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Abstract Members of the genus Clinostomum
Leidy, 1856, colloquially known as yellow grubs, are
cosmopolitan parasites of piscivorous birds, freshwa-
ter snails, fish and amphibians. In the southeastern
United States, piscivorous birds present a continuous
challenge for producers of farm-raised catfish. Ciconi-
iform birds are common hosts of Clinostomum spp. in
North America and are endemic on most commercial
catfish operations. The great egret Ardea alba L. is an
avian predator often found foraging on commercial
catfish operations, but to date the trematode fauna of
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great egrets preying on catfish ponds remains mostly
understudied. Thirteen great egrets were captured
from commercial catfish ponds in northeast Missis-
sippi, and examined for trematode infections. Two
morphologically distinct Clinostomum spp. were
observed in the great egrets sampled, one morpholog-
ically consistent with Clinostomum marginatum (Ru-
dolphi, 1819) and one morphologically unique
species. These morphological descriptions were sup-
plemented with molecular sequence data (c.4,800 bp
of ribosomal DNA and ¢.600 bp of mitochondrial
DNA). Gene sequences confirmed the identification of
C. marginatum. However, the second species differed
significantly from its congeners in both morphology
and DNA sequence. Given these distinct morpholog-
ical and molecular characters we propose this second
species as Clinostomum album n. sp.

Introduction

Digenetic trematodes of the genus Clinostomum
Leidy, 1856 are widely distributed parasites of
piscivorous birds, molluscs, fishes and amphibians
(Kanev et al., 2002). Adults are found in the oral cavity
or oesophagus of the bird hosts, the cercariae develop
in freshwater snails and metacercariae encyst in
freshwater fish or amphibians (Dias et al., 2003).
The debate on the number of species is ongoing, but
contemporary studies investigating the genetic varia-
tion between and among species have revealed new
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insights into the taxonomy of the genus (Locke et al.,
2015). As with other groups of digeneans, discrimi-
natory morphological characters that differentiate
closely related species are lacking. This has led to an
underestimation of true species richness, which was
revealed primarily through molecular DNA sequenc-
ing (Caffara et al., 2011; Locke et al., 2015; Rosser
et al., 2016a). Supplemental molecular data coupled
with detailed morphological descriptions have facil-
itated the identification of new species and offer more
sound support of amended descriptions of established
species. Genetic markers typically used to distinguish
between species include ribosomal (e.g. internal
transcribed spacer regions) and mitochondrial (e.g.
cytochrome ¢ oxidase subunit 1) genes (Caffara et al.,
2011; Gustinelli et al., 2010; Sereno-Uribe et al., 2013;
Locke et al., 2015).

The great egret Ardea alba L. (Pelecaniformes:
Ardeidae) is a species of piscivorous bird ranging
throughout the USA, southern Canada, Central Amer-
ica and South America. Given the frequent occurrence
of the great egret on commercial catfish operations in
the southeastern USA, the great egret is widely
considered a nuisance species in catfish aquaculture
(Glahn & King, 2004). While the effect of predatory
foraging by great egrets on catfish aquaculture has
been documented (Glahn et al., 1999; Werner et al.,
2001), the impact of the trematodes they introduce to
catfish production systems is largely understudied.

In North America the number of Clinostomum
species continues to expand. Clinostomum heluans
Braun, 1899 was reported in the great blue heron Area
herodias L. and Clinostomum intermedialis Lamont,
1920 in the Brandt’s cormorant Phalacrocorax peni-
cillatus Brandt from Mexico (Bravo-Hollis, 1947). In
a survey of the helminth parasites of great egrets in
Florida, USA, two species of Clinostomum were
reported, Clinostomum attenuatum Cort, 1913 and
Clinostomum complanatum (Rudolphi, 1814) (see
Sepilveda et al., 1999). Overstreet & Curran (2004)
reported Clinostomum marginatum (Rudolphi, 1819)
from herons, egrets and catfish obtained from produc-
tion ponds in Louisiana and Mississippi, USA. In
Mexico, C. complanatum has been found in great
egrets (Violante-Gonzalez et al., 2012); however
recently Sereno-Uribe et al. (2013) suggested that
previous records of C. complanatum in Mexico are
likely C. marginatum or the more recently recognized
Clinostomum tataxumui Sereno-Uribe, Pinacho-
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Pinacho, Garcia-Varela & Pérez-Ponce de Ledn,
2013 from great egret, great blue heron, and bare-
throated tiger heron Tigrisoma mexicanum Swainson.
Furthermore, Caffara et al. (2011) combined morpho-
logical and molecular data to differentiate adult and
metacercaria stages of C. complanatum and C.
marginatum and concluded that C. complanatum is
the “European” species and is not present in the
Americas.

A recent collection of great egrets from catfish
production operations in the northeastern area of
Mississippi was evaluated for Clinostomum spp.
infection and a novel species is described herein.

Materials and methods

Trematode collection and morphological characteri-
sation

Thirteen great egrets were collected from commercial
catfish operations in Noxubee County, Mississippi
using soft catch leg hold traps and euthanized using
CO,. Immediately following euthanasia, the oral
cavity and sublingual area were inspected for adult
Clinostomum spp. These were removed manually with
sterile featherweight forceps (BioQuip Products,
Rancho Dominguez, California) and placed in 0.09%
sterile saline. The oesophagus and trachea were
separated and opened longitudinally, the contents
emptied into a 38-pm aperture brass sieve and washed
with dechlorinated water. The intestinal lining was
scraped manually and the contents rinsed onto the
screen. The entire screen contents were then examined
in a lined Petri dish under a dissecting stereomicro-
scope (Olympus SZ60, Olympus Optical Co. Ltd.,
Tokyo, Japan). Remaining intestinal contents were
removed and examined for additional trematodes. All
Clinostomum spp. adults were washed into containers
with 0.09% saline.

Adult trematodes were relaxed in slightly boiling
saline and fixed in 70% ethanol. A subsample of each
suspected species was stained with acetocarmine for at
least 5 h, destained in 1% acidic ethanol, and rinsed in
increasing concentrations of ethanol (70—-100%) for at
least 1 h each. Specimens were cleared in Hemo-De
(Fisher Scientific, Pittsburgh, Pennsylvania, USA) and
mounted on clean glass microscope slides using
Permount™ Mounting Medium (Fisher Scientific,
Pittsburgh, Pennsylvania, USA). Representative
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specimens were submitted to the Smithsonian Institu-
tion, National Museum of Natural History, Washing-
ton, DC, USA under accession numbers: USNM
1422013-1422018. Line drawings of each species
were made with the aid of a camera lucida and
digitized using Adobe Illustrator CC 2014 (Adobe,
San Jose, California). Photomicrographs of adult
specimens were captured using an Olympus DP72
digital camera and DP-2-Twain/cellSens software
(Olympus Optical Co. Ltd., Tokyo, Japan). Morpho-
logical characteristics of the collected Clinostomum
spp. were compared to other species within the genus
(Caffara et al., 2011). Measurements are presented as
the range followed by the mean in parentheses and are
reported in micrometres.

DNA extraction and molecular characterisation

Genomic DNA was extracted from three adult spec-
imens of each species with the DNeasy Blood and
Tissue Kit (QIAGEN, Valencia, California, USA).
Approximately 4,800 bp of ribosomal DNA, including
the 18S rRNA gene, ITS1 region, 5.8S rRNA gene,
ITS2 region, and partial 28S rRNA gene, was ampli-
fied by polymerase chain reaction (PCR) from one
representative adult for each species. To identify the
isolate to a lower taxonomic level, an approximately
600 bp sequence of the cytochrome ¢ oxidase subunit 1
(cox1) gene was amplified for all adult specimens from
both species. Primers used for each region are listed in
Table 1. Briefly, each PCR reaction contained 22 pl of
Platinum® PCR Supermix (Invitrogen, Carlsbad, Cal-
ifornia, USA), 10 pmol of forward and reverse primer,
and 1 pl of gDNA (c.15 ng/pl) as template. For
Barker3/Barker4 primers the thermal cycling program
consisted of 94°C for 3 min, 35 cycles of 94°C for
30 s, 50°C for 30 s, followed by 72°C for 1 min.
Parameters for the 1F/5R, BD1/BD2, and LSUS5/
I1500R primer combinations were similar, but
employed an annealing temperature of 45°C and an
elongation step of 1 min 30 s. Likewise, the PCR
thermal cycling program for Diplol1795F/Di-
plo2549R, Diplo2617F/Diplo3170R, 28S 3431F/28S
4779R, and 28S 4759F/28S 5699R primer combina-
tions used previous parameters with an annealing
temperature of 55°C. Finally, the thermal cycling
protocol for the cox1_schist 5'/acox650r primer set
was the same as above, but used a 45°C annealing
temperature. Amplification products were elec-
trophoresed through 0.8% agarose gels stained with

ethidium bromide (0.5 pg/ml) and visualized under
ultraviolet fluorescent light. Each gel was run concur-
rently with a molecular weight ladder (HyperLad-
der™ 50 bp, Bioline, London, UK) to confirm the
presence of appropriate sized bands.

Amplicons were excised and purified using the
QIAquick Gel Extraction Kit (QIAGEN Inc., Valencia,
California, USA) and sequenced commercially (Euro-
fins MWG Operon LLC, Huntsville, Alabama, USA)
using the same forward and reverse primers used to
generate the amplicons. Ambiguous base calls were
annotated manually from respective chromatograms in
SeqManTM (DNAStar, Madison, Wisconsin, USA).
The contiguous rRNA and coxl gene sequences for
each species were compared to other sequenced
Clinostomum species by a Blastn search of the National
Center for Biotechnology Information non-redundant
nucleotide database (NCBI nr/nt) (Altschul et al., 1990).

Published cox1 gene sequences from the genus
Clinostomum available in the NCBI nr/nt database
were downloaded and ClustalW aligned and trimmed
in MEGAG6 (Tamura et al., 2013). The final dataset
contained a total of 427 positions across 88 sequences.
Accession numbers for sequences used in phyloge-
netic analysis are provided in Supplementary
Table S1. The best-fit nucleotide substitution model
for phylogenetic analysis was determined using the
Bayesian Information Criterion as the Hasegawa
Kishino-Yano (HKY) model including gamma distri-
bution site variation (Nei & Kumar, 2000). Bayesian
inference analysis was performed in MrBayes 3.2.6
with Markov chain Monte Carlo searches of two
simultaneous runs of four chains. Chain sampling
occurred every 100" tree over 10,000,000 generations
(Ronquist & Huelsenbeck, 2003) and the first 25%
were discarded as ‘burn-in’ with the posterior prob-
abilities calculated from the remaining trees. The
consensus tree was visualized in FigTree 1.4.2 (Ram-
baut, 2014) and annotated in Adobe Illustrator (Adobe,
San Jose, California, USA). Pairwise distances were
calculated in MEGAG6 based on the alignment of the
two Clinostomum spp. encountered in this study with
those used to construct the phylogenetic tree.

Results

Two distinct species of Clinostomum, characterised
morphologically and molecularly, were observed in
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Table 1 Primers used in amplification of ribosomal genes and mitochondrial cytochrome ¢ oxidase subunit 1 gene of Clinostomum

spp.

Primer Sequence (5'-3') Target gene Reference

Barker3 TTAGAGTGTTCAAAGCAG SSU rRNA Barker et al. (1993)
Barker4 GATCCTTCTGCAGGTTCACCTAC SSU rRNA Barker et al. (1993)

1F TACCTGGTTGATCCTGCCAGTAG SSU rRNA Carranza et al. (1997)
SR CTTGGCAAATGCTTTCGC SSU rRNA Carranza et al. (1997)
Diplo1795F CGTCGCTACTACCGATTGAA SSU rRNA and ITS Rosser et al. (2016a)
Diplo2549R AGTGATCCACCGCTCAGAGT SSU rRNA and ITS Rosser et al. (2016a)
BDI GTCGTAACAAGGTTTCCGTA ITS Morgan & Blair (1995)
BD2 TATGCTTAAATTCAGCGGGT ITS Morgan & Blair (1995)
Diplo2617F CATCGACATCTTGAACGCATA ITS and 28S rRNA Rosser et al. (2016a)
Diplo3170R GCTGGACTTAGGATGGAGCA ITS and 28S rRNA Rosser et al. (2016a)
LSUS5 TAGGTCGACCCGCTGAAYTTAAGCA 28S rRNA Littlewood et al. (2000)
1500R GCTATCCTGAGGGAAACTTCG 28S rRNA Littlewood et al. (2000)
28S 3431F TCAGAGGTAAACGGGTGGAG 28S rRNA This study

28S 4779R CTCAGCTTGCAATGACGGTA 28S rRNA This study

28S 4759F GTCTTGAAACACGGACCAAG 28S rRNA This study

28S 5699R TACCACCAAGATCTGCACCT 28S rRNA This study

Cox1_schist 5’ TCTTTRGATCATAAGCG cox1 Lockyer et al. (2003)
Acox650r CCAAAAAACCAAAACATATGCTG cox1 Kudlai et al. (2015)

the oral cavity and occasionally the oesophagus of
11/13 (overall prevalence of 85%) great egrets.
Clinostomum marginatum was identified in 10/13
(prevalence of 77%) and a second morphologically
and molecularly distinct species in 4/13 (prevalence of
31%) great egrets. No Clinostomum spp. were
observed in the lower intestinal tracts of any bird.

Family Clinostomidae Liihe, 1901
Genus Clinostomum Leidy, 1856

Clinostomum album n. sp.

Type host: Great egret Ardea alba Linnaeus (Pelecan-
iformes: Ardeidae).

Type-locality: Noxubee County, Mississippi, USA.
Type-material: Holotype USNM 1422013 and 2
paratypes USNM 1422014-1422015 are deposited in
the Smithsonian Institution, National Museum of
Natural History, Washington, D.C., USA

Site in host: Oral cavity (sublingual) and oesophagus.
Infection parameters: Prevalence: 31% (4 out of 13
birds); abundance: range 0-6, mean 0.9 worms per
bird; mean intensity 3.0 worms per infected bird.

@ Springer

Representative DNA sequences: GenBank KU708008
(ribosomal genes) and KU708010 (cox1).
Etymology: The specific epithet is in reference to the
host specific name.

Description (Figs. 1A, 2A)

[Based on the holotype and 5 paratypes. All measure-
ments were taken from stained and mounted gravid
adult worms.] Body, linguiform, slender anterior
region, widest at level of gonads, 4,402-5,929 x
969-1,108 (5,269 x 1,047). Anterior extremity with
distinct oral collar-like fold typical of the genus,
357-507 x 526-690 (428 x 617). Oral sucker small,
207-307 x 234-344 (256 x 263). Pharynx present,
intestine bifurcates just posterior to oral sucker and
intestinal caeca laterally extend almost to posterior of
body. Ventral sucker, large, located in lower anterior
third of the body, 480-648 x 485-610 (578 x 560).
Distance between oral and ventral sucker 360-827 (656).

Testes, tandem, located in upper region of posterior
third of body. Anterior testis triangular, lobed, later-
ally compressed by cirrus-sac on right margin,
266469 x 449-535 (375 x 488). Posterior testis
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Fig. 1 Photomicrographs of stained Clinostomum spp. from Ardea alba collected on commercial catfish operations in Noxubee
County, Mississippi, USA. A, Clinostomum album n. sp.; B, Clinostomum marginatum. Scale-bar: 800 pum
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Fig. 2 Line drawing of Clinostomum spp. from Ardea alba collected on commercial catfish operations in Noxubee County,
Mississippi, USA. A, Clinostomum album n. sp.; B, Clinostomum marginatum. Scale-bar: 800 pm
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larger, triangular, lobed, 313473 x 416-571 (425 x
501). Distance between testes 264-354 (298). Cirrus-
sac, laterodorsally surrounds right margin of anterior
testis, 140-307 x 117-162 (222 x 146).

Ovary small, intertesticular, dextral, ovoid,
201-281 x 180-254 (235 x 199). Uterine duct intra-
caecal, extending anteriorly along left margin of
anterior testis before opening into uterine sac. Uterine
sac filled with eggs, occupies lower field between
ventral sucker and anterior testis. Metraterm muscular,
leads into uterus close to genital atrium. Genital pore
pretesticular. Vitelline fields restricted mostly to
lateral margins of body, begin just posterior to ventral
sucker and extend to posterior extremity of body. Eggs
yellowish, 90-108 x 53-67 (100 x 61), on average
70-82 (75) in number, often located within uterine sac,
uterine duct, and odtype region.

Molecular data

Molecular analysis of ¢.4,800 bp of ribosomal DNA
from a single adult showed a high level of conserva-
tion between the two species collected in this study, as
they were 99.4% (4,801/4,832 bp) similar across the
five ribosomal targets examined. When compared to
other sequences deposited in the GenBank database,
C. album n. sp. shared 99.6% (1,952/1,960) sequence
similarity at the 18S rRNA gene with an unpublished
sequence of C. marginatum from North America
(AY245760). Additionally, C. album n. sp. shared
96.5-97.2% sequence similarity with C. complanatum
(AY245701 and FJ609420; Dzikowski et al., 2004;
Gustinelli et al., 2010), Clinostomum cutaneum
Paperna, 1964 (GQ339114 and FJ609421; Gustinelli
et al., 2010), and Clinostomum phalacrocoracis
Dubois, 1931 (FJ609422-FJ609423; Gustinelli et al.,
2010) across partial 18S rDNA, complete ITS1, 5.8S
rDNA, ITS2, and partial 28S rDNA sequences.

A 604 bp sequence of the mitochondrial cox1 gene
from three individual adults was identical for all three
specimens and revealed that C. album n. sp. shared
limited sequence similarity with any Clinostomum
spp. in the GenBank database. The highest sequence
similarity was with C. detruncatum at 85.3—85.4%
(KP110517-KP110519; Locke et al., 2015). Clinos-
tomum album n. sp. shared 85.1% sequence similarity
with C. attenuatum (KP150305-KP150306; Locke
et al., 2015), and <85% sequence similarity with two
unidentified species of Clinostomum, designated as

Clinostomum sp. 4 from Apistogramma sp. Regan in
Peru (KP110531; Locke et al., 2015) and Clinostomum
sp. from Rana clamitans Latreille and Rana pipiens
Schreber in Canada (JF718587 & JF718585; Caffara
et al., 2011). Similarly, C. album n. sp. shared only
82.9-84.9% sequence similarity with isolates of C.
marginatum available in the GenBank database and
from great egrets in this study.

Remarks

Morphologically C. album n. sp. was distinct from C.
marginatum infecting the great egrets examined in this
study. Although similar in mean length, C. album n. sp.
was considerably narrower than C. marginatum (1,047
vs 1,562 pm). Furthermore the oral sucker, ventral
sucker, testes, and cirrus-sac of C. album n. sp. were all
smaller on average when compared to those of C.
marginatum observed in this study and in previous
records of this species from North American Ardeidae
(Caffara et al., 2011). Clinostomum album n. sp. also
tended to have less diffuse vitelline follicles, usually
confined to the lateral margins of the body compared to
the more expansive vitelline follicles of C. marginatum.
Eggs of C. album n. sp. are roughly the same size as C.
marginatum, although overall body length and width are
considerably smaller. Morphological data of the Clinos-
tomum spp. of North America are presented in Table 2.

Clinostomum marginatum (Rudolphi, 1819)

Host: Great egret Ardea alba (Linnaeus) (Pelecani-
formes: Ardeidae).

Locality: Noxubee County, Mississippi, USA.

Site in host: Oral cavity (sublingual) and oesophagus.
Infection parameters: Prevalence: 77% (in 10 out of
13 birds); abundance: range 0-29, mean 5 worms per
bird; mean intensity 6.5 worms per infected bird.
Voucher material: Vouchers USNM 1422016-
1422018 are deposited in the Smithsonian Institution,
National Museum of Natural History, Washington,
D.C, USA

Representative DNA sequences: GenBank KU708007
(ribosomal genes) and KU708009 (cox1).

Description (Figs. 1B, 2B)

[Based on 7 stained and mounted gravid adult worms.]
Body, stout, linguiform, 5,132-6,210 x 1,350-1,820

@ Springer



Syst Parasitol (2017) 94:35-49

4

(909) (9s%) (£99) (88%)
S001-0LE (208) 1¥1°1-69¢ 090°1-S¢L 0P8 1-00L 1 009-09¢ 0001006 LELPES Ses—ovY MLV
(1v¢) (¥69) (€Sh) (SLE)
0S9-0CC (615) €¥L-06T 0TE 1-S76 006—098 0SL—0SS 00S—9¢v 9TS—€LE 691-99¢ 1LY
oLL) (959)
- - - - - - 826—0%9 LT8-09¢ sda
&0
- - - - - - ¥70-LE0  (S0) 9°0-S0 MA/MSA
- - - - - - (€06 0T @IDHVT=<ST MSO/MSA
(249 (LeL) (119) (099)
LLL=OCY (9SL) 996—€8S 0¥ 1-86L 001°1-088 006—029 798—06L LL9~68S 019-68% MSA
(9¢9) (09L) (T19) (8LS)
0S8—0C¥ (#9L) 816109 00T 1-0%8 001°1-088 006—009 - 769-05S 8179081 ISA
(To)
- - - - - - 610510  (€0) ¥0-C0 MEI/MSO
(802) (LSS) (L92) (€92)
00€—0LT (66€) 10S-TST - 00L—08S 0S8—0¢C¢ 08¢—0I¢ 8I¢—LET Pre—1ET MSO
(902) (Tey) (892) (952
0S€—0LIT (I1€) ¥6€-1L1 00S—00¢ 008—0%9 0LS—061 - 66C—9%C LOE—LOT “1SO
(09L) (€28) (L19)
0LST—0LS - 09€°1-L9S 0Py 1-000°1 - - €96~ CYL 069-9¢¢ MDO
(09t) (199) (82P)
066—0¢¢ - 08+ 1-009 000°T-0v8 - - €6L—CEY LOS—LSE 00
- - - - - - wwoorce ©9I19TYH Md/1d
(00Z'D) (0000 (006°1) (95D (Lyo'D)
000°€-008 008C-00¢‘1 088°C—LE0°C PPy E-0¥9°C 00LT-00S‘1 0$9C-080°C 028°1-05¢‘1 801°1-696 Mg
(00S‘?) (000°L) (006'%) (L69°S) (69T°S)
008°6-09¢°¢ 002°8-006°S 00I°T1-S19°9  S¥1°9Z-90L‘0T 00€°9-00¥°¢ 85€°L—0069 01T9-CEl’S 676'S—T0v'y 1d
(0961) TeUIRg
(17100 (Ly61) (Ly61) -saIepuesog
(€107) ‘T8 12 2quI-0UAIRS HERERA G i1g) SI[[OH-0A®BIg sI[og-oAvlg  (1107) [B 10 BIejjeD 2 uonny Apns sy, Apnys styJ, ERlIENEIEN |
VSN ‘sexa], vsSn vSn
OOIXJ\ 29 BPLIO[ ‘BpeURD) OOIXIN OJTXIIN Arer VSN ‘epuolg ‘addrssissiy ‘addrssissTig Aeoso
uosurems
WNUDIIXIU DUIOSLIST] 1 jpuelg " vaundind vapay
1 Spipoday vapLy  S1q1 Snomgng 1 smppouad 1 spiposay ¢ DLULD DIPLY  SNUDPLIOY SNILIND
“ pqp PPy SDIPOLIY DIPIY XD1020.410D]DYJ papay <] DUIZADS DII2ASH XDA0204IDIDYJ ] DGID DIPLy ] DQID DIPLY 1SOH
1MUNXDID] wnpu18ivu SypIpauULIIUI suvnjay wnpuv]diiod wWnIpNuaIn wnpu18ivu ‘ds ‘u wnqp
[ lie) WNUI0ISoU) WNUL0ISOU) WNUOISOU]) WNUI0ISoUI]) WIMUOISOUI])  WNWOISOUN])  WNWOISOUI)) qysered

wnwoisou1]) Jo seroads ueouowry YlION pue Apmis sty ur s}o139 jeard woiy dds wnwoisoury) 10y eyep reordojoydioy g dqelL

pringer

As



43

Syst Parasitol (2017) 94:35-49

$339 Jo "ou ‘#OOH ‘PPpM 339 ‘MDD ‘PSud[ 839 “THOT YIPIM OBS SNIIID ‘A SD ‘YISU] 9BS SN IS ‘YIPIM ATBAO ‘A AO YISUS] AIBAO “TAQ ‘S9ISI) USaM]Aq 0UBISIP ‘L
appIm s1se) Jo119)sod M Id ‘YISUS[ sns9) Jo1)sod ‘T UIPIM SIISA) JOLIdUER ‘A LV {YISUS[ SIISA) JOLIOUE TV SIONONS U9M]aq 0URISIP ‘S ‘YIPIM JOONS [BNUA ‘M SA
SUISUQ IOYONS [BIUIA “TSA ‘UIPIM JAYONS [BIO ‘A SO ‘YISUS[ 19YoNs [eI0 “JSO ‘YIPIM B[]0 [BI0 ‘MWDQ YISUS] Ie[[03 [e10 “TDO ‘YIpIM Apoq ‘M d ‘YISud| Apoq “Iq :SuU0uD1A2qqy

- - - - - (89) ¥6-LE (SL) T8-0L #DDH
(L)
- (69) 6L€9 78 9L 08-0L 06—59 - (89) TL—€9 (19) L9—¢€6 MDDH
((490)
- (S01) 601-T0T 0CI=01 9EI—vII SCI-001 - (101 SO1-¥6  (00T) 801-06 1504
(10) (¥0°0)
- - - - - - 60'0-90°0 1'0-20°0 14/71SO
Ly (20) (020 orn
00€-0¢€1 (L6Y) T#L-991 008-9%¢ - 002¢-001 - 86C—VS1 COI-LIT MSD
(059 (289) (811) (zeo)
0¢s—0S¢C (LTE) S6L-TST 079-00% - 00¥—0S€ - rS9I¢ LOE—0v1 SO
- - - - - - (6070180 (8°0) 60-80 TAO/MAO
(961) (€12) Lo (661)
09¢-0S1 (981) L9T-101 08¢—09¢ ¥1L-09¢ 00€-0¥1 STI-601 9¢T9LI yST081 MAO
(812 (950) (9€0) (S€0)
0¢y—091 (SLT) 90€-811 08¥—0C¢ 0r8-0v9 01€-0¢C €L—59 19¢-L81 18¢-10¢ TAO
((489) (860)
- - - - - - 8LE-CST YSE—1+9¢ Ldd
- - - - - - (0L 61-¥1T (@D ET-0T TLI/MId
(665) 1) (00L) (109)
0cCI-0SY (06L) ¥1¥'1-6LE 007 1-0S0°'T  OVL T-0¥¥'l 016-00¢ 086—vLL 978-69¢ ILS91Y MId
(9v¢) (16L) (vzh) (szh)
0Cr—0ve (19%) L8S—991 06-08S 0r8-0v9 0v6—009 815001 685—61¢ eLEIE T1d
- - - - - - ©DgITr (€DLI-IT TILV/MLY
(0961) Teuzeg
(1100) (Ly61) (Lve1) -sarepue3og
(€107) 'T& 12 2qLI)-0UAIS ‘Te 19 eIBjjRD SI[[OH-0ARIg  SI[[OH-0A®Ig (1107) '[& 30 BIejje) 29 uopny Apns sy, Apnis SIY],  QouQIRJOY
VSN ‘Sexa, vsn vsn
OOIX]N 29 BPLIO[] ‘BpeuR)) OJTXN 0OIXIIN AR VSN ‘epuolg ‘addrssissiy “addrssissTg Aeso
uosurems
WNUPIIXIUL DUIOSIIS]] 1 jpuerg 1 vaundind vapay
©r Spposdy vapay  S1q1 snomgng | smppouad "1 SpIpoLIY © DaAAULD DIPLY  SNUDPLIOY SNILIND
1 pqp PapIy SDIPOLIY DIPLY XDA0D04IDIDYJ paply ] DIIZADS DII2ASH XDA0D04IDIDYJ ] DGID DIPLY ] DQID DIPLY 1SOH
MUNXDID] wnpurdivul SypIpaULIIUI subnjay wnpuv]duiod wmppnuayy  wmpuiSiow - ds ‘u wngp
wnuosout]) WNWOISOU) WNWOISOUI]D)  WNWOISOUL]) WNUI0ISoUI]) WIMUOISOUI])  WNWOISOUN])  WNWOISOUI)) qysered

penunuod g dqe],

pringer

s



44

Syst Parasitol (2017) 94:35-49

(5,697 x 1,562). Anterior end possessing oral collar-
like fold typical of the genus, 432-793 x 742-963
(561 x 823), surrounding oral sucker. Oral sucker,
small, 246-299 x 237-318 (268 x 267). Ventral
sucker, large, located near anterior of the body,
550-694 x 589-677 (612 x 611). Intestinal caeca
bifurcate immediately behind oral sucker and extend
to the terminal end of the body. Distance between the
oral and ventral sucker, 640-928 (770).

Testes, tandem, located toward the middle or upper
portion of the posterior of the body. Anterior testis,
triangular, lobed, 373-526 x 534-737 (453 x 667)
and laterally compressed on the right margin by cirrus
sac. Posterior testis, triangular, lobed, 319-589 x
569-826 (424 x 700). Distance between testes
252-378 (312). Cirrus sac, laterodorsally surrounds
the right margin of the anterior testis, 316-544 x
154-298 (418 x 220).

Ovary, ovoid, intertesticular, dextral, 187-261 x
176256 (236 x 217). Uterine duct lies at the level of
the caecae and extending anteriorly along the left
margin of the anterior testis before opening into the
uterine sac. Uterine sac occupies almost the entire area
of the body between the ventral sucker and anterior
testis. Metraterm, muscular, joins the uterus close to the
genital atrium. Genital pore, when observed, pretestic-
ular. Vitelline follicles diffuse, concentrated in the
lateral regions of the body and beginning at the level of
the ventral sucker and extending to the end of the body.
Eggs, yellow in color, 94-105 x 63-72 (101 x 68),
37-94 (68) eggs throughout the uterine ducts and sac,
and also often obscuring the o6type region.

Remarks

Morphologically C. marginatum specimens identified
in this study were consistent with those previously
described for the species (Cort, 1913; Caffara et al.,
2011). Clinostomum marginatum collected from great
egrets in this study shared 98.9-100% sequence
similarity at ribosomal genes available for C. margina-
tum in the GenBank database, with most archived
sequences covering the ITS1, 5.8S rRNA, and ITS2
region. Additionally, C. marginatum shared
97.5-96.9% sequence similarity with > 4,500-bp of
ribosomal DNA from C. cutaneum (GQ339114 &
FJ609421; Gustinelli et al., 2010), C. complanatum
(AY245701 & FJ609420; Dzikowski et al., 2004;
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Gustinelli et al., 2010), and C. phalacrocoracis
(FJ609422-FJ609423; Gustinelli et al., 2010).

Moreover, the 612-bp cox1 sequence of three C.
marginatum specimens was > 99% similar to isolates
of C. marginatum in the GenBank database. The
morphological description and limited interspecific
variation at the cox1 gene support the identification as
C. marginatum.

Cox1 phylogeny of Clinostomum spp.

Genetic divergence of cox1 sequences (Table 3) of C.
album n. sp. with other species of the genus ranged on
average 15.29-19.86% (14.12-20.0%). Whereas, C.
marginatum had minimal intraspecific genetic diver-
gence at the coxl sequence when compared to other
isolates of C. marginatum. The genetic divergence of
C. marginatum to other isolates of C. marginatum was
1.49% (0.47-8.71%). Bayesian inference based on
cox1 sequences demonstrated distinct clustering of the
Clinostomum marginatum from this study with other
isolates obtained throughout North America (Fig. 3)
and as sister taxa to C. attenuatum. Clinostomum
album n. sp. was basally located within a clade
containing C. tataxumui, Clinostomum sp. 5, Clinos-
tomum sp. 2, Clinostomum sp. 1, Clinostomum sp. 3,
and Clinostomum sp. 4. Topology of the tree was
similar to previously published phylogenetic trees of
cox1 sequences of clinostomes (Locke et al., 2015)
and well supported. For an uncollapsed tree, see
Supplementary Figure S1.

Discussion

Clinostomum species are cosmopolitan parasites of
avian, mollusc and amphibian or fish hosts. These
digeneans are of significant commercial and ecological
importance as parasites of ecologically threatened
species of amphibians, as well as wild and farm-raised
fish (Paperna, 1991). In North America, six named
species have been reported (C. attenuatum, C. com-
planatum, C. heluans, C. intermedialis, C. marginatum
and C. tataxumui) from avian, mollusc, fish and
amphibian hosts (Bravo-Hollis, 1947; Stuart et al.,
1972; McAllister, 1990; Sepulveda et al., 1994,
1996, 1999; Kinsella et al., 2004; Caffara et al., 2011;
Sereno-Uribe et al., 2013). The larval stages of
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Table 3 Pairwise distances (in %) between cytochrome c¢ oxidase subunit 1 sequences of Clinostomum album n. sp. and Clinos-

tomum marginatum from this study and other Clinostomum spp

Clinostomum album n. sp. Clinostomum marginatum

(this study)

Clinostomum complanatum (Rudolphi, 1814)

Clinostomum cutaneum Paperna, 1964

Clinostomum detruncatum Braun, 1899

Clinostomum marginatum (Rudolphi, 1819)

Clinostomum phalacrocoracis Dubois, 1931

19.86 (19.29-20.00)
18.00 (17.88-18.12)
15.37 (15.29-15.53)
15.39 (14.82-16.94)
19.84 (19.53-20.00)

16.77 (06.47-06.94)
17.06 (16.94-17.18)
14.20 (14.12-14.35)
01.49 (00.47-08.71)
19.37 (19.06-19.53)

Clinostomum philippinense Velasquez, 1960

Clinostomum tataxumui Sereno-Uribe, Pinacho-Pinacho,
Garcia-Varela & Pérez-Ponce de Leon, 2013

Clinostomum sp. 1 of Locke et al. (2015)
Clinostomum sp. 2 of Locke et al. (2015)
Clinostomum sp. 3 of Locke et al. (2015)
Clinostomum sp. 4 of Locke et al. (2015)
Clinostomum sp. 5 of Locke et al. (2015)
Clinostomum sp. 6 of Locke et al. (2015)
Clinostomum sp. 8 of Locke et al. (2015)

19.76 18.35
18.09 (17.88-18.12) 16.21 (16.00-16.24)

15.29 16.00
16.00 (16.00-16.00) 15.06 (15.06-15.06)
16.47 15.53
14.12 15.76
16.00 (16.00-16.00) 16.47 (16.47-16.47)

19.29 17.41
19.24 (19.06-19.53) 16.41 (16.24-16.71)

Values are presented as average number of base differences per site followed by the range in parentheses

C. marginatum have been reported from hosts in
commercial catfish ponds, marsh ramshorn snails
Planorbella trivolvis (Say) and channel catfish Ictalu-
rus punctatus (Rafinesque) (Lorio, 1989) collected
from commercial catfish operations. Moreover, Over-
street & Curran (2004) reported C. marginatum in
egrets and herons in the southeastern United States.
Herein we report two species, C. marginatum and C.
album n. sp., from great egrets foraging on catfish
aquaculture operations in Mississippi.

Morphologically C. album n. sp. was distinct from
other Clinostomum spp. reported from North Ameri-
can avian hosts. The isolate was consistently smaller
across numerous features. Gonads were diminutive
and placement of vitelline follicles was restricted to
the lateral margins of the body rather than the more
diffuse vitelline follicles of C. marginatum. Clinosto-
mum spp. from South America and Mexico, specifi-
cally C. detruncatum and C. heluans differ
considerably, not only in their much larger size, but
also placement of the gonads at the posterior of the
body (Bravo-Hollis, 1947; Travassos et al., 1969). In
addition, eggs of C. album n. sp. were similar in size to
C. marginatum, even though the body and other
morphological features of C. album n. sp. are
markedly smaller.

While morphological descriptions have been the
basis of identification of digeneans over the past two
centuries, molecular identification has afforded more
precise differentiation of morphologically similar
species (Caffara et al., 2011). While unremarkable at
the ¢.4,800 bp rDNA region, C. album n. sp. was
markedly divergent at the cox1 gene from all other
species of Clinostomum available in the GenBank
database. That said, the interspecific variability
between C. album n. sp. and C. marginatum was
consistent with intrageneric variability described for
the genus (Caffara et al., 2011; Locke et al., 2015).
Additionally, the limitation of ribosomal genes as the
only molecular marker for species delimitation was
exemplified in this study. The ¢.4,800-bp of C. album
n. sp. ribosomal DNA demonstrated less than 0.7%
divergence from C. marginatum, while demonstrating
less than 4% divergence from other Clinostomum
species in the GenBank database. These results are
consistent with those reported by Gustinelli et al.
(2010), where ribosomal DNA sequences of C.
cutaneum were less than 3% divergent from other
closely related species of Clinostomum. In order to
fully appreciate the species richness of the Clinosto-
mum, further sampling from avian, fish and mollusc
hosts from different continents is needed, coupling
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Clinostomum marginatum

Clinostomum complanatum

087L{| clinostomum sp. 8

— | Clinostomum phalacrocracis

Clinostomum philippinense

Clinostomum cutaneum

Clinostomum detruncatum

0.97 Clinostomum tataxumui
094
1 Clinostomum sp. 5
1 0.84 0.95
iy Clinostomum sp. 2
1
L— Clinostomum sp. 1
0.8}

1

Clinostomum sp. 3

Clinostomum sp. 4

Clinostomum album n. sp.

Clinostomum sp. 6

Austrodiplostomum ostrowskiae

0.06

Fig. 3 Bayesian inference tree for Clinostomum spp. based on the cytochrome ¢ oxidase subunit 1 gene dataset. Numbers above
branches represent posterior probability values (values < 0.50 are not shown). Clinostomum species observed in this study are in bold

detailed morphological descriptions with sequences At present, the importance of C. album n. sp. as a
from both conserved (ribosomal) and fast evolving pathogen of amphibians or fish is unclear as the
genes (mitochondrial). intermediate hosts involved in the life-cycle are
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unknown. Clinostomum marginatum has been
reported from farm-raised catfish in the southeastern
United States, where infections may lead to unmar-
ketable fish at processing. However, C. marginatum
infections are rare and generally of little consequence
to catfish aquaculture compared to other more dam-
aging digeneans (Lorio, 1989; Wise et al., 2008;
Griffin et al., 2012).

In catfish production ponds, marsh ramshorn snails
serve as intermediate hosts for C. marginatum, and
possibly other Clinostomum spp. (Hunter & Hunter,
1934; Lorio, 1989; Overstreet & Curran, 2004). In
Brazil, planorbid snails in the genus Biomphalaria
Preston serve as the first intermediate host for a
Clinostomum sp., suggesting that other planorbid
snails may be suitable hosts in the life-cycle of
Clinostomum spp. (Pinto et al., 2015). In catfish
production ponds in Mississippi, USA, there are at
least two species of planorbid snail, namely P.
trivolvis and Biomphalaria havanensis (L. Pfeiffer),
that host digeneans infecting farmed catfish (Yost
etal., 2009; Rosser et al., 2016a, b). The importance of
B. havanensis as a first intermediate host in the life-
cycle of Clinostomum spp. is currently unknown, but
B. havanensis has been shown to host several genera of
diplostomids including, Austrodiplostomum ostrows-
kiae Dronen, 2009, an uncharacterised Austrodiplosto-
mum sp., Bolbophorus damnificus Overstreet, Curran,
Pote, King, Blend & Grater 2002, Drepanocephalus
auritus Kudlai, Kostadinova, Pulis & Tkach 2015, and
an unidentified Tylodelphys sp. (Alberson et al.
unpublished data; Rosser et al., 2016a, b).

Herein we report the clinostomid trematodes of great
egrets collected from commercial catfish operations in
the northeastern part of Mississippi, USA. Clinostomum
album n. sp. represents the fourth named species of
Clinostomum described in North America. Molecular
sequencing data will allow further elucidation of life-
cycle stages of C. album n. sp. as they are discovered.
Additionally C. marginatum was observed and molec-
ularly confirmed as a parasite of the great egret. The
Clinostomum species of other piscivorous birds forag-
ing from commercial catfish ponds and their effects on
catfish production warrant further study.
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