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Abstract

The common carp (Cyprinus Carpio) is considered as invasive alien species (IAS) in
North America and is particularly ecologically damaging in Australia. Traditional methods,
biological means, harvesting and chemicals, used to control these aggressive invasive species do
not adequately reduce population numbers. A Daughterless construct, which uses a ShRNAI
approach to silence aromatase, and then subsequently a reduction in estrogen, has been
successfully tested in medaka (Oryzias latipes) and zebrafish (Danio ratio). The P1 transgenic
common were produced by electroporation of a Daughterless Carp construct, pDC1, containing a
shRNAI sequence targeting common carp aromatase and driven by the common carp aromatase
promoter into sperm and eggs. Exposure to this construct either from the plasmid containing this
sex reversal gene, integration of the transgene or both, resulted in a skewness towards maleness
in the P1 as expected. P1 transgenic common carp males were mated with non-transgenic
females to produce 42 F1 transgenic families. Paradoxically, the sex ratio for the F1 transgenic

common carp progeny was biased towards femaleness, 3.0 % :1.0, compared to that of the non-
transgenic F1 transgenic common carp progeny, 1.3%: 1.0 & . Genetic, environmental or

epigenetic effects resulted in a population that was gravitating towards sonless. Theoretically,

this approach or result might be used for long-term population control.
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Introduction

“The nature of the biological world is very different from what it was before the age of
exploration,” Mooney, (2005). With the development of human transportation, most species
travel across the natural barriers such as mountains and oceans by hitchhiking (Mooney, 2005).
Moreover, even before the age of exploration, humans were the main vectors for dispersal of
large organisms, which results in the introduction of other species (Davis, 2009). In the recent
years, the migration of species is increasing dramatically (Mooney, 2005), and as more species
find new habitats, a small amount of them show invasive characteristics and become invasive
alien species (IAS). IAS are species that are introduced accidently or purposefully outside their
natural geographic range, and their impacts on the local economy, environment or human health
are often considered negative. They usually threaten local species by competing for natural
resources.

The Burmese python (Python bivittatus), is an example of an invasive species that
damages the local ecosystem in South Florida, killing many small mammals in the Everglades
National Park (Dorcas et al., 2012). Other examples of detrimental invasive species include the
lionfish (Pterois volitans), in the Caribbean Sea, western Atlantic Ocean and the Gulf of Mexico,
which is decimating local fish and coral reefs (Ricardo et al., 2011), and the giant African snail
(Achatina achatina) which carries parasites that can cause meningitis and harms to more than

five hundreds species of plants in the United States (Thiengo et al., 2007). Asian carps are



predicted to destroy a $7 billion sport-fishing industry if they establish themselves in the Great

Lakes (Cooke et al., 2010).

The common carp (Cyprinus Carpio) is considered Australia’s “river rabbits” due to their
abundance in some parts of Australia (Thresher, 2014a). They are native to Asia and Europe, and
the fossil record for the family cyprinids dates back to the Eocene age (58-37 million years ago)
proving that they originated in Asia, and then spread to Europe (Koehn et al., 2000). Common
carp have been reared in China for around 3000 years (Li and Moyle, 1993) and Europe since the
first century AD, they were first introduced to Australia from Victoria in 1859 and New South
Wales in 1865 (Koehn et al., 2000). Due to the gold rush in 1851, Victoria became a self-
governing colony with huge numbers of Europeans immigrating. Between 1851 and 1861, the
residents desired recreational fishing of common carp as was the European custom (Gillbank,
1996). Hence common carp were released into ponds, but did not spread into the wild (Koehn et

al., 2000). Since then, more common carp were imported to Australia (Clements 1988, Hume et

al. 1983).

Common carp did not establish in the wild until they were released into the Murray River
near Mildura, Victoria from a fish farm at Boolarra, Victoria in 1964 that had initiated carp
aquaculture in the late 1950s (Koehn et al., 2000). In the next few years, due to its high
reproduction rate and strong adaptability, the numbers of common carp increased rapidly. This
process was accelerated by large floods in 1974 and 1975 in the Murray-Darling Basin. The

common carp were considered to have become an established species in Victoria by 1976



(Wharton, 1978). Now common carp are the most abundant freshwater fish in the Murray-
Darling Basin and are the dominant species in many fish communities in south-eastern Australia

(Koehn et al., 2000). (Fig.1 Koehn, 2004)
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Fig 1. Distribution of common carp (Cyprinus carpio) (shaded areas) across the major drainage
divisions of the Australian continent(after Allen et al., 2002) 1, North-east coast (indicates
Burdekin River); 2, South-east coast; 3, Tasmania; 4, Murray—Darling Basin; 5, South Australian
gulf; 6, South-west coast; 7, Indian Ocean; 8, Timor Sea; 9, Gulf of Carpentaria; 10, Lake
Eyre/Bulloo-Bancannia; 11, Western Plateau, “e” indicates the original introduction site for the
‘Boolarra’ strain.

Common carp changed the balance of the environment in the Murray-Darling Basin.
They uproot vegetation and stir up sediments, leading to water turbidity, but some researchers
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state that common carp do not have a direct relationship with high turbidity and the amount of
aquatic vegetation (Fletcher et al., 1985). However, the experiments (Roberts and McCorkelle,
1995) in western New South Wales in the ponds showed that a high stocking density of common
carp increases the turbidity of ponds dramatically, and two of five aquatic plants in the ponds
were completely lost in one week. Supporting research indicates that aquatic plants are affected
by common carp, as the biomass and density of aquatic plants were reduced by common carp
feeding habits (Winfield and Townsend 1991). Common carp are bottom feeders that suck small
food items from the bottom substrate (Koehn et al., 2000), and fish are not considered as a
component of their diets (Sibbing, 1988), however, there is the possibility that they may
consume attached fish eggs (Koehn et al., 2000), which may cause harm to other fish species
when the density of common carp is large.

Strong adaptability makes common carp an aggressive invasive species in many areas of
the world (Koehn, 2004, Lever, 1996). They have become the most notorious fish species for
Australians since they conquered the Murray-Darling Basin, and they are included in the list of
world’s 100 worst invasive species (Roberts & Tilzey, 1996, Lowe et al., 2000). The traditional
physical methods for common carp control involves harvesting(capture and removal), angling,
draining and drying waterbodies, separating, stocking native fish, which are all time-consuming
and have low efficiency considering the high reproduction rate of common carp and the fact that
they are mobile (Roberts & Tilzey, 1996, Koehn et al., 2000). There are also biological ways to
control the common carp, such as releasing an exotic predator, parasite, and pathogen, which are

not widely used as it is difficult to find appropriate agents (Thresher et al., 2014b). Spring
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viremia of carp virus (SVCV) was recommended, but the recommendation rescinded because
this virus was not species specific (Crane and Eaton, 1997). Another virus, Koi Herpes Virus, is
under trial in Australia (Thresher et al., 2014b). Chemicals such as rotenone, endosulfan,
antimycin and acrolein can be used to reduce common carp numbers, but it is difficult to
determine the appropriate amount for use and there are potential adverse environmental effects
when there is large scale application (Sanger and Koehn, 1996).

Progress has been made in controlling invasive pests with environmental and biological
techniques, but there are risks and shortcomings when applying these methods (Simberloff &
Stiling, 1996). Recent developments in genetics technology provide more options to target
certain species and control invasive pests.

Insects pests can be reduced by using lethal gene constructs, causing the deaths of insects
in specific developmental stages (Gong et al., 2005, Thomas et al., 2000, Phuc et al., 2007, Horn

and Wimmer, 2003). Recombinant DNA and molecular genetics technology can overcome the

deficiencies of the original Sterile Insect Technique (SIT), which used irradiation to sterilize
males. The disadvantages of this system included negative effects on viability and sperm quality
of the insects, reducing fitness of the individuals, which was caused by large doses of radiation
(Gong et al., 2005, Horn and Wimmer, 2003, Pedigo, 1996).

Currently, the release of insects carrying a dominant lethal (RIDL) to control insects has
been demonstrated using multiple systems (Thomas et al., 2000, Phuc et al., 2007). A sex-
specific promoter or enhancer was used in one system, and the other one was non-sex-specific

(Thomas et al., 2000). Tetracycline-controlled transcriptional activation method, either Tet-on or
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Tet-off was used to repress the system to maintain viable lines (Gossen and Bujard, 1992,
Gossen et al., 1995).

Experiments were conducted with Drosophila melanogaster and with medflies (Gong et
al., 2005, Thomas et al., 2000). Female specific promoters were utilized and were linked to
cytoxic or lethal genes, for instance, a cell lethal gene which works on the photoreceptors of the
compound eyes (Thomas et al, 2000, St Johnston, D., 2002) or tTA which was lethal due to
squelching transcription of other genes (Gong et al, 2005). Transgenic females died without
tetracycline, whereas, transgenic males lived (Gong et al., 2005, Thomas et al., 2000). In the
absence of tetracycline, accumulated tTA level led transgenic tTA Mediterranean fruitfly
(Ceratitis capitata) to die in larval and pupal stages (Gong et al., 2005). Similar lethal systems
can also be applied to control mosquito (Ae. Aegypti) (Phuc et al., 2007). Eventually, populations
can become extinct because of the elimination of females over time.

Similar to the RIDL approach, a potential method to control and eradicate invasive
common carp (Thresher, 2007a) in Australia would be to introduce the fish population with sex-
ratio distorting constructs that can progressively skew the sex ratio in the population towards a
single sex, which results in the extinction of the population (Thresher et al., 2001). This method
was called “the Daughterless approach” (Thresher et al., 2001, Thresher, 2007b).

Daughterless constructs have been successfully tested in medaka (Oryzias latipes) and
zebrafish (Danio ratio) (Thresher, et al., 2001; Thresher, 2007b, Thresher, et al., 2014c). The sex

reversal construct pDC1 should block aromatase production in the fish resulting in all males.



DC1 constructs electroporated into common carp (Cyprinus carpio) embryos shifted sex towards
maleness (75%) in P1 individuals (Thresher et al. 2014Db).

P1 individuals are likely mosaic, the transfer of the gene across the cell membrane is
probably not 100% effective and sometimes phenotypic effects are observed without integration
as the transgene has a period of survival in the cytoplasm. The objective of this study was to
produce an F1 generation of DC1 common carp and determine the effectiveness of this construct
for producing all-male progeny. Hypothetically, F1 progeny inheriting the pDC1 gene would be

100% male.



Materials and Methods

2.1 Daughterless carp construct and primer sets

Theoretically, the daughterless carp construct will result in the degradation of native
aromatase, which is required to produce estrogen during sexual differentiation. This disruption of
aromatase and estrogen production should result in the sex reversal of genetic females into
phenotypic males.

The 7.19kb construct was used as backbone (Fig. 2) (designed and constructed by R
Gunasekera and J Patil). The 3.1kb aromatase (COAr) promoter was from the Cyprinus carpio
genome (GenBank: LN590725.1). The cOAr cDNA (220bp) and its reverse complement was
from Cyprinus carpio aromatase (cyp19a) mRNA, complete cds (NCBI GenBank: EU375455.1),
and used to produce a shRNAI (short hairpin RNA interference) for degradation of aromatase
MRNA. Two sets of primers were used to detect transgenes using PCR with one set amplifying
the SV40 region and aromatase knockout region, and one set amplifying the promoter region
(Table 1.).

Table 1. Primer sequences for detecting pDC1 transgene with PCR for common carp, Cyprinus

carpio. (The M13 primer amplifies the promoter region, and cAromPro2723 primer amplifies the
SV40 region and aromatase knockout region.)

Gene Forward Sequence Reverse Sequence Size(bp)
M13 TGTAAAACGACGGCCAGT GTTTTAGCACACCACCTT 700

cAromPro2723 AGTGTTAGTTAGTTCGCTTAG GGAAACAGCTATGACCATG 1324




2.2 P1 transgene identification

P1 pDC1 common carp were produced by electroporation (Thresher et al. 2014c). The
sperms of 169 potential P1 transgenic common carp males were examined for transgenes. The
protocol used to extract genomic DNA from sperm samples was from Cheng et al. (2014) with
some modifications. Two sets of 1.5ml tubes were prepared with 600pl cell lysis buffer (L00mM
NaCl, 10mM Tris HCL pH 8.0, 25mM EDTA pH 8.0, 0.5% SDS) plus 3ul Proteinase K

combined with each sperm sample for the 1st set and 600l 100% isopropanol added to the 2nd
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Fig.2 Restriction site map for the Daughterless Carp (pDC1) construct containing the common
carp aromatase promoter and shRNAI targeting common carp aromatase.

set for later use. The solutions of the first set of tubes were mixed by inverting tubes 25 times
and vortexing for 10 seconds, followed by incubation in a water bath at 55°C for three hours or
overnight until samples were dissolved. Tubes were then vortexed for an additional 20 seconds,
and returned to the water bath and cooled to room temperature after incubation. Two-hundred pl
of protein precipitation solution (350ml, Qiagen cat# 158912) was added to each tube, and then
the samples were vortexed vigorously for 20 seconds and placed on ice for 15 minutes. Then, the
samples were centrifuged at 15,000 rpm for 10 minutes at 4°C. If there was little or no pellet in
the tube, the vortex-ice-centrifuge steps were repeated to obtain a tight protein pellet. The
supernatant of cell pellet of the first set of tubes was poured to the corresponding labeled second
set of tubes and mixed by inverting gently 50 times. The second set of tubes was centrifuged at
15,000 rpm for 5 minutes at 4°C. Small white DNA pellets were at the bottom of the tubes. The
supernatant was decanted, 600pl of 70% ethanol was added to each tube to wash the pellet by
inverting the tubes several times, and then the solution centrifuged at 16,000 rpm for 2 minutes at
4°C. The ethanol was carefully decanted to avoid disruption of the pellet. The tubes were gently
inverted on paper towels for 30 minutes to air dry the pellet. Then, 20-200ul of sterilized water
was added to dissolve the pellet. DNA samples were incubated overnight in the refrigerator and
the concentration measured using a NanoDrop (UV-Vis spectrophotometer). All the samples had
an A260/280 ratio greater than 1.9, and were diluted to 800 ng/ul. DNA samples were run on

1.0% agarose gel with ethidium bromide (1-2ul of EtBr/100ml gel) to test the DNA quality. PCR
10



was performed after the quality test with denaturation at 94°C for 5 minutes, then 38 cycles of

94°C for 45s, 58°C for 30s, 72°C for 55s, and the final elongation for 10 minutes at 72°C.

2.3 Production of F1 pDC1 common carp

A total of 24 pDC1 P1 males with transgenic sperm were harvested and acclimated to
26°C in the upstream portion of a holding tank. Three non-transgenic males were placed in the
upstream portion of a second tank. One non-transgenic female was placed separately and
downstream of the control male, and two non-transgenic females were stocked downstream of
the transgenic males. The three females were injected with carp pituitary extract (CPE) with a
priming dose of 0.4mg/kg body weight (BW) followed by a resolving dose of 3.6 mg/kg BW 12
hours after the first injection.

Females began to ovulate 14 hrs later. They were anesthetized with 100ppm buffered
tricaine methanesulfonate (MS-222), and their eggs stripped into dry, greased small pans. Eggs
were divided into multiple pans to allow embryos from each male to be kept separate. Males
were anesthetized; their sperm stripped onto individual pans of eggs with most males mated with
2 females, and 25-28°C water added to accomplish fertilization.

Eggs were placed in two replicate 4L-tubs with Holtfreter’s solution, 3.5g NaCl, 0.2g
NaHCOs, 0.05g KCI, 333ul(300g in 500ml H20) MgSOa, 333pl (150g in 500ml H20) CaCly, in
1.0L dechlorinated water with pH between7.0 and 7.5 for incubation. Embryos were gently

agitated with aeration. Dead embryos were removed and the Holtfreter’s solution was changed

11



daily. Treated one part of the embryos with 2ml 10ppm doxycycline, and treated the other part

with 0.1ml formalin solution.

2.4 Hatching and Feeding

Embryos hatched in 3 days and the water temperature was 26°C-28°C. Larvae absorbed
their yolk sac in one day and then were fed artemia (Brine Shrimp Eggs, 150z, Carolina
Biological) three times a day. At one month of age, the fry were fed Purina® AquaMax® Fry
Powder two times per day. Purina® AguaMax® Fry Starter 100 was used as the fry grew larger.
Each family was then transferred to three 60L aquaria in a recirculating system and fed Purina®

AguaMax® Fry Starter 200 and 300 one or two times a day.

2.5 F1 transgenic fish and gender

Eight fry per family were pooled for DNA extraction one week after hatching. The
protocol was the same for analyzing the sperm with little modification.

When fish were one-year-old, surgery was conducted to detect the development status of
the gonads and sex of the fish. Scissors, knives, tweezers, povidone iodine10%, 70% ethanol,
Vet Cassette Polyamid suture, suture needles, laboratory gloves, a bag of 1.5ml tubes, cotton
balls, white towels, 100ppm buffered MS-222, a bucket of water and a hatching trough with
water temperature around 26°C were prepared before surgery. Each fish was anesthetized, the
area for the incision disinfected using iodine, the incision made and a sample of gonadal tissue

excised. After taking samples, fish were sutured, disinfected again with iodine and placed back

12



in tanks for recovery. Samples were placed on ice and then used for DNA extraction. PCR was

conducted several times using different primers to detect the presence of the transgene.

2.6 Data Collection and Analysis

Mortality was recorded every day. PCR was conducted several times for each sample
using two sets of primers. Microsoft Excel and R were used to organize and analyze data. Chi-
squared test of independence (P<0.05) and binomial test (P<0.05) were conducted in R to test if
the fish numbers of different sex was affected by the transgene. Confidence intervals for

binomial probabilities were calculated using R.
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Results

3.1. Transgenic P1 and F1 common carp

A total of 25% of P1 common carp males were transgenic for pDC1, and 100% of F1
families produced contained transgenic individuals. (Table 2, Fig. 3). A total of 26.8% of the
males, 45.5% of the females, and 58.6% of the undetermined sex fish were transgenic in the F1

generation. The sex ratio of the non-transgenic common carp F1 progeny was 1.3%:1.0 84,
while the sex ratio for the transgenic common carp F1 progeny was 3.0 % :1.0. (Table 3)

The pDC1 transgene affected sex ratio. The percentage of females was greater for the

transgenic population compared to the non-transgenic full-siblings (P<2.2e-16, Fig.4).

Table 2. Percentage (%) of transgenic P1 male individuals and transgenic F1 families for the sex-
ratio biasing gene construct pDC1 in common carp, Cyprinus carpio.

P1 males F1 families

Gene constructs NT T % Transgenic NT T % Transgenic

pDC1 107 42 25 0 42 100

14



Fig 3. PCR of results for putative F1 pDC1 common carp, Cyprinus carpio, fry. On the far right
is the positive transgene control. Top row, positive families are found in lanes 1, 3, 5 and 8
starting on the left, and in the bottom row, positive families are found in lane 3 and 7.
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Table 3. Sex ratios of F1 transgenic (T) (pDC1) and non-transgenic (NT) full-sibling common
carp, Cyprinus carpio. Transgenic common carp had a greater percentage of females than non-
transgenic common carp (chi-squared test of independence and binomial test; P<2.2e-16).

T NT %T
Male 40 109 26.8
Female 121 145 455
Unknown 17 12 58.6

Sex Ratio  3.09:1.04  1.3%9:1.08

Transgenic F1 Non-transgenic F1
1.0 — 1.0 —
0.8 — 0.8 —
0.6 — Ei: 06 —
. . 1
S S
£ £ 1
=5 =5
e e
£ £ T
0.4 — 0.4 — J_
0.2 — J_ 0.2 —
0.0 — T T T 0.0 — T T T

Fig.4. Comparison of gender proportions of pDC1 (shRNAI targeting the aromatase gene driven
by the aromatase promoter) transgenic and non-transgenic common carp, Cyprinus carpio, from
42 families.
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Discussion

The construct pDC1, which was designed to disrupt aromatase expression needed to
produce females, was introduced into common carp. A large percentage of pDC1, female
transgenic common carp transgenic were present in the F1, which was opposite of expectations.
Skewed sex ratios can be influenced by environmental, genetic, behavioral, and physiological
factors (Devlin and Nagahama, 2002, Stelkens and Wedekind, 2010, Budd et al. 2015).

Several mechanisms are used for fish to control sex differentiation (Devlin and
Nagahama, 2002). The sex determination process is a complicated process for which each step
may vary among populations, such as Japanese flounder Paralichthys olivaceus and channel
catfish Ictalurus punctatus (Devlin and Nagahama, 2002, Budd et al., 2015, Kitano et al., 1999).

Two primary types of genetic sex determination (GSD), chromosome sex determination
(CSD) and polygenic sex determination (PSD) have been elucidated in fish (Budd et al., 2015).
In the case of CSD, sex-related genes are located on specific chromosomes (Budd et al., 2015).
In fish, amphibians and reptiles, both male (XX/XY) and female (ZZ/ZW) heterogamety exists
(Budd et al., 2015, Stelkens and Wedekind, 2010, Devlin and Nagahama, 2002). The common
carp has a CSD system with XX/XY (Nagy et al., 1984). In the case of PSD, sex-related genes
are found on more than one chromosome set (Budd et al., 2015, Stelkens and Wedekind, 2010,
Devlin and Nagahama, 2002), and the genetic sex is determined by multiple loci (Stelkens and
Wedekind, 2010, Bull, 1983). Among all the fish species evaluated, only 7% have differentiated
sex chromosomes (Budd et al., 2015, Penman and Piferrer, 2008, Oliveira et al., 2009), which

means only 7% are truly GSD, others are possible PSD. Only a few experiments have
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demonstrated the existence of PSD in fish (Kosswig, 1964, Liew and Orban, 2014, Vandeputte et
al., 2007).

In genetically male cells, the aromatase gene is silent, while in genetically female cells,
the aromatase gene is activated (Devlin and Nagahama, 2002). Cytochrome P450 aromatase,
which is encoded by cyp19 gene (Simpson, 1994), is vital for female fish to convert androgens to
estrogens, thus have a large influence on gonadal sex differentiation (Guiguen et al., 2010,
Barney et al., 2008). Two different cyp19 genes, which can encode two different aromatase
isoforms (cypl9a and cyp19b), were discovered in many teleost fish, including common carp
(Cheshenko et al., 2008, Barney et al., 2008). In the common carp, both isoforms are expressed
in the ovary and brain of adult fish, while cyp19a is mainly expressed in the ovary and cyp19b is
mainly expressed in the brain (Barney et al., 2008). Damages from exogenous sources such as
chemicals and radiation and intrinsic sources of errors in DNA repair may disable the function of
adjacent genes (Devlin and Nagahama, 2002). For example, the harmful recessive mutations on
sex-related chromosomes in PSD systems may have little effect on sex determination, as long as
undamaged homologous chromosomes still participate in sex determination (Devlin and
Nagahama, 2002). However, as in some cases only few chromosomes are sex-related or even
single chromosomes, the genetic effects of mutation on individual chromosomes cannot be
excluded (Devlin and Nagahama, 2002). When the sex-related chromosome (W or Y) is in the
heterozygous state (ZW or XY), and does not have a homologous chromosome, the recessive

genetic mutations will be accumulated and affect the phenotype (Devlin and Nagahama, 2002).
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Knowledge of epigenetics, studying of changes in gene function that cannot be explained
by changes in DNA sequence, is developing rapidly (Russo et al., 1996, Piferrer, 2013).
Epigenetics may be a key mechanism for investigating the interactions between environmental
factors and genomic information and the influences on sex determination and differentiation
process (Piferrer, 2013, Shao et al., 2014, Budd et al., 2015).

For true environmental sex determination (ESD) mechanism, sex is not determined
mainly by genes, but the environment (Budd et al., 2015). The most common environmental
factor is temperature and is widely a sex determining mechanism in reptiles (Janzen and
Paukstis, 1991, Valenzuela and Lance, 2004, Stelkens and Wedekind, 2010). Temperature can
affect aromatase activity and estradiol synthesis in females, and steroid receptors in both females
and males (Crews and Bergeron, 1994, Crews, 1996, Devlin and Nagahama, 2002). This
particular temperature-dependent sex determination (TSD) also exists in fish like Atlantic
silverside (Menidia menidia) (Conover and Kynard, 1981) and pejerrey (Odontesthes
bonariensis) (Karube et al., 2007). In many fish species, temperature treatment can shift the sex
ratio to produce more females or males in the population, regardless of TSD or GSD being
affected by environmental factors (Ospina-Alvarez and Piferrer, 2008). For instance, temperature
treatments on European seabass (Dicentrarchus labrax) of 20°C can produce a 73% male
population and treatment of 15°C can produce a 77% female population (Socorro et al., 2007).
Moreover, with increasing temperatures, aromatase mMRNA levels and estradiol levels decrease in
Nile tilapia (O. niloticus) and Japanese flounder (P. olivaceus) (Kitano et al., 1999, D’Cotta et

al., 2001).
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Other environmental factors include exogenous hormones, behavioral interactions, etc.
(Devlin and Nagahama, 2002). Treatment of fish with exogenous androgen has proven effective
for induction of masculinization (Hunter and Donaldson, 1983). Steroid treatment on fish can
alter the gonad development in many fish species (Devlin and Nagahama, 2002). Immersion of
coho salmon larvae with of 400ug/L estradiol-17P for two hours can produce a population of
nearly 97% females (Hunter et al., 1986, Budd et al., 2015). However, treatment of androgenic
substances can lead to paradoxical feminization of some fish (Cheshenko et al., 2008). For
instance, treating zebrafish with aromatizable androgen a-methyltestosterone (MT) causes
feminization instead of masculinization (Fenske & Segner, 2004 ). Treating channel catfish with
non-aromatizable androgen dihydrotestosterone also leads to feminization (Davis et al., 1992).
Hermaphroditic fish can change sex because of social interactions when the dominant fish cannot
control the population (Devlin and Nagahama, 2002, Budd et al., 2015, Munday et al., 2006,
Mitcheson et al., 2008).

In nature, GSD species normally have sex ratios of 1:1, but these sex ratios can be
influenced by many factors (Stelkins and Wedekind, 2010). In the fish species with TSD, the
frequency of the males is strongly influenced by the variation of the temperature (Devlin and
Nagahama, 2002, Baroiller et al. 1999, Stelkins and Wedekind, 2010). In aquaculture, the
stocking density of some species can change the pathways of sex differentiation, especially in
Anguillidae spp., a larger number of males are produced when the stocking density is high (Budd
et al., 2015, Davey and Jellyman, 2005). When the culture water is acidic, the sex ratio may bias

towards males (Budd et al., 2015, Rubin, 1985). The fitness of the fish can affect the sex ratio
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(Stelkins and Wedekind, 2010). For instance, when females are in poor health condition, more
females would be produced to maintain a balanced fitness, thus when females are in good
condition, more males would be generated (Stelkins and Wedekind, 2010, Komdeur et al., 1997,
Nager et al., 1999, Whittingham and Dunn, 2000, Proffitt et al., 2008). In addition,
supplementary feedings can bias sex ratios (as the sex ratio is biased towards males (1:2.3) in
Kakapo (Strigops habroptilus), an endangered parrot species in New Zealand, when
supplementary feed is supplied (Clout et al., 2002, Tella., 2001, Stelkins and Wedekind, 2010).
Sex allocation theory gives another possible explanation of skewed sex ratio (Stelkins and
Wedekind, 2010). When mating with attractive males, females would produce more sons than
with less attractive males to to ensure maximized reproductivity (Williams, 1966, Ellegren et al,
1996, Griffith et al., 2003, Reged et al., 2007, Saino et al., 1999, Leitner et al., 2006, Lopez-Rull
and Gil, 2009).

The pDC1 transgenic F1 generation had an unexpected skewed sex ratio towards
femaleness rather than maleness. Temperature, pH, stocking density and other environmental
factors may have a large and unexpected effect during the critical period of sex determination,
which even override the influence of the transgene. In this case, the effectiveness of this
transgene needs to be considered before application in the field, since the natural environment is
more variable than in the laboratory. In the current experiment, the environmental conditions and
water quality were maintained with little variability.

The desired action of the construct was to knock out the aromatase expression. One

explanation for the contradictory results is that the knockout sequence actually increased the
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production of aromatase mRNA, causing the increase in femaleness. There are two isoforms of
cypl19 genes in common carp that are functionally and structurally different (Cheshenko et al.,
2008), producing cyp19a protein which is 44% different from cyp19b protein (Barney et al.,
2008). Downregulation of the aromatase gene could lead to a higher expression of cyp19a,
causing a biased sex ratio (Chang et al., 2005) or if cyp19a gene is blocked, cyp19b gene may
increase its expression and influence sex differentiation (Cheshenko et al., 2008). The expression
of aromatase mMRNA was not measured or compared between the P1 and F1 generation, but it is
likely that the expression levels in these two generations were different. Also, the transgenic
gene expression can be affected by the chromosome position and almost half of insertions cannot
express properly (Day et al., 2000). It is possible that the promising result of P1 generation may
have resulted from influences of non-integrated plasmids in the cytoplasm, and the biased sex
ratio of F1 generation was caused by the influences of negative insertion locations.

Theoretically and initially, an extremely high copy number of the transgene would be in
the cytoplasm of the developing embryo in the P1 generation. These copies should degrade over
time and be gone by the time the common carp reach the size of sexual differentiation and
presumably the excess mMRNA has degraded by that time point as well. In the F1 generation , the
copy number would be initially lower, but theoretically, would be higher than the P1 at the time
of sexual differentiation. Once integrated, three-dimensional changes in the chromosome are key
for proper expression (Ma et al., 2016). Additionally, it has been recently discovered that N*-
methyladenosine mRNA has widespread epitranscriptomic effects on mammalian gene

expression (Hoemes et al., 2016), and perhaps similar mechanisms exist in fish that could affect

22



transgene expression. Thus, these various factors could lead to differences in electroporated P1
individuals compared to F1 integrated transgenic progeny.

Although the results were opposite of expectations, they still might be useful for
achieving the overall goal of controlling and eradicating nuisance species. If sex ratios can be
highly skewed towards femaleness or matings result in all-female progeny, a lack of males could

still result in reduced population numbers.
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