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Abstract

In most animals that have X and Y sex chromosomes, chromosome-wide mechanisms are

used to balance X-linked gene expression in males and females. In the fly Drosophila mela-

nogaster, the dosage compensation mechanism also generally extends to X-linked trans-

genes. Over 70 transgenic lines of the Australian sheep blowfly Lucilia cuprina have been

made as part of an effort to develop male-only strains for a genetic control program of this

major pest of sheep. All lines carry a constitutively expressed fluorescent protein marker

gene. In all 12 X-linked lines, female larvae show brighter fluorescence than male larvae,

suggesting the marker gene is not dosage compensated. This has been confirmed by quan-

titative RT-PCR for selected lines. To determine if endogenous X-linked genes are dosage

compensated, we isolated 8 genes that are orthologs of genes that are on the fourth chro-

mosome in D.melanogaster. Recent evidence suggests that the D.melanogaster fourth

chromosome, or Muller element F, is the ancestral X chromosome in Diptera that has

reverted to an autosome in Drosophila species. We show by quantitative PCR of male and

female DNA that 6 of the 8 linkage group F genes reside on the X chromosome in L. cuprina.

The other two Muller element F genes were found to be autosomal in L. cuprina, whereas

two Muller element B genes were found on the same region of the X chromosome as the L.

cuprina orthologs of the D.melanogaster Ephrin and gawky genes. We find that the L.

cuprina X chromosome genes are equally expressed in males and females (i.e., fully dos-

age compensated). Thus, unlike in Drosophila, it appears that the Lucilia dosage compen-

sation system is specific for genes endogenous to the X chromosome and cannot be co-

opted by recently arrived transgenes.

Introduction

Very different mechanisms are used in the fly Drosophila melanogaster, the nematode Caenor-

habditis elegans and in mammals to achieve X chromosome dosage compensation [1–3]. In D.

melanogaster the male-specific lethal or MSL complex is essential for dosage compensation [4,
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5]. In males, the MSL complex binds to active genes and upregulates expression, thereby

achieving dosage compensation [6, 7]. The MSL complex is thought to initially bind to 150–

300 high affinity or chromatin entry sites on the X chromosome and then spread to actively

transcribed genes [4]. Thus most genes on the X chromosome do not need to bind the MSL

complex with high affinity in order to be compensated. Consistent with this model is the find-

ing that, in general, X-linked transgenes are dosage compensated [8–10]. For example, Kuroda

and colleagues studied X-linked insertions of the autosomal cg3702 and Rpl40 genes [9]. Nei-

ther gene attracted the MSL complex at their endogenous position on chromosome 2. How-

ever, at X chromosome locations both the cg3702 and Rpl40 genes were bound by the MSL

complex in males and dosage compensated.

The Australian sheep blowfly, Lucilia cuprina, is a major pest of sheep in Australia and

New Zealand [11]. Since it is a serious pest, there was a significant effort to produce detailed

physical and genetic maps of the chromosomes. L. cuprina has five pairs of metacentric

autosomes of approximately equal size [12, 13]. C-banding of L. cuprina chromosomes from

late third instar larval neuroblasts produces procentric bands on all autosomes and deep

staining over the Y chromosome and most of the X chromosome [13]. The X chromosome

is the longest chromosome and the Y is the shortest chromosome, less than half the length

of the X chromosome. The distal third of the L. cuprina X chromosome is lighter staining

and one morphological marker (black body, b) maps to this region (Fig 1) [13, 14]. Genetic

analysis of 72 loci facilitated linkage group-chromosome assignments in L. cuprina [15] (Fig

1). The six linkage groups or Muller elements (A-F) have been generally conserved in higher

Diptera. For example, orthologs of genes encoded by the right arm of chromosome 3 in D.

melanogaster (linkage group E) were mapped to chromosome 4 in L. cuprina (Fig 1). A

major difference is that the genes that are X-linked in D. melanogaster (linkage group A),

are autosomal in L. cuprina and map to chromosome 3 (Fig 1). It has been shown that ortho-

logs of genes located on the fourth chromosome in D. melanogaster (linkage group F), are

X-linked in some non-drosophilids (e.g. tephritids) [16, 17]. It appears that the Muller ele-

ment F was an ancestral X chromosome in Diptera but that in the lineage leading to D. mela-

nogaster it has reverted to an autosome [16].

Over the past decade we have made over 70 transgenic L. cuprina lines as part of our effort

to make male-only strains for a genetic control program [11, 18]. In general, the lines either

express the tetracycline transactivator (tTA) or carry a tTA-regulated proapoptotic gene such

hid or reaper [18, 19]. Twelve of the lines showed X-linked inheritance [20–23]. That is, when

transgenic males were mated with virgin females from the parental wild type strain, only female

offspring inherited the transgene. We were interested in determining if X-linked genes and

transgenes were dosage compensated in L. cuprina. Our initial aim was to determine if the

marker gene was dosage compensated in transgenic L. cuprina lines that map to the X chromo-

some. If X chromosome gene dosage compensation is achieved by a similar mechanism as in

D.melanogaster, then it would be predicted that X-linked transgenes would be expressed

equally in males and females in L. cuprina. With the goal of obtaining endogenous genes that

are X-linked, our second aim was to identify L. cuprina genes that are orthologs of genes

encoded by the fourth chromosome in D.melanogaster and determine if these genes were X-

linked. If so, our third aim was to determine if the X-linked genes are expressed at equal levels

in males and females (i.e. dosage compensated). We identified 8 orthologs of Drosophila fourth

chromosome genes and show that 6 are located on the X chromosome in L. cuprina and fully

dosage compensated. We also show that, unlike Drosophila, X-linked transgenes are not fully

compensated. We suggest that this is because L. cuprina employs a novel dosage compensation

mechanism.

Dosage Compensation in Lucilia
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Results

X-linked transgenes are not fully dosage compensated

The transgenic L.cuprina lines carry either a ZsGreen or DsRed-express2 (RFPex) fluorescent

protein marker gene driven by the L. cuprina hsp83 gene promoter that has a high basal activity

Fig 1. Schematic illustration of male metaphase chromosomes inD.melanogaster and L. cuprina.Muller elements (A-F) are indicated. The
chromosomal location of linkage group F genes in L. cuprinawas unclear from earlier genetic analysis but it has been suggested that these genes are on the
X chromosome (this uncertainty is indicated by a question mark). In L. cuprina, C-banding produces dark staining of the sex chromosomes, except for a
lighter staining region in the distal portion of the long arm of the X chromosome that is thought to contain active genes [13]. While the X chromosome is the
largest chromosome, it is not drawn to scale so as to highlight the C-banding pattern.

doi:10.1371/journal.pone.0141544.g001
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[24]. Further details on the marker gene and any additional transgene in the X-linked lines are

listed in S1 Table. Lines were bred to homozygosity by selecting for very brightly fluorescing

larvae. In the X-linked lines, all of the brightly fluorescing larvae that are selected to make a

homozygous line uniformly developed as females (Fig 2). With insertions on autosomes,

approximately half of the most brightly fluorescent larvae develop as females and half as males

(Fig 2). The concordance between fluorescence intensity and sex is strongly suggestive that X-

linked marker gene expression is not fully dosage compensated. We next used quantitative

RT-PCR (qRT-PCR) to confirm a lack of uniformly complete compensation. Four lines,

SLAM5, DR3-9, EF1-2 and FL3-3 were selected for these experiments. In two lines, (SLAM5

and DR3-9) marker gene expression was twice as high in females compared to males (Fig 3).

Thus, transgene expression is not dosage compensated. In a third line (EF1-2), females had 1.5

times as much transcript as males, suggesting partial compensation. In a fourth line (FL3-3)

ZsGreen transcript levels were highly variable and much higher in females than males (5–14

times higher, not shown in Fig 3). In this line, the transgene has inserted into highly repetitive

DNA and the marker shows variable and variegated patterns of expression (not shown).

Fig 2. L. cuprina larvae with X-linked or autosomal fluorescent protein transgenes. The lines carry a constitutively expressed DsRed-express2 marker
gene. Larvae from an X-linked line (SLAM5) and an autosomal line (EF3C) are shown. In the X-linked line, the most brightly fluorescent larvae develop as
females (F). The more weakly fluorescent larvae develop as males (M). In contrast, larvae from the EF3C line show a uniform level of fluorescence. Two
representative larvae from this line are shown, the sex of the larvae is unknown.

doi:10.1371/journal.pone.0141544.g002
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Orthologs of some D.melanogaster fourth chromosome genes are X-
linked in L. cuprina

To investigate if linkage group F genes are X-linked in L. cuprina, we identified orthologs of

Drosophila fourth chromosome genes in transcriptomes from the closely related blowfly, Luci-

lia sericata [25]. Most genes were identified from an embryo transcriptome, as this had the

greatest depth of coverage. Using primers based on the L. sericata sequences, fragments of the

homologous L. cuprina genes were amplified from genomic DNA, cloned, and sequenced. The

genes isolated were the L. cuprina orthologs of, ATP synthase-β subunit (ATPsynβ), CG1970,

Eph receptor tyrosine kinase (Eph), Ephrin, Slip1, Thd1 and Zn finger homeodomain 2 (zfh2).

Quantitative PCR (qPCR) with male and female genomic DNA was used to determine X chro-

mosome association. An X-linked gene would be twice as abundant in female relative to male

DNA. In contrast, the copy number of an autosome gene would be the same in male and female

DNA. Thus the expectation is that the male/female ratio of normalized Ct values would be

either 0.5 or 1.0. For every gene, only one of the competing hypothetical ratios is contained by

the calculated 95% confidence intervals (Table 1), so that there is little ambiguity as to whether

or not the gene is sex-linked. We found that five of the L. cuprina (Lc) genes, LcCG1970, LcEph,

LcSlip1, LcThd1 and Lczfh2 were associated with the X chromosome (Fig 4, Table 1). LcATP-

synβ and LcEphrin are autosomal in L. cuprina. In addition, qPCR with male and female DNA

confirmed the X-linked transgenes were associated with the X chromosome (Table 1). We also

confirmed that the L. cuprina reference genes used in gene expression studies [26], LcGST-1

and Lchsp83 are autosomal (S2 Table). Further, males and females have equal levels of the 28S

Fig 3. X-linked transgenes are not fully dosage compensated in L. cuprina. qRT-PCR of marker gene (ZsGreen or DsRed-express2) RNA in
hemisected adult males and females from the transgenic lines SLAM5, EF 1–2 or DR3-9. All lines carry a single copy of the marker gene on the X
chromosome. Transcript levels were normalized to 28S rRNA. As expression of the marker genes was driven by the constitutive promoter from the
autosomal Lchsp83 gene, Lchsp83 transcript levels are shown for comparison. Mean female/male ratio +/- standard error from three biologically independent
replicate experiments are shown.

doi:10.1371/journal.pone.0141544.g003
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rRNA gene reference gene. As in Drosophila, rRNA genes are present on both the X and Y

chromosomes in L. cuprina [27].

X-linked F-element genes are fully dosage compensated

qRT-PCR was used to determine if the X-linked genes were dosage compensated in L. cuprina.

Young adults (1–4 day) were hemisected and RNA was isolated from heads and thoraces.

Abdomens were discarded as they contain most of the sexually dimorphic tissues. If an X-

linked gene is fully dosage compensated, the expectation is that males and females would

express equal levels of mRNA transcripts. If, however, expression was not compensated then

Table 1. Relative abundance of candidate X-linked genes and known X-linked transgenes in male and female genomic DNA.

Gene ΔΔCt Maled± SEM ΔΔCt Female± SEM M/F Ratio (95% CI) p-value M-F/2 = 0e p-value M-F = 0e

Lcarua 1.0 ± 0.078 2.108 ± 0.129 0.475 (0.354–0.596) 0.616 0.00073

LcATPsynβ a 1.0 ± 0.052 1.006 ± 0.031 0.994 (0.84–1.148) 0.00026 0.925

LcCG1970a 1.0 ± 0.043 2.179 ± 0.128 0.459 (0.373-.0545) 0.298 0.00033

LcEphb 1.0 ± 0.048 1.986 ± 0.092 0.503 (0.417–0.589) 0.92 0.00022

LcEphrinb 1.0 ± 0.028 1.076 ± 0.038 0.930 (0.822–1.037) 0.00004 0.168

Lcgwa 1.0 ± 0.047 2.284 ± 0.111 0.438 (0.362–0.514) 0.108 0.00013

Lchsp83c 1.0 ± 0.017 0.953 ± 0.035 1.049 (0.94–1.158) 0.00001 0.281

LcJwa 1.0 ± 0.0549 2.08 ± 0.0506 0.481 (0.406–0.555) 0.5368 0.00003

LcSlp1b 1.0 ± 0.066 2.127 ± 0.042 0.470 (0.386–0.553) 0.401 0.00003

LcThd1b 1.0 ± 0.128 2.088 ± 0.130 0.479 (0.304–0.654) 0.771 0.0019

Lczfh2b 1.0 ± 0.071 2.030 ± 0.053 0.493 (0.397–0.589) 0.85 0.00008

RFPexb 1.0 ± 0.062 1.775 ± 0.036 0.563 (0.468–0.657) 0.142 0.00012

ZsGreenc 1.0 ± 0.039 1.938 ± 0.111 0.516 (0.424–0.608) 0.667 0.0005

a,b,cSuperscript indicates strain that was the source of genomic DNA for analysis.
a: wild type,
b: SLAM5, and
c: DR3-9.
d. For each gene the male sample was chosen as the control/ calibrator sample and set to equal 1.0.
e. Two p-values for each gene were calculated from the competing hypotheses that either the Male-Female/2 difference was zero or that the Male-female

difference was zero. The latter would be expected for a M/F ratio of one.

doi:10.1371/journal.pone.0141544.t001

Fig 4. Linkage group F genes are X-linked in L. cuprina. qPCR of orthologs of Drosophila fourth
chromosome genes with male and female L. cuprina genomic DNA. An X-linked gene is twice as abundant in
female DNA relative to male DNA.

doi:10.1371/journal.pone.0141544.g004
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females would express twice the level of RNA than males. Student's t-tests were performed for

each gene separately to investigate the hypothesis that male/female ratios were one. We found

no evidence for departure from unity. That is, the five genes initially identified as on the X

chromosome, LcCG1970, LcEph, LcSlip1, LcThd1 and Lczfh2 are all fully dosage compensated

(Table 2).

X chromosome genes do not appear to be highly clustered

One explanation for our results is that the fully compensated genes are clustered within a small

region of the large X chromosome and that by chance none of the transgenes are within this

compensated chromatin domain. Subsequent to our isolation of L. cuprina linkage group F

genes, a draft assembly of the L. cuprina genome became available as part of the i5k project [28,

29]. All five genes we identified as on the X chromosome mapped to different scaffolds of the

L. cuprina genome. The scaffold sizes containing X-linked genes ranged from 30 to 904 kb,

with an average of size of 357 kb. As the assembly is at a draft stage, a comprehensive analysis

of X chromosome genomic regions is premature. Nevertheless, we have analyzed the scaffolds

containing the five genes in greater detail. The L. cuprina orthologs of the D.melanogaster

fourth chromosome genes CG1909 andmaverick (mav) were found on the same scaffold

(#114) that contained LcCG1970. Similarly part of the ortholog of the Drosophila gawky (gw)

gene, Lcgw, was found on the same scaffold (#328) as LcEph. The other part of the Lcgw gene

was found on a different scaffold (#1414). Orthologs of D.melanogaster fourth chromosome

genes were not found on the scaffolds that contained the LcSlip1, LcThd1 or Lczfh2 genes. With

the exception of the Lczfh2 gene, the Lucilia X-linked genes are larger than their corresponding

Drosophila ortholog (at least twice the size). To compare the Drosophila and Lucilia Eph chro-

mosomal regions, the 402kb scaffold 328 was examined in greater detail. Genes were identified

by searching for homology to L. sericata transcriptomes from different life stages [25]. In addi-

tion to the LcEph and Lcgw genes, we found the L. cuprina orthologs of the arouser (aru) and

Jwa genes in scaffold 328 (Fig 5A). The L. cuprina genome project identified two additional

genes in scaffold 328 that code for novel small hypothetical proteins (Fig 5A). We did not

examine these genes further as transcripts were not found in the L. sericata transcriptomes and

the no orthologous genes were identified in the D.melanogaster genome. In contrast to the few

genes present in the scaffold containing the LcEph gene, over 20 protein-coding genes are

located in a 200 kb region that contains Eph in D.melanogaster [30] (Fig 5B). Interestingly, the

D.melanogaster aru and Jwa genes are not located on the fourth chromosome but are found

Table 2. Dosage compensation of X chromosome genes in L. cuprina

Gene Relative Expression Male:Female ± SEM a p-value M/F ratio 6¼ 1b

Lcaruc 1.179 ± 0.067 0.116

LcCG1970 0.967 ± 0.060 0.799

LcEph 0.975 ± 0.058 0.866

Lcgw 1.164 ± 0.132 0.34

LcSlip1 0.999 ± 0.068 0.992

LcThd1 0.887 ± 0.120 0.297

Lczfh2 0.998 ± 0.076 0.981

a. Mean of 3 independent experiments. Expression was normalized to the 28S rRNA reference gene.
b. Student's t-tests were performed for each gene separately
c. With the exception of Lcaru, all genes are orthologs of genes located on the fourth chromosome in D.

melanogaster. The D. melanogaster aru gene is located on chromosome 2.

doi:10.1371/journal.pone.0141544.t002
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on the left arm of chromosome 2 (linkage group B). The LcEph, Lcaru and LcJwa genes are 3–5

times larger than their corresponding Drosophila orthologs, due to an increase in size and

number of introns. We confirmed that the Lcgw, Lcaru and LcJwa genes were associated with

the X chromosome by qPCR with male and female genomic DNA (Table 1). In addition,

qRT-PCR of male and female RNA from hemisected adults showed that the Lcgw and Lcaru

genes are fully compensated (Table 2).

Discussion

In the Australian sheep blowfly L. cuprina, the X chromosome is the largest chromosome and

is mostly heterochromatic except for the lighter staining distal portion of the long arm [13].

Since L. cuprina is a major economic pest, a large effort was made to develop accurate genetic

maps based on over 70 morphological and enzymatic markers [15]. Despite the relative ease of

identifying X-linked mutations, only one gene was previously mapped to the X chromosome

[14]. This suggested that the X chromosome had few genes compared to the autosomes. There

are about 100 genes on the fourth chromosome in Drosophila species [31]. Thus, the apparent

low number of X-linked genes in L. cuprina is consistent with the hypothesis that the X chro-

mosome in non-drosophilid higher Diptera corresponds to the fourth chromosome in Dro-

sophila [16]. Our study supports this hypothesis as we found that six of eight orthologs of

Drosophila fourth chromosome genes were X-linked in L. cuprina. Consistent with our find-

ings, it has recently been reported that the X chromosome in L. sericata contains linkage group

Fig 5. A comparison of the Eph genetic region in L. cuprina andD.melanogaster. The length and direction of arrows indicates the sizes of genes and
direction of transcription. Genes in the L. cuprina 402 kb scaffold 328 (A) and 200 kb region of the D.melanogaster fourth chromosome containing the Eph

gene (B) are shown. To facilitate comparison, LcEph and Eph are shown with red arrows whereas Lcgw and gw are in green. The D.melanogaster orthologs
of L. cuprina genes that were part of this study are in orange. The Lcaru and LcJwa genes are in blue. The orthologous aru and Jwa genes are located on
chromosome 2L in D.melanogaster. The approximate gene boundaries shown for the L. cuprina genes are based on alignments of transcripts with the
genome sequence but remain to be experimentally confirmed.

doi:10.1371/journal.pone.0141544.g005
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F genes [32]. As the X chromosome accounts for 12.3% of the 570Mb male genome [33], this

gives a size of 70Mb, much larger than the 4.4Mb D.melanogaster fourth chromosome. The

distal 1.2Mb of the long arm of the D.melanogaster fourth chromosome is polytenized in sali-

vary glands with 80 genes, a similar gene density as autosomes [31]. Similarly, it is possible that

the active genes are located within the lighter staining region of the L. cuprina X chromosome.

However, it would appear that gene density would be lower on the L. cuprina X chromosome

than the Drosophila fourth chromosome. Consistent with this suggestion, the X-linked genes

all mapped to a different scaffold in a draft assembly of the L. cuprina genome. Further, an

analysis of a 400 kb scaffold containing the LcEph gene found far fewer protein-coding genes

than are present in the region containing the Eph gene in D.melanogaster. Most of the Lucilia

X-linked genes were larger than the corresponding orthologous Drosophila genes. For example,

at approximately 85 kb, the LcEph gene is more than 7 times longer than the D.melanogaster

Eph gene. However, the mean gene length for a protein-coding gene in L. cuprina is 12.197 kb

[28], whereas the mean size is 6.935 kb in D.melanogaster [34]. Thus, it is not clear if the larger

gene size of the few Lucilia X-linked genes we have studied is a general feature of the X chro-

mosome or simply reflects that, on average, genes are longer in Lucilia than in Drosophila.

Interestingly, two of the four protein-coding genes on the LcEph scaffold, Lcaru and LcJwa, are

not orthologs of D.melanogaster fourth chromosome genes. Rather, the aru and Jwa genes are

on 2L in D.melanogaster. So it is not only linkage group F genes that are on the X chromosome

in L. cuprina. A more complete genome assembly will facilitate further analysis of X chromo-

some organization in L. cuprina.

An early study of radiation-induced deletion mutants suggested that X-linked genes were at

least partially compensated in L. cuprina [14]. The deletion mutants contained the black body

(b) gene, the one known X-linked morphological marker. Several of the X chromosome defi-

ciencies uncovered vital genes linked to b. Further, females heterozygous for these deletions

showed a characteristic phenotype of small body size, wing vein irregularities and variable fer-

tility. Thus the lighter staining distal third of the X chromosome contains vital genes, which

appear to be at least partially dosage compensated. We find that endogenous X-linked genes

are fully compensated. In Drosophila, the male specific lethal (MSL) complex is required for X

chromosome dosage compensation [4]. Somewhat surprisingly, Drosophila appears to employ

an additional balancing mechanism to regulate gene expression of fourth chromosome genes

[35]. The existence of such a mechanism was initially suggested to explain the viability of flies

that are haploid for chromosome 4 (4/0) [36]. The Painting of fourth (POF) protein binds

almost exclusively to the euchromatic portion of the fourth chromosome [37]. HP1a co-

localizes with POF and in addition binds to the heterochromatic pericentromeric regions of

chromosome 4 [38]. Loss of POF results in a significant decrease in fourth chromosome gene

expression, suggesting POF has a stimulatory effect [35]. In contrast, HP1a appears to have a

repressive effect on fourth chromosome gene expression. Thus the balancing mechanism

somehow involves an interplay of POF and HP1a. The importance of pof for fourth chromo-

some dosage compensation is highlighted by the observation that 4/0 flies that are homozygous

for a pof null allele are not viable [35]. It has been suggested that this dosage compensation

mechanism is an evolutionary holdover from a Drosophila ancestor that employed pof to regu-

late gene expression of X-linked genes [16]. If so, this suggests that pofmay play an important

role in X chromosome dosage compensation in L. cuprina. This hypothesis could be tested by

making a deletion mutation of the L. cuprina pof gene using CRISPR/Cas9 technology [39].

X chromosome dosage compensation can be achieved by increasing gene expression in

males or decreasing expression in females. The majority of evidence shows that the Drosophila

MSL complex acts by increasing expression of X-linked genes in males. There is some evidence

that dosage compensation in L. cuprinamay also be achieved by increasing expression in

Dosage Compensation in Lucilia
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males. L. cuprina pupal trichogen cells contain large banded polytene chromosomes that have

been used to develop detailed chromosome maps for all autosomes [40]. However, the X chro-

mosomes in these preparations does not polytenize [41]. A portion of the X chromosome

forms a loose granular structure, which is thought to correspond to the lightly stained C

banded region of the long arm. The granular structure is observed in nuclei from male and

female pupae. However, in XXY male pupae, one of the X chromosomes does not form the

granular structure but instead is polytenized [41]. It was suggested that the polytene structure

was less favorable for gene expression than the loose granular structure. If so, the formation of

the polytene structure may have been in response to an increase in gene expression from both

X chromosomes in XXY males.

In D.melanogaster, X-linked transgenes are often dosage compensated [8, 9]. This has been

interpreted as a consequence of how the MSL complex regulates the expression of genes on the

X chromosome. The MSL complex is thought to initially bind to high affinity or chromatin

entry sites and then spread in cis to active genes, which could involve recognition of modified

histone tails via the chromodomain of MSL3 [4]. In this way active X-linked transgenes would

also be regulated by the MSL complex. In contrast, we find that X-linked transgenes are gener-

ally not dosage compensated in L. cuprina. We suggest three possible explanations for these

results. Firstly, the X chromosome dosage compensation system in L. cuprina could be opti-

mized for endogenous genes, which reside in a largely heterochromatic X chromosome envi-

ronment. There is evidence that the POF/HP1a balancing system may be specific for fourth

chromosome genes in D.melanogaster. A large number of transgenic lines have been obtained

with fourth chromosome insertions of a white (w) transgene [31]. In many of these lines, eyes

show variegated pigmentation, suggesting the w transgene has inserted in a relatively repressive

chromatin environment. Indeed, the transgenes had often inserted into regions with high levels

of bound HP1 in S2 cells [37]. However, the locations of the silenced transgenes did not corre-

late with regions where the chromosome 4 genes were silenced or weakly expressed. Given the

stimulatory role of POF, it would be anticipated that in those lines that show whole eye pig-

mentation, the w transgene has inserted within or near a region with high levels of bound POF.

However, in lines that show a wild type red eye phenotype, the w transgene has integrated into

regions with low levels of POF. These results suggest that the fourth chromosome genes

respond to POF/HP1a in a way that transgenes cannot [31, 37]. An alternative explanation for

our observations is that the Lchsp83 promoter that is driving fluorescent protein gene expres-

sion in the transgenes, cannot respond to the X chromosome dosage compensation machinery.

We previously showed that the nature of the gene promoter is important in determining if an

X-linked transgene is dosage compensated in D.melanogaster [42]. A lacZ transgene driven by

the constitutive armadillo (arm) promoter was fully dosage compensated at several locations

on the X chromosome. In contrast, a lacZ transgene driven by the neuronal GMR-hsp70

enhancer/promoter was not dosage compensated when integrated at the same X chromosome

locations as the arm-lacZ transgene. However, the D. pseudoobscura hsp83 gene was fully dos-

age compensated at X chromosome sites in D.melanogaster [43, 44]. Thus the Drosophila

hsp83 promoter does respond to the MSL complex. A third explanation for the lack of compen-

sation of X-linked transgenes is that the dosage compensation mechanism acts regionally

rather than chromosome-wide. If the active genes are confined to the lighter staining distal

portion of the long arm of the X chromosome, it would not be necessary to have a chromo-

some-wide dosage compensation mechanism. Given the large size of the X chromosome, it is

possible than none of the twelve X-linked transgenes have integrated into a compensated chro-

matin domain. That is, none of the transgenes may have integrated into the lighter staining

region of the X chromosome. A test of this model would be to insert a transgene directly adja-

cent to a compensated X-linked gene using CRISPR/Cas9 technology.
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Studies on X chromosome gene expression in L. cuprina could have a practical application

for control of this major pest of sheep.msl2 RNA is not translated in female D.melanogaster

[45]. Expression of MSL2 protein in females delays development and reduces viability [46].

Thus it may be possible to employ the L. cuprina dosage compensation machinery to make a

male-only strain, which is advantageous for a genetic control program [18].

Materials and Methods

Insect rearing

L. cuprina larvae were reared on ground meat (90% lean meat/ 10% fat) and adults fed water,

sugar and protein-rich biscuit as described previously [20]. Typically, 50 g of meat was used for

rearing 100 mg of first instar larvae. Tetracycline (100 μg/mL) was added to the larval and

adult diet for the FL3#3 line [21]. The progeny of each cross was screened at the late embryo/

early first instar larval for green or red fluorescence using a Leica M165FC microscope with the

appropriate filter set (GFP2 filter [ex480/40, em LP510 nm], DsRed filter [ex545/25, em 595/50

nm]). Images were captured using a Leica DFC500 digital camera and images initially analyzed

using the Leica LAS v4.0 application suite. For RNA isolation, adults were fed sugar and water

after eclosion and collected at 1–4 days old. Flies were anesthesized with CO2, sorted by sex,

and hemisected. Heads and thoraxes were snap frozen in liquid nitrogen and stored at -80°C

until processing.

Genomic DNA isolation

Five to 6 frozen head/thoraxes were ground to powder with a mortar and pestle under liquid

nitrogen. Powder was dissolved in 4 mL STE buffer (50 mM Tris-HCl, pH 7.5, 100 mMNaCl,

10 mM EDTA, pH 8). Two hundred μL 10% SDS and 8μL RNase A (Cat# R4642 Sigma Aldrich

St. Louis, Missouri) were added and samples were incubated at 56°C. After 30 min, Proteinase

K (Cat# P2308 Sigma Aldrich) was added to 100 μg/mL and the sample was incubated over-

night at 56°C. Three mL phenol:chloroform:isoamyl alcohol [25:24:1] (Cat#P2069, Sigma) was

added and samples were rotated 10 min at room temperature (RT). Samples were then centri-

fuged 10 min at 3000 RPM at 4°C. The aqueous layer was transferred to a new tube. The extrac-

tion was repeated. One tenth volume 3M NaAcetate, pH 5.2 and 2 volumes cold 100% ethanol

were added and the samples were inverted 2–3 times. The samples were incubated at -20°C for

1 h and centrifuged 30 min at 6000 RPM at 4°C. The supernatant was removed from the pellet

and 1 mL cold 75% ethanol was added. The samples were centrifuged 10 min at 6000 RPM at

4°C. The supernatant was removed from the pellet and it was allowed to air dry 10 min. The

last of the supernatant was removed and the pellet was allowed to air dry 10 additional minutes

before being resuspended in 50–100 μL TE Buffer.

Primer design and efficiency testing

First, primers were designed for a 300–600bp region of the largest exon of candidate X-linked

genes identified in L. sericata transcriptomes [25]. Five hundred ng of genomic DNA from the

L. cuprina LA07 wild type strain (parental strain for transgenic lines) was used as template for

PCR with MangoTaq (Cat# BIO-21083 Bioline, London, UK). Cycling conditions were: (95°C

3 min, [95°C 30 sec, 55°C 30 sec, 72°C 1 min] 30x, 72°C 8 min). For some primer sets, PCR was

performed using OneTaq Hot Start 2X Master Mix (Cat#M0484S New England Biolabs) (94°C

3 min, [94°C 15 sec, 55°C 30 sec, 68°C 1 min] 30x, 68°C 5 min). PCR products were resolved

on a 1% agarose gel and band slices were removed. Bands were gel purified, cloned into pGEM-

T-Easy (Promega, Fitchburg, WI, USA) and sequenced. The resulting sequence was used to
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design qPCR primers for each gene candidate. Primers were tested for efficiency by creating a

dilution series from 0.00005ng- 500ng template genomic DNA per well. Thermo Maxima

SYBR Green/ Rox qPCRMaster Mix 2X (Cat#K0221 Thermo Fisher Scientific Waltham, Mas-

sachusetts) was used with the indicated primers to create a master mix. Template was added in

quadruplicate wells of a 384 well optical plate (Cat#4309849 Applied Biosystems/ Life Technol-

ogies/ Thermo Fisher Scientific Waltham, Massachusetts), followed by master mix, which was

added by a multi-channel pipet. The plate was sealed (Cat#4311971 Applied Biosystems/ Life

Technologies/ Thermo Fisher Scientific Waltham, Massachusetts), vortexed, centrifuged 1 min

at RT at 3400 RPM, and run. The run was performed on a BioRad CFX384 C1000 Touch Ther-

mocycler (BioRad Hercules, CA) using the following program: 95°C 10 min, [95°C 15 s, 60°C

60 sec] 40x. Data acquisition was performed on the anneal/ extension step.

Primer efficiency was determined by plotting the log of the ng of template on the X-axis and

the mean Ct of the quadruplicate replicates on the Y-axis. The slope of the best fit line was used

in the following equation to calculate efficiency: [Efficiency = -1+10(-1/slope)]. Primers were

accepted if efficiency was 90–105% and re-designed if efficiency fell outside this range. The oli-

gonucleotide primers used in this study are listed in S3 Table.

RNA isolation

Two frozen head/thoraxes were homogenized in 500 μL of Trizol (Cat#15596026 Life Technol-

ogies/ Thermo Fisher Scientific Waltham, Massachusetts) in a 1 mL glass homogenizer that

had previously been baked at 200°C overnight. 100 μL of chloroform was added, and samples

were shaken for 15 s and allowed to incubate at RT for 15 min. Subsequently, samples were

centrifuged at 13,000 RPM 15 minutes at 4°C. The aqueous layer was mixed with an equal vol-

ume cold RNase-free 70% ethanol, mixed vigorously, and loaded on onto a Qiagen RNeasy

Mini Kit column (Cat#74104 Qiagen Venlo, Netherlands). DNAse treatment was performed

on-column in accordance with the manufacturer’s recommended protocol using the RNase-

free DNAse set (Cat#79254 Qiagen). To achieve complete elimination of DNA contamination,

a second in-solution treatment was performed on 30 μg of total RNA using this set, followed by

re-purification with the RNeasy mini kit according to manufacturer’s protocol.

qRT-PCR

To synthesize cDNA, 3.5 μg of DNAse treated RNA was utilized with the Superscript III First

Strand Synthesis Supermix (Cat#18080–400 Invitrogen/ Life Technologies/ Thermo Fisher Sci-

entific Waltham, Massachusetts) according to kit protocol. Random hexamers were used as

primers. Negative control reactions containing water instead of enzyme mix were performed to

confirm the absence of DNA contamination.

The cDNA template was diluted 1:4 with nuclease-free water. ThermoMaxima SYBR Green/

Rox qPCRMaster Mix 2X (Cat#K0221 Thermo Fisher Scientific Waltham, Massachusetts) was

used with the indicated primers to create a master mix. Template was added in quadruplicate

wells of a 384 well optical plate (Cat#4309849 Applied Biosystems/ Life Technologies/ Thermo

Fisher Scientific Waltham, Massachusetts), followed by master mix, which was added by a multi-

channel pipet. The plate was sealed (Cat#4311971 Applied Biosystems/ Life Technologies/

Thermo Fisher Scientific Waltham, Massachusetts), vortexed, centrifuged 1 min at RT at 3400

RPM and run. The run was performed on a BioRad CFX384 C1000 Touch Thermocycler (BioRad

Hercules, CA) using the following program: 95°C 10 min, [95°C 15s, 60°C 60 sec] 40x. Data acqui-

sition was performed on the anneal/ extension step.

Data analysis of delta delta Ct was performed using BioRad CFX Manager. Mean Ct value

was found for the 4 replicate wells. L. cuprina 28S rRNA was previously determined to be a
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suitable reference gene by geNORM and Normfinder [47], and was therefore chosen as the ref-

erence gene for this study. 28S rRNA was also confirmed in our hands to have a similar expres-

sion in L. cuprina EF1-2 males and females as measured by the mean of quadruplicate Ct

values (S2 Table). Delta delta Ct was calculated and the male sample was chosen as the control/

calibrator sample and set to equal 1.0. Replicate bar graphs represent delta delta Ct, with error

bars delineating standard error of the mean. To calculate summary ratio, the male delta delta

Ct was divided by the female delta delta Ct. The 3 biological replicates were then averaged and

the standard error found.

qPCR

To confirm X-linkage, 5 ng of male or female genomic DNA was utilized as template and

cycling conditions were as for qRT-PCR. L. cuprina glutathione S-transferase 1 (LcGST1) was

used as the reference gene. LcGST1 was previously determined to be a suitable reference gene

for qRT-PCR [47] and we found that the same primer pair efficiently amplified the correct

DNA sequence from genomic DNA template. To confirm that LcGST1 was autosomal, we per-

formed qPCR with male and female genomic DNA from line EF1-2, which carries a single

copy of a marker gene on the X chromosome. Male/female ratio of mean Ct values with the

LcGST1 primer pair from this line gave a ratio of 1.0, as expected (S2 Table). Analysis of delta

delta Ct was performed using BioRad CFX Manager. Mean Ct value was found for the 4 repli-

cate wells. The male sample was chosen as the control sample and set to 1. Samples with a male

to female ratio close to 0.5 were determined to be X-linked.

L. cuprina gene identification and annotation

To identify orthologs of D.melanogaster fourth chromosome genes, we performed tblastn

searches [48] of L. sericata transcriptomes [25] with the D.melanogaster protein sequence. To

confirm the correct ortholog had been identified, the L. sericata transcript was translated and a

blastp search of annotated D.melanogaster protein database was performed. Gene boundaries

were identified by blastn alignments of L. sericata transcripts with the L. cuprina genome [28].

From these alignments, exon-intron boundaries were identified, which generally matched the

consensus sequences for 5' and 3' splice sites. For some genes, such as those belonging to multi-

gene families, it was uncertain if the Lucilia gene that had been identified was the ortholog of

the D.melanogaster fourth chromosome gene. Such genes were not further investigated.

Statistical Analyses

qRT-PCR. To investigate the hypothesis that the Male/Female ratios of RNA are one, Stu-

dent’s t-tests were performed for each gene separately based on the data from three or four

independent replicates. No evidence of departure from unity was found. These tests suffer

from low power, however, since they are based on only 3 or 4 replicates. As an alternative, we

used a one-way factorial effects model (with PROC GLM in SAS) for the differences of the

ratios from unity (ratio minus 1) and tested the hypothesis that all the underlying means for

these differences were 0 for every gene. (H0: mu1 = mu2 =. . .= mu9 = 0) This enables us to

pool information about variability in measurement of the ratios over all genes. The degrees of

freedom for the tests for each gene go from 2 or 3 in the initial investigation up to 20 for the

one-way ANOVA. There is very weak or no evidence of any departure of the ratios from 1.

One gene, Lcaru, showed a p-value of less than 0.05 (0.0475) however, after Bonferroni adjust-

ment for multiplicity of genes, the p-value was no longer significant.

qPCR. To determine whether the genes were autosomal or located on a sex chromosome,

we used Fieller's method [49] to obtain approximate 95% confidence intervals for the gene-
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specific Male to Female ratios. In the construction of these intervals, we use multipliers from t-

distributions with 5 degrees of freedom (2 for males, whose measurements have been normal-

ized to unity and 3 for females.) Additionally, we computed two p-values for each gene from

the competing hypotheses that either the Male-female difference was zero, or that the differ-

ence Male-Female/2 was zero based on corresponding t-statistics, again with 5 degrees of

freedom.
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