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Abstract

For genetic approaches for controlling insect pests such as the sterile insect technique (SIT), it is advantageous to release
only males as females are ineffective as control agents and they consume about 50% of the diet. Here we developed tetracy-
cline-repressible Lucilia cuprina transgenic strains in which adult females were fully fertile and viable on a diet that lacked
tetracycline and all of their female offspring died at the embryo stage. The transgenic strains are an improvement over the
strains we developed previously, which had the disadvantage that adult females on diet without tetracycline were sterile and
died prematurely. This was possibly due to the low level expression of the effector gene in ovaries. In the strains developed
in this study, the early promoters from L. cuprina nullo or Cochliomyia macellaria CG14427 genes were used to drive the
tetracycline transactivator (tTA) expression in the early embryo. In the absence of tetracycline, tTA activates expression of
the proapoptotic gene Lshid which contains a female-specific intron. Consequently, only females produce active HID protein
and die at the embryo stage. Crossing the TA-expressing driver lines with an RFPex reporter line confirmed that there was
no expression of the effector gene in the ovary. These new embryonic L. cuprina transgenic sexing strains hold great promise
for genetic control programs and the system reported here might also be transferable to other major calliphorid livestock
pests such as the New World screwworm, Cochliomyia hominivorax.
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Introduction

Genetic manipulation using transposons has been a valu-
able tool to develop insect strains with practical applica-
tions (Handler and Atkinson 2006). Using piggyBac-medi-
ated germline transformation, transgenic sexing strains

Communicated by Stefan Hohmann.

Ying Yan and Megan E. Williamson contributed equally to this

manuscript. (TSSs) of the Australian sheep blow fly Lucilia cuprina,
which is a major pest of sheep in Australia and New Zea-
Electronic Supplementary material The online version of this land (Sandeman et al. 2014)’ were preVIOusly developed to

article (https://doi.org/10.1007/s00438-019-01622-3) contains

supplementary material, which is available to authorized users. achieve female-specific lethality at embryo or early larval

stages (Yan and Scott 2015; Yan et al. 2017). TSSs can be
D4 Maxwell J. Scott potentially used in sterile insect technique (SIT) programs,

mjscott3@ncsu.edu in which insects are mass reared, sterilized and released to
target a pest population (Knipling 1955). For such control
programs, females are ineffective as they mate with sterile

Department of Entomology and Plant Pathology, North
Carolina State University, Campus Box 7613, Raleigh,

NC 27695-7613, USA males that are co-released and possibly lead to unwanted
2 Department of Biology, Indiana University Purdue University damage in the field for some pests (Knipling 1959; Papatha-
Indianapolis, Indianapolis, IN 46202, USA nos et al. 2009). Further, for some species such as the New
3 Present Address: Fraunhofer IME-BR, Winchesterstr. 2, World screwworm Cochliomyia hominivorax, high doses
35394 Giessen, Germany of radiation must be used to ensure 100% sterilization of

@ Springer


http://orcid.org/0000-0001-6536-4735
http://crossmark.crossref.org/dialog/?doi=10.1007/s00438-019-01622-3&domain=pdf
https://doi.org/10.1007/s00438-019-01622-3

288

Molecular Genetics and Genomics (2020) 295:287-298

released females (Crystal 1979). Field tests with the Medi-
terranean fruit fly Ceratitis capitata showed that male-only
releases are 3—5 times more effective than bi-sex releases
(Rendon et al. 2004; Franz 2005). Additionally, eliminating
females at early developmental stages would contribute to
significant cost saving, as they consume about 50% of the
larval diet (Yan and Scott 2015; Concha et al. 2016). Con-
sequently, the aim of this study was to improve early lethal
TSSs to enhance control efficiency and reduce the running
cost of SIT programs, thus offering great potential for area-
wide pest management (Schetelig and Handler 2012b; Scott
et al. 2017).

The previous early lethal TSSs of L. cuprina carried a
female-specific conditional lethal genetic system (Yan and
Scott 2015; Yan et al. 2017). Specifically, a “driver” cas-
sette that contains the tetracycline transactivator (tTA) gene
driven by an early active promoter and an “effector” cas-
sette that contains a cell death gene, L. sericata hid (Lshid),
driven by tetO,;-hsp70 enhancer promoter. Further, the sex-
specifically spliced intron from the Cochliomyia hominivo-
rax transformer gene (Chtra) (Li et al. 2013) was inserted
immediately downstream of the ATG translation start codon
of Lshid. Only the female transcript encoded functional
LsHID protein as the male transcripts have in-frame stop
codons shortly after the start codon. When the flies contain-
ing both driver and effector transgene were raised on stand-
ard diet without tetracycline, binding of ¢TA to the tetO,,;
enhancer activated Lshid expression and led to female death
at an early stage. Adding tetracycline to diet interrupted the
binding between ¢TA and tetO, so no HID protein was pro-
duced and both sexes survived. We found that the stage of
female lethality was largely decided by the promoter used
for ¢TA regulation, as all females died at the embryo stage
with the cellularization gene bottleneck (Lsbnk) promoter
(Yan and Scott 2015), whereas all females were eliminated
at the second instar stage with the constitutive spitting image
(Lsspt) promoter that has lower activity in embryos than the
Lsbnk promoter (Yan et al. 2017).

The promoter from the cellularization gene serendipity
alpha (sry-a) has been used in a similar way to develop
embryonic TSSs in the tephritid fruit flies Anastrepha sus-
pensa and Ceratitis capitata (Schetelig and Handler 2012a;
Ogaugwu et al. 2013). In these strains, females were fertile
when raised on diet without tetracycline and their female
offspring died at the embryo stage. However when the sry-a
promoter was used to build TSSs of Anastrepha ludens, a
species that is closely related to A. suspensa, females devel-
oped nonvitellogenic oocytes and were sterile, presumably
due to expression of t7A in ovaries (Schetelig et al. 2016).
Similarly, we found that females from L. cuprina embry-
onic and early larval TSSs produced very few eggs when
fed a diet without tetracycline. We confirmed that t7TA was
expressed in the ovary in the Lsspt and Lsbnk driver lines
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(Yan and Scott 2015; Yan et al. 2017), which was likely lead-
ing to production of LsHID and induction of apoptosis. The
sterility of A. ludens and L. cuprina TSSs could be rescued
by adding tetracycline to diet in the first few days following
eclosion (Yan and Scott 2015; Schetelig et al. 2016; Yan
et al. 2017).

Although L. cuprina and A. ludens TSSs could be used
in a control program, they would demand a specific tetracy-
cline feeding scheme which can lead to additional costs in
antibiotic treatments and labor. Feeding tetracycline to the
adult females also brings the risk that the antibiotic will be
passed on to their offspring and prevent activation of the
tetO-hid gene. Indeed when TSSs of A. ludens were fed tet-
racycline for 5 days, some females in the next generation
survived to the larval and adult stages (Schetelig et al. 2016).
Consequently, TSSs that do not need additional antibiotic
treatments would be advantageous in terms of cost saving
and ensuring females die at the embryo stage when desired.
Assembling such TSSs would require a promoter that is only
active in the early embryo and not in later stages of develop-
ment. In D. melanogaster, the nullo cellularization gene and
the closely linked CG14427 gene are strongly expressed in
2—-4 h embryos but not expressed in later stages (Graveley
et al. 2011). Here we isolated and characterized promot-
ers from two cellularization genes, nullo from L. cuprina
and CG 14427 from the secondary screwworm Cochliomyia
macellaria. Multiple L. cuprina tTA driver lines using these
two promoters were generated with tTA highly expressed
at the embryo stage in all lines. The newly obtained driver
lines were further used to assemble TSSs, from which adult
females were fully fertile and viable without any antibi-
otic treatment, and 100% female lethality was achieved at
embryo stage. The TSSs with specific embryonic lethality
hold great promise for L. cuprina genetic control programs,
and the system reported here can also be transferred to other
major calliphorid livestock pests including C. hominivorax,
the Old World primary screwworm Chrysomya bezziana and
the European green blowfly Lucilia sericata.

Methods
Fly rearing and germline transformation

The LAO7 wild-type strain of L. cuprina was maintained and
piggyBac-mediated germline transformation performed as
previously described (Yan and Scott 2015). In brief, adults
were kept in mesh cages at 22 °C and fed a sugar/water/
protein biscuit diet. Larvae were raised on 93% ground beef
at 27 °C and pupae were kept in a 27 °C incubator until eclo-
sion. The transgenic strains were bred to homozygosity by
selecting for brightly fluorescing larvae and confirmed by
outcrossing to the wild-type strain.
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Promoter isolation and plasmid construction

To assemble the driver constructs, Lcnullo and CmCG14427
gene promoter fragments were amplified from genomic
DNA using the primers listed in Table S1 and cloned into
pGEM-T (Promega, Madison, WI, USA). Following con-
firmation of the nucleotide sequences, the promoters were
amplified by PCR, digested with NotI and Ncol and ligated
to pBS-Lsbnk-tTAopt-p10 (Yan and Scott 2015) that had
been cut with the same enzymes. The promoter-tTAopt-
SV40 cassettes were excised using unique Xhol and Norl
sites and cloned into the unique Xhol and PspOMI sites in
the piggyBac transformation vectors pB[Lchsp83-ZsGreen]
(Concha et al. 2011) to create the driver constructs DR6
(Lcnullo) and DR7 (CmCG14427). To assemble the tetO-
RFPex reporter construct, RFPex fragment was amplified
from pBAC[H83-RFPex-pA]attP (Li et al. 2014), digested
with Ncol and Hindlll and then ligated to pBSFL1 (Li et al.
2014) that had been cut with the same enzymes. The tetO-
RFPex cassettes were excised and cloned into pB[Lchsp83-
ZsGreen]. The genbank accession numbers for the constructs
made in this study are MK509802 for DR6 and MK509803
for DR7.

Female lethality test and embryo-specific lethality
assessments

To assess female lethality in a double heterozygous con-
dition, eight newly emerged males from one DR6 or DR7
homozygous driver line and eight newly emerged virgin
females from either EF3A or EF1#12 homozygous effector
line (Yan and Scott 2015) were put in one bottle and kept
on tetracycline-free adult diet for days. Then embryos of
24 h egg lay intervals were reared on tetracycline-free raw
ground beef and the number of adult males and females were
counted. The specific combinations of driver and effector
lines tested are shown in Fig. 3.

To make double homozygous (DH) strains, homozygous
virgin females from the effector lines (Yan and Scott 2015)
were crossed with homozygous males from the driver lines.
The double heterozygous offspring were allowed to inter-
breed and their progeny screened to select only individuals
homozygous for both the driver and effector construct by
epifluorescence microscopy based on fluorescence intensity.
Adult flies in all crossings were maintained on 100 pg/mL
tetracycline water to repress female lethality. For testing the
rearing efficiency and female lethality, adults from each DH
strain were fed with tetracycline-free or 100 pg/mL tetra-
cycline water, and embryos were collected as previously.
Then larvae were reared on tetracycline-free or 100 pg/g
tetracycline raw 93% ground beef and the number of third
instar larvae, pupae, adult males and females was counted.
For staged tests, 1000 embryos from the first egg lay of DH

strains were collected and reared on tetracycline-free or
100 pg/mL tetracycline 93% ground beef. Then, the number
of first instar, third instar, pupae, adult males and females
were counted. All lethality tests were done in triplicate. The
adult emergence ratio was calculated as [number of adults
emerged/number of pupae] x 100.

Longevity and fertility

For each DH strain, 50 pairs of newly emerged flies were
put in a bottle and kept on tetracycline-free adult diet for
30 days. Every day, the dead flies were removed from the
bottle, and their sex and number were documented. At 5-day
intervals starting at day 10, the tetracycline-free 93% ground
beef was put in the bottle for 24 h to induce egg laying, and
the number of egg clutches was then counted.

Quantitative real-time and reverse transcriptase
polymerase chain reaction

To compare relative gene expression at different develop-
mental stages, total RNA was extracted at different time
points using the RNeasy® Mini Kit (QTAGEN) according
to the manufacturer’s instructions. Isolated RNA was sub-
sequently treated with RNase-Free DNase Set (Qiagen).
5 ug RNA was used to synthesize cDNA using Superscript
IIT First-Strand Synthesis Supermix (Invitrogen) following
the manufacturer’s instructions. A control reaction lacking
Superscript III was included for each treatment. qRT-PCR
was performed using an Applied Biosystems ABI7900HT
Fast Real-time PCR system and Maxima SYBR Green/Rox-
gPCR Master Mix (Fermentas). All gPCR primer sets were
tested with standard PCR, run on a gel to confirm amplifica-
tion of the desired size products and are listed in Table S1.
Samples were assayed in triplicate in a 12.5 pL final volume
containing 1 pL of cDNA (less than 100 ng), 1X Maxima
SYBR Green/RoxqPCR Master Mix (Fermentas), and 0.3
UM each primer and subjected to the following thermal
cycling parameters: initial denaturation for 10 min at 95 °C,
40 cycles of (95 °C for 155,57 °C or 60 °C for 30 s, 72 °C
for 30 s), dissociation curve analysis at (72 °C for 30 s).
C, values were called and averaged for each triplicate by
SDS software (version 2.4). Samples were normalized to
LcGSTI (Bagnall and Kotze 2010) and relative expression
levels were calculated using the formula 2724 as described
previously (Linger et al. 2015). Graphs were generated using
Microsoft Excel.

To determine larval sex, reverse transcription PCR was
performed using a Lctra primer pair Table S1) and the fol-
lowing thermal cycling parameters: initial denaturation for
3 min at 94 °C, 34 cycles of (94 °C for 30 s, 54 °C for 30 s,
72 °C for 1 min), final extension for 5 min at 72 °C.
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Confocal imaging to assess the ovary-specific
expression of tTA

Homozygous males from the driver lines were crossed with
homozygous virgin females from the tetO-RFPex reporter
line. Homozygous tetO-RFPex females were used as a con-
trol. Ovaries were dissected from female offspring at 4 and
8 days following eclosion and kept on ice in 1Xx PBS for
no more than 15 min. Ovaries were fixed by submerging
in 4% paraformaldehyde (Biotium) for 15 min with gentle
shaking, then washed 4 times with 1x PBS. Ovaries were
stored in 1Xx PBS in 0.5 mL tubes at 4 °C until ready to be
imaged. Images were captured on a Zeiss LSM 880 confo-
cal microscope using a 40x lens and the Argon and 561
lasers to capture green and red fluorescence, respectively.
Additionally, embryos, first instar larvae, third instar larvae,
and adults were screened for red fluorescence using a Leica
M?205 FA Fluorescent Microscope.

Statistical analysis

To investigate possible changes in tTA expression levels over
developmental stages, separate linear mixed effects mod-
els (in SAS) were considered for the DR6 and DR7 lines.
These models included stage as fixed effects and treated line
as random. Since residual plots from this model suggested
that variability in expression levels was increasing with the
mean, these levels were log transformed, resulting in greater
homogeneity of variance across stages. Tukey’s method was
used for all pairwise comparisons among the three stage
means.

For the analysis of longevity, the PROC LIFETEST (SAS)
was used to estimate and plot the survivor functions for the
combinations of strain and sex and to obtain test statistics
to evaluate the hypothesis of their equality. PROC PHREG
(SAS) was used to fit the proportional hazards regression
models (“frailty” model when they include a random effect).
Two non-parametric tests (Wilcoxon and log rank) of equal-
ity across the twelve groups agreed in their indication of
significantly different empirical survivor functions. Pair-
wise comparisons of log hazards estimated using the frailty
model were compared with a Tukey—Kramer correction for
multiplicity to control for a false positive rate at 0.05. The
estimated log-hazard ratios were relative to males from the
LAO7 strain raised on diet with tetracycline.

Results
Gene identification and characterization

Orthologs of the D. melanogaster nullo and CG14427
genes were identified in the assembled L. cuprina genome
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(Anstead et al. 2015) and a draft genome of the secondary
screwworm Cochliomyia macellaria (CJP, unpublished).
Interestingly, the genes are closely linked in both species
as in D. melanogaster, house fly and olive fly (Fig. S1).
The relative expression of Lcbnk, Lenullo and LeCG 14427
RNAs at different developmental stages was analyzed by
quantitative RT-PCR (Fig. 1). Cellularization in L. cuprina
embryos occurs 2-3 h after egg laying (Yan and Scott 2015)
and the RNA levels of all three genes were highest in these
embryos among the tested stages. However, the difference
in expression between 2 and 3 h embryos and 2 h female
adults was greater than an order of magnitude higher for
Lcnullo and LcCG14427 (850 and 2000 times) than Lebnk
(56 times). This in part is because RNA levels of Lcnullo
and LcCG14427 in 2-3 h embryos were 3.2 and 5.6 times
higher than that of Lcbnk, respectively. Further, RNA levels
of Lcnullo and LcCG 14427 were lower in adult females, par-
ticularly the older 7 d stage (31% and 3% of Lcbnk, respec-
tively). These results confirm Lcnullo and LcCG14427 genes
are strongly expressed in early zygotic embryos with little
expression in later stages. Thus, the promoters from these
genes could have the properties desired for building a TSS
with early embryonic female lethality.

Generation and analysis of transgenic L. cuprina

Genomic DNA fragments upstream of and including the
translation start codons of the Lcnullo and CmCG14427
genes were isolated and used to build the DR6 and DR7
tTAo driver constructs (Fig. 2a). tTAo is a version of tTA
codon optimized for L. cuprina (Yan and Scott 2015).
The CG14427 promoter was isolated from C. macellaria
for potential future use in C. hominivorax, since a genome
assembly for C. hominivorax was not available at the time
the constructs were built. Seven DR6 lines were obtained by
piggyBac-mediated germline transformation. The Mendelian

10 u Lenullo
LcCG14427
OLcbnk

0.01
0.001
0.0001
0.00001 I [
0.000001

05hembryo 2-3hembryo  pupae

Gene relative expression

2h female 2d female 7d female

Fig. 1 Lcnullo and LcCG14427 genes are expressed at much higher
levels in 2-3 h embryos than other stages of development. RNA lev-
els were measured by qRT-PCR relative to the LcGSTI reference
gene (note log scale). Mean and standard error from three replicate
experiments are shown
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Fig.2 Ovary-specific expres- A
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inheritance patterns of the lines suggested all carried a sin-
gle autosomal transgene. Twelve DR7 transgenic lines were
obtained out of which one line showed mosaic fluorescence,
one could not be maintained and two lines were X-linked,
which often have poor levels of expression in L. cuprina
(Yan and Scott 2015) and consequently were discarded. To
identify the strongest expressing lines, RNA was isolated
from 2 to 3 h embryos from the remaining DR7 lines and all
of DR6 lines. The embryos were collected from crossing of
heterozygotes and thus could have zero, one or two copies
of the tTAo transgene. However, the average transgene copy
number in the embryo collections from different lines should
be similar, since they were all collected from heterozygous
inbreeding crossings. Based on the tTAo expression level

tetO_RFPex

DR6#11 DR7#8

(Fig. S2) and fecundity (data not shown), four DR6 lines
(#5, #6, #9 and #11) and four DR7 lines (#2, #4b, #7 and #8)
were chosen for breeding to homozygosity. All the chosen
lines were homozygous viable and fertile except DR7#4b,
which was homozygous lethal.

The homozygous viable DR6 and DR7 lines were then
analyzed for tTAo expression at embryo cellularization
(2-3 h) and in 2 h and 2-day-old adult females. All of the
driver lines exhibited significantly higher tTAo expres-
sion at the embryo stage than the adult stages (p <0.01
for DR6 lines and p <0.01 for DR7 lines), while the dif-
ference between the two adult stages was not significant
(Fig. S3). However, the difference in t7TAo RNA levels
between embryos and adults was not as pronounced as for
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the endogenous Lcnullo and LcCG14427 genes (Fig. 1). In
the DR6 and DR7 lines, tTAo RNA was 5-11 and 9—12 times
higher in embryos than 2 h adults, respectively (Fig. S3).
Since the DR6 and DR7 lines express significant levels
of tTAo RNA in adult females, we next investigated if tTA
was present in adult ovaries, as observed previously with
the DR2 and DR3 lines, which use the Lsbnk and Lsspt
gene promoters to drive tTAo expression respectively (Yan
and Scott 2015; Yan et al. 2017). To visualize which cells
express tTA, we made a transgenic line that carries the red
fluorescent protein gene DsRedexpress2 (RFPex) driven by
the tetO,;-hsp70 enhancer promoter (Li et al. 2014) (Fig. 2).
The tTAo driver lines, DR2#6, DR3#2, DR6#6, DR6#11,
DR7#2 and DR7#8 were crossed with the tetO-RFPex
reporter line. As expected, red fluorescence was observed
in embryos from all six crosses but not in third instar or in
the adult whole body. First instar from the crosses with the
DR3#2 and both DR6 and DR7 drivers also showed red fluo-
rescence. In contrast, red fluorescence was not observed in
first instar from DR2#6 crosses. This could be because tTA
RNA levels are higher in embryos from the DR6 and DR7
lines than DR2#6. Upon dissection of adult females, red
fluorescence was clearly observed in the germarium region
of ovaries from 4- and 8-day-old females from the DR2#6
and DR3#2 crosses (Fig. 2). Under these culture conditions,
L. cuprina females lay eggs at 10 days. In contrast, no red
fluorescence was observed in the dissected ovaries from

females generated by DR6#6, DR6#11, DR7#2 and DR7#8
crosses (Fig. 2). The apparent absence of tTA in ovaries sug-
gests that DR6 and DR7 TSSs adult females may not need
to be fed tetracycline to produce eggs, as was needed with
the DR2 and DR3 TSSs.

Female-specific lethality of L. cuprina TSSs

DR6 and DR7 homozygous lines were crossed with homozy-
gous effector lines EF1#12 and EF3-A, and the number of
adult male and female offspring counted (Fig. 3, Table 1).
EF3 contains the wild-type version of proapoptotic gene
Lshid under control of the tetO,,;-Lchsp70 enhancer pro-
moter, whereas EF1 has the more active version that has
the two conserved MAPK phosphorylation sites changed
to encode alanine (Yan and Scott 2015). Our previous stud-
ies showed that EF1#12 is a strong effector line and always
achieved 100% dominant lethality when paired with differ-
ent DR2 lines, while EF3-A was a slightly weaker effector
line and gave 96% female lethality when paired with DR2#6
(Yan and Scott 2015). All of the driver lines were effective
at reducing female viability, and no female offspring were
obtained from any driver/effector combinations (Fig. 3).
Since all driver/effector combinations tested were 100%
effective (no female offspring) (Fig. 3), any could have been
chosen for further inbreeding to produce strains homozygous
for both transgenes. We selected driver line DR6#11 as it

Table 1 Rearing efficiency and

Tet® #Pupae® #Male #Female #Adult % AERY %Male

. g Strain Condition®
female lethality of L. cuprina
DR6 and DR7 DH lines WT N/A
DH7 Heterozygous

(DR6#11; EF3-A)  Homozygous

DHS8 Heterozygous
(DRO6#6; EF14#12) Homozygous

DH9 Heterozygous
(DR7#2; EF3-A) " Homozygous

DHI0 Heterozygous
(DR7#8; EF1#12) Homozygous

- 1570 683 678 1361 86.7 50.2
+/— 1909 803 823 1626 85.2 494
+ 2210 936 877 1813 82.0 51.6
- 832 667 0 667 80.2 100
+/— 845 383 0 383 453 100
+ 2447 1103 1045 2148 87.8 51.1
- 331 225 0 225 70.0 100
+/— 691 566 0 566 83.4 100
+ 882 377 373 750 86.6 50.5
- 1562 1345 0 1345 86.1 100
+/— 790 654 0 654 83.5 100
+ 1724 784 738 1522 88.3 51.8
- 328 253 0 253 77.1 100
+/— 708 407 0 407 57.5 100
+ 1467 686 581 1267 86.4 54.1

#Heterozygotes have one copy and homozygotes have two copies of both driver and effector transgene. This
is not applied (N/A) for wild-type (WT) flies

b4 indicates that tetracycline (Tet) was present at all the stages, either supplied in water (100 pg/mL) for

adults or in raw ground beef for larvae, while

“_

indicates that tetracycline was absent at all the stages.

“4/="" indicates that tetracycline was only supplied to the parental larvae, but not in the parental water or in

the larval diet

“Here the numbers represent the total count of offspring from three independent crossings

4AER strands for adult emergence ratio
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Fig.3 Female-specific lethality of double heterozygous lines. Indi-
cated homozygous DR6 (a) and DR7 (b) males were crossed with
virgin females from EF3-A or EF1-12 homozygous effector lines. The
offspring of the crosses were raised on diet without tetracycline. The

Number of adult flies

had the highest embryonic tTAo expression in DR6 homozy-
gous lines (Fig. S3), and paired it with the weaker effector
EF3-A to produce the double homozygous (DH) strain DH7.
The DR6#6 line, which had lower embryonic tTAo expres-
sion (Fig. S3), was paired with the stronger effector EF1#12
to make DHS. For the DR7 drivers, we selected lines #2 and
#8, which showed the lowest and highest embryonic tTAo
expression, respectively (Fig. S3), to make two additional
TSSs. DR7#2 was paired with EF3-A (DH9) and DR7#8
was paired with EF1-12 (DH10). The four DH strains have
been stably maintained on tetracycline diet for at least 4
years, confirming the double homozygosity and general fit-
ness of the strains. To test the rearing efficiency, eight pairs
of adults from each DH strain were crossed under permis-
sive tetracycline condition, and the number of pupae, adult
male and female offspring was counted (Table 1). From the
same number of parents, DH7 generated the highest num-
ber of adult offspring while DH8 generated the lowest. All
DH strains produced an approximate 1:1 ratio of males and
females on a diet with tetracycline.

The strains were then tested for female fertility and lethal-
ity under a restrictive tetracycline feeding condition, which
means tetracycline was only supplied to the parental larvae,
but not the parental adults or their offspring. The control
wild-type strain produced approximately equal numbers of
males and females under these conditions, as also observed
when the strain was continuously reared on tetracycline
(Fig. 4). For all DH strains, the parental females were fertile
unlike DH strains made previously with DR2 and DR3 driv-
ers. Further, no female offspring were obtained under these
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number of male and female offspring number from wild-type raised
on diet that lacks tetracycline is also shown (b). Error bars show the
standard error of the mean (n=3). Arrow indicates the driver and
effector combination for double homozygous (DH) breeding

conditions (Table 1). Notably for DH8 and DH9 offspring,
most of pupae emerged as males, suggesting that females
died before the pupal stage in these two lines. However,
for DH7 and DH10 offspring, approximately half of pupae
emerged as males, which suggests some male lethality at the
pupal stage. Further, without tetracycline, the DH9 parents
produced the highest number of male offspring in both het-
erozygous and homozygous conditions.

Females die at the embryo stage if mothers are
not fed tetracycline

To identify the stage when females die, the number of flies
was scored at all developmental stages except for second
instar. Equal numbers of adult males and females were
obtained if the strains were raised under the permissive tet-
racycline condition, while no adult females were obtained
from the restrictive tetracycline condition (Fig. 4). For all
DH strains, approximately half as many first instar (L1)
were obtained from the restrictive tetracycline condition
compared to the permissive tetracycline condition. This sug-
gested that the DH females had died in the embryo stage,
which was further confirmed using an RT-PCR assay to
determine larval sex (Yan and Scott 2015) (Fig. 5), wherein
Lctra primers amplify a larger product from male larvae
due to the extra male exon (Concha and Scott 2009). At a
1:1 sex ratio, the smaller female PCR product predominates
and at a 100:1 male:female sex ratio, the main product is
from males but the smaller female product was detectable
(Yan and Scott 2015) (Fig. 5, lanes 1, 2). This suggested
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Fig.4 Staged lethality in the wild-type (WT) and double homozy-
gous (DH) strains. WT (a), DH7 (b), DH8 (c), DH9 (d) and DH10
(e) were raised on permissive and restrictive tetracycline condi-
tions. 1000 embryos were collected and the numbers of first instar

Fig.5 Larval sex identification through detection of Lctra sex-
specific splice variants of double homozygous strains DH8 and
DHY9. RNA was extracted from 100 embryos or L1 larvae and RT-
PCR performed using a primer pair that detects the male (636 bp)
or female (325 bp) Lctra splice variants. Lane (1) WTZ:Q=1; (2)
WTJ:Q=100; (3) 9-10 h embryos of DH8 without tetracycline; (4)
L1 of DHS8 without tetracycline; (5) L1 of DHS8 with tetracycline; (6)
9-10 h embryos of DH9 without tetracycline; (7) L1 of DH9 without
tetracycline; (8) L1 of DH9 with tetracycline; L DNA ladder

that if females made up 1% or more of the L1 population,
their presence could be identified. Both male and female
products were detected in 9—10 h DH8 and DH9 embryos
(Fig. 5, lanes 3 and 6). If the mothers were fed a diet with
tetracycline, the newly hatched first instar also had both male
and female products (Fig. 5, lanes 5 and 8). However, only
the male product was detected from L1 samples if mothers
were fed a diet without tetracycline (Fig. 5, lanes 4 and 7).
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larvae (L1), L3, pupae, adult males and adult females were recorded.
Error bars show the standard error of the mean (n=23). +W/+M. tet-
racycline added to adult water and larval diet (meat), —W/—M, adult
and larval diet without tetracycline

Fertility and longevity of L. cuprina TSSs

Expression of tetO-hid in pupae or adults could reduce
the longevity of adults. Indeed, for the DH2 strain that
contained the Lsbnk-tTA driver, about 80% of females died
within 10 days and all females died within 20 days (Yan
and Scott 2015). To determine if the new TSSs had higher
female survival, we next examined longevity and fertility.
As done previously, the DH strains were maintained on
100 pg/mL tetracycline, then tetracycline was added to
the larval diet of the offspring but not adult diet. As a con-
trol, the parental LAO7 strain was maintained on 100 pg/
mL tetracycline for a generation, the larval offspring were
fed tetracycline but the adults were not. As an additional
control, LAO7 was raised on standard diet that lacked tetra-
cycline. Mortality and egg production were monitored for
30 days (Fig. 6). With the exception of DH7, the lifespan
of DH strain females was significantly shorter than males
from the same strain (p <0.0001) (Table S2). Addition-
ally, the DH7 females continued to lay eggs until 30 days,
whereas DH8, DH9 and DH10 females only produced eggs
until 20 days. Most of the DH8, DH9 and DH10 females
died within 30 days. Nevertheless, the females lived longer
than DH?2 females, as about half of DHE, DH9 and DH10
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Fig.6 Longevity and fertility of wild-type (WT) and double homozy-
gous (DH) strains. The WT flies were collected from the wild-type
LAO7 strain raised without tetracycline (a —Tet), or from LAO7 fed
with tetracycline (100 pg/mL) for one generation prior to egg col-
lection and fed with tetracycline in the larval diet (b +Tet). The DH
pupae were collected from DH7 (¢), DH8 (d), DH9 (e) and DH10
(f) that were maintained with tetracycline diet to repress the female
lethality. For each DH strain and LAO7, 50 pairs of adults were put

females survived to 20 days. For the control strain raised
on diet without tetracycline, there was no significant dif-
ference in the lifespan of females and males. However,
when the control strain was raised under the same tet-
racycline regimen as the DH strains, females had a sig-
nificantly shorter lifespan than males. This could in part
explain the shorter lifespan of DH8, DH9 and DH10 strain
females. However, DH8, DH9 and DH10 females had a
significantly shorter lifespan than control LAO7 females
raised on tetracycline (Table S2). With regard to males,
DH7, DH9 and DH10 males had a significantly shorter
lifespan than LAO7 raised on tetracycline but not LAQ7
males raised on diet without tetracycline. DH7 males did
not live as long as DH8 males, but otherwise there was
little difference in longevity of males between the strains.

in one bottle and kept on tetracycline-free diet for 30 days. Each day,
dead males and females were counted and removed from the bot-
tle. Error bars show the standard error of the mean (n=3). On days
10, 15, 20, 25 and 30, ground meat (without tetracycline) was put
in the bottle for 24 h and afterwards the number of egg clutches was
recorded. “++"indicates more than 10 egg clutches; “+”indicates 2—8
egg clutches; “—"no or very few eggs were laid

Discussion

Promoters from cellularization genes, sry-a and nullo,
were first used in a Tet-Off system to achieve embryo
lethality in D. melanogaster (Horn and Wimmer 2003).
The promoters were selected due to their high but transient
activities at the cellular blastoderm stage (Mazumdar and
Mazumdar 2002; Graveley et al. 2011). The first experi-
mental identification of such promoters in an agricultural
insect pest species was by cDNA subtractions of differ-
ent embryonic stages of the Medfly Ceratitis capitata
(Schetelig et al. 2009). Subsequently, promoters from C.
capitata and A. suspensa sry-a genes were successfully
applied to develop TSSs for each species (Schetelig and
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Handler 2012a, b; Ogaugwu et al. 2013). However, TSSs
developed for A. ludens that also used the A. suspensa sry-
a gene promoter to drive tTA expression were not fertile
unless adult females were fed a diet supplemented with
tetracycline for several days following eclosion (Schetelig
et al. 2016). This suggested that the A. suspensa sry-a gene
promoter was active in adult ovaries. Similarly, we found
TSSs developed for L. cuprina that used the promoter from
the bnk cellularization gene for the driver construct laid
few eggs unless adult females were fed a diet with a low
dose of tetracycline for a few days after emergence (Yan
and Scott 2015). We previously showed by qRT-PCR that
this was most likely due to bnk promoter activity in the
adult female ovaries (Yan and Scott 2015; Yan et al. 2017).
Using a strain that carries a tTA-responsive red fluorescent
protein reporter gene, we have confirmed and extended
these observations and shown that in the DR2#6 line tTA
is produced in the germarium of female ovaries. The DR6
and DR7 drivers, which use promoters from the Lcnullo
and CmCG12247 promoters, respectively, did not show
any detectable expression in ovaries. This likely explains
why TSSs strains assembled using DR6 or DR7 driver
lines did not need to be fed a diet supplemented with tet-
racycline for egg laying. Thus, the sexing strains are an
improvement over our previously developed TSSs that
required a low dose of tetracycline in the maternal diet for
2 days for egg production.

The endogenous Lcnullo and LcCG14427 genes are
expressed at approximately three orders of magnitude higher
levels at embryo cellular blastoderm compared to later
stages. This appears to be at least in part due to specific
activation of the gene promoters in embryos as the DR6
and DR7 lines showed 5-12 times higher tTA expression in
embryos compared to 2 h adults. However, it would appear
that additional regulatory elements are required to achieve
the same high degree of stage specificity as the endogenous
genes. One possibility is that the endogenous genes are
repressed at later stages by an epigenetic silencing mecha-
nism that spans both genes. The conserved linkage of the
genes in Drosophila, blow flies, house fly and olive fly (Fig.
S1) suggests that the genes may share distal regulatory ele-
ments beyond the promoters used in the DR6 and DR7 con-
structs. This model could be tested using CRISPR/Cas9 to
target a DR6 or DR7 gene construct into the nullo/CG14427
gene region. We have recently used similar technology to
make a gene knockin mutation in the L. cuprina no blokes
gene (Davis et al. 2018).

We measured the longevity, fecundity and adult emer-
gence ratios of the TSSs on diet that lacked tetracycline.
These are some of the fitness parameters that are relevant to
mass rearing in a production facility (Concha et al. 2016).
While two of the TSSs had an adult emergence ratio simi-
lar to the parental wild-type strain (DH8, DH9), the other

@ Springer

two TSSs (DH7 and DH10) had a relatively low ratio when
raised on diet that lacked tetracycline. We considered two
possible explanations for these observations. First, male
viability could be reduced because the driver lines used to
assemble the DH7 and DH10 showed high levels of expres-
sion of tTA. Very high levels of tTA expression are toxic
for L. cuprina (Li et al. 2014), which is thought to be due
to transcriptional squelching mediated by the VP16 domain
of the tTA protein (Gong et al. 2005). However, tTA protein
levels would be similar in the DH strains raised on diet with
tetracycline but the adult emergence ratio was high for all
four DH strains on tetracycline diet. The second possibility
we considered is that there is some mis-splicing of the Lshid
transcript in males to produce transcripts that encode func-
tional LsHID protein. This could be due to position effects
as the local chromatin environment can influence alternative
splicing (Allo et al. 2010). However, the same effector lines
used in DH7 and DH10 were also used to make DH8 and
DHO. Thus, it is unclear why the adult emergence ratio on
diet without tetracycline is lower for the DH7 and DH10
strains. With the exception of the DH7 strain, females from
the TSSs did not live as long as males from the same strain
when raised on diet without tetracycline. This appears to
be partly a consequence of raising the TSSs on diet with
tetracycline for the generations prior to testing as we found
females from the wild-type control strain did not live as long
as males when raised under identical conditions. It is unclear
why female longevity in the control strain was reduced, but
tetracyclines have been reported to induce mitochondrial
stress in several model genetic organisms including Dros-
ophila melanogaster (Moullan et al. 2015). Clearly, given
that all of the male-only strains have been developed with
the Tet-Off system (Gossen and Bujard 1992), further stud-
ies are needed to examine the impact (if any) of incorpora-
tion of tetracycline in the diet on the fitness of the strains.

The TSSs developed in this study could be used in a
future genetic program for control of L. cuprina in Australia
or New Zealand where the insect remains a significant pest
of sheep. The strains have the advantages that females die at
the embryo stage and the parental generation is fertile and
viable on diet without tetracycline. Of the four TSSs strains
evaluated, DH8 and DH9 appear to be the most promising,
as they produce the most males on diet without tetracycline,
females were viable and fertile up to 20 days on diet without
tetracycline and the adult emergence ratio was comparable
to the parental LAQ7 strain. The genetic systems should be
easily transferrable to other blow fly pests such as C. homini-
vorax. For more distantly related species, promoters from the
nullo or CG14427 genes from the species of interest would
appear to be ideal for making tTA driver strains.
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