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Abstract

Background: The stable fly, Stomoxys calcitrans, is a major blood-feeding pest of livestock that has near worldwide
distribution, causing an annual cost of over $2 billion for control and product loss in the USA alone. Control of these
flies has been limited to increased sanitary management practices and insecticide application for suppressing larval
stages. Few genetic and molecular resources are available to help in developing novel methods for controlling stable
flies.

Results: This study examines stable fly biology by utilizing a combination of high-quality genome sequencing and
RNA-Seq analyses targeting multiple developmental stages and tissues. In conjunction, 1600 genes were manually
curated to characterize genetic features related to stable fly reproduction, vector host interactions, host-microbe
dynamics, and putative targets for control. Most notable was characterization of genes associated with reproduction
and identification of expanded gene families with functional associations to vision, chemosensation, immunity, and
metabolic detoxification pathways.
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Conclusions: The combined sequencing, assembly, and curation of the male stable fly genome followed by RNA-Seq
and downstream analyses provide insights necessary to understand the biology of this important pest. These resources
and new data will provide the groundwork for expanding the tools available to control stable fly infestations. The close
relationship of Stomoxys to other blood-feeding (horn flies and Glossina) and non-blood-feeding flies (house flies,
medflies, Drosophila) will facilitate understanding of the evolutionary processes associated with development of blood
feeding among the Cyclorrhapha.

Keywords: Stable fly genome, Muscid genomics, Insect orthology, Chemoreceptor genes, Opsin gene duplication,
Metabolic detoxification genes, Insect adaptation, Gene regulation, Insect immunity

Background
Livestock ectoparasites are detrimental to cattle industries in
the USA and worldwide, impacting both confined and range-
land operations. Flies from the Muscidae family commonly
occupy these settings, including the nonbiting house fly and
face fly and the blood-feeding (hematophagous) stable fly and
horn fly. These muscid flies exhibit different larval and adult
biologies, including diversity in larval developmental sub-
strates, adult nutrient sources, and feeding frequency [1, 2].
As such, control efforts againstthese flies are not one size fits
all. The stable fly,Stomoxys calcitrans(L.), in particular, is a
serious hematophagous pest with a cosmopolitan host range,
feeding on bovids, equids, cervids, canines, and occasionally
humans throughout much of the world [2]. The stable fly’s
painful bites disrupt livestock feeding behavior [3–6]; these
bites can be numerous during heavy infestation, leading to re-
ductions of productivity by over $2 billion USD [7].

Stable fly larvae occupy and develop in almost any type
of decomposing vegetative materials that are often con-
taminated with animal wastes [8]. In Australia, Brazil, and
Costa Rica, dramatic increases in stable fly populations
have coincided with the expansion of agricultural produc-
tion where the vast accumulation of post-harvest bypro-
ducts are recognized as nutrient sources for development
of immature stages [9–11]. The active microbial commu-
nities residing in these developmental substrates (e.g.,
spent hay, grass clippings, residues from commercial plant
processing, manure) are required for larval development
and likely provide essential nutrients [12]. Even though
stable flies are consistently exposed to microbes during
feeding and grooming activities, biological transmission
(uptake, development, and subsequent transmission of a
microbial agent by a vector) of pathogens has not been
demonstrated for organisms other than the helminthHab-
ronema microstoma[13, 14]. Stable flies have been impli-
cated in mechanical (non-biologic) transmission of Equine
infectious anemia, African swine fever, West Nile, and Rift
Valley viruses,Trypanosoma spp., and Besnoitia spp.
(reviewed by [13]). The apparent low vector competence
of stable flies implicates the importance of immune system
pathways not only in regulating larval survival in microbe-
rich environments but also in the inability of pathogens to

survive and replicate in the adult midgut following inges-
tion [15–17].

Stable flies rely on chemosensory input to localize nu-
tritional resources, such as volatiles emitted by cattle
[18–23] and volatiles/tastants produced from plant prod-
ucts [24–26]. Stable fly mate location and recognition
are largely dependent upon visual cues and contact
pheromones [27, 28], and gravid females identify suitable
oviposition sites through a combination of olfactory and
contact chemostimuli along with physical cues [12, 19,
20, 23, 29]. Since stable flies infrequently associate with
their hosts, feeding only 1 to 2 times per day, on-animal
and pesticide applications are less effective control ef-
forts than those that integrate sanitation practices with
fly population suppression by way of traps [30]. Given
the importance of chemosensory and vision pathways,
repellents have been identified that target stable fly che-
mosensory inputs and current trap technologies exploit
stable fly visual attraction [31–33]. However, despite
these efforts, consistent control of stable fly populations
remains challenging and development of novel control
mechanisms is greatly needed.

Although both sexes feed on sugar, adults are reliant
on a bloodmeal for yolk deposition and egg develop-
ment, as well as seminal fluid production [26, 34]. Blood
feeding evolved independently on at least five occasions
within the Diptera, in the Culicimorpha, Psychodomor-
pha, Tabanomorpha, Muscoidea, and Hippoboscoidea
[35]. The Muscinae appear to have a high propensity for
developing blood feeding; which has occurred at least
four times within this subfamily—once in each of the
domestica-, sorbens- and lusoria- groups and again in
the Stomoxini [36]. Unlike other groups of blood-
feeding Diptera where non-blood feeding ancestors are
distantly related and / or difficult to discern, stomoxynes
are imbedded with the subfamily Muscinae of the Mus-
cidae, featuring many non-blood feeding species. Con-
trasting blood-feeding culicimorphs and tabanimorphs,
stable flies exhibit gonotrophic discordance [37, 38], re-
quiring three to four blood meals for females to develop
their first clutch of eggs and an additional two to three
for each subsequent clutch of eggs. These unique aspects
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of stable flies offer opportunities for comparative ana-
lysis of the genomic features underlying these key bio-
logical traits.

Even with the importance of the stable fly as a pest, little
is known about the molecular mechanisms underlying the
biology of S. calcitrans. To further our understanding of
this critical livestock pest, we report a draft genome se-
quence of the stable fly. The quality of this genome is high
and includes in silico annotation that was aided by exten-
sive developmental and tissue-specific RNA-Seq data fo-
cusing on the feeding and reproduction ofS. calcitrans.
Manual curation and comparative analyses focused on as-
pects underlying the role of this fly as a pest related to host
interactions, reproduction, control, and regulation of spe-
cific biological processes. Our study significantly advances
the understanding of stable fly biology including the iden-
tification of unique molecular and physiological processes
associated with this blood-feeding fly. These processes can
serve as novel targets which will assist in both developing
and improving control of this important livestock pest.

Results and discussion
Genome assembly and annotation supported by
comparative and functional genomics
Whole genome shotgun sequencing of pooled, teneral
adult males from anS. calcitransline developed for this
project resulted in the 66x coverage draft assembly of
971 MB of total sequence (see Additional file1: Table
S1). Scaffolds (12,042) and contigs (125,702) had N50
lengths of 504.7 and 11.3 kb, respectively. The sequence
was ~ 20% smaller compared to the genome predicted
by propidium iodide analyses (~ 1150 MB, [39]). This
difference is likely the result of heterochromatin and
other repetitive regions that were unassembled, as gen-
ome size is not significantly different between the sexes
[39] and is comparable to differences documented for
other insect genomes [40–42]. There were 16,102 pre-
dicted genes/pseudogenes that included 2003 non-
protein coding genes, and a total of 22,450 mRNA tran-
scripts were predicted with over 94% supported by
RNA-Seq (see Additional file2). The S. calcitransmito-
chondrial genome has been previously described [43]. Its
18 kb genome encodes 13 protein-coding, 2 rRNA and
23 tRNA gene sequences. In addition, sequence analysis
revealed an extra copy of thetrnI gene, similar to a blow
fly duplication, and partial sequences of the control re-
gion. Manual curation and analyses of the nuclear gen-
ome sequences allowed preliminary chromosome arm
assignment and identification of repeat elements from
the genome (see Additional file1: Tables S2 and S3 [44–
61];). A select set of protein coding genes (n = 1600)
were manually annotated to identify genes associated
with functional classes including immunity, host sensing,
reproduction, feeding, and metabolic detoxification.

Completeness of the genome assembly was assessed
via comparison of theS. calcitransgenome and pre-
dicted gene set against a database of fly derived bench-
marking universal single-copy ortholog genes (BUSCOs
[62]). Based on the near-universal single-copy orthologs
from dipterans (OrthoDB v8, [63]), 95.1% were found in
the assembly and 92.2% in the final predicted gene set
(see Additional file1: Figure S1 [63–67];).Comparison of
the Stomoxysgene set against that ofDrosophila melano-
gaster revealed approx. 10,000Stomoxysgenes with at
least 75% target coverage, which is a similar number of
genes with significant alignments relative to that of other
published fly genomes (Fig.1). Lastly, CEGMA genes
and those associated with autophagy were all identified
from the S. calcitransgenome (see Additional file1:
Table S4 and Additional file3). These gene set compari-
sons provide an additional metric of genome complete-
ness as these are highly conserved among flies [40, 68].
These metrics indicate that the genome is of sufficient
quality for subsequent comparative analyses with other
insects, specifically in relation to gene content. Compari-
son of protein orthologs revealed 122Stomoxysspecies-
specific protein families relative to other higher flies
(Fig. 1). Based on gene ontology, there was enrichment
for zinc finger transcription factors in relation to all
genes (p = 0.02–0.007; see Additional file2), which has
also been documented in other insect systems [69, 70].

Evaluation of gene expression by RNA-Seq produced a
comprehensive catalog of sex-biased gene expression as
well as genes enriched in different developmental stages
and organs (see Additional file4). Samples of RNA were
sequenced from the following conditions: whole females
(teneral and mated, reproductive), whole males (teneral),
male reproductive tracts (mated), female reproductive
tracts (mated), male heads (fed, mated), female heads
(fed, mated), a third instar larva, and female/male saliv-
ary glands. Each condition consisted of a single replicate.
These datasets will serve as a valuable resource for fu-
ture studies. A stringent statistical significance cutoff
(FDR, P< 0.01) was used as only a single replicate was
analyzed for each treatment [40, 69, 70]. A significant
correlation (Pearson’s R2 = 0.8643,P< 0.0001; Figure S2)
was observed between log2 fold changes of reverse tran-
scription quantitative real-time PCR (RT-qPCR) versus
normalized expression values of 25 genes (see Additional
file 1; Figure S2, Table S5), validating that we can glean
biological relevance from the RNA-Seq datasets.

Limited evidence for lateral gene transfer and no
evidence of endosymbionts in the Stomoxysgenome of a
laboratory-colonized strain
Stable fly larvae are absolutely dependent on bacteria for
survival and development [12, 29, 71], and larval physi-
ology impacts the composition of this microbial
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community irrespective of the substrate in which the lar-
vae are developing [17]. As such, use of bacterial com-
munities to deliver targeted control technologies, e.g.,
gene silencing constructs, is an approach being consid-
ered for use with stable flies [72], which led us to analyze
culturable bacteria from surface-sterilized, adultS. calci-
trans collected from Texas dairies. This revealed a var-
iety of genera representing the adult gut bacterial
community (see Additional file 5). Among those

cultured, the most abundant phyla represented were
Proteobacteria and Firmicutes with only 3% of isolates
classified as Actinobacteria and Bacteroidetes. Similar to
mosquitoes, harbored bacterial communities were likely
ingested while grooming or acquired during ingestion of
nectar or water sources, as strict blood feeders usually
have reduced gut microbiota [73–75]. As such, the most
prevalent genus wasAeromonassp., which are frequently
found in aquatic and wet environments, such as

Fig. 1 Quality assessment of the Stomoxys calcitrans genome. a Number of genes with alignment to Drosophila melanogaster genome. b Ortholog group
comparison between S. calcitrans (Stomoxys), Musca domestica (Musca), Ceratitis capitata (Ceratitis), Glossina morsitans (Glossina), and D. melanogaster (Drosophila)
based on comparison to the OrthoDB8 database
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irrigation water, fecal matter, and moist organic waste,
and have been cultured from other arthropods [76]. In
addition, the adult S. calcitransbacterial communities
share similarity with those isolated from other flies asso-
ciated with filth and decomposition (e.g., blow flies and
other related species, [77, 78]), suggesting these bacteria
may also be acquired byS. calcitransadults when visit-
ing oviposition sites.

Given this association with microbial communities,Sto-
moxysmay contain laterally transferred genes for bacteria
that impact on their biology, as in other reported insect
genomes [79]. In addition to identifying potential symbi-
otic associations revealed in the genome assembly, it is
also important to rule out bacterial contaminating scaf-
folds that could mistakenly be attributed as components
of the Stomoxysgenome. For these reasons, a DNA based
pipeline was used to screen for potential contaminating
bacteria scaffolds and possible lateral gene transfers
(LGTs) from bacteria into theStomoxysgenome. The
pipeline revealed only trace bacterial contaminants in the
genome assembly (see Additional file1: Table S6). This
contrasts with some other arthropod genome assemblies,
which contained complete or nearly complete bacterial ge-
nomes, such as the parasitoidTrichogramma pretiosum
[80], amphipod Hyalella azteca [81], and the bedbug
Cimex lectularius[40]. The results suggest that a mater-
nally inherited and/or environmentally acquired micro-
biota does not occur in any abundance in teneral
Stomoxysmales. Whether circumstances are different in
adult females would require further study.

The LGT analysis revealed presence of three candidates
(see Additional file1: Stomoxyslateral gene transfer, Table
S7), all of which were derived fromWolbachia, a common
endosymbiont found in arthropods [82] that infects 40–
60% of insect species [83, 84]. Wolbachia are a common
source of LGTs [85, 86], likely due to their association
with the germline of their insect hosts. The three candi-
dates were examined for sequencing read depth in the
candidate LGT and flanking DNA to determine if there
were large changes in read depth across the junction that
would be indicative of miss-assembly to contaminating
bacterial DNA (see Additional file1: Figure S3). The re-
sults did not reveal large changes in read depth across the
junctions. Further, there is no evidence that any of the
three LGTs contain functional protein coding genes, and
only one had detectable expression in our RNA-Seq data-
sets that occurred within the 3� UTR of XM_013245585
(see Additional file1: Table S7). This gene encodes a tran-
scription factor containing a basic leucine zipper domain,
but whether expression of the LGT is a consequence of its
location in the UTR or is biologically significant is un-
known. While Wolbachia was described from the closely
related horn fly,Haematobia irritans [87], the Stomoxys
strain used for the genome sequencing was not infected

with Wolbachia, no Wolbachia scaffolds were found in
the assembly, and there are no reports of natural occur-
rence of Wolbachia in Stomoxyspopulations [88]. Pres-
ence of these LGTs, then, likely reflects LGT events from
a pastWolbachia infection in the ancestors ofStomoxys.
Stable flies will consume blood and nectar for nourish-
ment [24, 26, 89], and this is different from the closely-
related tsetse flies, which are obligate blood feeders. Due
to this limited food source, tsetse flies (Glossina morsi-
tans) harbor an obligate symbiont,Wigglesworthia glossi-
nidae, that provides B vitamins that are present at low
levels in blood [41, 90, 91]. Analysis of the assembledS.
calcitrans genome, described above, did not reveal a dis-
tinct microbial symbiont.

The Stomoxysimmune system encodes gene family
expansions that may reflect adaptation to larval
development in microbe-rich substrates
The closely related house fly,Musca domestica, occupies
microbe-rich environments that overlap with those of
the stable fly, particularly in livestock production set-
tings. Noted expansions in immune system-related gene
families of the house fly are hypothesized to be a conse-
quence of this ecology [92–94]. Analysis of theS. calci-
trans genome revealed extensive conservation of
immune system signaling pathways coupled with dra-
matic expansions of some gene families involved in both
recognition and effector functions. The insect immune
system—best characterized from work in the model or-
ganismD. melanogaster—includes both cellular defenses
(e.g., macrophage-like cells that phagocytose pathogenic
microorganisms) and a humoral defense system that
results in the production of antimicrobial effector mole-
cules [95]. The humoral immune system can be divided
into recognition proteins, which detect pathogenic bac-
teria and fungi; signaling pathways, which are activated
by recognition proteins and result in the translocation of
transcription factors to the nucleus to induce gene ex-
pression; and effectors, which are (typically) secreted
and ultimately act to clear infections.

Previous comparative work suggests that at least some
parts of the immune system are deeply conserved across
Dipterans and indeed most insects. Genes encoding im-
mune signaling proteins, in particular, are generally pre-
served as single-copy orthologs across a wide range of
insects [41, 93, 94, 96–101], with only rare exceptions
[102]. Despite the strong conservation of the basic struc-
ture of the main signaling pathways in insect immunity,
there is considerable evidence for variation in both the
gene content and protein sequence of the upstream in-
puts (recognition proteins) and downstream outputs (ef-
fector proteins) of the immune system (e.g., [93, 98–100,
103, 104]).
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Major components of the Toll, Imd, JAK/STAT, p38,
and JNK pathways in theS. calcitransgenome (see Add-
itional file 1: Table S8) were found to be largely con-
served as single-copy orthologs [95]. A description and
full lists of putative computationally annotated and
manually curated immune-related genes inS. calcitrans
is provided (see Additional file1: Table S9, [15, 105–
112]; Additional files 6 and 7). These findings are con-
sistent with previous reports for many other Dipterans
and supports the conclusion that the intracellular signal-
ing mechanisms of innate immunity have been stable
during the evolutionary history of Dipterans [97, 98,
100]. In contrast, the gene families encoding upstream
recognition proteins and downstream effector proteins
tend to be expanded inS. calcitransand M. domestica
relative to other Dipterans (Table1).

Hidden Markov Model profiles and manual curation
were used to analyze four canonical recognition families

with well-characterized immune roles and an additional
eight families with less well-defined roles (Table1). For
three of the four canonical pattern recognition receptor
families (NIM, PGRP, and TEP), and four of the other
families (CTL, FREP, GALE, and SRCB), theS. calcitrans
genome encodes either the most members or second-
most members afterM. domesticaamong the 5 Dipteran
genomes screened (S. calcitransplus Aedes aegypti, D.
melanogaster, M. domestica, andG. morsitans). A similar
pattern holds for downstream effector proteins: theS.
calcitrans genome encodes either the most or second-
most after M. domesticafor attacins (ATT), defensins
(DEF), cecropins (CEC), and lysozymes (LYS). In con-
trast, comparable numbers of non-canonical effector
gene family members were identified across the Dipteran
genomes screened. Not unexpectedly, three additional
classes of antimicrobial peptides (AMP) were originally
characterized inD. melanogasterbut are missing from

Table 1 Number of immune-related gene family members from sequenced Dipteran genomes, annotated by hidden Markov
models

Scal Mdom Gmor Aaeg Dmel

Canonical pattern recognition

Nimorod (NIM) 25 23 10 8 17

Peptidoglycan recognition protein (PGRP) 17 17 4 10 13

beta-1,3-glucan-binding proteins (BGBP) 4 3 3 7 7

Thioester containing proteins (TEP) 16 22 4 8 6

Other recognition

C-type lectin (CTL) 78 41 11 43 38

Fibrinogen-related proteins (FREP) 49 38 7 34 14

Galectins (GALE) 15 13 8 12 6

Immunoglobulin superfamily (IGSF) 1 1 1 0 1

MD2-like proteins (MD2L) 8 12 5 26 8

Scavenger receptor class A (SRCA) 3 3 2 2 3

Scavenger receptor class B (SRCB) 15 18 11 13 14

Scavenger receptor class C (SRCC) 7 8 4 5 9

Canonical effectors

Attacin antimicrobial peptides (ATT) 11 (12)* 10 4 1 4

Defensin antimicrobial peptides (DEF) 5 (11)* 5 0 4 1

Diptericin antimicrobial peptides (DIPT) 3 (1)* 4 0 1 3

Cecropin antimicrobial peptides (CEC) 5 (10)* 12 2 9 5

Lysozymes (LYS) 23 32 4 7 13

Non-canonical effectors

Thioredoxin peroxidases (TPX) 5 6 6 5 8

Prophenoloxidases (PPO) 19 23 4 25 10

Glutathione peroxidases (GPX) 1 1 0 3 2

Heme peroxidases (HPX) 12 12 8 19 10

Transferrins (TSF) 4 6 3 5 3

*Numbers in parentheses are those numbers annotated after manual curation of the S. calcitrans genome. Scal: Stomoxys calcitrans, Mdom: Musca domestica,
Gmor: Glossina morsitans, Aaeg: Aedes aegypti, Dmel: Drosophila melanogaster
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the M. domesticagenome ([94]; Metchnikowin, Droso-
cin, Drosomycin) and are also not detected in theS. cal-
citrans genome.

Several of the expanded AMP gene families were
found tandemly arranged on individual scaffolds (see
Additional file 1: Table S9). For example, the 11Sto-
moxys defensingenes are located on a single scaffold
(KQ079966) in two clusters, one of which includes five
defensinspresent upstream of the other that includes six
defensins(see Additional file1: Figure S4). Within the
downstream cluster, three genes were detected by RNA-
Seq exclusively in larva and have 84–97% amino acid
identity to each other, while the other three share 81–
87% amino acid identity and were detected in heads of
fed adults and male reproductive tracts but not in ten-
eral adults (see Additional file1: Table S10). The se-
quence identity and shared expression pattern support
the likelihood that these sub-groups arose separately
from gene duplication events. In contrast, the fivedefen-
sin genes in the upstream cluster share 30–66% amino
acid identity, and four were detected in teneral adults
with variable detection in tissues of fed adults. This ex-
pression pattern is consistent with that reported forSto-
moxys midgut defensin 1(Smd1) and Smd2, both of
which are present in this upstream cluster [109].

In combination with the previously reported expansions of
many effector and recognition immune components in the
house fly [93, 94], our analysis of theS. calcitransgenome
suggests that Muscidae likely have expanded the diversity of
their immune repertoires, sometimes dramatically, despite
differences in adult feeding ecology (blood feeder vs general-
ist). Muscid flies complete their life cycle in animal waste
and other septic environmentsthat are rich in communities
of pathogenic and non-pathogenic bacteria. These communi-
ties and their metabolic productsserve as the essential nutri-
ent source for larval development, and larvae are repeatedly
interacting with these bacteria. Further, the communities are
in constant flux within the substrate over the course of this
development. One hypothesis is that the shared diversifica-
tion of immune receptors and effectors is driven by this lar-
val ecology, while additional M. domestica specific
expansions (e.g., in TEPs) are accounted for by the sapro-
phytic adult feeding behavior of that species.

Gustatory and ionotropic receptor gene family
expansions support importance of bitter taste perception
in Stomoxys
Insect ecology and environment impact the size of che-
mosensory gene families with evidence for specialist in-
sects having a smaller number of genes compared with
generalists, with exceptions [113]. These gene families
encode odorant binding proteins (OBP), carrier proteins
for lipid molecules, as well as odorant (OR), gustatory
(GR), and ionotropic (IR) receptors that display different

affinities for ligands that mediate the insect’s response.
Glossinaare obligate blood-feeders and have a reduced
number of chemoreceptors relative to more polyphagous
insects that have been sequenced [41], while the Musca
genome harbors an expanded number of chemorecep-
tors relative toDrosophila [94]. Analysis of theS. calci-
trans genome revealed that it shares withMusca the
presence of lineage-specific expansions and signatures of
many pseudogenizations/deletions of chemosensory
pathway genes relative toDrosophila (Figs.2, 3 and 4,
see Additional file 1: StomoxysChemosensory Gene
Families [18–20, 23, 42, 94, 115–187] and Additional file
8), consistent with the birth-and-death model of evolu-
tion proposed for these gene families [188].

More than half of the 90S. calcitrans OBP gene
models are organized as tandem clusters across three
scaffolds, consistent with OBP gene organization in
other dipteran genomes [189] (Fig. 2, see Additional file
9 and Additional file 1: Figure S8). While this represents
an increase in number of OBPs relative toDrosophila, it
is comparable to the OBP gene family size inM. domes-
tica [94], and it also corresponds with increases in gene
family size forS. calcitranschemoreceptor gene families
described below. Expansions relative to and losses in
Drosophilawere evident in these clustered OBPs (Fig.2).
For example, anS. calcitranscluster that resides on scaf-
fold KQ079977 are in a lineage that includes theDros-
ophila Minus-C OBP subfamily and represent an
apparent expansion of 17Stomoxysand 16Musca OBPs
relative to DmelObp99c. EighteenStomoxysOBPs (Sca-
lObp24-43) reside on scaffold KQ080743 and form a
clade with nine Musca OBPs andDmelObp56h, depict-
ing an expansion in this muscid lineage. Further, a sep-
arate clade comprised of sevenStomoxys OBPs
(ScalObp79-85) and 11Musca OBPs (MdomObp77-87)
have no obviousDrosophila ortholog. Future studies to
define functional roles for these OBPs are warranted, es-
pecially given the diverse tissues in which their expres-
sion was detected (see Additional file1: Figure S8).
Larval expression was detected by RNA-Seq for 35Obps,
while 63 and 67Obps were detected in heads of mated
adult males and females. However, 77Obps were de-
tected in the reproductive tract of mated adult, males
and females (see Additional file1: Figure S8), and this
expression pattern supports non-chemosensory roles re-
ported for OBPs in other dipteran species [190, 191].
For example, the transfer of OBPs from males to females
in seminal fluid occurs inDrosophila, Glossina, and Ae.
aegypti[192–194], and this may account for detection of
Obp expression in tissues ofS. calcitransmale and fe-
male reproductive tracts.

The OR and GR families make up the insect chemo-
receptor superfamily [115, 117–119], with the OR family
arising from a GR lineage at the base of the Insecta [113,
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195]. Olfactory sensory neurons that detect volatile com-
pounds express ORs, while GRs are mostly involved in
taste, but some have an olfactory role [116]. The GR
family is generally divided into three major and diver-
gent subfamilies of sugar or sweet receptors, the carbon
dioxide receptors, and the bitter taste receptors. A
lineage within the bitter taste receptor clade has evolved
into an important receptor for fructose [133], and there

are others involved in courtship [123]. The ionotropic
receptor family is a variant lineage of the ancient iono-
tropic glutamate receptor family [115, 138, 140, 169]
and, like the GRs, they are involved in both olfaction
and gustation, as well as sensing light, temperature, and
humidity [169].

The carbon dioxide, sugar, and fructose receptors are
relatively well conserved inStomoxysand Musca, as is

Fig. 2 Phylogenetic tree of the Stomoxys calcitrans OBPs with those of Drosophila melanogaster and Musca domestica and locations of OBPs on Stomoxys
scaffolds. a Maximum likelihood phylogeny was constructed using the web server version of IQ-TREE software ([114]; best-fit substitution model, branch
support assessed with 1000 replicates of UFBoot bootstrap approximation). The full phylogenetic tree can be found in Additional file 1: Figure S8. The S.
calcitrans and M. domestica lineages are in green and blue, respectively, while D. melanogaster lineages are in mustard. Clades that are expanded in the
muscids relative to Drosophila or lost in Drosophila are shaded in orange and gray. Purple shading comprises a clade of muscid OBPs with no apparent
ortholog in Drosophila, while blue shading comprises a clade that includes the DrosophilaMinus-C OBP subfamily and represents an apparent muscid
expansion relative to DmelObp99c. b Three Stomoxys scaffolds on which 51 of 90 OBPs are organized. The location of each OBP gene is indicated by a
horizontal line. Transcriptional directions are indicated by (+) for same direction as the scaffold or (−) for the opposite direction. The color of the box
reflects the shaded clades in a
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the case for many other insects. However, the bitter taste
receptors reveal considerable gene family evolution both
with respect to the available relatives of these muscid
flies (Drosophilaand the Mediterranean fruit fly,Cerati-
tis capitata) and between these two muscids. For ex-
ample, a major expansion (ScalGr29-57) encoding 49
candidate bitter taste receptors occurs inS. calcitrans,
comparable to a similarly complicated set inM. domes-
tica (MdomGr43-64, encoding 35 proteins). Together,
these form four major expanded clades in the muscids
(Clades A–D, Fig.3).

In Drosophila and most other insects examined to
date, ionotropic receptors Ir8a and 25a, both of which
function as co-receptors with other IRs [169], are highly
conserved both in sequence and length and in being
phylogenetically most closely related to the ionotropic
glutamate receptors [138, 140]. While Stomoxyshas the
expected single conserved ortholog of Ir8a, surprisingly

it has four paralogs of Ir25a (ScalIr25a1-4), the functions
of which are enigmatic, as such duplications of Ir25a
have seldom been observed in other insects (Fig.4).

The Ir7a-g and 11a genes inDrosophilaare expressed
in larval and adult gustatory organs [140], but ligands
for these receptors are unknown. This subfamily is con-
siderably expanded in bothS. calcitransand M. domes-
tica and, given their complexities, they are not named
for their Drosophila relatives. Rather, these are part of
the numbered series from Ir101, in the case ofStomoxys
to Ir121 and in Musca to Ir126 (Fig. 4). These IR gene
family expansions strongly suggest an expanded gusta-
tory capacity. A large clade of•divergentŽ IRs in Dros-
ophila is involved in gustation and is known as the Ir20a
subfamily of 33 proteins [165, 170, 171]. This clade of
mostly intronless genes is considerably expanded inM.
domesticato 53 members (MdomIr127-179), and even
more so in S. calcitransto 96 members (ScalIr122-217),

Fig. 3 Phylogenetic tree of the Stomoxys calcitrans GRs with those of Drosophila melanogaster and Musca domestica. Maximum likelihood tree
rooted by divergent carbon dioxide and sugar receptor subfamilies as the outgroup. The S. calcitrans and M. domestica lineages are highlighted
in teal and blue, respectively, while D. melanogaster lineages are in mustard. Support levels from the approximate likelihood-ratio test (aLRT) from
the PhyML v3.0 web server are shown. Subfamilies and individual or clustered Drosophila genes are indicated outside the circle to facilitate
finding them in the tree. Four clades of candidate bitter receptors that are expanded in the muscids are highlighted. Scale bar indicates amino
acid substitutions per site. The full phylogenetic tree can be found in Additional file 1: Figure S11
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