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Abstract Monosex culture, common in animal husbandry, en-
ables gender-specific management. Here, production of all-
female prawns (Macrobrachium rosenbergii) was achieved by
a novel biotechnology comprising three steps: (a) A single injec-
tion of suspended hypertrophied androgenic gland cells caused
fully functional sex reversal of females into Bneo-males^ bearing
the WZ genotype; (b) crossing neo-males with normal females
(WZ) yielded genomically validated WW females; and (c) WW
females crossed with normal males (ZZ) yielded all-female prog-
eny. This is the first sustainable biotechnology for large-scale all-
female crustacean aquaculture. The approach is particularly suit-
ed to species in which females are superior to males and offers
seedstock protection, thereby ensuring a quality seed supply. Our
technology will thus revolutionize not only the structure of the
crustacean aquaculture industry but can also be applied to other
sectors. Finally, the production of viable and reproducible fe-
males lacking the Z chromosome questions its role, with respect
to sexuality.
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Introduction

The availability of monosex crustacean populations offers ad-
vantages over mixed cultures since males and females of most
species can be distinguished according to various parameters,
including behavior, specific growth rate, final harvest size
(Sagi and Aflalo 2005), and food conversion ratios (Moss
et al. 2002; Moss and Moss 2006). As such, monosex popu-
lations are subject to ever-increasing demand due to commer-
cial considerations (Hansford and Hewitt 1994; Ventura and
Sagi 2012), such as yield improvement (Sagi et al. 1986), as
well as for ecological purposes, such as sustainable biological
control over pests, like human parasite-containing snails
(Alkalay-Savaya et al. 2014). All-male populations of the gi-
ant freshwater prawnMacrobrachium rosenbergii are desired
since males grow larger and hence yield better economic re-
turn (Nair et al. 2006). Generation of such populations require
relatively low animal stocking densities (Malecha 2012) and
may involve periodic selective harvesting (Malecha 1986) due
to wide size variation, territoriality, and aggressiveness
(Malecha 1986, 2012; Ventura et al. 2011b). On the other
hand, all-female populations were proposed to have high com-
mercial potential where culture is intensified since females are
much less aggressive and, therefore, can be cultured at higher
densities than mixed or all-male populations (Malecha 2012).
Moreover, females exhibit homogenous size distribution at
harvest, such that selective harvest would not be required
(Gopal et al. 2010; Malecha 2012; Otoshi et al. 2003; Sagi
et al. 1986).

A first step in the production of a monosex crustacean
population involves manipulation of the androgenic gland
(AG). First described by Cronin (1947), the AG functions as
a major endocrine switch since its presence induces develop-
ment of the male reproductive system, while its absence per-
mits feminization (Charniaux-Cotton 1954;Manor et al. 2007;
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Sagi et al. 1997), regardless of the composition of the sex
chromosomes. The various roles of the AG are mediated by
the insulin-like androgenic gland hormone (IAG) (Ventura
et al. 2011a), including the development of appendix
masculina (AM) on the second pleopods. Development of
the AM is assumed to be correlated with AG function since
AG-implanted females generate AMs (Nagamine et al. 1980),
while silencing IAG prevented its regeneration (Ventura et al.
2009). Hence, following AM development offers a reliable
tool for evaluating successful AG manipulation.

The AG is acting within an endocrine axis defined as the
eyestalk-androgenic gland-testis axis. Specific eyestalk-
derived neuropeptides produced at the X-organ and stored
and secreted from the Sinus gland (Keller 1992; Khalaila
et al. 2002) are thought to regulate AG activity, including
IAG synthesis and secretion. This notion is supported by the
fact that eyestalk ablation results in a hypertrophied and hy-
perplastic AG (Khalaila et al. 2002; Sroyraya et al. 2010)
termed BhAG^ as well as overexpression of AG-specific
genes (Chung et al. 2011; Rosen et al. 2013).

In the following study, we demonstrate a novel biotechnol-
ogy for the production of viable M. rosenbergii neo-males,
produced by a single injection of suspended hAG cells, which
gave rise to large-scale production of WW females. These Z-
chromosome free homogametic females were shown to pro-
duce all-female progeny.

Materials and Methods

Animals

Macrobrachium rosenbergii blue claw males (40 ± 5 g) were
reared in 600-L tanks at 28 ± 2 °C with constant aeration, a
light regime of 14:10 (L/D) and were fed ad libitum (shrimp
pellets comprising 30 % protein) at the R&D facilities of
Enzootic Holdings, Ltd. Young post-metamorphosis
M. rosenbergii individuals (i.e., post larvae (PL)) were reared
in a 3.5 m3 U-shaped tank, and maintained as above.

Androgenic Gland Hypertrophy and Enzymatic Cell
Dissociation

Hypertrophy and hyperplasia of M. rosenbergii blue claw
male AGs was achieved by surgical removal of the neuroen-
docrine X organ-sinus gland complex, located in the eyestalk.
Eight days post-endocrine manipulation, the induced males
were anesthetized for 15 min in ice-cold water supplemented
with 0.2 % hypochlorite for disinfection purposes. Thereafter,
the animals were dissected and their hAGswere isolated under
a dissecting microscope. Subsequently, hAG cells were sepa-
rated by means of enzymatic dissociation. Briefly, all hAGs
were pooled into a single tube and placed on ice. Thereafter,

1 mL of a specific enzyme mix containing antibiotics
[Leibovitz L-15 medium with L-glutamine, 0.1 % (w/v) col-
lagenase type I, 0.1 % (w/v) collagenase type IV, and
penicillin-streptomycin solution] was added. The reaction
tube was then centrifuged at a speed of 25 RPM for 40 min
at room temperature (RT), and then at 2000 RPM for an ad-
ditional 5 min. Following centrifugation, the tube was placed
in a sterilized biological laminar flow hood. The upper phase
was removed and the cell pellet was washed by re-suspension
in 1 mL of feeding medium [Leibovitz L-15 medium with L-
glutamine, 10 % (v/v) fetal bovine serum, and penicillin-
streptomycin solution] and centrifuged at 2000 RPM for
5 min at RT. This washing procedure was thrice repeated.
Finally, the hAG cells were re-suspended in 500 μL of feeding
medium.

Cell Counting

To determine cell concentration and viability, an aliquot of
hAG cells from the above preparation was stained with
Trypan blue solution at a final concentration of 0.08 % and
then loaded on a hemocytometer for examination in a light
microscope at a magnification of ×100.

AG Primary Cell Culture

To evaluate cell viability after a passage through a capillary
and throughout a primary culture period, 10-μL aliquots of
suspended hAG cells in medium were either seeded in a 24-
well plate coated with 20 μg/mL poly D-lysine (PDL) at a
density of ∼1 × 104 cells per well or first loaded into a
micro-injector apparatus, passed through the micro-injector
glass capillary into a 1.5-mL tube and then seeded in a 24-
well plate at a density of ∼1 × 104 cells per well. Of the
collected cells, an aliquot was allocated for viability assess-
ment and stained as described above. The hAG cells were
grown in a CO2-free incubator at 27 °C. Twenty-four hours
after seeding and thereafter, the growth medium was partially
replaced daily. Overall, hAG cells were maintained for
21 days, during which time they were monitored under an
inverted light microscope and their morphology, density, and
interactions were documented.

Injection of hAG Cell Suspensions into PLs

The ability to isolate and grow hAG cells and then use them to
induce sex reversal was examined. Mixed populations (males
and females) of PL60 or earlier (n = 913) were injected with
∼2 × 103 hAG cells each. In general, each PL was restrained
on a plasticine surface. Using a micro-injector apparatus,
while observing through a dissecting microscope, hAG cells
from the primary culture were suspended and administrated
via a single injection into the muscular tissue of the first
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abdominal segment. Thereafter, the injected PLs were divided
into two groups: the first, comprising the majority of PLs
(n = 883), were kept in a rectangular earthen pond (∼250 m2

with a water depth of 1 m) at the Ministry of Agriculture
Aquaculture research facilities at Dor, Israel, for grow-out.
The second group, comprising representative PLs (n = 30),
were kept in a 3.5-m3 volume U-shaped tank. These animals
were examined every 2 months and followed up for sex rever-
sal into suspected neo-males.

Appendix Masculina and Male Gonopore Examination

To evaluate masculine features, the second pleopod (swim-
ming leg) was removed using fine tweezers and the presence
or lack of the AMwas confirmed under a light microscope. In
mature neo-males (1 year of age) with confirmed AM, a re-
generation assay was performed in which the animals were
allowed to molt and AM regeneration was examined. To de-
termine the presence of male gonopores at the base of the fifth
pereiopods (walking leg), a PL was placed on its dorsal side
and the gonopores were sought under a dissectingmicroscope.

Determining Sex Genotype Using Specific DNA Markers

Genomic DNA (gDNA), extracted from dissected pleopods
with a REDExtract-N-Amp Tissue PCR Kit (Sigma,
Rehovot, Israel), was used as a template for PCR amplifica-
tion with either W- or Z-specific DNA sex primers to deter-
mine genotype (Ventura et al. 2011a). PCR products were
separated on a 2% agarose gel, stained with ethidium bromide
and visualized on a UV table.

Histology and Immunohistochemistry

Testes, together with the proximal sperm duct (vas deferens)
and fifth pereiopods, were dissected from neo-males (1 year of
age), as were the fifth pereiopods from an adult eyestalk-
ablated normal male presenting hAG as control. Testes tissue
samples were fixed in modified Carnoy’s II solution [60 % (v/
v) ethanol, 30 % (v/v) chloroform, 10 % (v/v) acetic acid, and
2 % (v/v) formaldehyde] for 24 h. Tissue samples from fifth
pereiopods were fixed in 4 % buffered formalin for 48 h.
Samples were gradually dehydrated through a series of in-
creasing alcohol concentrations, incubated with xylene and
embedded in Paraplast (Kendall, Mansfield, MA) according
to conventional procedures. Five-micrometer-thick sections
were cut and laid onto silane-coated slides (Menzel-Gläser,
Braunschweig, Germany). Consecutive sections were stained
with hematoxylin and eosin for morphological observations.
In two of the neo-males tested, only one of five consecutive
slides were hematoxylin and eosin-stained as described above
while other selected slides, along with sections from a normal
male’s fifth pereiopod serving as reference, were analyzed by

immunohistochemistry using rabbit α-Mr-IAG antibodies, as
well as DAPI for nuclear counter-staining, as previously de-
scribed (Ventura et al. 2011b).

Male-Related Gene Expression in Neo-Males

The testes, fifth walking legs, hepatopancreas, muscle, and
cuticle were dissected from a representative neo-male of each
of the knownM. rosenbergiimorphotypes described by Kuris
et al. (1987), namely blue clawmales (BC), orange clawmales
(OC), and small males (SM). RNA was extracted from each
tissue using an EZ-RNATotal RNA Isolation Kit (Biological
Industries, Beit Ha’emek, Israel) according to the manufac-
turer’s instructions. Complementary DNA (cDNA) was syn-
thesized by reverse transcription using a qScript cDNA Kit
(Quanta BioSciences, Gaithersburg, MD) according to the
manufacturer’s instructions with 1 μg of total RNA. The
cDNAwas amplified by PCR (94 °C for 3 min, followed by
40 cycles of 94 °C for 30 s, 57 °C for 30 s, and 72 °C for 45 s,
and then by a final elongation step of 72 °C for 10 min) with
1 μL of forward primer, 1 μL of reverse primer, 12.5 μL of
Ready Mix REDTaq (Sigma) and water to a final volume of
25 μL. Spatial expression of Mr-IAG (FJ409645) was per-
formed with the following specific primers: Mr-IAG-F: 5′-
ATGGGATACTGGAATGCCGAG-3′ and Mr-IAG-R: 5′-
CTGGAACTGCAGGTGTTAACG-3′, while the expression
of Mar-mrr (DQ066890), M. rosenbergii male reproduction-
related gene (Cao et al. 2006), was performed with the follow-
ing specific primers: Mar-mrr-F: 5′-TCTCTGAAGCTGCA
AGTGATTTAC - 3 ′ a n d Mar -m r r -R : 5 ′ -AATC
TGGGTCATTCTCCTGATTGG-3′). Expression of Mr-actin
as a positive control (AF221096) was performed using the
following specific primers: Mr-actin-F: 5 ′-GAGA
CCTTCAACACCCCAGC-3′ and Mr-actin-R: 5′-TAGG
TGGTCTCGTGAATGCC-3′. PCR products were separated
on 1.8 % agarose gels, stained with ethidium bromide, and
visualized on a UV table.

Crossing Neo-males with Normal Females

Macrobrachium rosenbergii neo-males were stocked with
normal females in communal tanks (3.5–10m3). Once a week,
the females were collected from the tank after which time,
only egg-bearing females were removed into individual glass
tanks. The females were monitored daily until egg color had
changed from orange to gray, at which point they were trans-
ferred to spawning tanks of saline water (12–15 ppt). After
hatching, the females were removed and larvae culture was
initiated (Ventura et al. 2011a). To determine whether a female
was indeed fertilized by a neo-male, each progeny was kept
separately, and immediately upon metamorphosis, the PLs
were genetically characterized using the genomic sex marker
described above to verify that WW PLs were indeed present
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and to exclude the possibility of the female being fertilized by
a normal ZZ male. A population of 600 animals from one of
the above-mentioned progenies (Bpopulation 1^) was grown
in an earthen pond (at Dor station, as described above) for a
period of 3 months (August to October). Upon harvest, 378
were phenotypically sorted into males and females according
to gonopore identification, under a laboratory dissecting mi-
croscope. The remaining progenies (^population 2,^
Bpopulation 3,^ etc.) were grown in 600-L tanks in the R&D
facilities of Enzootic Holdings, Ltd. Samples from four pop-
ulations (n1 = 174, n2 = 40, n3 = 40, n4 = 20) were collected
and genetically identified according to the genomic sex
markers described above. The observed sex phenotype ratios
of population 1, (expected to be females (75 %) and males
(25 %)), as well as sex genotype ratios of the samples from
populations 1 to 4, (expected to be WZ (50 %), WW (25 %),
and ZZ (25 %)), were statistically tested by a chi-square good-
ness of fit test, relative to the expected ratios, using Statistica
v9.0 (StatSoft, Tulsa, OK).

Crossing WW Females with Normal Males to Produce
an All-Female Population

WW females were grown to sexual maturity and crossed with
normal ZZ males, in a 3.5-m3 U-shaped tank to obtain 100 %
all-female WZ progeny. WW-fertilized females were separat-
ed into different tanks and after hatching, a sample of the
larval population from the progeny of each female was geno-
typically examined using the genomic sex marker as men-
tioned above.

Fecundity Measurements

Successfully fertilizedWW females and fertilizedWZ normal
females were tested for fecundity by weighing the animals
before and after the eggs were either removed manually or
the animals released their larvae, so as to calculate the ratio
between the egg mass and body weight, termed Bbrood somat-
ic index^ (BSI) (Lezer et al. 2015). Since the data were not
normally distributed according to the Shapiro-Wilk test, any
difference between the BSI measurements in theWWandWZ
females was tested by the non-parametric Mann-Whitney test
using Statistica v9.0 (StatSoft, Tulsa, OK).

Results

Characterization of Neo-males

Animals injected with hAG cells, reared in earthen ponds,
were examined upon final harvest, 9 months after manipula-
tion. In this population of 100 animals, some females had
completely sex-reversed into neo-males, as revealed by the

development of an AM and two visible male gonopores at
the base of the 5th pereiopods. Moreover, the neo-male group
exhibited the three well-known M. rosenbergii male
morphotypes described by Kuris et al. (1987): BC, OC and
SM (Fig. 1a). Of the neo-male population, 12 animals were
BC neo-males, 32 were OC neo-males, and the rest were ei-
ther small males or unsuccessfully manipulated females. The
WZ genotype of the three neo-male morphotype groups was
confirmed using genomic sex markers (Fig. 1b).

In order to follow the manipulation process before the end
of the grow-out season, a group comprising 16 manipulated
females and 14 intact males were held separately. The intact
males were validated by genetic sex markers as well as the
presence of AM and male gonopores, Fig. 2. The rest of the
manipulated animals were immediately stocked for grow-out
in earthen ponds. Approximately 50 days post-manipulation,
all 16 hAG cell-injected females had developed AMs, while
13 also developed male gonopores (∼81 %) (Fig. 1c, center
column), and could thus be considered ‘neo-males’. The 14
intact males of the same age as the manipulated females, serv-
ing as references, presented both AMs and male gonopores at
the same evaluation point (Fig. 1c, left column and Fig. 2).
Moreover, representative neo-males were histologically
shown to possess sperm-filled sperm ducts (Fig. 3a, c), and
had developed functional testes with regions either containing
dividing spermatogonium or mature spermatozoa (Fig. 3b, d).

Spatial Expression of Male-Related Genes in Neo-male
Morphotypes

Macrobrachium rosenbergii (Mr)-IAG was only detected at
the base of the right fifth pereiopod in the single BC neo-
male tested but not in the left fifth pereiopod of the same
individual, nor in samples taken from hepatopancreas, muscle,
or cuticle. At the same time, Mr-IAG was not detected in the
fifth pereiopods, hepatopancreas, muscle, or cuticle of other
neo-male animals tested (Fig. 4, upper panel). Mar-mrr was,
however, detected at the base of both fifth pereiopods in each
neo-male morphotype but not in the testes, hepatopancreas,
muscle, or cuticle (Fig. 4, middle panel).

The AG in Neo-males

Examination of ∼3000 histological sections prepared from the
dissected fifth pereiopods of four randomly selected neo-
males (an SM, an OC and two BCs) provided no evidence
for the presence of an AG adjacent to the sperm duct (Fig. 5a,
left and center panels). In contrast, the AG is readily detected
in the same section obtained from a normal male (Fig. 5a, right
panel). While the results obtained were consistent, one of the
tested neo-males (a BCmorphotype), nonetheless, presented a
tissue with typical AG-like appearance, albeit only in the left
fifth pereiopod (Fig. 5b, neo-male, H&E). The suspected
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Fig. 1 Phenotypic and genotypic characterization ofM. rosenbergii neo-
males. a Representative male morphotypes from an adult neo-male
population at the end of a 4.5-month grow-out period in an earthen pond.
BC (blue claw), OC (orange claw), and SM (small male). b
Representation of genomic sex markers in three different neo-male
morphotypes (WZ): offspring of a neo-male (WW), normal males (ZZ),
and normal females (WZ). Mr-actin served as a positive control. c
External sexual characteristics in male, neo-male, and female juvenile

prawns and in a manipulated juvenile population. The second pleopod
(top) and the base of the fifth pereiopod (bottom) are depicted in a juvenile
male, neo-male and female. Appendix interna (black arrows) are present
in the second pleopod of all phenotypes, while appendix masculina is
present only in the male and neo-male (white arrows). The presence of
masculine gonopores at the base of the fifth pereiopods in an intact male
(white arrows) and a neo-male (black arrows) is indicated. Bar = 500 μm
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region, which was examined in an immunohistochemistry as-
say using anti-Mr-IAG antibodies and DAPI for nuclear
counter-staining (Fig. 5b, top panels), has confirmed to pro-
duce Mr-IAG and was, therefore, AG tissue, similar to that
recognized in the normal male which served as a positive
control (Fig. 5b, bottom panels).

Progeny of the Neo-males

A breeding scheme that began with the production of neo-
males who were crossed with normal females was devised

(Fig. 6a). Distribution of the offspring population (defined as
population 1) did not vary significantly from the classic
Mendelian model of inheritance (Sorsby 1965). Specifically,
population 1 displayed the expected 1:3 (male/female) ratio.
When samples from population 1 and three additional popu-
lations (2, 3, and 4) were genotypically characterized, the ex-
pected 1:2:1 (WW/WZ/ZZ) ratio (P value >0.15) was obtain-
ed. Chi-square goodness of fit tests confirmed the significance
of these observations (Fig. 6b). All crosses between WW fe-
males and ZZ males gave rise to 100 % WZ all-female prog-
eny, as expected (Fig. 6c).

Fig. 3 Histological cross sections stained with hematoxylin and eosin. a
Sperm-filled sperm duct along with b highly active testicular lobules
reflected by either highly (Bdividing^) or lightly (Bmature^) dense
regions. c Sperm within the sperm duct exhibited the Binverted
umbrella^ morphological characteristic of M. rosenbergii mature sperm.

d Round large spermatogonium (Sg) cells were heavily stained and were
located in the periphery of a lobule as opposed to spermatozoa (Sz), which
were lightly stained and accounted for the majority of the lobule volume.
Bar = 250 μm (a, b); 50 μm (c, d)

Fig. 2 Appendix masculina development, male gonopores, and a female-
specific sex marker in a hAG-cell-injected population of juvenile prawns.
Sixteen manipulated individuals were found to be genetically female
(columns 1, 4, 6, 7, 9–12, 17–19, 22, 25, and 28–30) and 14 were
found to be intact males (columns 2, 3, 5, 8, 13–16, 20, 21, 23, 24, 26,

and 27). Genotypic analysis was performed using a female-specific
genomic sex marker and Mr-actin as a positive control. The negative
control is represented by NC, while one intact female served as a
reference for the sex marker
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Fecundity and Progeny of WW Genotype Females

The mean ratio between the egg mass and body weight (BSI
(%)) was 16.22 (SE = 3.11) for WW females and 15.33
(SE = 1.97) for normal WZ females. According to Mann-
Whitney test results, there was no significant difference in
BSI measurements between WW females and normal WZ
females (Pexact = 0.72).

Discussion

In this study, we report the first complete sex reversal of
M. rosenbergii females into neo-males following a single in-
jection of suspended hAG cells. Partial sex reversal in

crustaceans by AG implantation had been previously reported
(Barki et al. 2003; Karplus et al. 2003; Khalaila et al. 2001;
Manor et al. 2004; Nagamine et al. 1980; Taketomi and
Nishikawa 1996). Moreover, the production of functional
neo-males had also been achieved, although survival and suc-
cess rates were as low as ∼10 % (Malecha et al. 1992). In
contrast, our novel technology involving a single injection of
hAG cells allowed for much higher survival rates (∼70 %).
This allows, for the first time, extensive production of fully
functional neo-males in numbers that can be upscaled to in-
dustrial levels.

Our histological findings indicate that the neo-males pro-
duced, representing the three known M. rosenbergii male
morphotypes (Kuris et al. 1987), developed functional testes
and sperm-filled sperm ducts. These typical male features
support the masculine viability of these neo-males since they
not only survived manipulation but also grew to sexual matu-
rity and established a male hierarchy characteristic of this
species (Ra’anan and Cohen 1985).

Two masculine-related genes were used to molecularly
evaluate the extent of sex reversal, specifically, the AG loca-
tion/formation, in the present study. Mar-mrr, a male
reproduction-related gene was detected at the base of the fifth
pereiopods of all tested neo-males. This gene is specifically
expressed in the maleM. rosenbergii reproductive tract, espe-
cially during AG development and thus assumed to play a

Fig. 5 Histological sections and immunohistochemistry of fifth
pereiopods. a Randomly selected hematoxylin and eosin (H&E)-stained
sections from two neo-males (one SM (left) and one BC (center)) shows
the expected location of the AG, with the section from a BC normal male
(right) shows the AG (black arrow) at this location. b staining with H&E,

with FITC-conjugated anti-Mr.-IAG antibodies (green), and with DAPI
(blue) for nuclei counter-staining of neo-male BC (top row) and normal
male BC (bottom row). A negative control (without the use of rabbit α-
Mr-IAG antibodies) is represented as NC. The sperm duct (SD) and the
androgenic glands (AG), along with size bars are indicated

Fig. 4 Spatial expression of Mr-IAG and Mar-mrr in blue claw (BC),
orange claw (OC), and small male (SM) neo-males. Expression was
tested in the testis (Tes), base of right and left fifth walking legs (R-5th,
L-5th), hepatopancreas (Hep), muscle (Mus), and cuticle (Cut). A
negative control is represented as Neg, while expression of Mr-actin
served as a positive control
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crucial role during male reproduction (Cao et al. 2006). This
confirms that these animals achieved masculine sexual matu-
rity. The other gene considered, Mr-IAG, is typically
expressed at the base of male’s fifth pereiopods (Ventura
et al. 2011b), also the site of the AG (Sharabi et al. 2016;
Ventura et al. 2011b).Mr-IAG expression was detected in only
one fifth pereiopod of a single neo-male, who also presented
the AG in its usual location. This scenario raises questions
regarding AG formation and functionality in neo-males.

Given our molecular and histological findings, it would
appear that the presence of an AG at the base of the fifth
pereiopod is not mandatory for the induction of masculiniza-
tion. Crustaceans possess an open circulatory system
(Maynard 1960), such that injected hAG cells could travel
throughout the organism till they come to land in a random
spot, other than the base of the fifth pereiopod, from where
they would release their propagating agents (e.g., IAG hor-
mone). The injected hAG cells could not serve as a temporary
slow release apparatus of AG factors only during the differen-
tiation window of opportunity. This is supported by the fact
that in later ages, the injected animals exhibited the three
known morphotypes (Kuris et al. 1987). Maintenance of male

sexual characters including morphotypic differentiation was
suggested to be dependent on active AGs (Sagi et al. 1990).
IAG expression, serving as an indicator for AG localization,
was not detected in our sporadic investigation of several neo-
male tissues. However, it is important to note that despite the
fact we rarely found the AG at the base of the fifth pereiopod,
AM regeneration was confirmed even in mature neo-males;
thus, the possibility of AG formation at a different site re-
mains. The latter is supported by the fact that AM regeneration
is correlated with AG factors (Ventura et al. 2009). A wider
screening of neo-male tissues will help clarify this issue.

The genotype ratio obtained upon crossing neo-males with
normal females, yielded a progeny of WW (25 %), WZ
(50 %), and ZZ (25 %), as validated by our genomic sex
marker assessment. This result strongly supports the well-
accepted assumption that M. rosenbergii relies on a WZ/ZZ
sex determination system (Sagi and Cohen 1990). Moreover,
our study also represents the first mass production of all-
female progeny in M. rosenbergii by crossing WW females
with normal ZZ males. The fact the fecundity of WW females
did not significantly deviate from that of normal heterogamet-
ic WZ females not only makes our technology a promising

Fig. 6 Breeding schemes of expected and observed sex ratio of progeny.
aBreeding scheme and expected progeny upon cross-breeding neo-males
(WZ) with normal females (WZ) and WW genotype females with normal
males (ZZ). b Table showing the sex and genotype ratios of four
representative offspring populations from the above crosses between

neo-males and normal females. The observed and expected results,
along with chi-square goodness of fit test results (chi-square statist,
degrees of freedom and P value) for each tested population, are shown.
c Sex ratios in samples of four representative offspring populations from
crosses between WW genotype females and normal males (ZZ)
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industrial tool for large-scale production of all-female popula-
tions but also suggests that the gene content of the Z chromo-
some is not crucial for normal female reproductive output. The
physical existence of the Z chromosome (could be proven by
karyotyping and/or genomemapping), like its genetic content,
has yet to be revealed. The notion that the content of a sex
chromosome is of importance when sexual determination is
transpiring but is less relevant later on was recently demon-
strated in mammals. In this study, assisted reproduction which
bypassed the Y chromosome was achievable when homologs
of only two genes, usually located on the Y chromosome,
were instead overexpressed from the X chromosome
(Yamauchi et al. 2016).

In conclusion, a single injection of suspended hAG was
found to be an efficient, easy to perform, relatively non-
expensive and reproducible technology for inducing fully
functional sex reversal (including development of the AM,
male gonopores and gonadogenesis, morphotypic differentia-
t ion, and reproductive output). The sex-reversed
M. rosenbergii neo-males, in turn, produce genomically vali-
dated WW females in their progeny that could be used as
dams in subsequent crosses, resulting in the production of
all-female populations. Still, although our novel technology
can be used to produce all-female populations, such popula-
tions have never been cultured under commercial conditions.
Further studies should investigate various traits of such popu-
lations, such as size variation as a function of culture densities,
as well as the point of reproductive maturity.

Since the discovery of the first decapod IAG in our labora-
tory (Manor et al. 2007), IAG-producing cells have been
found in all major groups of cultured crustaceans used in the
aquaculture industry (i.e., crabs (Huang et al. 2014), lobsters
(Ventura et al. 2015), crayfish (Manor et al. 2007), prawns
(Alkalay-Savaya et al. 2014), and shrimp (Li et al. 2012)).
This suggests the technology described in this study could
be tailored to any desired species in the industry. Moreover,
monosex culture is sustainable and our biotechnology is fitted
also to species in which females grow faster than males, as is
the case in the shrimp industry, which dominates global crus-
tacean aquaculture with a staggering production portion of
∼67 % (FAO 2015). Additionally, the technology offers
seedstock protection that will ensure quality seed supply, an
important consideration for large breeding companies, as op-
posed to the inferior inbreeding procedures commonly occur-
ring in the shrimp industry nowadays. In summary, the novel
biotechnology described here will revolutionize the way seed-
producing parties and growers interact in the crustacean aqua-
culture industry, and could also have wider applications in
other sectors.
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