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Abstract

This study examined the rate of fertilization in the Argentine shortfin squid Illex argentinus after ar-
tificial insemination using sperm from different sources, as well as the effect of cold-storage on the
fertilization capacity of gametes from mature squids, and the impact of mechanical agitation on em-
bryonic development. In addition, the process of chorionic expansion during the course of embryonic
development was also examined. High fertilization rates were obtained from spermatophores (76—
95%) and spermatozoa from the vas deferens (73—87%), but no fertilization was observed using sper-
matozoa from testes. Female and male gametes stored at 0°C had a high fertilization capacity (>72%)
within 24 h. Embryos (stages 4 to 17; 3 to 61 h at 20°C) subjected to mechanical agitation at a critical
period (stages 5 to 12; 5 to 20 h at 20°C) exhibited high mortality and abnormal development. In the
course of embryonic development, the chorion expanded four times: once at fertilization and then at
developmental stages 15-16, 17-21, and finally at stages 25-27. The growth rate of the third expan-
sion corresponded with an increase in embryonic body length. To improve the fertilization rate and
increase the production of healthy paralarvae in on-board experiments, factors such as the origin of
spermatozoa, gamete storage methods, and the handling of fertilized eggs during the critical period

should be carefully controlled.
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Introduction

Artificial fertilization techniques are useful for pro-
ducing squid embryos and hatchlings to study the early
life history of oceanic ommastrephid species, as these are
generally difficult to collect during normal capture sur-
veys, e.g., lllex illecebrosus', Todarodes pacificus®?,
Ommastrephes bartramii®®, Sthenoteuthis oualaniensis',
L argentinus'®'®, and Dosidicus gigas****. However, ex-
cept for T. pacificus, I illecebrosus, and I. argentinus, the
technical constraints associated with conducting experi-
ments at sea have meant that accurate information on the
fundamental characteristics of embryonic development

and hatching stages of most of these species is not
known.

After copulation, mature female I. argentinus retain
the spermatangia implanted by males at the base of their
gills. While these mated females are well suited for arti-
ficial fertilization experiments, they are caught much less
frequently than mature unmated females and males in the
feeding grounds'>. Mature I. argentinus males (stages
IT1-V)* are frequently encountered on the Argentine shelf
throughout the year®.

While I. argentinus are known to store spermatozoa
in the genital organs, vas deferens, spermatophores, and
testis?!, the viability of the spermatozoa from these tis-
sues is unknown. In 7. pacificus, lower fertilization abil-
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ity has been observed using spermatozoa from the vas
deferens and no ability has been observed using sperma-
tozoa from the testis®!?. Since the possibility of sourcing
male gametes from different organs of freshly caught
squid would likely increase the opportunity of artificial
fertilization for offshore species such as I. argentinus, de-
veloping methods for the prolonged storage of viable
gametes would mean that experiments using offshore
species could be conducted in land-based laboratories.

In addition to investigating sources of spermatozoa,
other studies have examined aspects related to embryonic
development and how to improve the survival of embryos
produced at sea. Crawford” demonstrated that chorionic
expansion was greater in fertilized Loligo pealei eggs
cultured in filtered seawater containing relatively high
concentrations of bovine serum albumin (BSA; 0.5%)
than in fertilized eggs cultured at lower BSA concentra-
tions, and also that the development of these embryos was
comparable to naturally laid jelly strings. Conversely, the
chorion diameters of unfertilized eggs cultured in the
presence of 0.5% BSA/filtered seawater did not change.
In addition, chorionic expansion in embryos cultured in
plastic Petri dishes containing seawater with 0.5% BSA
that were not lined with agarose died after 3 or 4 days,
suggesting that the environment given by the mixture of
proteins and carbohydrates present in BSA and agarose
functions in the same way as that of egg jelly in promot-
ing hatching and normal development. Given these find-
ings, we similarly expected that the chorionic expansion
would also play an important role in the development of
ommastrephiid squids.

The present study therefore aimed to 1) improve cur-
rent artificial fertilization techniques'®, 2) assess the po-
tential use of gametes that have been stored at 0 °C, and 3)
obtain a steady supply of fertilized I argentinus eggs.
Specifically, the following factors were examined: 1) fer-
tilization rates using spermatozoa from different sources,
2) the effect of mechanical agitation on embryonic devel-
opment, and 3) the process of chorionic expansion during
embryonic development.

Materials and methods

Live squid were caught off Argentina with a bottom
trawl during several cruises of the R/V Capitan Oca Bal-
da of the Instituto Nacional de Investigacion y Desarrollo
Pesquero (INIDEP) from 1995-1999. Mature males
(stages 11I-V)* and females (stages V-VII)* were selected
for the experiments. Unfertilized eggs of 1. argentinus
for fertilization experiments were obtained from adults
using the method of Sakai and Brunetti'®>. Mature eggs
were collected from the oviducts near the oviducal gland,
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and spermatozoa were collected from spermatophores,
the vas deferens, and/or testis. Oviducal gland jelly was
produced by macerating fresh oviducal glands in seawa-
ter collected from depths below 400 m and filtered
through a 0.45-pym membrane filter (Millipore Corp.,
MA), and then immediately adding the jelly to all fertil-
ized eggs (Fig. 1). All experiments were conducted on
board and the fertilized eggs were incubated at 20 +0.1°C
under a constant photoperiod of 16L/8D. The stages of
Sakai et al.'” were used to describe embryonic develop-
ment.

Since the primary sites of spermatozoa storage in
male I argentinus are testis, the vas deferens (spermi-
duct), spermatophores in Needham’s sac?', spermatozoa
were collected from each of these sites, placed in seawa-
ter, and examined under a stereo-microscope (Zeiss, Ger-
many). To determine the fertilization rates achieved us-
ing spermatozoa from each site, artificial fertilization
using mature eggs obtained from the lower portion of the
oviduct in mature females and spermatozoa from mature
males was conducted. The fertilization rate was calculat-
ed using 100 eggs for each experimental group, with eggs
at or beyond stage 4 (the two-cell stage) considered to be
fertilized.

To investigate the effect of genital-tract cold storage
on the rate of fertilization, entire bodies of 20 mature fe-
males (stage V) and 20 males (stage V) were stored at 0
+1°C (not frozen) for 42 h. Artificial fertilization was
then conducted at 0 hr (control) and then after 19, 24, 30,
36, and 42 h of cold storage. Fertilized eggs were then in-
cubated at 20°C and the rate of fertilization was deter-
mined 3 h after artificial insemination.

To elucidate the effect of mechanical agitation on
embryo development, embryos in eight developmental
stages, stage 4 (2.5 h after insemination), 5 (4.5 hrs), 10
(7.5 h), 11 (8.5 h), 12 (11.5 h), 13 (23 h), 16 (28 h), and 17
(39 h), were agitated by drawing them into a syringe, in-
jecting them back into the wall, and recording their mor-
tality over the next 48 h. Nine lots were prepared for each
of the eight experimental stages, and for one control,
which was not agitated. For each lot, approximately 100
fertilized eggs were placed in a 94 mm diameter Petri
dish. To prevent the eggs from rolling in the dish due to
the motion of the ship, the eggs were redistributed into a
six-welled microplate (each well was 34.6 mm in diame-
ter and 17.5 mm in deep) 3 h after artificial insemination.
The embryos were incubated at 20°C in well-oxygenated,
filtered seawater and agitated according to the following
procedure: eggs or developing embryos in seawater were
drawn into a 10 mL syringe, the inner-tip diameter of
which was 2 mm, and then dispensed into the wells of the
multi-welled plate. Embryo mortality was considered to
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occur when developing embryos became opaque and/or
markedly deformed.

The normal development of embryos and the suc-
cessful hatching of paralarvae are dependent on chorion-
ic expansion during the course of embryonic develop-
ment'®. We therefore measured the chorion diameters in
the long axis, embryonic body length (BL), and embryon-
ic mantle lengths (ML) of fertilized eggs incubated at

Female mature stage VI
Nidamental

Female V
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20°C from the time of fertilization to near the hatching
stage to the nearest 0.01 mm under a stereo-microscope.

Results
1. Sperm motility and rate of fertilization

For all stages I1I-V of male maturity, spermatozoa
from the spermatophores were motile in seawater, while
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Fig. 1. General procedure for artificial fertilization using a copulated female in stage VI, or a mature female and male in

stage V

303



M. Sakai et al.

spermatozoa from the vas deferens and testis were immo-
tile. The fertilization rate obtained using spermatozoa
from the testis was 0%, while spermatozoa from the vas
deferens and spermatophores in stages I1I-V males were
capable of fertilizing eggs. The rate of fertilization
achieved with spermatozoa from both the vas deferens
and spermatophores appeared to increase gradually with
male maturity (Fig. 2). The average rate of fertilization
using spermatozoa from the vas deferens of stage III
males was 72.8% (£ 15.0 SD), which was slightly, but sig-
nificantly, lower than that obtained using sperm from the
spermatophores (75.7 £ 9.7% SD; t-test, p < 0.05). In
stage IV males, the rate increased to 83.0 £6.8% (SD) for
spermatozoa from the vas deferens and 83.7% (+ 11.1,
SD) for spermatozoa from the spermatophores. The dif-
ference observed between the sources of spermatozoa
and the rate of fertilization in males at stage IV was not
significant (t-test, p > 0.10). The fertilization rate in
males at stage V increased to 86.9 +5.4% (SD) using sper-
matozoa from the vas deferens and to 84.8 £ 6.0% (SD)
for spermatozoa from the spermatophores, with a signifi-
cant difference observed between sources of spermato-
zoa (t-test, p < 0.05). Although a slight difference was
observed in the rate of fertilization between spermatozoa
from the vas deferens or spermatophores, both sources of
spermatozoa in stage IV-V males were associated with
high rates of fertilization (> 80% on average). Despite a
slightly lower rate of fertilization observed in stage I11
males compared to stage IV and V males, spermatozoa
from the vas deferens and spermatophores in stage I11
males resulted in successful fertilization.

Gametes from stage V females and V males that had
been kept in cold storage could be used for artificial fer-
tilization. For gametes stored at 0°C for 24 h, fertiliza-
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Fig. 2. Fertilization capacity of spermatozoa from the vas
deferens and spermatophores from males at
maturity stages 111, IV, and V

Error bars indicate standard deviation.
n = sample size.
[ : Vas deferens, [ ] : Spermatophore.
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tion rates of over 70% were obtained using spermatozoa
from spermatophores (Fig. 3). After 24 h, however, the
fertilization capacity decreased markedly. After 30 h, the
average rate of fertilization was only 31.1%, and after 40
h, the rate was 0% (Fig. 3).

2. Embryonic mortality due to mechanical agitation
Mechanical agitation of stage 4 embryos (when first
cleavage occurs) had only a minor effect on embryonic
survival. Cumulative mortality 48 h after fertilization
was less than 19.6% after agitation (Fig. 4), which was
similar to that of the control lot (20.4%). However, agita-
tion of stage 5 (second cleavage) embryos resulted in high
mortality, with cumulative mortality increasing from 20
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Fig. 3. Influence of cold storage on the fertilization
capacity of gametes of mature male and female squid
Eggs from mature females in stage V were insemi-
nated with spermatozoa from male spermatophores
in stage V. Error bars indicate standard deviation.
n = sample size.
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Fig. 4. Cumulative mortality (%) of developing embryos
for 48 h after fertilization and mechanical agitation
applied to each embryonic developmental stage

Arrows indicate the time at which mechanical agi-
tation was conducted in each experimental lot.
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to 50% at 3 to 5 h after agitation. At 48 h after the agita-
tion of embryonic stages 5 to 12, cumulative mortality
reached 60%. At embryonic stage 13, no increase in mor-
tality was observed after agitation, and the cumulative
mortality was 17.5%. At embryonic stage 16 (blastoderm
reaching the vegetal pole), mortality was very low after
agitation, and this low cumulative mortality (11.5%) was
maintained until 48 h after agitation. Agitation at embry-
onic stage 17 resulted in a slight increase in mortality,
with cumulative mortality after 48 h reaching approxi-
mately 30%. These results indicate that stages 5 to 12
were the most sensitive to mechanical agitation.

3. Chorion expansion

Expansion of the chorion occurred four times during
embryonic development; first at stages 0 to 10 (20 min af-
ter fertilization at 20°C), then at stages 15—16 (48 h), stag-
es 17-21 (72—84 h), and then finally at stages 25-27 (103—

Improvements in Artificial Fertilization of Squid

115 h) (Fig. 5-a). During the first stage of chorionic ex-
pansion, the perivitelline space appeared between the vi-
telline and fertilization membranes. At embryonic stage 4
(approximately 2 h after fertilization), the perivitelline
space developed around the vitelline membrane. The av-
erage egg diameter in the long axis increased from 1.01 +
0.03 mm (SD) at stage 0 (pre-fertilized egg) to 1.08 + 0.02
mm (SD) at stage 10 (Fig. 5-b). The first and second cho-
rionic expansions were very gradual, and the average egg
diameter reached 1.21 + 0.04 mm (SD) at stage 16 (48 h
after fertilization; Fig. 5-b). The third chorionic expan-
sion occurred after stage 17 (Fig. 5-a). Associated with
the remarkable expansion seen in this period, which con-
tinued until near the hatching stage, the BL of embryos
began to increase and the embryos began to revolve slow-
ly in the well-developed perivitelline space. After em-
bryonic stage 21, when the body mantle could just be dis-
cerned, ML increased faster than BL. At embryonic

0.05 —
(@) 20°C
004 1
§ 003 4th
g .
L 4 st
5 0.02 \l/
< 25-27
= 001 9
o
S
0.00 4
Stg 0-10
-0.01 ; , —l : : . :
4
] )
~ 3 T
g J
£
= 2 9
0
§ Stg 10
1 <om==(e}
Stg 0
0 1] 1 ] 1] 1] 1] L] 1 ] L]
0 24 48 72 96 120

Hours after insemination

Fig. 5. Chorion expansion of artificially fertilized eggs reared at 20°C
(a) Growth rate (mm h™) of chorion diameter, body length, and mantle length of embryos reared at 20°C during the course
of embryonic development. The rate was calculated based on the differences in the length of two stages as indicated. Ar-

rows indicate the first to fourth expansion.

—O—: Chorion diameter, —@— : Body length of embryo, — -A- - : Mantle length.
(b) Increase in embryo body length and mantle length. Error bars indicate standard deviation.
—O— : Chorion diameter, —e— : Body L of embryo, —A— : Mantle length.
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stage 27, the average ML and the chorionic diameter was
1.09 mm and 3.38+0.59 mm (SD), respectively. At a BL of
1.594+0.07 mm (SD), the chorionic diameter was approxi-
mately twice BL.

Discussion

A variety of artificial fertilization techniques have
recently been established for ommastrephid squids'®!!16:1°,
A common feature of these techniques is not only the
methods employed to combine gametes, but also the ad-
dition of oviducal gland jelly to the fertilized eggs; the
addition of the oviducal gland jelly has been shown to ad-
vance chorionic expansion, which is closely related to the
normal development of the embryo'®. When studying off-
shore species, it is often necessary for artificial fertiliza-
tion to be conducted at sea, often under unfavorable con-
ditions and far from well-equipped laboratories on land.
To ensure the supply of large numbers of hatchlings on a
reliable basis, Sakurai et al.” stressed the need to improve
methods for obtaining sperm, reducing the incidence of
developmental abnormalities, improving chorionic ex-
pansion, and preventing infection.

In the present study, immature or immotile sperma-
tozoa from the vas deferens and spermatozoa from the
spermatophores of stage V males were all associated with
fertilization rates exceeding 80% (Fig. 2).
mean fertilization rates obtained using spermatozoa from
the vas deferens and spermatophores of stage III males
were 72.6% and 75.7%, respectively. Ikeda et al."® report-
ed that the rate of fertilization achieved with spermatozoa
(likely to be immotile) from the vas deferens was 30.6—
50.5% in T. pacificus, whereas the fertilization rate ob-
tained with spermatozoa from spermatophores was 89.9—
99.4%; we assume that the maturity of the males used in
their study were at stage V using the scale of Ikeda et al.’
for T. pacificus, or stage IV using the scale for 1. argenti-
nus®. It therefore seems that, at the same stages of matu-
rity, the fertilization capacity of spermatozoa from the
vas deferens of 1. argentinus is higher than that of sper-
matozoa from the vas deferens of 7. pacificus. According
to Ikeda ef al.'’, spermatozoa in T pacificus only become
mature after they leave the testes and enter the vas defer-
ens. It is thus possible that the maturation process of
spermatozoa in the vas deferens may differ between 7. ar-
gentinus and T. pacificus. The rate of fertilization of
spermatozoa from both the vas deferens and spermato-
phores in I. argentinus increased gradually after stages
III to V (Fig. 2), and spermatozoa from the testis did not
fertilize any eggs. Consequently, the fertilization capac-
ity of sperm might not only depend on the site from which
the spermatozoa are harvested, but also the stage of squid

However,
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maturity.

The mechanism of spermiogenesis and the role of
the vas deferens, located between the testis and the sper-
matophoric gland systems in squid, have not yet been in-
vestigated in detail and the reason why immotile sperma-
tozoa from vas deferens exhibit some fertilization
capacity is not currently clear. In the giant octopus, Oc-
topus dofleini martini, Mann et al.'* analyzed changes in
the electrolytes of genital-tract fluids and spermatophor-
ic plasma and found that a decrease in potassium and
chloride concentrations was accompanied by increased
sodium levels as the vesicular spermatophore matured
into a prostatic spermatophore as it moved from the testis
to the spermatophoric sac through the vas deferens. In-
deed, either potassium-cyclic AMP or the osmolarity-cal-
cium system responsible for regulating the feedback
mechanism controlling sperm motility'> may be related to
spermatogenesis in . argentinus.

Arnold & O’Dor’ reported that the Needham’s sac of
oceanic squid could be stored cold (not frozen) for several
hours in a small dish provided it was covered with seawa-
ter. Extending this period further will enable workers to
obtain viable spermatozoa from the Needham’s sac and
improve the ability to conduct artificial fertilization pro-
cedures and obtain fertilized eggs. In this study, after 24
h of cold storage at almost 0°C, gametes from male and
female squid (stage V) could successfully be used for ar-
tificial fertilization experiments (Fig. 3). To increase the
length of this period over which artificial fertilization ex-
periments can be conducted, we suggest that squid be
kept alive under cold anesthesia® before they are used for
experiments. Given the many difficulties associated with
both rearing squid onboard vessels and in transporting
live squid for several days from the site of capture to a
laboratory on land, developing a more effective method
of storing sperm sources for artificial fertilization needs
to be investigated.

In addition, decreasing embryonic mortality rates
and the incidence of developmental abnormalities is also
important. The agitation test performed in this experi-
ment showed that embryos were extremely sensitive to
external mechanical stimuli from the second cleavage
(stage 5) to blastoderm formation (stage 12). However, at
the time of the first cleavage (stage 4), when the eggs
could be judged as being fertilized, and after when the
blastoderm began covering the different regions of the
eggs (after stage 13), egg mortality was low (Fig. 4). In
the squid Loligo pealei, Crawford® demonstrated that cold
shock at the stage of the polar body formation could be
used to induce polyploidy in this species. Thus, it ap-
pears that shock treatment before the first cleavage of the
embryo does not cause immediate mortality. On the oth-
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er hand, to reduce embryo mortality after the second
cleavage, the embryos should be treated carefully during
this critical period as even slight movement of the eggs at
this stage can cause a marked decrease in embryonic sur-
vival and development. In the case of transferring or sep-
arating fertilized eggs between different experimental
batches, a procedure gentler than using a pipette is re-
quired just before the critical period (stage 5).

Several experimental studies on the role of oviducal
gland jelly!®'® demonstrated that if the first expansion or
perivitelline space were not developed, neither later ex-
pansion nor normal embryonic development followed.
Thus, despite the magnitude of chorionic expansion ob-
served at stages 0—10 being very slight, it is a good indi-
cator that subsequent embryonic development will be
normal. In this study, the third chorionic expansion (stag-
es 17-18) was relatively marked, with the average diame-
ter of the chorion at developmental stage 27 exceeding 3
mm. Boletzky et al.? also observed a marked expansion
of the chorion (to approx. 2 mm) in /. coindetii embryos
with an ML of 1.4 mm in eggs spawned in a tank.

We consider that the third chorionic expansion ob-
served in this study has a functional role related to the
growth of the body and the ML of the embryo. Chorion
diameter increased markedly during the third chorionic
expansion (stages 17-21) and coincided with an increase
in embryonic BL (Fig. 5-a). The rate of the increase in
the diameter of the chorion and in embryonic BL both
peaked in stages 17-18 (0.045 mm h) and stages 18-21
(0.029 mm h), respectively. However, after peaking, no
further growth of embryonic BL was observed from stage
25 onward, whereas chorion diameter and ML main-
tained growth rates of over 0.01 mm h™'. During the third
chorionic expansion, Sakai et al.!” observed that embryos
began revolving in the perivitelline space at embryonic
stage 18, occasionally contracting their mantles at stage
24. It appears that having a sufficiently wide perivitell-
ine space is required for this embryo movement. The ap-
parent correlation between the rate of the increase in the
diameter of the chorion, as well as BL and ML suggests
that a wide perivitelline space is conducive to embryonic
growth during organogenesis and the hatching stage. We
consider that the third chorionic expansion (stage 17-18)
plays a more important role than the first expansion in the
somatic growth of the embryo. In addition, the expanded
chorion present by stage 17 will cushion the developing
embryo from external mechanical stimulation.
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