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Abstract. The contractile protein myosin II is ubiquitous in muscle. It is widely accepted
that animals express tissue-specific myosin isoforms that differ in amino acid sequence and
ATPase activity in order to tune muscle contractile velocities. Recent studies, however, sug-
gested that the squid Doryteuthis pealeii might be an exception; members of this species do
not express muscle-specific myosin isoforms, but instead alter sarcomeric ultrastructure to
adjust contractile velocities. We investigated whether this alternative mechanism of tuning
muscle contractile velocity is found in other coleoid cephalopods. We analyzed myosin
heavy chain transcript sequences and expression profiles from muscular tissues of a cuttle-
fish, Sepia officinalis, and an octopus, Octopus bimaculoides, to determine if these cephalo-
pods express tissue-specific myosin heavy chain isoforms. We identified transcripts of four
and six different myosin heavy chain isoforms in S. officinalis and O. bimaculoides muscular
tissues, respectively. Transcripts of all isoforms were expressed in all muscular tissues
studied, and thus S. officinalis and O. bimaculoides do not appear to express tissue-specific
muscle myosin isoforms. We also examined the sarcomeric ultrastructure in the transverse
muscle fibers of the arms of O. bimaculoides and the arms and tentacles of S. officinalis
using transmission electron microscopy and found that the fast contracting fibers of the
prey capture tentacles of S. officinalis have shorter thick filaments than those found in the
slower transverse muscle fibers of the arms of both species. It thus appears that coleoid
cephalopods, including the cuttlefish and octopus, may use ultrastructural modifications
rather than tissue-specific myosin isoforms to adjust contractile velocities.
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Myosin II is the major contractile protein found
in both vertebrate and invertebrate muscle. It is
composed of six subunits: two heavy chains in a
helical dimer that form the rod, the flexible myosin
S2 hinge region, and the myosin S1 heads, and four
light chains that modulate myosin function by
binding to myosin S2 and S1. The myosin S1 heads
contain binding sites for ATP and for the thin
filament protein actin, which positions myosin to
initiate the cross-bridge cycle of muscle contraction
through the hydrolysis of ATP and interactions with
actin.

The various myosin isoforms show a wide range
of ATPase activity. For example, rat fast skeletal
myosin (type II) hydrolyzes ATP three to five times

faster than rat slow skeletal myosin (type I)
(Schiaffino & Reggiani 1994). The difference in
ATPase activity is due to differences in amino acid
composition in two major regions of the myosin S1
heads: surface loop 1, which binds ATP (Murphy &
Spudich 1998), and surface loop 2, which binds
actin (Uyeda et al. 1994). Differences in ATPase
activity in scallop striated and catch muscle myosin
heavy chain isoforms have been attributed to
sequence differences in surface loop 1 (Perreault-
Micale et al. 1996).

Many animals tune muscle fiber contractile veloc-
ity largely through the expression of tissue-specific
myosin isoforms that vary in ATPase activity. For
example, rat fast skeletal muscle fibers shorten two
to three times faster than rat slow skeletal muscle
fibers (Bottinelli et al. 1991), primarily due to the
higher ATPase activity of the rat fast skeletal
myosin isoform. As demonstrated by Barany (1967),
the shortening velocity of a muscle fiber is directly
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proportional to the ATPase activity of the myosin
isoform expressed in that fiber; higher ATPase activ-
ity means that cross-bridge cycling rate and thus
interfilamentary sliding velocity are higher, with a
consequent direct effect on muscle fiber shortening
velocity.

This mechanism for the modulation of shortening
velocity was thought to be ubiquitous, but recent
studies of the long-finned squid, Doryteuthis pealeii
(LESUEUR 1821), suggest that an alternative mecha-
nism may be used by cephalopod mollusks. Squids
are excellent models for the study of shortening
velocities because a range of shortening velocities
are found in the musculature of the appendages.
Squid possess two tentacles that are rapidly elon-
gated to capture prey, and eight arms that are used
for slower bending movements such as manipulation
of prey and steering during locomotion (Kier 1982;
van Leeuwen & Kier 1997). The transverse muscle
fibers of the tentacle contain short, cross-striated
sarcomeres, whereas the transverse muscle of the
arm contains obliquely striated muscle fibers with
long myosin filaments (Kier 1985). Shortening
velocities of the tentacle cross-striated muscle fibers
were found to be ten times higher than fibers from
the arm transverse musculature (Kier & Curtin
2002). If the relationship demonstrated by Barany
(1967) was true in squid, then distinct myosin heavy
chain isoforms should be found in the tentacle and
arm muscular tissues. However, Shaffer & Kier
(2012) isolated and sequenced myosin heavy chain
transcripts and found that D. pealeii does not
express tissue-specific myosin heavy chain isoforms.
Although three isoforms were identified (termed A,
B, and C), all were found in all muscle tissues stud-
ied, and isoforms A and B were observed to be
expressed at similar levels in the arm and tentacle
musculature (Kier & Schachat 2008). These results
suggest that squid use an alternative mechanism to
tune contractile velocities. Comparison of thick fila-
ment lengths in the two muscle types revealed that
the thick filaments of the fast contracting tentacle
fibers are approximately 0.8 lm long while the
slower fibers of the arms have thick filaments that
are approximately 7.4 lm. The short myofilaments
and sarcomeres of the tentacle fibers result in more
elements in series per unit length of fiber, and since
shortening velocities of elements in series are addi-
tive (Huxley & Simmons 1972; Josephson 1975; van
Leeuwen 1991), this ultrastructural specialization is
likely responsible for the observed differences in
shortening velocity (Kier & Curtin 2002).

While D. pealeii uses this alternative mechanism
to tune contractile velocities, it is unknown whether

other coleoid cephalopods employ it as well (the
cephalopod subclass Coleoidea includes all of the
living cephalopods except the chambered nautiluses).
In this study we examined an additional representa-
tive from each of the two superorders of coleoids, a
cuttlefish species from the Decapodiformes (squids,
cuttlefish, bobtail squid, and pygmy squids) and
an octopus species from the Octopodiformes
(octopuses, vampire squid, and argonauts). The
cuttlefish Sepia officinalis LINNAEUS 1758 studied
here is a particularly relevant comparison since, like
D. pealeii, it possesses two tentacles that are
elongated rapidly during prey capture and eight
arms that undergo slower bending movements
(Messenger 1968, 1977). The octopus Octopus
bimaculoides PICKFORD & MCCONNAUGHEY 1949 was
also examined since it is a representative of the
other coleoid superorder. Octopus bimaculoides lacks
the rapidly elongating prey capture tentacles of cut-
tlefish and squid, and uses its more slowly moving
but highly manipulative eight arms for tasks such as
locomotion, prey capture, and manipulation of
objects.

The goal of this study was to determine if the
mechanism employed by squid to tune contractile
velocity may be more widespread in coleoid
cephalopods. We sequenced myosin heavy chain
transcripts from a number of tissues in S. officinalis
and O. bimaculoides. In addition, we examined sar-
comeric ultrastructure from selected muscles of these
species using transmission electron microscopy.

Methods

Experimental animals

Live specimens of Octopus bimaculoides were
purchased from Aquatic Research Consultants (San
Pedro, CA, USA), maintained in a recirculating
artificial seawater system, and fed daily until used.
Animals were anesthetized in chilled seawater
(O’Dor & Shadwick 1989) and sacrificed. Tissue
samples from the mantle, arm, funnel retractor, and
buccal mass musculature were removed, frozen in
RNAlater (Ambion, Life Technologies, Grand
Island, NY, USA) according to manufacturer’s
instructions, and stored at �80°C until use.

Tissue samples of Sepia officinalis were purchased
from Marine Biomedical Technologies (Bohemia,
NY, USA). Tissue samples from the mantle, arm,
tentacular stalk, fin, and funnel retractor muscula-
ture were removed, flash frozen in liquid nitrogen,
and shipped on dry ice. Samples were stored at
�80°C until use.
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Molecular cloning and sequencing methods

Myosin heavy chain transcripts were isolated,
used as a template to produce cDNA, amplified
with PCR, cloned and transformed into Escherichia
coli, and sequenced as described previously (Shaffer
& Kier 2012). Briefly, total RNA was isolated from
tissue samples using the GeneJET RNA Purification
Kit (Fermentas, Glen Burnie, MD) according to
manufacturer’s instructions. cDNA was synthesized
with the Phusion RT-PCR kit (Finnzymes, Espoo,
Finland) using an oligo(dT)15 primer for conven-
tional PCR, an anchor primer (Q_total) for 30RACE
(rapid amplification of cDNA ends), or gene specific
primers (Sepia_50RACE_RT and Oct_50RACE_RT)
for 50RACE (Table 1). The protocols for RACE
were based on those described previously (Scotto-
Lavino et al. 2006a,b). For additional details, see
Shaffer & Kier (2012).

Conventional PCR and 50 and 30RACE reactions
were carried out with the Phusion Hot Start II
High-Fidelity DNA Polymerase (Finnzymes) accord-
ing to manufacturer’s instructions in order to clone
the myosin heavy chain cDNA in segments (see
Shaffer & Kier [2012] for details). The primers used
in these reactions are listed in Tables 1–3. These pri-
mers were designed by aligning known cephalopod
myosin heavy chain DNA sequences and locating
degenerate regions. The sequences used were Dory-
teuthis pealeii isoform A (UniProt accession number
G4V4Y6); Heterololigo bleekeri (KEFERSTEIN 1866)
(as Doryteuthis bleekeri; B2ZTQ5); Todarodes
pacificus (STEENSTRUP 1880) (F1ADJ4); Sepia escu-
lenta HOYLE 1885 (B2ZTQ6); Argopecten irradians
(LAMARCK 1819) (P24733); Pecten maximus
(LINNAEUS 1758) (Q9U7E3); Mizuhopecten yessoensis
(JAY 1857) (Q9BLD0); and both catch and striated
myosin heavy chain isoforms from Placopecten mag-

Table 1. Primers used for 50 and 30 RACE to clone myosin heavy chain sequences from cuttlefish (Sepia officinalis)
and octopus (Octopus bimaculoides). All primers are written 50 to 30. Primers without a genus prefix (“Sepia” or “Oct”)
were used for both cuttlefish and octopus PCR reactions.

Primer name Primer sequence

Q_total CCAGTGAGCAGAGTGACGAGG;ACTCGAGCTCAAGC(T)17
Q_outer CCAGTGAGCAGAGTGACG
Q_inner GAGGACTCGAGCTCAAGC
30RACE_1 GGAACACTACCAGATGGCTG
30RACE_2 AGACCCAGAAGAGCATGC
Sepia_50RACE_RT ATCAGCTTCAGCCTGTTCA
Sepia_50RACE_1 GGTGACACGGGATTTCTC
Sepia_50RACE_2 TAGGCGTTGTCAGCCAC
Oct_50RACE_RT TGTTCAAAGCTGTTGAAGTCA
Oct_50RACE_1 CAGTGAAGCCCAACACATC
Oct_50RACE_2 GCAACGGAGAACAAATGG

Table 2. Primers used for conventional PCR to clone myosin heavy chain sequences from cuttlefish (Sepia officinalis)
and octopus (Octopus bimaculoides). All primers are written 50 to 30. Primers without the genus prefix “Sepia” were
used for both cuttlefish and octopus PCR reactions.

Primer name Primer sequence

368_F TCAACCCCTACAGACGTCTT
2166_R GTATCTCTGCTTGAACTCAGAGTAGA
2071_F CAGCTCCGTTGTAACGG
4405_R TTCTCCAATTCAGCCTGG
4361_F AATGGCAACACAAATGCAACG
5320_R GGTCTTGTTCTTGTCTAAGC
Sepia_1_F ATGTCGTCCTACGATCCAAG
Sepia_540_R TCCAGACTCTCCAGTAATCAACA
Sepia_3781_F ATGCTCCGAGAAGATGAGC
Sepia_5814_R TTACATGGGACTGGCAGC
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ellanicus (GMELIN 1791) (Q26080 and Q26079,
respectively). Sequences were aligned with ClustalX2
(version 2.1) (Larkin et al. 2007) and degenerate
regions were identified by eye.

Once PCR was completed, samples were sepa-
rated using agarose gel electrophoresis, and bands
were excised and purified using the GeneJET Gel
Extraction Kit (Fermentas). Purified PCR products
were cloned and ligated into the pJET1.2/blunt
vector (Fermentas) and transformed into competent
JM107 E. coli bacteria prepared using the Trans-
formAid Bacterial Transformation Kit (Fermentas).
Colonies were selected, grown overnight, and
plasmid DNA was isolated using the GeneJET Plas-
mid Miniprep Kit (Fermentas). Plasmid DNA was
sequenced by Eton Biosciences (Durham, NC, USA)
using the Fermentas pJET forward and reverse
primers, as well as myosin-specific primers in some
cases. Sequence analysis was performed using
Sequence Scanner software (v1.0, Applied
Biosystems, Carlsbad, CA, USA) and tools on the
ExPASy web server (Gasteiger et al. 2003).

Conventional PCR was also used to determine if
specific myosin heavy chain isoforms were expressed
in tissues of S. officinalis and O. bimaculoides. Once
Sepia isoform C and Octopus isoforms C, D, and E
were found using the methods described above,
specific primers were designed for these isoforms
(Table 3) and PCR was completed with all tissue
cDNA samples in order to search for the expression
of these isoforms. To minimize chances of cross-
reactions with other isoforms, primers were designed
with significant overlap with the specific isoforms
they were designed to amplify; in addition, the

annealing temperatures used in the PCR reactions
were within 1–2°C of the Tm of the primers (see
Shaffer & Kier [2012] for additional details). Upon
completion of PCR, the samples were separated
using agarose gel electrophoresis and PCR products
were analyzed based on size.

Transmission electron microscopy

Cross-sectional slices 2–3 mm thick of the
tentacles and arms of three adult specimens of S.
officinalis and of the arms of four adult specimens
of O. bimaculoides were fixed in 3.0% glutaralde-
hyde, 0.065 mol L�1 phosphate buffer, 0.5% tannic
acid, and 6% sucrose for 6–8 h at 4°C. Following
fixation, small (~1 9 1 9 2 mm) blocks of tissue
were cut from the slices, rinsed overnight in chilled
0.065 mol L�1 phosphate buffer, and post-fixed for
40 min at 4°C in a 1:1 mixture of 2% osmium
tetroxide and 2% potassium ferrocyanide. The
blocks were rinsed in chilled 0.065 mol L�1 cacody-
late buffer for 15 min, and then dehydrated and
cleared in a graded acetone series. Acetone was used
in place of ethanol and propylene oxide in order to
minimize dimensional changes in the myofilaments
(Page & Huxley 1963). The tissue blocks were
embedded in epoxy resin (Epox 812, Ernest R.
Fullam, Latham, NY, USA). During sectioning, we
attempted to align the section plane with the longi-
tudinal axis of the fibers by examining 0.5–1.0 lm
sections in the light microscope and reorienting the
block until individual fibers in the area of interest
remained in the section plane. The block was
then trimmed and sectioned with a diamond knife.
Sections of silver to gold interference color were
stained with saturated aqueous uranyl acetate and
Reynolds lead citrate (Reynolds 1963) and pho-
tographed in Zeiss EM 10CA and Philips Tecnai 12
electron microscopes. Thick filament lengths were
measured on micrographs using morphometrics soft-
ware (Sigma-Scan Pro; Systat Software, Inc., San
Jose, CA, USA).

Results

Myosin heavy chain sequences in Sepia officinalis

The complete myosin heavy chain transcript
sequences for five muscular tissues (mantle, arm,
tentacle, fin, and funnel retractor) were obtained
from Sepia officinalis. Four isoforms were identified;
these are homologous to those found in Doryteuthis
pealeii (Shaffer & Kier 2012). The coding region
(CDS) of isoform A was composed of 5814 nucleo-

Table 3. Primers used for conventional PCR to detect
specific myosin heavy chain isoforms in cuttlefish (Sepia
officinalis) and octopus (Octopus bimaculoides) tissues. All
primers are written 50 to 30.

Primer name Primer sequence

Sepia_A-B_F GCAGGTAAAACTGAGAACACG
Sepia_A-B_R TGTGTGCCGAAGTGGAT
Sepia_A-C_F AGACCCAGAAGAGCATGC
Sepia_A_R TACATGGGACTGGCACG
Sepia_C_R TCATTGATTCGATGGAGCT
Oct_A-B_F AGACGAAAAGAAGGGTACCC
Oct_A-B_R TGGGAAGGTAGGTGTAAGGA
Oct_A-C-D-E_F AGACCCAGAAGAGCATGC
Oct_A_R TTACAAAGGACTAGCGCGAG
Oct_C_R TCATTGTGAGACAGAACTGGC
Oct_D_R TCACTGAGAAGATGACGCG
Oct_E_R TTAGAAGTGGTCATCTTCTCCAC
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tides and was translated to 1937 amino acids.
Isoform A was 95.3% identical to isoform A from
D. pealeii (UniProt G4V4Y6). Partial sequences of
three additional isoforms (referred to as isoforms
B1, B2, and C) were found by analyzing the PCR
products from the different tissue cDNAs. Figure 1
displays partial sequences of the four isoforms and
how they differ from one another (full sequences
can be found through GenBank or EMBL, Table 4).
Isoforms B1 and B2 differ from isoform A due to
the absence of a five amino acid sequence in surface
loop 1 near the N-terminus, and there are also four
amino acid substitutions in surface loop 1 (Fig. 1A).
Isoform B1 differs from isoform B2 by three amino
acid substitutions in surface loop 1. Isoform C con-
tains a 12 amino acid tailpiece at the C-terminus
compared with isoform A (Fig. 1B). These isoforms
are homologous to isoforms B and C described
previously (Matulef et al. 1998; Shaffer & Kier 2012).

All four myosin heavy chain isoforms were found
to be expressed in all five S. officinalis tissues studied.
Isoforms A, B1, and B2 were observed by sequencing
short PCR products that contained the surface loop 1
sequence (Sepia_A-B_F and Sepia_A-B_R primers,
Table 3) prepared from the five tissues studied. Iso-
form C was first detected using 30RACE with cDNA
from tentacle tissue, and then a reverse primer specific
to the isoform C sequence was created (Table 3) and
used in PCR to determine if isoform C was expressed
in the other four S. officinalis tissues. As shown in
Fig. 2, a band for isoform C was evident in all five
cuttlefish tissues studied, suggesting that isoform C
was expressed in all five tissues.

Ultrastructure of arm and tentacle transverse muscle

in S. officinalis

The ultrastructure of transverse muscles we
observed in S. officinalis was indistinguishable from
that described previously for squid arms and tenta-
cles (Kier 1982, 1991; Kier & Curtin 2002), so we
provide only a summary here. The fibers of the
transverse muscle mass of the arms of S. officinalis
were obliquely striated, the typical striation pattern
found in the musculature of cephalopods (for a
review, see Budelmann et al. 1997) (Fig. 3A). The
myofilaments of this fiber type were oriented parallel
to the long axis of the fiber but they were not
aligned in register across the cell. Instead, they were
arranged in a staggered array so that the A and I
bands followed oblique or helical courses of low
angle relative to the longitudinal axis of the fiber.
This was most easily observed in longitudinal sec-
tions, where the dense bodies or Z elements, which
anchor the thin myofilaments, could be seen to be
aligned at a small angle to the longitudinal axis of
the fiber (Fig. 3A). It was challenging to obtain
accurate measurements of thick filament length in

Fig. 1. Comparisons of Sepia officinalis myosin isoforms
A, B1, B2, and C. A. Translated amino acid sequences of
myosin heavy chain isoforms A, B1, and B2. Isoforms B1
and B2 contain a five amino acid deletion and four amino
acid substitutions in surface loop 1 compared to isoform
A. Isoform B1 differs from isoform B2 by three amino
acids. B. Translated amino acid sequences of myosin
heavy chain isoforms A and C. Isoform C contains a 12
amino acid extension compared to isoform A. Asterisks
(*) denote identical amino acids, colons (:) denote well
conserved amino acids, periods (.) denote somewhat
conserved amino acids, and blank spaces denote no
conservation.

Table 4. Summary of differences among Sepia officinalis
muscle myosin heavy chain isoforms, relative to isoform
A.

Myosin Heavy
Chain Isoform

Differences
(with respect to A)

EMBL
accession no.

A n.a. HG421287
B1 5-AA deletion and

substitutions in loop 1
HG421288

B2 5-AA deletion and
substitutions in loop 1

HG421289

C 12-AA tailpiece HG421290

Fig. 2. Expression of isoform C in muscular tissues of
Sepia officinalis. PCR was used with a specific isoform C
reverse primer to detect isoform C in S. officinalis tissues.
L, ladder; M, mantle; A, arm; T, tentacle; F, fin; FR,
funnel retractor; N, non-template control.
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these fibers because of the difficulty of obtaining
precisely longitudinal sections. In some sections we
were able to trace thick filaments for 7.6 lm, but
this may not represent their total length. The sar-
coplasmic reticulum appeared similar to that
described previously for the homologous muscle in
squids and included a peripheral zone present in the
subsarcolemmal cytoplasm, a zone in the plane of
the Z elements, and a central zone surrounding the
mitochondria that occupied the core of the fibers.
The fibers lacked invaginated tubules and the sar-
coplasmic reticulum made specialized peripheral
couplings with the sarcolemma.

In contrast to the fibers of the arms, muscle cells
from the transverse muscle mass of the tentacles
were cross-striated with similar ultrastructure to that
described previously for the fast-contracting trans-
verse muscle mass of the tentacles of loliginid and
ommastrephid squids (Kier 1985, 1991; Kier &
Curtin 2002) (Fig. 3B). The A-band of these fibers,
as in the squids, was quite short (mean=0.81 lm,
S.D.=0.18 lm). The material of the Z disks was not
the organized network that has been described for

vertebrate skeletal muscle fibers, but instead
appeared to be a loosely arranged grouping of
electron-dense material. The sarcomeres appeared to
be susceptible to shearing, and the Z disks were
often not precisely perpendicular to the long axis of
the cell. As in the arm fibers, the tentacle cells
lacked invaginated tubules and the sarcoplasmic
reticulum formed specialized couplings directly with
the sarcolemma.

Myosin heavy chain sequences in Octopus
bimaculoides

We identified six different myosin heavy chain
isoforms in four muscular tissues of Octopus bimacu-
loides (mantle, arm, funnel retractor, and buccal
mass). We identified myosin heavy chain isoform A
(CDS of 5817 nucleotides, 1938 amino acids), homo-
logous to isoform A found in S. officinalis (89.4%
identity) and squid (89.4% identity), and also partial
sequences for two variants of isoform B that were
homologous to the B isoforms from S. officinalis and
D. pealeii (Table 5). Both isoform B1 and B2
contained a five-amino acid deletion of surface loop 1
compared to isoform A, but they differed from one
another by virtue of the specific substitutions
(Fig. 4A). Partial sequences for three C-terminal
isoforms were also identified and are summarized in
Table 5 and Fig. 4B. Isoform C contained a
12-amino acid tailpiece, isoform D contained a thir-
teen-amino acid tailpiece, and isoform E contained a
48-amino acid tailpiece. All tailpiece sequences of iso-
forms C, D, and E were distinct from one another.

All six isoforms were found in all four O. bimacu-
loides tissues studied. Isoforms A, B1, and B2 were
identified by sequencing short PCR products that
contained the surface loop 1 sequence (Oct_A-B_F
and Oct_A-B_R primers, Table 3) prepared from
each of the four O. bimaculoides tissues studied.
Isoforms C, D, and E were first detected with
30RACE from the buccal mass, mantle, and funnel
retractor cDNA, respectively. Once these isoforms
were identified, specific reverse primers were deve-
loped and used with a common forward primer
(Oct_A-C-D-E_F, Table 3) in PCR reactions to
determine if these isoforms were expressed in all
four tissues. Bands were observed for isoforms C,
D, and E in all four tissues (Fig. 5).

Ultrastructure of the transverse muscle of the arms of

Octopus bimaculoides

The transverse muscle fibers of the arms of O.
bimaculoides were observed to be obliquely striated

Fig. 3. Transmission electron micrographs of transverse
muscle fibers of Sepia officinalis and Octopus bimacu-
loides. A. Transverse fibers from the arm of S. officinalis.
B. Transverse fibers from the tentacle of S. officinalis. C.
Transverse fibers from the arm of O. bimaculoides. DB,
dense body; SR, sarcoplasmic reticulum.

Invertebrate Biology
vol. 135, no. 1, March 2016

8 Shaffer & Kier



with similar ultrastructure (Fig. 3C) to that
described above for the transverse muscle of the
arms of the cuttlefish S. officinalis. The thick
myofilaments were quite long in these fibers as well;
we were able to trace thick filaments for 7.9 lm, but
this may not represent their full length, given the
challenges of obtaining perfectly aligned longitudinal
sections.

Discussion

The major finding from this study is that coleoid
cephalopods, including squid, cuttlefish, and
octopus, appear to use sarcomeric ultrastructural
differences, rather than the expression of tissue-
specific myosin heavy chain isoforms, to tune
contractile velocity. This is also the first time that
the myosin heavy chain has been sequenced from
octopus muscular tissues. The results from this

study provide important insight into the diversity of
mechanisms of muscle regulation.

While it is widely accepted that animals express
tissue-specific myosin heavy chain isoforms to tune
muscle contractile velocities (Barany 1967), squids
appear to be an exception. Shaffer & Kier (2012)
showed that the muscular tissues of the squid Dory-

Fig. 4. Comparisons of Octopus bimaculoides myosin iso-
forms A, B1, B2, C, D, and E. A. Translated amino acid
sequences of myosin heavy chain isoforms A, B1, and B2.
Isoform B1 and B2 contain five amino acid deletions and
four amino acid substitutions in surface loop 1 compared
to isoform A. Isoform B1 differs from isoform B2 by two
amino acids. B. Translated amino acid sequences of myo-
sin heavy chain isoforms A, C, D, and E. Isoforms C, D,
and E contain 12, 13, and 40 amino acid extensions,
respectively, compared to isoform A. Asterisks (*) denote
identical amino acids, colons (:) denote well conserved
amino acids, periods (.) denote somewhat conserved
amino acids, and blank spaces denote no conservation.

Table 5. Summary of differences among Octopus bimaculoides muscle myosin heavy chain isoforms, relative to
isoform A.

Myosin Heavy Chain Isoform Differences (with respect to A) EMBL accession no.

A n.a. HG421291
B1 5-AA deletion and substitutions in loop 1 HG421292
B2 5-AA deletion and substitutions in loop 1 HG421293
C 12-AA tailpiece HG421294
D 13-AA tailpiece HG421295
E 40-AA tailpiece HG421296

Fig. 5. Expression of isoforms C, D, and E in muscular
tissues of Octopus bimaculoides. PCR was used with speci-
fic isoform C, D, and E reverse primers to detect isoforms
in O. bimaculoides tissues. The top panel shows the distri-
bution of isoform C; the middle panel that of isoform D;
and the bottom panel that of isoform E. L, ladder; M,
mantle; A, arm; FR, funnel retractor; BM, buccal mass;
N, non-template control.
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teuthis pealeii do not express tissue-specific myosin
heavy chain isoforms. The results from the current
study are consistent with this finding and provide
preliminary support for the hypothesis that cephalo-
pod mollusks in general use ultrastructural differ-
ences rather than differences in myosin heavy chain
isoforms to tune contractile velocity. Similar to D.
pealeii, the cuttlefish Sepia officinalis analyzed in this
study has two tentacles that rapidly elongate and
eight more slowly moving arms, yet the arms and
tentacles express identical transcripts for myosin
heavy chain isoforms. Transcripts of these isoforms
were also expressed in the mantle, fin, and funnel
retractor musculature. While Octopus bimaculoides
does not possess musculature that varies so widely
in terms of contractile velocity, we also found that
this species expresses identical myosin heavy chain
isoforms in the mantle, arm, funnel retractor, and
buccal mass tissues. Thus, none of the representa-
tives from three major coleoid cephalopod groups
(squids, cuttlefishes, and octopuses) that have been
studied express tissue-specific transcripts of myosin
heavy chain isoforms in their muscular tissues.

Previous research on loliginid and ommastrephid
squids has shown that instead of expressing tissue-
specific myosin heavy chain isoforms, the modula-
tion of shortening velocity occurs through variation
in the ultrastructure of the sarcomeres (Kier 1985,
1991; Kier & Schachat 1992, 2008; van Leeuwen &
Kier 1997; Shaffer & Kier 2012). The most impor-
tant factors are the thick filament and sarcomere
length. For example, in the squid D. pealeii, the
thick filaments of the fast-contracting cross-striated
tentacle fibers were found to be ~0.8 lm long, while
those of the more slowly contracting obliquely stri-
ated muscle of the arms were ~7.5 lm long (Kier &
Curtin 2002). Because shortening velocities of
elements in series are additive, muscles with shorter
myofilaments and sarcomeres show higher unloaded
shortening velocities, assuming other factors are
constant (Huxley & Simmons 1972; Josephson
1975). As the difference in thick filament length in
D. pealeii was approximately 10-fold, the shortening
velocity of the tentacle fibers was predicted to be
approximately ten times higher. Measurement of the
contractile properties of these fibers was consistent
with this prediction; the unloaded shortening
velocity of the tentacle fibers was found to be
approximately 15 L0s

�1 while that of the arm fibers
was approximately 1.5 L0s

�1 (Kier & Curtin 2002).
The results of the preliminary ultrastructural anal-

ysis of the S. officinalis and O. bimaculoides muscle
fibers described in this study are consistent with the
previous work on squids, and show that the fast

contracting tentacle fibers of S. officinalis possess
shorter myofilaments and sarcomeres, compared
with the more slowly contracting fibers of the arms
of S. officinalis and O. bimaculoides. Although
measurements of contractile properties are needed,
along with a more extensive morphometric analysis
of the ultrastructure, the results presented here are
consistent with the hypothesis that cephalopods
may tune contractile properties primarily through
variation in ultrastructure.

Four myosin heavy chain isoforms were identified
in muscular tissues of S. officinalis in this study,
whereas six isoforms were identified in muscular
tissues of O. bimaculoides. Previously, three isoforms
were identified in the muscular tissues of squid
(Shaffer & Kier 2012). Why then do S. officinalis
and O. bimaculoides express more myosin isoforms
than the squid? One possibility is that these
additional isoforms perform functional roles in the
cuttlefish and octopus not found in squid. This
seems unlikely to be the case for isoforms B1 and
B2 because they only differ from each other at two
positions for the octopus (T213G and V220I) and
three positions for the cuttlefish (A219D, V221I,
and V236I). Both of the substitutions in the octo-
pus myosin heavy chain are conserved small
hydrophobic amino acids, so functional differences
are unlikely to result. Two of the three substitutions
between cuttlefish isoforms B1 and B2 are small
hydrophobic amino acids (V221I and V236I) so are
unlikely to result in functional differences; however,
the substitution A219D is a small hydrophobic
alanine to a negatively charged aspartic acid, which
may affect function. Functional differences are also
more likely to occur within the variable C-terminal
isoforms C, D, and E, which have C-terminal tails
of 12, 13, and 40 amino acids, respectively,
compared with isoform A (Fig. 4B). Prior work has
shown that scallop catch myosin heavy chain
contains a 10-amino acid C-terminal tailpiece
(Perreault-Micale et al. 1996) of unknown signifi-
cance. Rabbit smooth muscle myosin is alternatively
spliced to produce two C-terminal isoforms, one
with a 43 amino acid tail (SM1) and the other with
a nine amino acid tail (SM2) (Rovner et al. 2002),
and thick filament assembly differed depending on
whether the SM1 or SM2 myosin isoform was
involved. In Drosophila indirect flight muscle,
expression of a myosin heavy chain isoform with a
C-terminal tailpiece may contribute to thick filament
assembly and stability and A-band development
(Orfanos & Sparrow 2013). Based on these studies,
it could therefore be possible that thick filament
assembly differs with the expression of isoforms C,
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D, and E described in this study. While a functional
difference is possible between the shorter C-terminal
isoforms C and D and the longer C-terminal iso-
form E, all three of these isoforms were expressed in
all four O. bimaculoides tissues studied (Fig. 5), so a
functional difference, if any, would not affect func-
tion in a tissue-specific manner. A final possibility is
that the squid also expresses more than three myo-
sin heavy chain isoforms, but that they were missed
in the previous study by Shaffer & Kier (2012).
While possible, we think that it is unlikely due to
the large number of samples prepared and
sequenced over the course of the study.

In this study we identified myosin heavy chain
isoforms that vary in sequence at surface loop 1
near the N-terminus, and also isoforms that vary in
length at the C-terminus. Because we sequenced
these isoforms from PCR products that did not
encompass the full-length cDNA, it is possible that
various combinations of isoforms exist. As we and
others have described earlier (Matulef et al. 1998;
Shaffer & Kier 2012), isoform A contains a five
amino acid insertion in surface loop 1 compared
with isoform B and has a shorter C-terminus than
isoforms C, D, or E. It is possible, however, that
the isoform A characteristics of surface loop 1 (the
five amino acid addition) could be found with a
longer C-terminus, thus resulting in a hybrid of
isoforms A and C (or D or E in the octopus). Addi-
tionally, isoform B could be paired with either the
short isoform A C-terminus or the longer C-termini
of isoforms C, D, and E. In total, there are four
potential isoform combinations in the squid and
cuttlefish, and 12 potential combinations in the
octopus. In addition, differential post-translation
modifications of the myosin heavy chain protein
isoforms could affect sarcomeric function in S. offi-
cinalis and O. bimaculoides. Molluscan catch muscle
myosin can be phosphorylated in the rod region
(Castellani & Cohen 1987) to regulate the catch
state and ATPase activity. The tailpieces identified
in this study contain potentially phosphorylatable
serine residues that could participate in similar
regulation of ATPase activity. Additional investiga-
tion is needed to determine what potential combina-
tions of myosin heavy chain isoforms are expressed
in cephalopod tissues and how potential post-trans-
lational modifications may affect function.

The existence of multiple myosin isoforms in both
the cuttlefish and octopus also raises that possibility
that they are expressed at unequal levels in the tis-
sues. Quantitative PCR analysis was beyond the
scope of this study so we do not know whether or
not the isoforms are expressed at different levels in

the various tissues studied. This is of interest since
differences in the relative levels of transcripts could
potentially affect ATPase activity and thereby the
shortening velocities of the various muscle groups.
Kier & Schachat (2008) used semi-quantitative PCR
and demonstrated that in both the squid arm and
tentacle transverse musculature, ~90% of the myosin
heavy chain expressed is isoform A, while the other
10% is isoform B. We found the homologous iso-
forms A and B in S. officinalis and O. bimaculoides,
and A may prove to be the dominant form in these
species as well, but future work employing quantita-
tive methods is needed to assess any potential varia-
tion in expression in the various muscular tissues.

In conclusion, we have shown that S. officinalis
and O. bimaculoides, like the squid D. pealeii
(Shaffer & Kier 2012), do not appear to express
tissue-specific myosin heavy chain isoforms.
Although additional work is needed, these results
suggest that coleoid cephalopods in general may use
ultrastructural differences, primarily variation in
thick filament length, to tune contractile velocity.
This unusual form of regulation of contractile
velocity warrants additional investigation to determine
if it is more widespread than currently recognized.
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