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Abstract

Background
Varestrongylus alcesa lungworm in Eurasian moose from Europe has leasidered

junior synonym ofVarestrongylus capreqlin European roe deer, due to a poorly deta
morphological description and the absence of a-bgrees.

Methods

viled

Specimens used in the redescription were colletrtad lesions in the lungs of Eurasian

moose, from Vestby, Norway. Specimens were destiilased on comparative morpholg
and integrated approaches. Molecular identificatwas based on PCR, cloning &
sequencing of the ITS-2 region of the nuclear mimoal DNA. Phylogenetic analys
comparedV. alcesITS-2 sequences to these of oth&restrongylusspecies and oth
protostrongylids.

Results
Varestrongylus alcess resurrected for protostrongylid nematodes afaBian moose fror

Europe.Varestrongylus alcesauses firm nodular lesions that are clearly cgfiéiated from
the adjacent lung tissue. Histologically, lesions eestricted to the parenchyma with a
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egg and larval parasites surrounded by multinuetegtant cells, macrophages, eosinophilic
granulocytes, lymphocytes. The species is valid amtinct from others referred fo

Varestrongylusand should be separated fradtncapreoli Morphologically,V. alcescan b

distinguished from other species by characterfiénmales that include a distally bifurcated
gubernaculum, arched denticulate crura, spiculasate equal in length and relatively shprt,
and a dorsal ray that is elongate and bifurcatethdtes have a well-developed provagjna,
and are very similar to those ®. capreoli Morphometrics of first-stage larvae largely

overlap with those of othérarestrongylus Sequences of the ITS-2 region strongly su
mutual independence o¥. alces V. cf. capreoli and the yet undescribed species
Varestrongylusfrom North American ungulates. These three taxanfa well-supporte
crown-clade as the putative sister\bfalpenae The association of. alcesandAlcesor its
ancestors is discussed in light of host and parapitylogeny and host historig
biogeography.
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Conclusions

Varestrongylus alces a valid species, and should be consideredndistiom V. capreoli
Phylogenetic relationships amolgrestrongylusspp. from Eurasia and North America pre
complex and consistent with faunal assembly invamvrecurrent events of geographic
expansion, host switching and subsequent speciation

Keywords

Cervidae, Cryptic species, Historical biogeograph$3-2, Metastrongyloidea, Parasite
biodiversity, Varestrongylina&/arestrongylus capreglMerminous pneumonia

Background

The Family Protostrongylidae Leiper, 1926 (Metasgrdina) is comprised of six
subfamilies: Protostrongylinae = Kamensky, 1905; Narghae Skrjabin, 1933;
Elaphostrongylinae Boev & Shulz, 1950; Neostrontgpdi Boev & Shulz, 1950;
Skrjabincaulinae Boev & Sulimov, 1963; and Varestyginae Boev, 1968 [1,2].
Representative species of all subfamilies occuhé Palaearctic, and are often pathogenic
parasites of Artiodactyla, especially cervids aadrines, and Lagomorpha. Adult nematodes
of species within Varestrongylinae, including thosathin the genusVarestrongylus
Bhalerao, 1932, reside in the lung parenchyma,dbrioand bronchioles of their hosts, and
cause verminous pneumonia [3-5]. Similar to othestgstrongylids, definitive hosts are
infected by Varestrongylusspp. through ingestion of infective third-stagevée (L3)
contained within gastropod intermediate hosts @H)possibly, L3 that have emerged from
the gastropods [6-8].

The majority of species withiarestrongylusare endemic to Eurasia, which is the centre of
diversity for this genus and their hosts [2,9-1Clrrently, the Eurasian biodiversity of
Varestrongylusncludes seven species, infecting an array ofshaghin Bovidae (Caprinae)
and Cervidae (Cervinae and Odocoileinae or Camraelsensu[12]): Varestrongylus
sagittatus (Mueller 1890), Varestrongylus pneumonicuBhalerao, 1932 \Varestrongylus
capreoli (Stroh & Schmidt [3]),Varestrongylus capricole&Sarwar, 1944 Varestrongylus
tuvae (Boev & Sulimov, 1963)Varestrongylus ginghaiensisu, 1984 andvarestrongylus
longispiculatus Liu, 1989 [1,6,13,14]. This Eurasian fauna is #gigantly richer when
contrasted with the diversityarestrongylusn the Nearctic which, to date, includes only one
described specie¥arestrongylus alpenagdikmans 1935), and an as yet undescribed taxon
that is known from sequence data and first stagyaéa[15-17].

Not surprisingly, given its diverse nature, thea@amic history for this genus has been
markedly unstable, with several taxa having incstesitly been reduced as junior synonyms
[1,18-20]. One such example \& alces originally described in the Eurasian moose (also
known as Eurasian elkAlces alced..) from Russia [21]Varestrongylus alcesvas later
synonymized withV. capreoli Stroh & Schmidt [3] in European roe dedCfapreolus
capreolus(L.) [1]. Synonymy was due primarily to a vaguepgy illustrated description and
assumptions about host distributions for these gitess confounded by the absence of a
designated type series deposited in a museum tofiefl,21]; Arseny Makarikov, pers.
comm.].



Despite apparent taxonomic confusion around thedityalof V. alces many authors
continued to report this varestrongyline, usuatiyaa incidental finding under various names
includingV. capreolj V. alces Bicaulus alces ofBicaulus alcis’(sic). These identifications
do not appear to have been confirmed through dameduphological examination, nor were
these survey collections accompanied by voucheasise®s in a recognized repository [22-
28]. An additional factor that might have drawneation away fromV. alceswas the
description of the pathogeni€laphostrongylus alceStéen, Chabaud & Rehbinder [29].
This meningeal nematode, which shares its hostgaudjraphic range witN. alces has
irrefutable veterinary importance, causing neurmloglisease in affected hosts, and
commonly occurs in co-infections with its less pafbnic, pulmonary relativé/. alces
[29,30]; additionally both species have dorsal-sgdifirst stage larvae that would be largely
indistinguishable.

Herein, using combined morphological and molecutgaproaches, we resurrect and
redescribeV. alces a protostrongylid lungworm in Eurasian moose. Poposal for
designation of a neotype specimen and an assodatas is presented. We report associated
gross and histopathological findings, and commantpbylogenetic relationships among
selectedvarestrongyluspecies, their host-associations and biogeography.

Methods

Specimen collection

Lungs of 13 Eurasian moose were examined for teegmce of lungworms at the wildlife
unit of the Norwegian Veterinary Institute (NVI),s@ between October and December,
2011. All animals were harvested in the municigatit Vestby (59°3IN, 10°40E), County

of Akershus, East Norway Region, Norway.

Additional varestrongyline specimens, attributatdeV. capreoli (hereafter named. cf.
capreol) were recovered from lungs of two European roe deéhe NVI, an adult male and
a female calf, from the same region.

Lungs from Eurasian moose and roe deer were exdnfmrelungworms. Gross lesions
consistent witivarestrongylusnfection were removed, placed in saline solutiemg finely
dissected to isolate adult nematodes. All intactagoor fragments of anterior and posterior
extremities were collected, identified by genderd atored in tagged vials containing 70%
ethanol. The lung samples were also flushed wilinesan order to isolate larvae and eggs.
These were fixed in steaming 70% ethanol.

Morphological identification

Adult specimens and fragments containing relevamtphmological characters were mounted
and cleared in phenol-alcohol, and examined undéerehntial interference contrast
microscopy (Table 1). In the redescription, measig@s are in micrometers unless specified
otherwise, and are presented with the numbers wit athle, female and larval nematodes
examined (n=), and the range is followed by the meal SD in parentheses. Adult
specimens of other species \é@restrongylusvere mounted and cleared in phenol-alcohol
and examined microscopically. These included sopeeiss in potential sympatry witi.
alces and other prominent taxa in cervids (Table 2).



Table 1Lungworm material collected and/or used in the stug

USNPC* Varestrongylusspecies Host Country Specimens GenBank**
106331 V. alcesDemidova & Naumitscheva 1953 Alces alce’ Norway 5y KJ452181-83
106332 V. alces A. alce$ Norway 5y KJ452188-90
106333 V. alces A. alce§ Norway P NA

106334 V. alces A. alce$ Norway DSL NA

106335 V. alces A. alce$ Norway 13, 29 NA

106336 V. alces A. alce§ Norway 27,39 NA

106337 V. alces A. alce$ Norway 1% (neotype) NA

106338 V. alces A. alce$ Norway 2,39 NA

106339 V. alces A. alce$ Norway Q KJ452195-96
106340 V. alces A. alce$ Norway 39 KJ452191-94
NA V. alces A. alce$ Norway fragment KJ452184-87
106341 V. cf. capreoli Capreolus capreoliis Norway 67,59 NA

106342 V. cf. capreoli C. capreolus Norway 1?0 KJ452177-80
106343 V. cf. capreoli C. capreolus Norway © NA

106344 V. cf. capreoli C. capreolus Norway 12, DSL NA

NA V. cf. capreoli C. capreolus Norway fragment KJ452174-76
104105 V. sagittatugMueller 1890) Cervus elaphus Bulgaria B KJ439592-95
104105 V. sagittatus C. elaphus Bulgaria r KJ439596-99

*Museum accession numbers; Additional host infofara{Eurasian moose): a. V-376, yearling femal&-b.
377, yearling female; c.V-383, adult female; d. 64yearling male. Roe deer - e. V-379, adult malg:510,
adult female; g. broken specimen, not used for mametry. ** Number of ITS-2 sequences varies aciogrto
number of clones yielded from DNA lysates of eaufividual worm.

Lungworm material collected and/or used in the wtugith information on host and origin, and matehin
accession numbers for specimens deposited at tlitedJ8tates National Parasite Collection (USNPQJ an
sequences at the internal transcribed spacer-2 lo€uthe nuclear ribosomal DNA (ITS-2) deposited in
GenBank.

Table 2 Additional Varestrongylusspecimens from the United States National Parasite
Collection (USNPC) morphologically examined

USNPC * Varestrongylusspecies Host Locality Specimens
34066 V. alpenagDikmans 1935) Odocoileus virginianus  Michigan, USA ¥ (holotype)
78599 V. alpenae O. virginianus Alberta, Canada 2, 19
37833 V. pneumonicuBhalerao, 1932 Ovis aries Alma-Ata, Kazakhstan a

37834 V. pneumonicus O. aries Alma-Ata, Kazakhstan a

45106 V. pneumonicifs O. aries Lanchow, China 2,29
37851 V. sagittatugMueller 18909 Cervus elaphus Altai Mtns., Kazakhstan @

37855 V. sagittatus C. elaphus Altai Mtns., Kazakhstan a

89171 V. sagittatus C. elaphus Altai Region, Russia 4,19

*Museum accession numbersreferred asBicaulus schulziBoev and Wolf 1938)° referred asv. sinicus
Dikmans 1945¢ referred aBicaulus sagittatugMueller 1890).

Eggs and first-stage dorsal-spined larvae (DSLyvered from the lungs of one Eurasian
moose (V-376) were microscopically examined. Measuants are in micrometers.

Specimens oY. cf. capreoliandV. sagittatugTable 1), collected respectively from the lungs
of European roe deer from Norway (by the authorg) the European red dedCdrvus
elaphu3 in Bulgaria (by M. S. Panayotova-Pencheva), wereessed for molecular-based
comparisons according to methodology described wgelkequences produced for both
species were included in the phylogenetic analysis.

Gross and histopathology

Gross pathologic changes in Eurasian moose lunge da@cumented during necropsy and
dissection. Sections of fresh lung tissue wereectdd from one Eurasian moose (V-456),



fixed in 10% neutral buffered formalin, embeddegaraffin, sectioned at om and stained
with haematoxylin and eosin (H&E) and van Gieso}VYor histological examination.

Molecular analyses

DNA extraction and amplification

Genomic DNA (gDNA) was extracted from small fragrnsenf adult nematodes in 0.2 mL
tubes containing fL of deionized water and 29 of lysis buffer (0.5 mg/mL of proteinase
K, 10x PCR buffer). The following DNA extraction gtocol was used: tubes containing
adult worm fragments were incubated at 60°C font, 65°C for 60 min, then at 95°C for
15 min. Extracted DNA was diluted 1:10. For spedtentification, a PCR was performed
using primers NC1 (5ACG TCT GGT TCA GGG TTG TT-302B9) and NC2+{bTA GTT
TCT TTT CCT CCG CT-3 targeting the ITS-2 region of the nuclear ribosbrdNA
[15,31]. PCR amplification was performed in g reactions containing: 204L of water, 8
uL of 10x PCR buffer + MgG| 0.8uL of 10 mmol dNTPs, 4L (10 uM) of each primer, 0.4
uL of bovine serum albumin,04L of Tag Phusion HF DNA polymerase, andi of DNA
template. The amplification conditions used wereimtial 2 min denaturation at 98°C,
followed by 35 cycles of 98°C for 10 s, 52.5°C &fr s, and 72°C for 30 s. A final extension
phase of 72°C for 5 min was followed by coolingl@yC [31].

Cloning and sequencing

PCR products were gel-purified using e.Z.N.A MictE® Gel Extraction Kit (Omega
Biotek) following the manufacturer’s protocol. MO uL of the reactions were used. Gel-
purified DNA was eluted in 15L nuclease free water. Gel purified DNA ampliconsrev
then ligated using CloneJET PCR Cloning Kit acaogdio manufacturer’s instructions and
transformed into Subcloning Efficiency™ DK% Competent Cells. After overnight
incubation on standard LB agar bacterial plate Wid0 ug/mL ampicillin, four colonies
were randomly selected from plates of each indiaddand re-colonized in 3 mL LB broth.
After a second overnight incubation these cultuvege centrifuged to attain bacterial pellets,
for which and plasmid DNA was prepared using e.Z.NPlasmid Mini-Kit | (Omega
Biotek). Plasmid DNA isolates were then sequencadguNC1 and NC2 primers on BigDye
Terminator Cycle Sequencing platform (Applied Bistgyns).

Sequence analysis

A total of 31 clonal sequences representing 9 iddeds (16 clones from 5/. alces
specimens, 7 clones from\2 cf. capreoli 8 clones from 2/. sagittatusndividuals) passed
quality control and were included in the analys@ng Geneious Pro [32]. Once fully
processed the 31 clones were realigned to attaiwipa distances among clones and other
protostrongylid ITS-2 sequences available in GelkBan

Phylogenetic analysis

Cloned ITS-2 sequences produced in this studyfalces V. cf. capreoliandV. sagittatus
were compared to those ¥f alpenagand an undescribed speciesvairestrongylusn wild
North American ungulates [15]. Broader comparisongolved other protostrongylids
examined in prior studies (e.g., [15]) with sequedata obtained from GenBank including



representatives of Elaphostrongylinge élces E. rangiferiandP. anderson, Muelleriinae
(Muellerius capillaris (Mueller 1889),Cystocaulus ocreatu@Railliet & Henry, 1908), and
Umingmakstrongylus pallikuukensidHoberg, Polley, Gunn & Nishi, 1995) and
Protostrongylinae Rrotostrongylus rufescend.euckart, 1965) andProtostrongylus stilesi
Dikmans, 1931) (accession numbers in Figure 1)u&aces were aligned using PRANK, a
probabilistic multiple alignment program availakilerough the European Bioinformatics
Institute (http://www.ebi.ac.uk/goldman-srv/prankiligned sites were not filtered by
posterior probability. Phylogenetic reconstructi@malysis was performed using the
maximum parsimony (MP) method in MEGA 5.2 [33], vgaps treated as complete deletion
(100%), sub-tree pruning regrafting as MP searctleh@nd 5,000 bootstrap replicates.

Figure 1 Phylogenetic relationships among/arestrongylusspecies and other
Protostrongylidae. Most-parsimonious tree depicting the independefd&restrongylus
alcesand otheWarestrongyluspecies, and the reciprocal monophyly of sequeniam

each. The bootstrap consensus tree inferred frof05geplicates is taken to represent the
evolutionary history of the taxa analyzed. Branat@sesponding to partitions reproduced in
less than 50% bootstrap replicates are collapseel p€rcentage of replicate trees in which
the associated taxa clustered together in the traptiest (5,000 replicates) shown next to the
branches [33].

Intra- and interspecific pairwise similarity wadadated for ITS-2 sequences of six different
Varestrongylusspp., including the sequenced clones, using thiarmte matrix generated by
Geneious Pro [32].

Specimens oY. cf. capreoliandV. sagittatugTable 1), collected respectively from the lungs
of European roe deer from Norway (by the authorg) the European red deeCdrvus
elaphu3 in Bulgaria (by M. S. Panayotova-Pencheva), wereessed for molecular-based
comparisons according to methodology described wgelkequences produced for both
species were included in the phylogenetic analysis.

Results

Nematode specimens used for this redescriptio¥i. aflceswere isolated from the lungs of
four (30.8%, n = 13) Eurasian moose. Infected hastse: an adult female (V-383), two
yearling females (V-376, V-377) and a yearling m&et56).

Redescription

Varestrongylus alces Demidova & Naumitscheva, 1953

Syn.: Bicaulus alces(Demidova & Naumitscheva, 1953) Boev, 1957arestrongylus
capreoli(in part.,sensuBoev, 1975)

General description

(Figures 1, 2, 3, 4, 5, 6, 7 and 8) ProtostronggidVarestrongylinae, thin and minute
nematodes, reddish brown prior to fixation with ickgle, transversally striated cuticle.
Cephalic extremity bluntly rounded. Buccal opensugrounded by four papillae. Esophagus
cylindrical, clavate, broader at base, and poomyndrcated in muscular and glandular



sections. Nerve ring indistinct, located at antedomiddle third of esophagus. Diminutive
cervical papillae and excretory pore located atdheiebr posterior third of esophagus, always
posterior to nerve ring.

Figure 2 Varestrongylus alcesFemale. 1. Cephalic extremity of a female specimen at
ventral view.2. Caudal extremity of a female specimen at late@kyshowing a developed
provagina.

Figure 3 Varestrongylus alcesMale. 3.Caudal extremity of a male specimen at laterakvie
showing spicule, partially covering gubernaculund denticulate plates of crura and
copulatory bursa4. Ventral view of bifurcate gubernacului,; 6. Lateral view of
gubernaculum and denticulate plates of crura, ti@egular telamon plate in 8. Ventral
view of paired denticulate plates of cru8aLateral view of a denticulate plate of crura.

Figure 4 Varestrongylus alcesMale, spicules. 9Dorsal view, note prominent alae and
spatulate shap@&0. Lateral view.11. Ventral view of spicule distal end.

Figure 5 Varestrongylus alcesFirst-stage larva (DSL). 12DSL at lateral view13. Detall
on caudal extremity, note dorsal spine and tarlezwity composed by three segments.

Figure 6 Varestrongylus alcesFemale. 14 Cephalic extremity at ventral view: claviform
esophagus, cervical papillae (cp), excretory pex@), and nerve ring (nr) (64x)5. Caudal
extremity at lateral view: developed provagina wittmbranous folds (mf), genital
protuberance (gp), vaginal opening (vo), and vdgiaaal (vc) (100x)16. Caudal extremity
at lateral view, slightly ventral: anus (a), anchical tail tip (100x).

Figure 7 Varestrongylus alcesMale. 17.Caudal extremity of a male specimen at dorsal
view: arched bifurcate gubernaculum (gub), spatusaicule tips (st), denticulate plates of
crura (dc) and triangular telamon plate (tp) (648).Caudal extremity of a male specimen at
lateral view: spicule insertion (si) and spatukgte (st), bifurcate gubernaculum (gub), and
paired denticulate plates of crura (dc) (10@9.Caudal extremity of a male specimen at
ventral view: distal end of spicules (s), bifurcgtdernaculum (gub), and dorsal ray (dr)
(40x).20. Caudal extremity of a male specimen at ventralvigenticulate plates of crura
(dc), and tip of gubernaculum (gt) (642, 22.Detail of male caudal extremity at caudal
view: dorsal ray (dr), denticulate crura (dc), dipdof gubernaculum fused by delicate
membrane (tg) (160x).

Figure 8 Varestrongylus alcesFirst-stage larva (DSL). 23DSL at lateral view (100x):
nerve ring (nr), excretory pore (exp), esophagetstinal junction (eij), genital primordium
(gp), anus (a) and dorsal spine (@).Detail of tail, showing dorsal spine (ds) and titvee
tail folds (tf) (100x).

Males

Based on specimens in four Eurasian moose: sixtimales, including neotype, and three
fragments containing caudal extremities. Total ter(g = 6) 11.36—-14.7 mm (12.97 + 2.01);
maximum width (n = 6) 68.5-80 (74.2 + 4.97). Esap®a(n = 5) 250-272 (264.5 + 8.95)
long, 32—-37 (33.9 = 2.19) wide, (n = 5) 1.6-2.3%0 (2 0.28%) of body length. Body width
at esophagus (n = 5) 53.8-61.9 (33.9 + 2.19). Nenge(n = 5) 68-89.65 (81.8 + 9.04),
cervical papillae (n = 3) 201-207 (203.4 £ 3.19)] axcretory pore (n = 3) 208-230.3 (221.8



+ 9.83) from cephalic extremity. Copulatory bursaunded, with indistinct dorsal lobe.
Bursal rays approaching, rarely attaining margibwaisa. Body width at bursa (n = 7) 42-56
(48.3 £ 7.36), bursa length (n = 6) 75-90 (84.386% bursa width (n = 3) 125-160 (140 £
18.03). Ventro-ventral and latero-ventral rays égparallel, arising from common stalk,
directed anteriad and isolated, tips of rays dist®parate. Lateral rays arising from common
base; externo-lateral elongate, attaining bursaigmaisolated from medio- and postero-
lateral rays. Externo-lateral and medio-lateralsray equal length. Medio-lateral rays long,
postero-lateral rays reduced, with tips separata fnear to less than half of common stalk.
Externo-dorsal rays long, origins independent flmase of dorsal ray. Dorsal ray elongate (n
= 7) 18-30 (24.5 £ 3.65) long, (n = 8) 11.41-15.912 1.51) wide at base. Dorsal ray
bifurcate near middle third (n = 5) 12-17 (14.2.Z9) from base, (n = 4) 40-58.3% (51.5
7.95%) of its length. Spicules tubular, equal, syetroal, yellowish brown, (n = 8) 138.55—
163 (153.3 £ 7.31) long, anterior portion shortosgly chitinized, without distal split;
prominent bilateral alae with prominent ridges drabeculae, originating in first third of
spicule length from anterior extremity. Alae spatal] prominent, extending to distal
termination of spicule tips. Gubernaculum lackirgpitulum, thin, arched, elongate, (n = 8)
65—-83.13 (76.6 = 7.06) composed of single corpus$ paired crurae. Unpaired anterior
corpus (n = 8) 38—49 (44 * 4.34), bifurcate digtaito two lateral legs near mid-third (n = 8)
24-39.12 (32.6 £ 5.09); distal tips prominent, actkentrally, joined by delicate membrane,
located between, slightly ventral to paired denéiteiplates of crurae. Denticulate plates of
crurae (n = 8) 15-25 (19.5 £ 2.91) long, ‘triangule trapezoid, slightly twisted along
longitudinal axis, each with five odontoid process&ooth-like structures vary in size,
ventrally becoming prominent, overall conferringtigular aspect to crurae. Telamon plates
poorly developed, triangular in lateral view, laxhtventrally to posterior extremity of
gubernaculum.

Females

Based on four intact females, one cephalic andrseaadal extremities. Total length (n = 4)
16.25-21.52 mm (18.3 £ 2.3); maximum width (n =/8)>102 (86.0 + 9.9). Esophagus (n =
5) 270-310 (289 * 14.71) long and 3042 (36.7 2¥v@ide at base, and (n = 4) 1.3-1.7%
(1.6 £ 0.2%) of body length. Nerve-ring (n = 5) 88<91.6 + 4.33), cervical papillae (n = 3)
150-180, excretory pore (n = 5) 159-220 (190.4 A PPfrom cephalic extremity. Uteri
paired, prodelphic; sphincter at end of uterinebbnin = 7) 21.19-35.86 (31.8 + 3.96) long.
Vagina voluminous (n = 8) 702.2-961.42 (846.4 19@3long, subdivided in vagina uterina
(n = 8) 637-889.7 (779.2 + 93.82) and vagina vera=(10) 63.27-71.72 (66.8 + 2.7)
connected by sphincter. Vulval aperture on solidblkhke protuberance; cuticular fold
extending ventrally across protuberance from amtéip of vulva; body width at vulva (n =
12) 45.64-69 (56 + 7.31). Provagina well developétl a hood-like fold extending ventrally
across prominent genital protuberance. Peri-vup@es disposed bilaterally at level of
vulva. Anus in the mid-third of distance betweetvauand tail tip; distance vulva-anus (n =
11) 70.1-104 (87.3 = 10.12); vulva-tail (n = 11)7/18B-146 (131.9 £ 12.77). Tail conical (n
=11) 34.23-50.53 (44.5 + 4.65) with lateral phatsmear apex.

Immature stages

First-stage larvae (DSL)Based on 15 larvae from the lungs of an Eurasianse. Total
length 221.5-373.7 (268.6 + 40.81). Maximum bodydttvi 12.2-29.6 (20.1 + 5.94).
Esophagus 111.6-182.5 (132.2 + 15.92), 41.2-55.8604 (+ 3.85%) of body length,
maximum width at base 6.19-15.7 (10.7 + 3.51). Battith at esophageal base 10.9-29.6



(19.5 £ 5.95). Nerve-ring 64.5-86.3 (74.1 + 5.28)cretory pore 70.5-88.9 (78.8 £ 5.33)
posterior to cephalic extremity. Genital primordiuld5.6-250.6 (202.3 + 30.69), from
anterior end, 54.7-79% (70.7 + 6.04%) of body Iarfgbm anterior. Anus-tip of tail spike

34.4-40.4 (37.3 = 3.03), Anus-insertion of tailkepil9.2—-30.3 (26.9 + 2.95), Tail spike 9.7—
12.4 (10.4 = 0.68) in length with three promineolds; dorsal spine 2.8-3.5 (3.1 £ 0.24).
Eggs Spherical to ovoid with delicate, smooth shelk(20); 55.2—-66.5 (61. 9 + 3.51) long,
46.2— 63.0 (55.2 £ 6.14) in width.

Taxonomic summary
Type-host
Eurasian moosed(ces alces Other common name: Eurasian elk.

Habitat

Adult males and females in terminal bronchioles ahetoli of lungs based on recovery of
specimens through dissection of lesions.

Type-locality

Original type-locality: Moscow Region, Russia. Atiloinal locality for designated Neotype:
Vestby Municipality, Akerhus County, Eastern Norywhlrway (present study). Also known
from areas of Sweden, Finland, Poland, and Estonia.

Specimens

Neotype male from type host and new designateditp¢&9°30N, 10°40E) collected from
lungs of a young male Eurasian moose (V-456) biKi8z and others in Norway, USNPC
106337. Voucher specimens collected from the saost, WSNPC 106338-106340, and
from three other hosts: a young female (V-376), BENL06331-106334 (including DSL
material); another young female (V-377), USNPC BH3and an adult female (V-383),
USNPC 106336; all from the same locality.

Differential diagnosis

Varestrongylus alcess resurrected based on morphological and moleallaracter data;
and, therefore, this valid taxon must be separfatad V. capreoli.A neotype is designated
herein because name-bearing types were not icehtifi deposited at the time of the original
description [21] and are apparently absent in Rmsshuseum collections (A. Makarikov,
pers. comm.). This proposal is consistent with @aded on the provisions specified in
Article 75, Chapter 16 of the International Code Zoological Nomenclature [34], with the
intent of clarifying the taxonomic status \éf alceswithin the genus.

Consistent with the current generic diagnosis, malé V. alces possess a prominent
gubernaculum with paired denticulate plates ofctugae disposed slightly lateral, dorsal and
distal to the split corpus or legs, and a typi@aifguration of bursal rays; and females have a
well-developed provagina.



Among males, specimens &f. alcesare readily distinguished by the dimensions and
structure of spicules (138.6—1681). Spicules oW. alcesare substantially shorter than those
typical of ‘the large spicule group’V. alpenag V. capricolg V. longispiculatus V.
pneumonicusV. ginghaiensisV. sagittatusandV. tuvae(all > 300 um, exceptV capricola
whose spicules are approximately 240). Similarly, the gubernaculum (65—88n) of V.
alcesis much smaller than that of the aforementionextigs (al> 100um).

Among the Varestrongylinad/. alcesis most similar toV. capreoli(and V. cf. capreoli
which is identical tov/. capreolibut for one character and, therefore, will be noged again
for comparative matters in this exception) and eht8o species characterize the small-
spicule forms currently known within the genus. Bieleless, males &f. alcesdiffer from
those ofV. capreoliby dimensions of the spicule and gubernaculumeltas several other
characters. The conformation of the gubernaculuthasmost noticeable difference between
V. alcesandV. capreolj both have a bifurcate corpus, but in the lattex,legs are fused by a
transparent membrane that is not observed in ttmeefio In addition, the gubernaculum\af
alcesdoes not have a capitulum (head). In contrastergiit authors, including the original
description [3] and works cited in the most recestision of the genus [1], regard the
presence of a distinctive capitulum of the gubewhan with two acute ventrally directed
projections as typical iV. capreoli Variation, however, may be evident in this atitédas
specimens, referred M. cf. capreoliin roe deer from the present study lacked a clapitu
suggesting a more extensive series of male nemasidmild be evaluated for this character.
Among additional characters, spicules\bfalcesandV. capreoliare comparable in length,
and morphologically very similar. For both, theealariginate in the first third and extend
slightly beyond the distal extremity of each spe&cuowever, the distal ends of the spicules
of V. alcesare more spatulate than\i capreoli The denticulate plates of the crurae differ in
shape, being slightly twisted and conferring arhadcappearance M. alces,with both
plates together resembling a horseshoe (Figurka ©ontrast, inV. capreolj the denticulate
plates of the crurae are triangular, and more |ghrad each other, resembling “Hermes’
wings”. Numbers of denticulate processes in theéatep also differ, withVv. alceshaving 5
and V. capreoli having 3 prominent teeth. The copulatory bursavofalcesis dorsally
notched with an indistinct dorsal lobe, whereashthesa ofV. capreoliis bi-lobate. A series
of subtle differences are also observed in the hmaqgy and disposition of the bursal rays.
The dorsal ray itV. alcesis slightly elongate and bifurcate near its midgh as opposed to
V. capreolj in which the dorsal ray is reduced and rounded,syill distinguishable. IV.
alces the externo-dorsal ray originates independenitynf the lateral rays, unlike iN.
capreoli Ventral rays of both species originate from a own stalk but this is distally split
in V. alces whereas it is split near its basevincapreoli

Measurements for multiple characters overlap beatwine two species, including some
characters that are distinguishable based on mgy¢Table 3), but this may be because of
the wide range in measurements previously repdoied. capreoli[1].



Table 3Comparative morphometry of males ofVarestrongylus alceand V. capreoli

Characters V. alce$ V. alce$ V. capreolf V. cf. capreolf

Total length 11.4-14.7 (12.9 £+ 2.01) 5-6 5.3-13.5 7.1-8.9 (70988)
Maximum width 68.5-80 (74.2 £ 4.97) 65 32-68 42-44 (43.5 £ 1.00)
Esophagu$ 250-272 (264.5 + 8.95) 146 90-146 227-239 (2328)5.
Esophagus base width 32-37(33.9+2.19) 36 - 20-36 (24.6 £ 6.47)
Body width at esophagus 53.8-61.9 (56.3 + 3.38) - - 33-60 (40.4 £ 11.10)
Nerve-ring® 68-89.7 (81.8 £ 9.04) - - 70-81 (76.3 £ 5.60)
Cervical papillae® 201-207 (203.4 + 3.19) - - 163

Excretory pore® 208-230.3 (221.8 +9.83) - - 166-201 (180.5 + 14.71
Spicules 138.6-163 (152.3 £ 7.31) 150-166 129-160 134-182.81+ 7.03)
Gubernaculum 65-83.13 (76.58 + 7.06) - 70-86 70-92 (81.8 +8.14)
Gubernaculum head Absent Absent Present 8-14 Absent
Gubernaculum corpus 38-49 (43.9 £ 4.34) - NA 30-38 (32.8 £ 3.77)
Gubernaculum crura 24-39.12 (32.6 £ 5.09) - NA 32-56 (46.5 + 10.25)
Crura denticulate piece 15-25(19.5+2.91) - 18-30 21-25 (23.2 £ 1.47)
Body width at bursa 42-56 (48.3 £7.36) - - 33-37 (34.5+£1.38)
Bursa width 125-160 (140 £ 18.03) - - NA

Bursa length 75-90 (84.3 £5.9) - - NA

Dorsal ray length 18-30 (24.5 = 3.65) - NA 6-10 (8.6 + 1.79)
Dorsal ray base 11.4-15 (12.9 £ 1.51) NA 7.5-12.5 (9.2 £ 2.06)

2 Present study” Original description [20]¢ Original description [3], plus additional inforn compiled in [1].
§ Measurements from anterior end; *Single measunéme
Range of measurements are given followed by medrs@mdard deviation. Total length in millimetemag), and all other measurements are in micrométens.



Among females, the size and shape of the provagimeot always a useful character for
discriminating among species @arestrongylusFor instance, the provagina \éf alcesand

V. capreoli (and V. cf. capreol) is morphologically identical. Similarly, the raesy for
maximum body width, and distances between vulvatgndf tail, and anus and tip of tail
(tail) for V. alcesand those folV. capreolilargely overlap (Table 4). In contrast when
comparing to the roe deer material, identified/asf. capreoli these measurements, as well
as body width at vulva and distance between vuhdhanus, are wider or longer in those of
V. alces. Nevertheless, morphological species identificatisolely based on female
specimens remains challenging.



Table 4 Comparative morphometry of females oVarestrongylus alceand V. capreoli

Characters V. alce$ V. alced V. capreolf V. cf. capreolf

Total length 16.3-21.5 (18.3 £ 2.3) 11.1-115 9.41-15 17.93

Maximum width 73-102 (86.0 £ 9.9) 75-95 38-95 48.9-52.2 (50.331)2
Esophagu$ 270-310 (289 + 14.71) - 122-290 196-242.9 (2220.21)
Esophagus base width 30-42 (36.7 + 4.32) - - 21.9-27.7 (23.8 £ 2.60)
Body width at esophagus base 57-67 (61.1 + 4.56) - - 31-40.8 (35.3 £5.06)
Nerve-ring® 86-97 (91.6 + 4.33) - 72-90 55.4-65.2 (60.7 + 4.49)
Cervical papillae® 150-180 (163.3 = 15.28) - - 185.82

Excretory pore® 159-220 (190.4 +29.11) - 86-186 171.5-190.8 (183.4.37)
Tail 34.2-50.5 (44.5 + 4.65) - 34-78 31-40.8 (37.2 ¥B.4
Vulva-anus 70.1-104 (87.3+10.1) - - 57.1-73.4 (64.3 £ 6.62)
Vulva-tail 107.6-146 (131.9 £ 12.77) 122 90-144 91-114.1 a18B.42)
Width at vulva 45.6-69 (56 = 7.31) - - 32.2-35.9(33.4 £ 1.42)
Vagina 702.2-961.42 (846.41 + 94.94) - - 467

Vagina Vera 63.3—71.7 (66.8 + 2.70) - - 73.4-91.3 (77.4 + 6.90)
Vagina Uterina 637-889.7 (779.2 + 93.82) - - 391.2

Sphincter 21.2-35.9 (31.8 + 3.96) - - 24.45

Eggs LengtH 55.2-66.5 (61.9 + 3.51) 78 56-78 NA

Eggs Width' 46.2-63.0 (55.6 + 6.14) - 37-45 NA

2 Present study: Original description [20]¢ Original description [3], plus additional inforniai compiled in [1].
§ Measurements from anterior end; TEggs collected from lungs of infected Eurasian moose, not inside female ut&ingle measurements.

Range of measurements are given followed by medrst@amdard deviation. Total length in millimetemsng), and all other measurements are in micrométens.



First-stage larvae (DSL):Comparisons amongarestrongylusspecies DSL are provided in
Table 5. Comparisons with other members of the FaRrotostrongylidae that occur in the
same host or which may have overlapping geogragisictibutions were also included. In
general, most of the characteristics overlap insueament. The wide range for total length
of V. alcesin our study, especially the lower values, mayaliebutable to the pulmonary
origin (vs. feces) and the fact that lungs weredrobefore dissection, and collection and
preservation of DSL material. Co-infections withalcesandE. alcesare common; however
DSL of E. alcesand otherElaphostrongylusspecies appear to be consistently longer than
those ofV. alces(Table 5).



Table 5 Comparative morphometrics of first-stage larvae (D&) of Varestrongylusand of Elaphostrongylinae sympatric withV. alces

Characters V. alces*? V. capreolf V. sagittatus V. sagittatu$ Varestrongylussp™ Varestrongylussp. V. alpenaé E. alce$ E. cervi E. rangiferi’
(n=15) (n=10) (n =20) (n =230) (n =230) (n=15)

Total length 221.5-373.7 255-341 260-305 268.8-295.7 281-374 —4B48 310-380 377-445 392-445 381-490
(286.6 + 40.81) (227-260) (233-305) (281 +11.9) 293 (377) (417 £ 16) (420 + 13) (426)

Nerve-rin§ 64.5-86.3 - - - - 78-107 85-93 83-106 106-125 95-13
(74.1 +5.3) 97) (90 + 16) (114 +5) (110)

Excretory poré 67.5-88.9 - 81-84 77-122.9 71-105 92-107 85-93 -8 104-121 97-125
(78.8 +5.33) (96+17.5) (84.5) (102) (112+7) 110 +4) (109)

ESOphagL% 111.6-182.5 70-83 115-151 134.4-161.3 88-155 191-18 155-180 173-236 175-206 163-230
(132.2+15.92) (120-140) (124) (147+15.9) (128) (168 (188 +12) (187 £7) (191)

Esophagus/Total length (%) 41.2-55.5 - - - 28-46 —483 47-50 - - -
(46.3+3.85) (38) (45)

Esophagus base width 6.2-15.7 - - - 8-15.5 9-15 - - - -
(10.7 +3.51) (10) (12)

Body at esophagus base 10.9-29.6 - - - - - - - - -
(19.5 + 5.95)

Max body width 12.2-29.6 10-17 14-17 13.2-16.9 B6-2 17-20 15-17 17-21 17-22 17-24
(20.1+ 5.94) (11-14) (14) (15+ 1.1) (19.5) (18) 9@1) (19 £1) (20)

Genital primordiurh 145.6-250.6 - 179-201 154-249.6 173-224 218-273 5-212 204-289 253-288 245-325
(202.3 + 30.69) (197425.1) (206) (244) (262 % 16 (270 + 10) (267)

Genital primordium/Total length (%) 69.3-72.9 (HB04) - - - 62-64 61-68 63-64 - - -

(63) (65)

Tail length 28.6-39.4 28-32 25-31 24.64-29.28 31-42 32-41 - 49B2— 37-47 32-53
(36.4 + 2.95) (28+1.63) (35) (38) (42 £5) ®#3) (44)

Tail spike 9.8-12.4 8 (9-10) 9.2-10.78 8-11 6-12 data nonhgive data not given data not given data not given
(10.4 +0.68) 9.6+ 0.7) 9) )

Dorsal spine 2.8-35 2 data not given data notngive 1.6-3 data not given data not given data notgive data not given data not given
(3.1 +0.24) )

@ Present study — DSL recovered from lung washediaed in 70% ethanol and measured at 1000x magatifin. The wide range for total length, especitily lower

values might be attributable to the pulmonary origis. feces) and fixation method;
® only measurements available in the original desion [20], were total length, 305—44in and maximum width, 1@m;

¢ Combined sources compiled in [1], origin (lungsés) or fixation method not mentioned;
4 Combined sources compiled in [1], recovered frangs, fixation method not mentioned;

¢ DSL recovered from feces of red deer from thenyii wildlife-breeding station in the west Balkan iitains, Bulgaria, not fixed and measured afteinedtaining [45];

" Undescribed/arestrongyluspecies found in caribou, muskoxen and moose sioarshern North America [14]. DSL recovered fraguds of muskoxen from: (f1)
Nunavik Region, Quebec, Canada, fixed in 70% ethamt measured at 1600x magnification, (f2) nedexik, Northwest Territories, Canada, heat-relaxedater and
measured at 400x magnification;
9V. alpenaeDSL extracted from white-tailed deer feces, Newky & SA in [45].
_h DSL recovered from feces of experimentally infddiurasian elk, material was heat-relaxed in waitek measured at 1000x magnification [8];
' DSL recovered from feces of experimentally infelated deer, material was heat-relaxed in watemagasured at 1000x magnification [8];
) DSL recovered from feces of woodland caribou fisewfoundland, Canada. Material was heat-relaxasaiter, magnification not mentioned [8].
$ Measurements from anterior end.

Range of measurements are given followed by medrst@amdard deviation. Measurements are given inomieters im).



Molecular identification and phylogenetic comparisms

All ITS-2 sequences generated were deposited inB&aa under accession numbers:
KJ452181-96 fol. alcesof Eurasian moose; KJ452174-80 Yarcf. capreoli of European
roe deer; and KJ439592-98 fo sagittatusisolates in red deer from Bulgaria and are
accompanied by vouchers specimens deposited iU8NPC (Table 1). Intra-individual
ITS-2 sequence polymorphisms were found for akehrarestrongylusspecies evaluated.
The ranges of pairwise similarity among individyalsthin species, and between the five
Varestrongyluspecies are provided in Table 6.



Table 61TS-2 pairwise identity amongVarestrongylusspecies and individuals, including intra-individual variability.

Varestrongylusspecies V. alces V. cf. capreoli Varestrongylussp. V. alpenaé* V. sagittatus
Varestrongylus alces 71.7-99.5 (87.14 + 6.46) - - - -
Varestrongyluscf. capreoli 64.8-89.6 (78.76 £ 4.73) 78.1-100 (92.85 + 8.12) - - -

Varestrongylussp. 64.9-87.1 (78.25 + 4.63) 74.9-84.9 (82.06 £1.91) 4.79100 (97.37 +1.73) - -

Varestrongylus alpenae 57.2-72.8 (63.9 £ 6.5) 64.6—72.5 (63.25 *+ 3.65) 4724.7 (74.35 £ 0.92) 160 -

Varestrongylus sagittatus 42.1-58.7 (51.92 + 3.24) 50.3-61.2 (58.33 +2.23) 5.4558.8 (57.47 £ 0.76) 50.8-53.5 (52.35 + 0.45) —18D (92.65 + 5.24)

* Including clones of the same nematode specimamtfie sequence.
Range, average and standard deviation are given.



The alignment of 53 ITS-2 sequences of 12 Protogiiidae taxa resulted in a dataset of
210 characters. The strict consensus of the thoe-parsimonious trees had a length of 271
steps, a consistency index of 0.73, and yieldee finonophyletic groups &farestrongylus
each matching pre-determined taxa at represenistgete species. The MP analysis of ITS-
2 sequences (Figure 1) strongly support the recgbnmonophyly ofV. alcesisolates (91%
bootstrap support), and hence independence Yfoaf. capreoli and by extrapolation, from
V. capreoli(sensuStroh and Schmid [3])Clonal sequences &f. cf. capreoli (92%) anaV.
sagittatus (99%) also formed strongly supported monophylatiades, confirming their
validity as independent taxa. Moreover, the DSLivdel ITS-2 sequences for an undescribed
Varestrongylus strongly supported recognition of a previously mown species and
confirmed its placement within the genus (97%) 175,

Varestrongylus alceformed a well-supported clade with this undesatib&arctic species
and V. cf. capreoli (80%), but relationships among these three speters equivocal. A
sister relationship oV. alpenaeto the clade formed by. alces V. cf. capreoli and the
undescribed North American species was also weflpeded (81%).Varestrongylus
sagittatus a parasite of Cervinae, is sister for a cladenéat by the fouVarestrongylus
species parasitic in Odocoileinae cervids (Figuye Sequences from species within the
subfamilies Elaphostrongylinae (99%), Muelleriir{84%) and Protostrongylinae (99%) also
formed well supported clades.

Pathology

Gross pathology

Grossly, lesions in Eurasian moose lungs were defined, tan to pale and firm nodular
lesions that ranged in size from a few millimetre®2—3 cm in diameter. These were mostly
seen subpleurally, but could also be found deapéne lung tissue (Figure 9). Most lesions
were found in the caudo-dorsal region of the diaghratic lobes. Lesions were clearly
demarcated against adjacent normal lung tissue.

Figure 9 Gross and histopathological changes in lungs of Easian moose infected with
Varestrongylus alces26, 27 Gross lesion seen from lung surface during geassnination
(arrow), typical of varestrongylosi2®), and sectioned lesior1.5 cm) 7). 28-31.
Histological sections (H&ER8. Part of the nodule is seen to the right, congistirainly of
large amounts of eggs, larvae and inflammatorygcelhereas normal, slightly
emphysematous tissue is seen to the left. Scal&sB@pnm. 29. A close up oR8 showing to
the left a large bronchiole (B) with epithelial leyplasia and peri-bronchiolar lymphocytic
inflammation that has large amounts of larvae élthmen (area surrounded by arrowheads).
To the right numerous eggs and larvae are fillipghe alveolar space with rupture of
alveolar septa and infiltration of inflammatorylseimainly interstitially. Scale-bar: 5Q0n.
30. Cross sections of adult nematodes (arrows) imiveolar lumen surrounded by large
amounts of eggs and some larvae with scatteredmacliéated giant cells. Scale-bar: 100
um. 31. First-stage larvae (arrows) partly engulfed andosunded by giant cells (*), some
macrophages and numerous eosinophilic granuloc$tzde-bar: 5gm.




Histopathological findings

Histological examination revealed acute to sub-@émtal verminous pneumonia restricted to
one or a few neighboring lobules (Figure 9). Witkine affected lobules, large numbers of
eggs and larvae, some of them degenerated and atieel; were filling up the alveolar
lumen with rupture of alveolar septa. Numerousdarwere also seen in the lumen of some
of the surrounding large bronchioles (Figure 9at&red cross sections of adult nematodes
were found in the alveoli (Figure 9). Reactive des included infiltration of variable
amounts of multinucleated giant cells, macrophagessinophilic granulocytes and
lymphocytes (Figure 9). Marked interstitial infdtrons of inflammatory cells, dominated by
lymphocytes and macrophages, were evident arouadcbioles and vessels and in the
remaining alveolar septa surrounding islands ofungal alveoli filled with eggs and larvae.
Bronchioles with larvae in the lumen had mild hypasia of the epithelium and
inflammation of the wall. The overlying pleura atiee interlobular septa showed variable
degree of fibrosis and infiltration of inflammatacglls dominated by lymphocytes.

In adjacent tissue, a few scattered eggs and larvéee alveolar lumen with little reactive
changes (microgranulomas) were seen, as typiaaliyd inE. alcesinfection [28].

Discussion

Species identity

Varestrongylus alcess a valid species based on combined morphologiod molecular
evidence, corroborating the findings of the origispecies description [21] and, therefore,
should be separated frovh capreolj as postulated in the last revision of the gedlisGiven
that the types were either never deposited in asiBasmuseum repository (there is no
indication in the original description), or haveebesubsequently lost, we propose designation
of neotype foV. alces Such a proposal serves to clearly validate tleeisp, distinguishing
this taxon among its congeners, and establishedigtan the current nomenclature for this
group of nematodes.

As for many taxa within Protostrongylidae, and esgéy within the genud/arestrongylus
the taxonomic history oW. alceshas been confusing [1]. Despite the widely acakpte
synonymy withV. capreolj a few authors have continued to Msealcesas a valid taxon,
however, without emphasizing its dubious taxonostatus and not focusing on aspects of its
life history. Others did not follow the proposediston at the generic level made by Boev
[20], in which CapreocaulusSchulz & Kadenazy, 1948 aRicaulusSchulz & Boev, 1940,
were regarded as junior synonyms\M#restrongylusAdding to the confusion, studies that
disregarded the species-level synonymy have plaogd species in two separate genera:
Capreocaulusfor V. capreoli (as Capreocaulus capreol{Stroh & Schmid [3]) Schulz &
Kadenazy, 1948)) [22,25,26] arRlcaulus Schulz & Boev, 1940 foW. alces(asBicaulus
alces (Demidova & Naumitscheva, 1953) Boev, 1957 Br alcis (sic)) [27,35]. Such
inconsistencies reinforced our need to resolvetdaienomy and the possible synonymy or
independence oY. alcesand V. capreoli[1], given recognition of an unknown taxon in
related hosts from North America.



Molecular findings

Sequences at the ITS-2 locus\afalcesformed a strongly supported monophyletic group,
and were distinct from those ® cf. capreoli, and allVarestrongylusspecies from which
sequences were available. According to the mostirpanious treeyV. alcesis the sister
taxon ofV. cf. capreoli These two species form a well-supported cladh thi¢ undescribed
Varestrongylusfrom the Nearctic, and are more distantly relatedv. alpenaeand V.
sagittatus The multiple sequences Wf cf. capreoli V. sagittatus(clones from this study),
and the undescribed Nearctic species (from [150 &rmed strong monophyletic clades,
supporting species identity. In the only previotisrapt to apply molecular or genetic data in
comparisons oWarestrongyludgsolates fromAlces and Capreolushosts [35], protein band
patterns and their protein isoeletric points weseduto distinguish protostrongylid larvae
from different host sources. Isolates attributalgleé/. alceswere closely related, but not
identical, to those of. capreoli(referred asC. capreol) when contrasted to larval isolates
from muskoxen and elaphostrongylines in Eurasianseand reindeer, consistent with our
findings in the present study.

The intra-individual ITS-2 variability we found fof. alces V. cf. capreoliandV. sagittatus

IS not surprising as it is a multi-copy gene [3@).fact, variability at this region has been
demonstrated in members of the Family Protostraodggl and the undescribed Nearctic
Varestrongylusspecies [15], and the intra-species diversityxigeeted to increase with the
number of individual worms and clones sequenceda-individual variability in multi-copy
genes, such as the ITS-2 region, appears to be canmmparasitic nematode species and
other organisms, and it may indicate incomplete ADfdpeat homogenization within these
species [36]. Similar patterns have been repodedlématodirus battu€rofton & Thomas
1951 [37], as well as for various other gastroiti@s$ strongylid species infecting domestic
and wild mammals [38-43]. Conversely, all clonesmirthe twoV. sagittatusspecimens
showed minimal variability within and between speens.

Pathology and significance

Gross and histopathological pathological lesionsnébin V. alcesinfected moose in the
present study resembled those described for sewénal congeneric species, such\as
capreoli [3,44], V. pneumonicu$4], V. alpenag[45], andV. sagittatus[46], and previous
reports for V. alces [5,23,24]. Since adultvarestrongylusare often found in small
bronchioles, infection is generally associated vigital or multi-focal pneumonia, most often
in the diaphragmatic lobes [1,45], as opposed eodiffuse interstitial pneumonia typical of
the non-pulmonary protostrongylids (i.e., elaphmsfyylines), where larvae and eggs are
disseminated into the lungs via blood stream [P€fhaps, the similar pulmonary pathology
caused byw. capreoliin European roe deer ([1,3,44]; S. Kutz, unpub$.pbmay have
influenced Boev and other Russian parasitologstaakingV. alcesa junior synonym of the
former, together with the previously mentioned ozess

Varestrongylus alcess a common parasite in moose in Norway, with regmb prevalence
ranging from 8% to 26% [23,24]. The infection occ@s an incidental autopsy finding in
moose dying from various causes and has neverds=satiated with disease in moose in this
country. It could, however, be speculated that fieavalcesinfection may predispose the
lungs to secondary bacterial infections. This calkb be the case if this parasite occurs in
combination withDictyocaulusand E. alces as observed in at least two animals in the
present study. Co-infection of. alcesand E. alcesappears to be relatively common in



moose both in Norway [23,24], and other Europeamtiges [22,25]. Parasitism by multiple
species of lungworms and/or extra-pulmonary protosjylids may produce cumulative or
synergistic deleterious effects, as suggestedsascaf co-infection in different host-parasite
systems [16,47-49].

Biogeography — past and present

Varestrongylus alceappears to be geographically restricted to thadattic. To date, the
parasite has been recognizedAinalcesfrom at least six European countries: Poland [22],
Norway ([23,24]; present study]), Sweden [25], &imd (cited in [27]), Estonia [26], and
areas of western Russia [5,2Vjrestrongylus alcebas not been reported from subspecies
of A. americanusn eastern Russia, although the search effortHerparasite is not known.
In North America, despite reasonably extensivelfeaaveys of North American moose in
northern Canada and Alaska, it has not been foreviséd in [16]; G. Verocai, unpubl. data).
In the absence of extensive geographic and hosplsagnwe can look to host and parasite
phylogeny and host historical biogeography to dgvednd explore hypotheses about the
geographic distribution and host associations/aalces

Recent genetic evidence supports thiagescomprises two extant specids: alces,referred

as Siberian moose or elk as per the InternatiomabrJfor Conservation of Nature (IUCN)
[50], in Central Russia to Europe, aAltes americanu@Clinton 1822) referred as moose, in
eastern Asia and North America [9,51-53] (or twojan@enetic clades, but only different
subspecies [51])The contemporary distribution &lcesis a result of complex historical
patterns of geographic expansion and retractiot,isolation.Alcessurvived the glaciations
of the Pleistocene in multiple refugia south of ibe-sheets, as supported by fossil records
within Europe and Asia [54-56]. Throughout the Bdecene and early Holocene, the
distribution of A. alcesin Europe was considerably broader, comprising yrauntries of
western and central Europe, as per fossil and essitffindings. After recession of the
continental ice-sheetA. alcesrecolonized much of the previously glaciated ragiomf
Eastern Europe, Fennoscandia and Russia, and cdanotyn went extinct in areas of
Western and Central Europe [57,58]. In more retiemgs,A. alceswas nearly extirpated in
Europe and only recolonized its current range atiter World War 1l. This population
bottleneck, followed by recent geographic expansresulted in the low genetic diversity
seen among extant populations [56]. NonetheMsalcesseems to have persisted in regions
represented by the different genetic clades regontehis study, and potentially recolonized
suitable areas from Fennoscandia and eastern Eueafending eastwards to the Central
Russian Federation, Kazakhstan, Northern ChinaMongolia [53] along with its definitive
host.

Siberian moose in Eastern Asia are conspecifid&North American moose subspecies.
Historical processes that shaped this divergencklead to speciation withiklces may
explain the absence ®t alcesin A. americanugrom Eastern Asia and, consequently, North
America, to wherAlcesexpanded and colonized only during the Late Rieeste [9,11]. If
the association witilcesis evolutionarily deepy. alcesor its ancestor may have been lost
in A. americanuspopulations due to ecological factors. Alternditlyen case of a more
shallow associatiorl. alcesor its ancestor could have host-switched, andobsked inA.
alces after isolation, and allopatric speciation whers thost was in sympatry with other
cervids associated wiNarestrongyluspecies



Current literature and the knowledge of the histdribiogeography ofAlces and other
ungulates may support an exclusive contemporargcagson of V. alcesto the Eurasian
moose; potentially suggesting a deep historicad@ason with this host. Historically, during
the Pleistocenélceswas sympatric with other cervids includi@grvus elaphuCapreolus
capreolus, and Rangifer tarandus[55,59] in several temperate refugia within Eusasi
Coincidentally, all these cervids are hosts foreotfiarestrongylusspecies in Eurasia or
North America. Additionally, this historical hostyrapatry indicates the long-term co-
existence of differentVarestrongylusZervidae assemblages, which support an early
diversification within the parasite genus, perhaomgruent to ungulate diversification.
Alternatively, this extensive sympatry and diversf the mammalian megafauna may also
have facilitated the occurrence of host-switchingpag ungulate hosts. Glacial cycles during
the Pleistocene caused the extinction of multigenents of this mammalian community and
promoted isolation in different refugia, also aherpatterns of sympatry of cervid hosts of
Varestrongylusspecies, as mentioned above. As proposed by Hadiea) [60], increased
allopatry and host extinction events could haverdsulted in lowered diversity in certain
parasite groups, as in the monospecific gasisngmakstrongylusioberg, Polley, Gunn &
Nishi, 1995, or (ii) constituted a determinant ospglacial isolation and allopatric speciation
of certain parasites, which may be the case ofliverse genu¥arestrongylus

This apparent absence from North American moogeikaps not surprising, as there is no
overlap between Eurasian and Nearctic protostrachdgluna, with the exception of cases
where there have been anthropogenic introductidn8,11,16,31]. Nevertheless, North
American moose are incidental hosts for many ptaiogylids: Orthostrongylus macrotis
(Dikmans 1931) Dougherty and Goble [19,@#&relaphostrongylus tenu{®ougherty [18])
[62], Parelaphostrongylus andersoniPrestwood 1971, the introduced Eurasian
protostrongylid E. rangiferi (Mitskevitch 1960) [63], and the undescribed Na&arc
Varestrongyluspecies [15].

WhetherV. alcesis exclusively associated withlces or if other contemporary sympatric
cervids may serve as suitable hosts is still umcldarein, we consider previous reportsvof
capreoliin Eurasian moose suspect, and more likely td&/balces,as specimens were not
confirmed by morphological or molecular identificet; vouchers do not exist in museum
collections from these surveys. Future studies lshaise combined morphological and
molecular approaches to unequivocally diagndsalcesandV. capreoli,and further assess
their host specificity, especially in areas of swtnp. Further it is critical that any field
collections be accompanied by deposition of spesgnehich make it possible to apply
integrated approaches to assessments of paras#sity [64].

There is a relatively close genetic associatioriVofalcesto the undescribed, multi-host,
Varestrongylusspecies whose putative primary host is the caribad appears to be
geographically restricted to the Nearctic [15,49jis may suggest its potential infectivity to
other hosts, in particular reindeer. Recently, mrary lesions compatible with those caused
by Varestrongylusspecies were found in reindeer in Finland (Antkis@nen, pers. comm.).
In regions of Fennoscandia and Russia, the geoigragige of the Eurasian moose overlaps
with reindeer and it is conceivable that alcescan persist in both hosts. Alternatively, the
lesions may be associated with infection by the IpadescribedVarestrongylussp. from
North American caribou despite no gross pulmonesjohns have been ever observed caribou
or muskoxen examined for this lungworm specieslf@p,or could be caused by yet another
cryptic species oVarestrongylusirculating in Eurasian reindeer.



Varestrongyluscf. capreoli — V. capreolas a species complex?

In our study, the male specimens recovered frogdwf roe deer were largely consistent
with V. capreoli(sensuStroh & Schmid [3]) but differed based on one dtital character,
the absence of a capitulum/head of the gubernaculbuth remarkable intra-specific
morphological variations have not previously beesadibed forVarestrongylusspecies or
other protostrongylids [1]. This morphological éifénce was consistent across specimens
and led us to identify these ¥s cf. capreoli. In V. capreolj the head of gubernaculum in
males is considered not only as a diagnostic featwrt as an autapomorphy of this species,
that is, a unique feature not shared witiiBrestrongyluspotentially due to an independent
evolutionary trajectory (speciation) and, thereforas been considered of phylogenetic
relevance [2]. Notably, we did not have accessntp archival material o¥. capreolj and
could not verify the original description of thepgalum. Morphologically, females of. cf.
capreoliare virtually indistinguishable from eith¥r capreolj andV. alces.The wide range
of measurements reported fdr capreoli[1] could be hiding either a species complex or
simply represent intra-specific variability (i.det existence of morphotypes or lineages in
males). However, as in the casevofalces morphologically similar species could have been
equivocally identified as, or arbitrarily synonyreiz with, V. capreoli Additionally,
supporting the potential existence of a speciespbexnwithin V. capreoliis its apparent
broad host range, as it has been reported in syimgaprine hosts: the mouflo@yis arie$

in Czech Republic and domestic goats in the Swigs £65,66] cited in [1]. These reports
may be equivocal and are yet to be confirmed. Caelg the recent finding of
Varestrongylusspecies that infects caribou, muskoxen (caprine) rarely moose in North
America [15], could support a potentially wide hoetge forV. capreoli

To address this emerging questivn,capreolilike material of cervid and caprine hosts from
the type locality (Bavaria, Germany) and other Biza regions should be assessed by
combined morphological and molecular approacheBrsA step would be to retrieve ITS-2
sequences of mal&/. capreoli that possess the capitulum of the gubernaculum for
comparative analysis, and later evaluate multigleegic markers. In this way, it would be
possible to determine if these different morphatabifeatures are only intra-specific
variation or if there is a crypti?arestrongylusspecies in roe deer from Norway and other
areas of Fennoscandia, reflecting perhaps a maentesvent of geographic isolation of
parasite populations and speciation within the shost. In recent history, after periods of
population fluctuations, roe deer in Fennoscandaeweduced to less than 100 individuals
concentrated in the southernmost part of the Soamdin Peninsula (Southern Scandia,
Sweden) [67,68]. From the 1850’s onwards roe pdjaunaxpanded, and now occupies most
of Norway, Sweden and Finland [68]. This recent anastic host population bottleneck
could have resulted in the genetic drift of thisitadle polymorphic gubernaculum in males
of V. capreoliin the region, or alternatively, this polymorphisnay be attributed to natural
selection.

Final remarks

Further comprehensive investigation targetwigrestrongylushosts in Eurasia and North
America (i.e. cervids and caprines) in conjunctigith a systematic reassessment of the
taxonomic status of dubious taxa through integratledsical and molecular methods in
parasitology may reveal an even richer hidden pEdity within Varestrongylus.
Consequently, such investigation would give us #ebeunderstanding on the historical
biogeography and relationships among the specidgsnathe genus, their associations with



different ungulate hosts, and, ultimately, provigaluable insights on the historical
biogeography of ungulate species.

The use of appropriate molecular markers for sgdeieel identification is a powerful tool
for discriminating valid species among cryptic spsacomplexes [36,69,70]. In this study,
molecular analysis, combined with classical methoassisted us in re-examining the
taxonomic status of a valid species erroneouslyaged as a junior-synonym. In addition to
their irrefutable similar morphology, other factotisat led to this synonymy were the
incomplete description and the absence of spegpest or vouchers, deposited in a museum
collection, hence the importance of specimen déposi71]. Molecular information is
relatively scarce for members of the geMagestrongylusand there is a need to produce
new data for species, and ideally, this should deedconcurrently from specimens with
matching morphologic identification, (i.e. adultg)iter that, larvae confirmed as belonging
to a given species could be used to assess itsag#og and host ranges, and may provide
relevant material for studies on the species hisibbiogeography and phylogeography, in
conjunction with the history of host-parasite asskages.

Conclusions

Varestrongylus alces a valid species, and should be considered aepaomV. capreoli
Phylogenetic relationships amoMgrestrongylusspecies from Eurasia and North America
are complex and consistent with faunal assemblgluing recurrent events of geographic
expansion and host switching and subsequent sjgetiat
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V. alces KJ452184
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V. alces KJ452190
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V. alces KJ452194
V. alces KJ452182
V. alces KJ452185
V. alces KJ452189
V. alces KJ452191
V. alces KJ452195
V. alces KJ452188
V. alces KJ452196
Varestrongylus sp. EU018471
Varestrongylus sp. EU018467
Varestrongylus sp. EU018472
Varestrongylus sp. EU018469
Varestrongylus sp. EU018470
Varestrongylus sp. EU018468
Varestrongylus sp. EU018474
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o7 Varestrongylus sp. EU018479
Varestrongylus sp. EU018476
Varestrongylus sp. EU018475
Varestrongylus sp. EU018477
8 Varestrongylus sp. EU018478
Varestrongylus sp. EU018473
Varestrongylus sp. EU018480
V. cf. capreoli KJ452174

V. cf. capreoli KJ452178

V. cf. capreoli KJ452180

©
<

V. cf. capreoli KJ452176
V. cf. capreoli KJ452177
V. cf. capreoli KJ452179
V. cf. capreoli KJ452175
@ Varestrongylus alpenae AY648407

) V. sagittatus KJ439596
» V. sagittatus KJ439592
y V. sagittatus KJ439598

V. sagittatus KJ439599

® V. sagittatus KJ439597
®» V. sagittatus KJ439595
® V. sagittatus KJ439594
V. sagittatus KJ439593

Elaphostrongylus alces AF504034
Elaphostrongylus rangiferi AY648408
Parelaphostrongylus andersoni AY648400

8 8

_84: Muellerius capillaris AY679527
Umingmakstrongylus pallikuukensis AY648409
9 _: Protostrongylus rufescens EU018485
Protostrongylus stilesi EU01848
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