, 2020).

In the recent study of Pampoulie et al. (2021), the
genetic analysis of eight hybrids showed that seven
of them had a blue whale mother. In our study, the
discovery of a hybrid resulting from the successful
mating between a female blue whale and a male fin
whale supports the occurrence of unidirectional
hybridization between these species of rorquals
(Arnason et al. 1991; Spilliaert et al. 1991; Bérubé
& Aguilar 1998; Pampoulie et al. 2021). Probably,
the wunidirectional hybridization occurs when
females of a rare species mate with males of
a common species, a phenomenon described by the
“sexual selection hypothesis” (Wirtz 1999). Initially,
the females are more discriminating and reject males
of the different species, but if the search of
a conspecific male is not successful, females become
less discriminating and mate with males of the com-
mon species (Wirtz 1999). As a result of intense
whaling in the past, the abundance of North
Atlantic blue whales is lower than that of fin whales
(North Atlantic Marine Mammal Commision
2020), bringing blue whale females to exceptionally
mate with fin whale males and give birth to hybrids
offspring (Pampoulie et al. 2021). However, the
capture in 1983 of a male, later identified as
a cross between a fin whale mother and a blue
whale father, does not completely support this
hypothesis (Arnason et al. 1991) suggesting that
different factors could promote interspecific mating
in the wild.

Hybridization in cetaceans is promoted when the
species involved have morphological, behavioural,
and ecological characteristics in common. In parti-
cular, sexual dimorphism, body length, geographic
range size and vocalization frequency are the main
traits positively related with the propensity of ceta-
ceans to hybridize (Crossman et al. 2016). Blue and
fin whales are the largest animals in the world and
the size and morphology of the adults of both spe-
cies are quite similar. Moreover, they have overlap-
ping distribution ranges, being present in temperate
and polar waters of both hemispheres (Jefferson
et al. 2015). Sightings and tagging studies high-
lighted that fin and blue whales sometimes share
the same feeding grounds. In spring, both species
were recorded in the Azorean waters (Silva et al.
2013) and aggregations of fin and blue whales was
also observed in autumn in the Porcupine Seabight,
southwest of Ireland, probably to feed on abundant
northern krill (Meganyctiphanes norvegica) (Baines
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et al. 2017). In the Porcupine Seabight, Baines
et al. (2017) observed in addition to a feeding beha-
viour also a chasing behaviour in fin whales that was
interpreted as a social interaction preparatory to the
mating season. When cetaceans aggregate in the
same area they can also engage in mating-like beha-
viours probably as a form of social play (Brown &
Norris 1956; Herzing & Johnson 1997) or to prac-
tice in order to have greater reproductive success
during the mating season (Mann 2006), thus
increasing the probability of interspecific hybridiza-
tion (Crossman et al. 2016).

Even if the reasons that promote interspecific
mating between fin and blue whales are not well
known, hybridization is certainly favoured by the
karyotype (2n = 44) common to most cetaceans
(Arnason 1974, 1982) which reduces the risk of
incorrect pairing of homologous chromosomes dur-
ing meiosis, promoting the fertility of hybrid off-
spring. The evidence that fin-blue whale hybrids
can successfully mate was given by the capture in
1986 of a pregnant hybrid female (Arnason et al.
1991; Spilliaert et al. 1991) and by the genetic iden-
tification of a backcross adult male (Pampoulie et al.
2021). However, the fertility seems confirmed only
for female hybrids while males are probably sterile
(Arnason et al. 1991). The hybridization between
fin and blue whales is well documented in the wild
but its impact on populations of either species is
unclear. It was estimated that in Mammalian species
hybridization leads mainly to negative consequences
as the partial or total replacement of parental species
genotypes by hybrid genotypes, a phenomenon
known as “genetic swamping” that could promote
the extinction of small and isolated populations or
entire species (Adavoudi & Pilot 2022). The nega-
tive consequences of hybridization could be more
pronounced in blue whales because their North
Atlantic population account for about 3,000 indivi-
duals, a very low number compared to fin whales
which amount to over 50,000 individuals (North
Atlantic Marine Mammal Commission 2020). In
rare cases, hybridization can also have positive con-
sequences such as the spread of novel adaptive var-
iation and even the creation of new species
increasing the biodiversity (Adavoudi & Pilot
2022). The hybrid speciation in cetaceans has been
reported in wild by Amaral et al. (2014) which,
using morphological and genetic analysis, described
the Clymene dolphin Stenella clymene as the result of
natural hybridization between the striped dolphin
S. coeruleoalba and the spinner dolphin S. longirostris.

In conclusion, the mtDNA CR sequencing per-
formed in this study on individuals morphologically
described as B. physalus stranded along the
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Tyrrhenian coast, allowed us to identify their most
probable geographical origin. Individuals ID536 and
ID553 belonged to the resident Mediterranean fin
whale population, while individual ID531 most
probably came from the North Atlantic Ocean.
These results indicate that Tyrrhenian waters could
be an important feeding ground not only for
Mediterranean fin whales but also for Atlantic visi-
tors (Maio et al. 2016). Genetic analyses have also
proved essential to reveal that individual ID531 was
a fin-blue whale hybrid, highlighting that morpholo-
gical analysis alone does not allow to recognize
hybrids in the wild especially when an intermediate
phenotype is not so evident. The use of morpholo-
gical characters alone to identify hybrids could
therefore lead to an underestimation of the extent
of hybridization, preventing us from detecting
potential negative effects on small populations such
as that of North Atlantic blue whales. The results
obtained highlight the importance to increase sam-
pling and analysis efforts in order to fill gaps in the
knowledge of fin and blue whales. In addition, for
the correct identification of the fin-blue whale
hybrids the morphological analysis must always be
supported by the genetic analysis of biparentally
inherited markers. Only in this way it will be possi-
ble to assess the real extent of the hybridization and
clarify its effects on both species involved.
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