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Abstract

Species of Gasterophilus Leach are obligate parasites in domestic and wild equids and

responsible for cosmopolitan gasterophilosis. Although with only eight species known so

far, they have received considerable attention because of their significant veterinary and

economic importance. Surprisingly, we found that G. flavipes (Olivier) is a valid species

based on morphological characters from male, female and the egg, after spending half a

century as a synonym of G. haemorrhoidalis (Linnaeus). In the present study, G. flavipes,

G. haemorrhoidalis and G. inermis (Brauer), which are the three closely related species pos-

sessing a remarkable mixture of shared morphological characters, are diagnosed and com-

paratively redescribed; the key to separate adults and eggs are provided, together with a

series of high-resolution photographs from all the body parts. COI barcodes do not allow for

a separation of G. flavipes, G. haemorrhoidalis and G. inermis, but showed a closer relation-

ship between G. flavipes and G. haemorrhoidalis than the other two combinations, which is

consistent with the morphological evidence. Geographically, G. flavipes seems to be com-

mon and widespread in the warmer parts of the Palaearctic region. Thus, the epidemiology

of gasterophilosis where G. flavipes is known or supposed to occur calls for a more careful

veterinarian re-assessment. A decline in the populations of Gasterophilus spp. has been

noticed in Europe, but all seven Palaearctic species of Gasterophilus appear to maintain

stable populations in Xinjiang (China), which may be explained by a higher biodiversity of

equids and less use of anti-parasitic treatments in Xinjiang than in Europe. Our study shows

that morphological characters still provide the solid backbone in classification of Gasterophi-

lus at species-level, and updated diagnoses and a key is provided to distinguish G. flavipes,

G. haemorrhoidalis and G. inermis, and to facilitate studies of epidemiology, phylogeny and

host-parasite co-evolution.
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Introduction

Species of Gasterophilus Leach (Oestridae: Gasterphilinae) are obligate parasites adapted to a

larval life in the intestinal tract of equids (including horses, donkeys, asses and zebras) [1–6].

Although only nine species are known (present study), the genus has become near cosmopoli-

tan by the association with domestic hosts [3,4,6–9]. Gasterophilus species are responsible for

gasterophilosis in domestic and wild equids, which can lead to serious injuries (e.g. destruction

of the gums, ulcerations, peritonitis, anemia, heavy debilitation and blockage of the gastroin-

testinal tract), or even death to the hosts [10–14].

Due to the significant veterinary and economic importance of Gasterophilus species, they

have received considerable attention regarding identification, distribution, infectious intensity

and incidence [15–18]. It has been suggested that species of Gasterophilus may be threatened

with extinction because of increased and widespread use of broad spectrum antiparasitics (e.g.

macrocyclic lactones, which provides exquisite sensitivity to Gasterophilus) [15,19] and a

decreased number of other equids (e.g. donkeys). Regional decline of biodiversity and risks of

extinction of Gasterophilus species have already been noticed in Italy [15].

Interestingly, all the Palaearctic Gasterophilus species have been recently reported in Xin-

jiang Autonomous Region, China, where they appear to maintain large and stable populations

[17,20,21]. Surprisingly, numerous males and females of Gasterophilus were collected during

recent epidemiological investigations in Kalamaili, Xinjiang, which could not be identified

using the keys from Grunin [3] and Zumpt [4]. These specimens possess a remarkable mixture

of features shared with G. haemorrhoidalis (Linnaeus) and G. inermis (Brauer), but distinct dif-

ferences in setal colouration and shape of male terminalia strongly suggest that these speci-

mens represent a valid species. After a thorough examination of morphological characters and

available literature, we found that habitus, colour pattern and male terminalia of this species

match those of G. flavipes [22], whose male terminalia were thoroughly documented by Patton

[23]. The name G. flavipes was subsequently synonymised by Grunin [3] and Zumpt and Pat-

erson [24] under G. haemorrhoidalis.
Thus, the aim of this study is to resurrect G. flavipes as a valid species utilizing both mor-

phological and molecular data, including the first description of the female and the egg, pres-

ent a reliable key to separate adult flies of the three morphologically similar species, G. flavipes,
G. haemorrhoidalis and G. inermis, and provide morphological, molecular and distribution

data to facilitate epidemiological and host-parasite investigations of Gasterophilus.

Material and methods

Ethics statement

This study was carried out under a bio-specimen collecting permit issued by the current author-

ity (Hong-jun Chu) of Forestry Bureau, Xinjiang. There is no number for the issued permit.

Sample collection

Gasterophius flavipes adults (11 males, 15 females) were sorted out from a single sample of a Mal-

aise trap deployed for 10 days at the Qiaomuxibai water reservoir (45˚13’48”N; 89˚03’00”E), Kala-

maili, Xinjiang, China, in 2017. The specimens are deposited at Beijing Forestry University,

Beijing, China, and Natural History Museum of Denmark, University of Copenhagen, Denmark.

Morphological and distribution data

Series of photographs were taken using a Visionary Digital Imaging System, with a Canon

EOS 7D (Canon, Inc., Tokyo, Japan) and stacked using Zerene Stacker software, or using an
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Olympus SZX16 stereoscopic microscope (Olympus Corp., Tokyo, Japan) equipped with a

Canon 600D digital camera (Canon, Inc., Tokyo, Japan) and stacked using Combine ZP (by

Alan Hadley). Superimposed photographs were composed using Adobe Photoshop CS6

(Adobe Systems, Inc., San Jose, CA, U.S.A.) on a Windows 10 platform. Male terminalia were

treated in 10% KOH solution before being dissected and the eggs of G. flavipes were obtained

by dissecting a female specimen. Terminology of adult morphology follows Pape [25] and

Cumming and Wood [26].

Redescriptions are provided for adults and eggs only. Thorough and comprehensive mor-

phological characters and identification keys to third instar Gasterophilus larvae have been

updated by Li et al [21], and the third instar of G. flavipes is still unknown.

Distribution and hosts are given based on information obtained from specimens examined

for the present study together with data from Brauer [2], Zumpt [4], Guimarães [27], Gui-

marães and Papavero [28], Grunin [3], Grunin [29], Pont [7], James [30], Pont [31], Kaboret

et al [32], Soós and Minář [8], Pearse et al [33], Xue and Wang [34], Tavassoli and Bakht [35],

Mashayekhi and Ashtar [36], de Jong et al [37], and Huang et al [16]. As G. flavipes is resur-

rected in the present paper we have given non-vouchered literature records for this species

with a question mark.

DNA extraction, PCR amplification, and sequencing

Three fresh adult specimens (2 males, 1 female) of G. flavipes were selected for molecular anal-

ysis (S1 Table). A small sample of thoracic muscle tissue was dissected from each individual to

extract the total genomic DNA using the DNeasy Blood and Tissue kit protocol (Qiagen, Dus-

seldorf, Germany). The remaining body parts were retained as vouchers and deposited in the

entomological collection of Beijing Forestry University. An approximately 650-bp region near

the 5’-terminus of the COI, the barcode region (Hebert et al., 2003; hereafter COI-5’), and a

663-bp region near the 3’-terminus of the COI (hereafter COI-3’) were PCR-amplified using

the universal barcode primers LCO1490-L (5’-GGTCWACWAATCATAAAGATATTGG-
3’) and HCO2198-L (5’-RAAACTTCWGGRTGWCCAAARAATCA-3’) [38,39], and

COI-II-F (5’-CCACATTTATTTTGATTTTTTGG-3’) and COI-II-R (5’-TCCA
ATGCACTAATCTGCCATATTA-3’) [40] according to the Gasterophilus DNA barcoding sys-

tem [21]. PCRs were conducted according to Zhang et al [41], and amplification followed

Kutty et al [42]. All PCR products were purified and sequenced both forward and reverse by

BGI Inc., Beijing, China. A total of 52 COI sequences obtained from GenBank, and six from

Otranto et al [15] (the partial data were published without being uploaded to GenBank), repre-

senting all the seven Palaearctic Gasterophilus species, are included in our analyses. Hypo-
derma lineatum (Villers) (Hypodermatinae) and Dermatobia hominis (Linnaeus, Jr.)

(Cuterebrinae) were chosen as outgroups, with the rooting done by D. hominis (S1 Table).

DNA sequence editing, assembling and alignment

SeqMan Pro v. 7.1.0 (DNASTAR Inc., USA) was used to edit and assemble the forward and

reverse sequences. Alignment was conducted using the online version of MAFFT v. 7 [43]

(available at https://mafft.cbrc.jp/alignment/server/), with the algorithm G-INS-i and default

parameters. All the sequences are assembled, aligned and available in GenBank under the

accession numbers: MK412087–MK412089 (S1 Table).

DNA sequence analysis

Nucleotide sequence divergences were calculated using Kimura 2-parameter (K2P) model

under MEGA X software [44,45]. A neighbour-joining (NJ) analysis under 1,000 bootstrap
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replicates was conducted in MEGA X to estimate the genetic divergence of COI between speci-

mens [46].

Results

Intra- and interspecific divergences of the COI gene among G. flavipes, G.

haemorrhoidalis and G. inermis
Molecular analysis revealed very low interspecific nucleotide variation of the COI gene for the

samples from G. flavipes, G. haemorrhoidalis and G. inermis, which is insufficient for identifi-

cation and differentiation (Figs 1 and 2). For these three species, intraspecific variation of the

COI-5’ barcode region was 0.10% (G. flavipes, SE = 0.10%), 1.10% (G. haemorrhoidalis,
SE = 0.26%) and 1.42% (G. inermis, SE = 0.45%) (S2 Table), and for COI-3’ 0.10% (G. flavipes,
SE = 0.10%), 0.30% (G. haemorrhoidalis, SE = 0.15%) and 0.76% (G. inermis, SE = 0.32%) (S3

Table). Interspecific variation for COI-5’ranged from 0.67% (G. flavipes and G. haemorrhoida-
lis, SE = 0.22%) to 1.11% (G. haemorrhoidalis and G. inermis, SE = 0.25%) (S4 Table); and for

COI-3’ from 0.28% (G. flavipes and G. haemorrhoidalis, SE = 0.14%) to 0.45% (G. haemorrhoi-
dalis and G. inermis, SE = 0.17%) (S5 Table).

Key to the imagines of G. flavipes, G. haemorrhoidalis and G. inermis
(Figs 3–11 presenting characters in the key)

1. Frontal vitta and fronto-orbital plate ground colour uniformly yellow or dark brown in

dorsal view (i.e., without clear colour difference/boundary); length ratio of male cercus and

surstylus more than 2/3, male processi longi elongated (Grunin [3]: figs 34–36, 58–60, 68–70;

Patton [23]: figs 4, 6); female cercus gradually tapered (Grunin [3]: figs 37–39; Patton [23]: figs

5, 7) . . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .Consult the keys of Grunin [3] and Zumpt

[4]

--Ground colour of frontal vitta distinctly darker than fronto-orbital plate in dorsal view

(i.e., with clear colour difference/boundary) (Fig 3D, 3E and 3F); length ratio of male cercus

and surstylus equal or less than 1/3 (Fig 7C, 7F and 7I), male processi longi tubercular (Fig 7A,

7D and 7G); female cercus apex abruptly narrowed (Figs 9B, 10B and 11B) . . .. . .. . .. . .. . .. . .

. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .

. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .2

2. Wing with darkened patches with ill-defined edges, distance between crossvein r-m and

dm-cu less than length of r-m (Figs 6C; 8C and 8F) . . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .

. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .Gasterophilus inermis
--Wing entirely hyaline, distance between crossvein r-m and dm-cu at least twice as long as

r-m (Figs 3A and 3B; 6A and 6B; 8A, 8B, 8D and 8E) . . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .

. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .

. . .. . .. . .. . .. . .3

3. Postsutural scutum with a light (yellowish), rectangular area near scutoscutellar suture

(Fig 5A); legs yellow; abdominal ground colour yellow, covered with yellow setae (Fig 5D);

male with surstylus gradually tapered proximally and distally (Fig 7A–7C); surstylar setae long,

reaching the sagittal plane (Fig 7C) . . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .

. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .Gasterophilus
flavipes

--Postsutural scutum with ground colour uniformly brown or black (Fig 5B); legs yellowish

brown, with femora distinctly darkened; abdominal ground colour dark brown or black, with

reddish-yellow or orangish setae posteriorly (Fig 5E); male with surstylus abruptly swollen at
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base (Fig 7D–7F); surstylar setae short, reaching at most halfway to the sagittal plane (Fig 7F)

. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .Gasterophilus
haemorrhoidalis

Fig 1. Neighbour-joining (NJ) tree of Kimura-two-parameter (K2P) distances of the traditional DNA barcode region (about 650 bp region near the 50 terminus of

the cytochrome oxidase subunit I) in seven Palaearctic Gasterophilus species. Numbers given at branches refer to bootstrap proportions among 1000 bootstrap

replicates. Red triangles indicate G. flavipes. Scale bar represents 0.01 nucleotide substitutions per site.

https://doi.org/10.1371/journal.pone.0220820.g001
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Comparative redescription, hosts and distribution of G. flavipes, G.

haemorrhoidalis and G. inermis
Head. Width slightly less than width of thorax at middle (Fig 3). Head profile oval with

largest width at level of antennal insertion (Fig 4). Width of frons 1/4 width of head in dorsal

view (Fig 4G–4I). Ocellar triangle dark brown, with dense, dark brown hair-like setae. Each

ocellus circled by a dark brown cuticular band. Frontal vitta dark yellow in G. flavipes and G.

inermis, brown in G. haemorrhoidalis, with long, dark brown hair-like setae in G. flavipes and

G. haemorrhoidalis, a mixture of brown and pale hair-like setae in G. inermis. Fronto-orbital

plate pale yellow in G. flavipes and G. inermis, brown in G. haemorrhoidalis, with pale yellow

hair-like setae, sparse in G. flavipes, dense in G. inermis; while the setae are dark brown in G.

haemorrhoidalis. Antenna inserted at about middle of head. Antennal scape and pedicel

Fig 2. Neighbour-joining (NJ) tree of Kimura-two-parameter distances of a 663 bp region near the 30 terminus of the cytochrome c oxidase subunit I (COI)

(A = all data, B = only verified identifications) in seven Palaearctic Gasterophilus species. Numbers given at branches refer to bootstrap proportions among 1000

bootstrap replicates. Red triangles indicate G. flavipes. Asterisks indicate questionable identifications. Scale bar represents 0.01 nucleotide substitutions per site.

https://doi.org/10.1371/journal.pone.0220820.g002
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yellow, postpedicel and arista brown (Fig 4G–4I). Antennal pedicel with a few long bristles,

pale yellow in G. flavipes and G. inermis, dark brown in G. haemorrhoidalis. Postpedicel small,

with the exposed part globular. Lunule pale yellow, bare. Facial plate bare. Parafacial plate yel-

low, with pale yellow hair-like setae. Gena and genal groove pale yellow, both covered with

dense, pale yellow hair-like setae.

Thorax. Ground colour dark brown or black (Fig 5), with a yellow, rectangular area near

scutoscutellar suture only in G. flavipes (Figs 3D, 4D and 5A). Postpronotal lobe yellow, dis-

tinctly swollen; or sometimes with several tiny dark brown spots in G. inermis. Hair-like setae

mainly yellow, or with a narrow dark brown band on postsutural scutum. In G. haemorrhoida-
lis, a mixture of yellow and dark brown or black setae on postalar callus, and the setae anteri-

orly yellow and posteriorly dark brown on scutellum. Meron brown and bare.

Fig 3. Gasterophilus spp., male habitus (A–C) and head and thorax (D–F), dorsal view. A, D. G. flavipes (Olivier). B, E. G. haemorrhoidalis
(Linnaeus). C, F. G. inermis (Brauer). Scale bars: A–F = 0.5 mm.

https://doi.org/10.1371/journal.pone.0220820.g003
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Wing. Entirely hyaline in G. flavipes and G. haemorrhoidalis (Figs 3A and 3B; 6A and 6B),

partly infuscated, with darkened patches with ill-defined edges in G. inermis (Fig 6C). Tegula

and basicosta dark brown. Crossvein r-m situated much closer to the base of the wing than to

crossvein dm-cu; distance between crossvein r-m and d-m at least twice as long as r-m; while

in G. inermis, crossvein r-m situated almost at the opposite of crossvein dm-cu.

Legs. Totally yellow in G. flavipes, dark yellow or brown in G. haemorrhoidalis and G.

inermis, with femora distinctly darkened. Trochanters unarmed, with long, pale yellow hair-

like setae. Femora with long, hair-like setae, totally yellow in G. flavipes, brown anterodorsally

and yellow posteroventrally in G. haemorrhoidalis and G. inermis. Tibiae setae short, yellow in

G. flavipes, a mixture of yellow and brown setaein G. haemorrhoidalis and G. inermis. Hind

tibia not swollen (Fig 6D–6F). Hind tarsus with long and strong yellow setae in G. flavipes and

Fig 4. Gasterophilus spp., male lateral habitus (A–C), head and thorax in lateral view (D–F) and head in frontal view (G–I). A, D, G. G. flavipes (Olivier). B, E, H.

G. haemorrhoidalis (Linnaeus). C, F, I. G. inermis (Brauer). Scale bars: A–F = 1 mm; G–I = 0.5 mm.

https://doi.org/10.1371/journal.pone.0220820.g004
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G. haemorrhoidalis, sparse dorsolaterally and dense ventrolaterally; the setae shorter and

sparser in G. inermis. Tarsal claws yellow at base and dark brown or black at tip, shorter than

fifth tarsomere in G. flavipes and G. inermis, but approximately as long as the fifth tarsomere

in G. haemorrhoidalis. Pulvilli yellowish.

Abdomen. Ground colour mainly yellowish-brown, with a set of variously shaped, some-

times faint and ambiguous dark brown spots dorsally and laterally in G. flavipes and G. inermis
(Fig 5D and 5F); while in G. haemorrhoidalis, the colour dark brown or black (Fig 5E). Hair-

like setae mainly yellow in G. flavipes and G. inermis, yellow anteriorly black in the middle,

and reddish-yellow or orangish posteriorly in G. haemorrhoidalis. Sternites yellow. Male cercus

short and broad, length-width ratio less than 1.0; surstylus yellow, gradually tapered proxi-

mally and distally, with gradually tapered apex in G. flavipes (Fig 7A–7C), an abruptly swollen

lobe near base dorsally rounded apex in G. haemorrhoidalis (Fig 7D–7F), and rounded apex in

G. inermis (Fig 7G–7J); surstylar setae long, reaching the sagittal plane in G. flavipes (Fig 7C),

while short, reaching at most halfway to the sagittal plane in G. haemorrhoidalis (Fig 7F) and

G. inermis.

Fig 5. Gasterophilus spp., male thorax (A–C) and abdomen (D–F) in dorsal view. A, D. G. flavipes (Olivier). B, E. G. haemorrhoidalis (Linnaeus). C, F. G. inermis
(Brauer). Scale bars: A–F = 1 mm.

https://doi.org/10.1371/journal.pone.0220820.g005
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Female. Like the male (Fig 8), except for the following. Width of frons 1/3 width of head

in dorsal view (Fig 8G–8I). In G. inermis, hair-like setae on fronto-orbital and parafacial plate

shorter, sparser and darker than the male, forming a dark longitudinal spot at the lower part of

parafacial plate on each side (Fig 8I); femur with dark brown or black hair-like setae on the

anterior surface of all legs. Abdomen conical, terminalia long and curved forward; segment 7

broader than long; sternite 8 longitudinally ridged in the middle and with scallop-shaped apex

(Figs 8D–8F; 9A–9C; 10A–10C; 11A–11C).

Egg. Brownish black, posterior part (a continuation of the broad chorionic flanges) elon-

gated as a short and thick pedicel in G. flavipes, with length-width ratio around 1/4 in lateral

view, accounting for 1/3 of the total egg length (Fig 9D); while in G. haemorrhoidalis the pedi-

cel is long and slender, with length-width ratio around 1/6 in lateral view, accounting for 2/5

of the total egg length (Fig 10D). The egg of G. inermis yellowish, stalkless, elongate ovoid in

shape, with the broad chorionic flanges accounting for 7/10 of the total egg length (Fig 11D).

Hosts. Donkey (Equus africanus asinus Linnaeus) was given as the host for G. flavipes by

Brauer (1863) without evidence; Burchell’s zebra (Equus quagga burchellii Gray), horse [E.

ferus caballus Linnaeus, E. ferus przewalskii (Poliakov)], and Mongolian wild ass (E. hemionus

Fig 6. Gasterophilus spp., male wing (A–C) and hind legs (D–F). A, D. G. flavipes (Olivier). B, E. G. haemorrhoidalis (Linnaeus). C, F. G. inermis (Brauer). Scale bars:

A–F = 0.5 mm.

https://doi.org/10.1371/journal.pone.0220820.g006
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hemionus Pallas) are hosts for both G. haemorrhoidalis and G. inermis, with donkey and

Mountain zebra [E. zebra (Linnaeus)] as hosts for G. haemorrhoidalis as well.

Fig 7. Gasterophilus spp., male terminalia. (A, D, G. in anterior view. B, E. H. in left lateral view (mirrored for matching the left view of habitus and head); C, F, I. in

dorsal view.). A–C. G. flavipes (Olivier). D–F. G. haemorrhoidalis (Linnaeus). G–I. G. inermis (Brauer). Scale bars: A–I = 0.5 mm. Abbreviations: cer, cercus; ph, phallus;

pog, postgonite; pr l, processi longi; sur, surstylus.

https://doi.org/10.1371/journal.pone.0220820.g007
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Distribution. Non-vouchered literature records given with a question mark. So far, G. fla-
vipes is mainly recorded from the Palaearctic region: China (Inner Mongolia, Xinjiang), Croa-

tia?, Cyprus, Egypt?, France, Iran?, Kazakhstan?, Libya, Morocco, Russia (Siberia), Spain?,

Turkey?. Gasterophilus inermis is distributed in the Afrotropical, Nearctic and Palaearctic

regions, and G. haemorrhoidalis in all biogeographical regions.

Diagnosis, examined material and distribution of G. flavipes, G. haemorrhoidalis and G.

inermis are provided in S1 File.

Discussion

The distinctive morphology of egg, male terminalia and female ovipositor documented here is

considered unequivocal evidence for a specific separation of G. flavipes and G. haemorrhoida-
lis. The original description by Olivier [22] provides only a brief description of the adult, and

Fig 8. Gasterophilus spp., female dorsal (A–C) and lateral habitus (D–F), and head in frontal view (G–I). A, D, G. G. flavipes (Olivier). B, E, H. G. haemorrhoidalis
(Linnaeus). C, F, I. G. inermis (Brauer). Scale bars: A–F = 1mm; D, G–I = 0.5 mm.

https://doi.org/10.1371/journal.pone.0220820.g008
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the name-bearing type from the French Pyrenees could not be located and must be considered

as lost. However, the species was widely recognized among the early authors (for references

see Brauer [2] and Paramonov [47]), and when Patton [23] provided detailed illustrations of

the male terminalia, his aim was not to test the validity of a questionable nominal species but

to take advantage of what had become a routine approach of documenting male terminalia to

provide users with a more reliable identification tool. Patton [23] noted that his illustrations

would “speak for themselves” (p. 351), and that only brief mention would be needed for the

diagnostic features of each species. While Patton explicitly pointed to several of the differences

also mentioned here, he did not stress the marked difference in surstylar setosity so evident

from his illustrations (Patton [23]: Figs 1A and 3A). Patton’s illustrations do not do justice to

the equally marked difference in surstylar shape (Fig 7D–7I), which may explain why Zumpt

and Paterson [24] and Grunin [3,29] did not recognize G. flavipes as a valid species.

The COI gene is unable to provide a reliable separation of G. flavipes from G. haemorrhoi-
dalis as well as from G. inermis, which may be seen as evidence of recent divergence [46,48] as

Fig 9. Gasterophilus flavipes (Olivier), female terminalia (A–D) and egg (D). A. Left lateral view. B. Dorsal view. C. Ventral view. D. Left lateral view of the egg,

female abdominal segment 7 and genitalia (mirrored for better comparison with 7A). Scale bars: A–D = 0.5 mm. Abbreviations: cer, cercus; epi, epiproct; sg 7, segment

7; p, pedicel; st 8, sternite 8; tg 8, tergite 8.

https://doi.org/10.1371/journal.pone.0220820.g009
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has been reported for many other species in Diptera [46,49,50]. It is noteworthy that the

genetic distance of the traditional DNA barcode region is higher between G. haemorrhoidalis
and G. inermis than between G. haemorrhoidalis and G. flavipes, which matches the higher

degree of morphological similarity between the latter two species. The distribution of G. fla-
vipes with vouchered records from around the Mediterranean and from Central Asia appears

to be more restricted than, but fully sympatric with that of G. haemorrhoidalis. The type local-

ity for G. flavipes (French Pyrenees) therefore appears to be in the periphery of its range, but it

is here considered not to pose any conflict. A neotype has not been designated, partly as we do

not see an exceptional need (as required by ICZN [51]: Article 75.3), and partly because suit-

able material from or close to the type locality has not been available.

High diversity of equid hosts appears to facilitate the diversification of Gasterophilus species

[15]. Species diversity and population size of Gasterophilus have declined due to the decreased

number of other equid reservoirs (e.g. donkeys) and the highly effective and widespread use of

anti-parasitic drugs for domestic animals [15,19]. Nevertheless, all the seven Palaearctic Gas-
terophilus species have been recorded in Xinjiang [17,20,21], which represents the highest spe-

cies diversity of this genus worldwide [3,4,6,15,52,53]. Even more, at least six of these seven

Fig 10. Gasterophilus haemorrhoidalis (Linnaeus), female genitalia (A–C) and egg (D). A. Left lateral view. B. Dorsal view. C. Ventral view. D. Left lateral view of the

egg. Scale bars: A–D = 0. 5 mm.

https://doi.org/10.1371/journal.pone.0220820.g010
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species (data unavailable for G. flavipes) appear to hold stable populations here according to

current epidemiological investigations [16,17,21], which makes Xinjiang the world hotspot for

Gasterophilus. Xinjiang possesses a large area of Gobi Desert where thousands of free-ranging

Mongolian asses (E. hemionus hemionus), semi-captive horses (E. ferus przewalskii), and

domestic horses (E. ferus caballus) and donkeys (E. africanus asinus) are distributed [16,17,21],

which provide more sustainable environment and a larger host carrying capacity than in the

western Palaearctic, where populations of Gasterophilus appear to be in decline [15]. Consider-

ing that species richness of obligate parasites is tightly correlated with that of their hosts

[54,55], we suggest that the availability of a diverse equid fauna in Xinjiang is the main reason

for the high number of Gasterophilus species. The high number of free-grazing equids (e.g.

Mongolian asses and Przewalski’s horse), which are free from anti-parasitic treatments, may

be an important factor in maintaining the high number of Gasterophilus species in Xinjiang as

well [15,19].

Our study shows that morphological characters are still indispensable for a reliable species-

level identification of adult Gasterophilus specimens. The primary field investigation suggests

that G. flavipes, which takes up 62% of the Gasterophilus samples collected by Malaise trap, is

Fig 11. Gasterophilus inermis (Brauer), female genitalia (A–C) and egg (D). A. Left lateral view. B. Dorsal view. C. Ventral view. D. Right lateral view of the egg. Scale

bars: A–D = 0. 25 mm.

https://doi.org/10.1371/journal.pone.0220820.g011
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prevalent in Xinjiang. The confusion between the overlooked G. flavipes and the morphologi-

cally and molecularly similar G. haemorrhoidalis and G. inermis calls for more careful veteri-

narian investigations and a re-assessment of the epidemiology of gasterophilosis in areas

where G. flavipes is known or supposed to occur.
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