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Abstract

Procamallanus is a species-rich genus of parasitic nematodes of marine, brackish, and freshwater fishes, occurring also occa-
sionally in amphibians and reptiles. In the Neotropical region, this genus is highly diverse, with species described from a wide
range of fish families. In this study, we reassess the taxonomic status of Procamallanus rebecae with molecular and morpho-
logical data and describe a new species endemic to Nicaragua and Costa Rica. We analyzed all Procamallanus isolated from fish
from the Nicaraguan lakes and some rivers in Costa Rica after an exhaustive analysis of their freshwater fish endoparasite fauna.
Procamallanus rebecae is a host-specific parasite of Middle American cichlids, previously reported in southern Mexico,
Nicaragua, and Costa Rica. We therefore compared these Central American specimens with individuals of P. rebecae collected
in cichlids from southeastern Mexico using two genomic regions (28S rDNA and mitochondrial cytochrome oxidase subunit 1,
COI). We found high levels of sequence divergence between Procamallanus from the two geographical regions, with up to 9.8
and 10.5% for both genetic markers, respectively. We also analyzed their morphology and found conspicuous differences in the
shape of the mouth and the structure of the female cauda. We therefore describe the specimens of Procamallanus from Central
American cichlids as a new species. Both Procamallanus species occur in different cichlid species and are allopatrically
distributed. The host specificity and ancient association patterns between cichlids and Procamallanus and the jointly colonization
of both hosts and parasites during their northern dispersal from South America are briefly discussed.
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Introduction and occasionally in amphibians and reptiles (Rigby and Rigby

2013). Traditionally, species in this genus have been grouped

The nematode genus Procamallanus Baylis, 1923, is a diverse
group of parasites of the family Camallanidae Railliet et
Henry, 1915, found in marine, brackish, and freshwater fishes,
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in five subgenera mainly based on the sclerotization of the oral
capsule (Moravec and Thatcher 1997), although recent molec-
ular phylogenetic analyses of camallanids have shown incon-
sistencies in such classification (Ailan-Choke et al. 2020).
Procamallanus is very diverse in the Neotropical biogeo-
graphical region with up to 30 species described (Ailan-
Choke et al. 2018). Four of these species are exclusively found
in cichlid fish, two in Middle America belonging to the sub-
genus Spirocamallanus Olsen, 1952, P. mexicanus Moravec,
Salgado-Maldonado & Caspeta-Mandujano, 2000, and
P. rebecae Andrade-Salas et al. 1994, and two in South
America, belonging to the subgenus Procamallanus Baylis,
1923, P. peraccuratus Pinto, Fabio, Noronha & Rolas, 1976,
and P. spiculastriatus da Silva, de Vasconcelos, Monks, dos
Santos & Giese, 2018. Procamallanus rebecae is supposedly
distributed throughout Middle America, and has been reported
in several cichlid fish species in southeastern Mexico,
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Nicaragua, and Costa Rica (Andrade-Salas et al. 1994;
Aguirre-Macedo et al. 2001; Gonzalez-Solis and Jiménez-
Garcia 2006; Sandlund et al. 2010). Due to their close associ-
ation with cichlid fish, it has been considered part of their
biogeographical core parasite fauna (Pérez-Ponce de Ledn
and Choudhury 2005).

The intense volcanic activity during the Pleistocene in
Central America originated volcanoes that over time collapsed
and formed the basis for an array of present crater lakes in this
region (Kutterolf et al. 2007). Nicaraguan crater lakes have
been thoroughly investigated for their fish fauna (Barlow
1976; Barlow and Munsey 1976; Waid et al. 1999; Elmer
et al. 2010a, 2010b), which colonized them from the adjacent
great Nicaraguan large lakes, Nicaragua and Managua, of tec-
tonic origin (Barluenga and Meyer 2010). The crater lakes are
dominantly inhabited by cichlid fish (Waid et al. 1999), and
particularly by the Midas cichlid species complex
Amphilophus spp. (Barlow 1976). This recent adaptive radia-
tion has been argued to have evolved repeatedly through sym-
patric speciation (Barluenga et al. 2006; Barluenga and Meyer
2010; Elmer et al. 2010b; Kautt et al. 2016).

During a comprehensive survey of the metazoan endopar-
asite fauna of fish from Nicaraguan lakes and some rivers in
Costa Rica, some specimens of the nematode genus
Procamallanus were found in the digestive tract of cichlid
fish. We analyzed these nematodes together with P. rebecae
collected in cichlids from southeastern Mexico. In order to
elucidate the phylogenetic relationships of these nematode
parasites, they were compared using morphological and mo-
lecular approaches.

Materials and methods
Sample collection

Fish were collected across three parasitological surveys car-
ried out in Nicaragua, in November—December of three con-
secutive years, 2017-2019. Fish were sampled from the great
Nicaraguan Lakes Nicaragua and Managua, and from five
crater lakes in the surrounding region. The parasitological
scanning was carried out on a total of 896 fish, including 20
cichlid species and seven species of non-cichlid fish. We stud-
ied non-cichlid fishes in the locality to further corroborate that
the species is indeed a cichlid parasite in the geographic area.
Additionally, we included specimens of Procamallanus from
two species of cichlids (18 individuals) sampled in Costa Rica
in 2015. We also included samples of Procamallanus obtain-
ed from cichlids collected between 2003 and 2014 in eight
localities of southeastern Mexico (Fig. 1, Table 1). All fish
were collected with gill nets, cast nets, and harpooning, then
sacrificed with an overdose of tricaine (MS-222), dissected,
and all organs immediately studied for parasites under a
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stereomicroscope. We isolated all Procamallanus specimens,
rinsed them in 6.5% saline solution, and fixed in 100% EtOH
or 4% hot (nearly boiling) formalin for molecular and mor-
phological analyses, respectively.

Molecular analyses

Genomic DNA was isolated using DNAzol Reagent
(Invitrogen) or Speedtools tissue DNA extraction kit
(Biotools) according to the manufacturer’s protocol, from a
fragment of the middle body of individual nematodes
(hologenophore sensu Pleijel et al. 2008). We amplified two
molecular markers, the mitochondrial cytochrome oxidase
subunit 1 (COI) and the large subunit of the 28S rDNA. The
partial COI region was amplified using the primers 507 (5'-
AGTTCTAATCATAARGATATYGG-3') (Nadler et al.
2006) and HCO (5'-TAAACTTCAGGGTGACCAAA
AAATCA-3") (Folmer et al. 1994). The partial 28S rDNA
region was amplified using the primers 391 (5'-AGCG
GAGGAAAAGAAACTAA-3") and 536 (5'-CAGC
TATCCTGAGGGAAAC-3') (Garcia-Varela and Nadler
2005). The amplification and sequencing protocols followed
those used in Santacruz et al. (2020). Sequences were assem-
bled and edited using Geneious v7 (Kearse et al. 2012).

A dataset for each genetic marker was constructed includ-
ing the newly generated sequences plus sequences of
camallanids available in GenBank. The species Dracunculus
lutrae Crichton and Beverly-Burton, 1973, was used as
outgroup based on previous phylogenetic analyses
(Cernotikova et al. 2011; Choudhury and Nadler 2016).
Sequences were aligned with the T-COFFEE platform
(http://tcoffee.crg.cat; (Di Tommaso et al. 2011). The best-fit
model of molecular evolution for each dataset was calculated
with ModelFinder (Kalyaanamoorthy et al. 2017) using the
Bayesian information criterion (BIC). Phylogenetic recon-
struction for each marker was performed with maximum like-
lihood (ML) in IQ-TREE v.1.6.2 (http://iqtree.cibiv.univie.ac.
at/), with Ultrafast bootstrap; 10,000 iterations, SH-aLTR
branch test; 10,000 replicates (Nguyen et al. 2015; Hoang
et al. 2017). Phylogenetic reconstruction was also run apply-
ing Bayesian inference (BI) in MrBayes v3.2.7a (Huelsenbeck
and Ronquist 2001), using the CIPRES Science Gateway Web
Portal v3.3 (Miller et al. 2010). Analyses were performed
using two runs of four chains, each for 107 generations, sam-
pling trees every 2000 generations, and a temperature of 0.2.
The first 25% of trees were discarded as burn-in and the
resulting trees were used to obtain a 50% majority-rule con-
sensus tree. Tracer v1.7.1 (Rambaut et al. 2018) was used to
assess convergence of independent runs, with effective sample
sizes (ESS) > 200. The pairwise distances between groups for
each dataset were calculated as uncorrected p-distances in
MEGA v7 (Kumar et al. 2016).
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Table1 List of sampling localities of Procamallanus spp. in Middle American cichlids, with geographical coordinates. Abbreviation codes are used in

Figs. 1,2, and 3

Species Country Locality Code North West

Procamallanus barlowin. sp. ~ Costa Rica  River Irigaray, Liberia RIL 10°43' 21" 85°3036.99"
River Las Animas RAC 11° 02" 58" 85°35" 12"

Nicaragua Lake Apoyo APO 11°56"12.23"  86° 02’ 58.95"

Lake Apoyeque AYE 12°14'41.32"  86° 20" 24.81"
Lake Asososca Leon ASL 12° 26" 4.03" 86° 39" 54.61"
Lake Masaya MAS 11°56'57.40"  86° 07" 37.70"
Lake Managua (Xolotlan) MAN  12°22'04.92"  86°22'43.79"
Lake Nicaragua (Cocibolca) NIC 11°10' 0523”7  84° 58 44.08"

Procamallanus rebecae Mexico Sinkhole Non Choncunchey, Yucatan CNC 20° 48’ 53" 90° 11" 47"
El Zapote, Campeche EZ 19°16' 55.35”  90° 36’ 44.53"
Gregorio Méndez, Chiapas GM 17°27'01.97"  91°35'48.37"
Lake San Pedro Tenosique, Tabasco LSP 17° 38 46.99" 91° 22’ 58"
Metzabok, Chiapas ME 17°07' 3.41" 91°37' 54.61"
River Champoton, San Antonio del Rio, Campeche RCA 19° 19" 13.32" 90° 33’ 21.52"
Salto Grande, Candelaria, Campeche RGC 18°11'46.01" 91°07' 10.48"
San Isidro, Centla, Tabasco SIC 18°22'59.59" 92° 35" 55.83"

Morphological analyses

The hologenophores and complete individuals were cleared in
a glycerol-alcohol solution (1:1) to observe and measure in-
ternal structures using an Olympus BX51 light-inverted mi-
croscope equipped with differential interference contrast
(DIC) optical components. To study the external ultrastruc-
ture, specimens were prepared for scanning electron micros-
copy (SEM). Samples were sonicated, critical point dried,
mounted on a strip of carbon conductive tape, and then coated
with gold. The SEM photographs were taken in a Hitachi
scanning electron microscope 15 kV Hitachi Stereoscan
Model SU1510. Type material was deposited in the
Coleccion Nacional de Helmintos (CNHE), Institute of
Biology, UNAM, México.

Results

We analyzed a total of 265 Procamallanus specimens, 231
isolated from 13 cichlid species in the Nicaraguan lakes, 18
isolated from two cichlid species from rivers in northwestern
Costa Rica, and 16 specimens from five cichlid species in
water bodies in Mexico.

Molecular analyses
We obtained sequences from two genomic regions. All ob-

tained sequences were deposited in GenBank (accession num-
bers COI: MW487868-MW487887, 28S rDNA:

MW485586-MW485594). The 28S rDNA phylogenetic re-
construction distinguished two well-supported
Procamallanus lineages from Middle American cichlids, a
relationship supported by moderate to high bootstrap and pos-
terior probability values (80/0.98) (Fig. 2). One clade
corresponded to previous descriptions of P. rebecae, and the
second clade represented a well-differentiated lineage, argu-
ably a new species. Both are reciprocally monophyletic and
exhibit very high level of genetic divergence for this molecu-
lar marker, with an average of 9.8% (Table 2). The phyloge-
netic reconstruction with COI also resolved two well-
differentiated lineages, P. rebecae and the new species, each
forming a well-supported monophyletic clade (Fig. 3). The
genetic divergence between both lineages averaged 10.5%
(Table 2). Additionally, intraspecific genetic divergence with-
in clades was very low for COI, (0.57% P. rebecae, 0.63% for
the new species). The two lineages were not resolved as close-
ly related to two other species of Procamallanus from Middle
America from which sequences are available, i.e.,
P. neocaballeroi Caballero-Deloya, 1977, and P. gobiomori
Moravec, Salgado-Maldonado & Caspeta-Mandujano, 2000.
Both 28S rDNA and COI trees corroborated the findings of
other studies in that the genus Procamallanus is paraphyletic.
The topology of the trees is not comparable since the se-
quences available in GenBank for each molecular marker in-
clude different species. Since both trees revealed that the iso-
lates of Procamallanus sampled in cichlids from Nicaragua
and Costa Rica represent independent evolutionary units, a
detailed morphological analysis was performed, and the new
species is described next.
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Fig. 1 Map showing the sampling sites of Procamallanus spp. in cichlid hosts in Middle America, with a close-up to the great lakes and crater lakes of

Nicaragua. Locality code according to Table 1

Family Camallanidae Railliet & Henry, 1915

Genus Procamallanus Baylis, 1923

Subgenus Spirocamallanus Olsen, 1952

Procamallanus barlowi n. sp.

Type host. Amphilophus chancho Stauffer, McCrary &
Black

Type locality: Lake Apoyo, Nicaragua (11° 56’ 12.239" N,
86° 2" 58.956" W)

Other localities: Nicaragua: Lake Apoyeque:
Parachromis managuensis (Giinther); Lake Apoyo:

Amphilophus astorquii Stauffer, McCrary & Black,
Amatitlania nigrofasciata (Giinther), Amphilophus zaliosus
(Barlow), P. managuensis; Lake Asososca Leon:
Amphilophus citrinellus (Giinther); Lake Managua:
Amphilophus labiatus (Glnther), Parachromis sp.; Lake
Masaya: Cribroheros longimanus (Giinther); Lake
Nicaragua: Amphilophus citrinellus, Amphilophus labiatus,
Cribroheros longimanus, Cribroheros rostratus (Gill),
Hypsophrys nicaraguensis (Gill), and Hypsophrys nematopus
(Giinther). Costa Rica: River Irigaray: Cribroheros

Table 2 Uncorrected p-distances

shown as percentages, COI Species 1 2 3 4 5 6 7 8
distance below the diagonal, and
288 distance above the dlagonal Procamallanus barlowi n. Sp. 0.63 9.14 20.55 25.08 32.50 24.63 25.40 25.81
If} bold, the COI intraspecific 2 Procamallanus rebecae 1049 0,57 2072 2537 33.57 2540 2698 2550
distance of the two . 3 Procamallanus neocaballeroi 1351 1393 — 2260 2988 2259 2430 2753
Procamallanus species in cichlids species complex
4 Batrachocamallanus slomei 13.83 1596 16.27 - 2220 373 1495 29.01
S Camallanus kaapstaadi 1398 1445 1519 1431 - 2330 1949 35.61
6  Batrachocamallanus xenopodis ~ 14.09  16.04 1644  0.00 14.29 - 1530 29.15
7 Procamallanus 1536 1508 1522 1556 1525 1542 - 27.93
pseudolaeviconchus
8  Spirocamallanus huacraensis 1779 1794 2074 2145 1995 2145 1938 -
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longimanus, River Las Animas: Amatitlania nigrofasciata
(Giinther).

Site of infection: Intestine and stomach.

Prevalence and abundance: Fig. 4.

Type material: Holotype (male) CNHE 11472, allotype
(gravid females) CNHE 11473 (Lake Apoyo), and paratypes
CNHE 11474 (Lake Apoyo), Nicaragua.

Representative DNA sequences: COl: MW487868—
MW487887, 28S rDNA: MW485586-MW485594.

ZooBank registration: urn:lsid:zoobank.org:act:
59F70A20-1366-4AE3-81A2-E83781CC71AD

Etymology: the species is named after George Barlow who
was a Professor of ichthyology and animal behavior at UC

Fig. 2 Consensus tree from 1Q-
TREE analysis of the 28S rDNA
matrix of Procamallanus spp.
Best-fit model according to BIC:
TIM2+F+G4. Node support
values are from ML bootstrap and
Bayesian posterior probability,
respectively. The drawings
correspond to apical views of

P. rebecae and P. barlowi n. sp.

85/0.74

Berkeley, not only for his numerous contributions to cichlid
biology but also for his passion and enthusiasm that inspired
many generations of cichlid specialists.

Description (Figs. 5 and 6, measurements in Table 3)

General: Medium-sized nematodes, with slightly striated
cuticle. Mouth opening oval, surrounded by 12 papillae ar-
ranged in three circles (Fig. 5¢); four papillae on each circle
(Fig. 6a, b). Papillae of external circle larger. Papillae of in-
nermost circle with a pore close to the edge of the mouth (Fig.
6¢). One pair of lateral amphids present. Well-developed basal
ring (Fig. 6d). Orange-brown buccal capsule, with thick walls,
lining internally with 13—15 spiral thickenings; first three an-
terior spirals incomplete (Fig. 5a). Spiral thickenings with

MWw485586 GM
MW485587 RCA
MW485588 ME

-y |
09 /1 —=| MW485589 ME

Procamallanus rebecae

MW485590 LSP

80/0.98]
MW485591 RAC

MW485592 RAC

— =

84/0.95
%E MW485593 RIL
98 /1 ==
Procamallanus barlowi n. sp.
MW485594 Lake Apoyo
96/0.99

MN525304.1 Spirocamallanus daleneae
MT582734

100/ 1|
MT582723

MK793794.1 Spirocamallanus huacraensis

Procamallanus neocaballeroi

Species complex

FJ969497.1 Camallanus tuckeri

98/0.99
957098 | HQ730896.1 Camallanus sprenti
5970631 L HQ730893.1 Camallanus sp.

781091 FJ969498.1 Camallanus nithoggi
60/055| = FJ969499.1 Camallanus waelhreow
- MG947389.1 Camallanus xenopodis

99/11H95/0.99
— MG947391.1 Camallanus kaapstaadi

79/0.95

— HQ730897.1 Serpinema octorugatum

MN525306.1 Camallanus sodwanaensis

60/0.78

MG947390.1 Batrachocamallanus slomei
92/ 0.99|
MN525305.1 Batrachocamallanus xenopodis

79/0.87

—— MN525307.1 Procamallanus pseudolaeviconchus

0.2

KY990016.1 Dracunculus sp. Outgroup
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a —OQ MT579478- MT579517 Procamallanus neocaballeroi species complex

MWw487868 ME
MW487869 ME
Mw487870 ME
Mw487871 RGC
Mw487872 RGC
MWwW487873 RGC
MW487874 RCA
MWwW487875 CNC
MWwW487876 CNC
Mw487877 GM
MWwW487878 EZ
MWwW487879 LSP
MWw487880 GM
Mw487881 SIC

MW487883 RIL

¢ L
MT579519
MT579518
FJ172980.1 Paracamallanus sp.
—— EU646614.1 Dracunculus lutrae  Outgroup
0.2

Fig. 3 Consensus tree from IQ-TREE analysis of the COI matrix (a).
Best-fit model according to BIC: TPM3+F+I+G4. The number in each
node indicates the posterior probability from the BI analyses and the size

smooth edges (Fig. 6¢), limited to two-thirds of buccal capsule
in both sexes (Fig. 6a). Small and simple deirids (Fig. 6e).
Nerve ring surrounding first half of muscular esophagus
(Figs. 5a, b). Excretory pore in last third of muscular esopha-
gus (Figs. 5a and 6g).

Female: Vulva equatorial (Fig. 5f), vulval lips not elevated.
Phasmids in ventrolateral position, half-way between anus
and caudal tip (Fig. 6h). Papillac surrounding anal aperture
absent (Fig. 61). Tail rounded, with terminal digit-like projec-
tion. Caudal tip with three small cuticular extensions in gravid
and mature females (Fig. 5e).

Male: Smaller than female. Spicules unequal, left spicule
longer than right spicule (Fig. 5g). Gubernaculum absent.
Caudal alae with nine pairs of pedunculate papillae (Figs. 5g
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MW487882 RAC

MW487884 Lake Apoyo
MW487885 Lake Nicaragua
MW487886 Lake Managua
MW487887 Lake Masaya
EU598890.1 Camallanus cotti
EU598816.1 Camallanus hypophthalmichthys
MN104841.1 Serpinema cayennensis
MG948461.1 Camallanus kaapstaadi

Procamallanus
rebecae

Procamallanus
barlowi n. sp.

MN523683.1 Paracamallanus cyathopharynx
KU292358.1 Procamallanus spiculogubernaculus
MN523682.1 Procamallanus pseudolaeviconchus
MG948463.1 Batrachocamallanus slomei
MN523681.1 Batrachocamallanus xenopodis

Procamallanus gobiomori

MK780067.1 Spirocamallanus huacraensis
KC517405.1 Spirocamallanus istiblenni

pp > 0.90

>70
bootstrap > 80 @ bootstrap

of the circle is equivalent to the bootstrap support from the ML. b, ¢
Anterior end of P. rebecae and P. barlowi n. sp. through SEM,
respectively. The scale bar is equivalent to 15 um

and 6j—n). Three pairs of subventral preanal papillae, and six
pairs of postanal papillae; first four pairs subventral and last
two pairs lateral; last pair probably representing phasmids.
Two pairs of sessile adcloacal papillae. Three cuticular
spine-like extensions on tip tail (Fig. 6m). In male juveniles,
walls of the buccal capsule more thickened than in mature
males and caudal alae fully developed with only one spicule
observed.

Differential diagnosis
The new species belongs in Procamallanus in having a buccal

capsule lined with continuous walls, internally smooth or with
markings in one sex or both. In total, six species of
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Fig. 4 Prevalence and abundance of Procamallanus barlowi n. sp. Only positive infections in each host-site combination are shown. On the gray
background, the infection profiles of the cichlids in the crater lakes are shown

Procamallanus distributed in Middle American freshwaters
are considered valid, all within the subgenus
Spirocamallanus, namely P. gobiomori; P. jaliscensis
Moravec, Salgado-Maldonado & Caspeta-Mandujano, 2000;
P. mexicanus; P. neocaballeroi; P. pereirai (Anneraux, 1946)
Olsen, 1952; and P. rebecae (see Garrido-Olvera et al. 2006).
Two of these species of Procamallanus are parasites of cich-
lids: P. mexicanus, described from Cichlasoma gedessi
(Regan) (= Herichthys gedessi) in Xalapa, Veracruz,
Mexico, and P. rebecae, originally described from C. helleri
(Steindachner) (= Thorichthys helleri) in Campeche, Mexico,
and currently distributed in 13 cichlid species in Mexico
(Garrido-Olvera et al. 2006), and four cichlid species in
Nicaragua and Costa Rica (Aguirre-Macedo et al. 2001;
Gonzalez-Solis and Jiménez-Garcia 2006; Sandlund et al.
2010). For comparison, Fig. 7 depicts SEM photomicrographs
of P. rebecae. The new species morphologically resembles
these two species by the presence of three preanal papillae;
however, P. barlowi n. sp. differs in the number of spiral
ridges lining the buccal capsule and a different external shape
of the mouth (Figs. 6b and 7a); furthermore, the female of
P. barlowi n. sp. possesses a rounded cauda bearing a digit-
like projection, whereas this projection is conical in
P. rebecae; the female of the new species also possesses
spikes on the tip of the tail which are absent in the female of
P. mexicanus.

Two additional species of Procamallanus have been re-
ported in cichlids from Brazil, both within the subgenus
Procamallanus: P. spiculastriatus and P. peraccuratus.
These two species are readily distinguished from the new
species by the presence of an internally smooth capsule in
males and females. In addition, P. spiculastriatus exhibits a
ring with tooth-like structures and lacks spine-like projections
on the tip of the tail. Interestingly, in African cichlids, only
one species of Procamallanus (Spirocamallanus) has been
reported, P. serranochromis Moravec and Van As 2015 in-
fecting species of Serranochromis spp. (Moravec and Van As
2015). This species shares several morphological features
with P. barlowi n. sp. such as the presence of three pairs of
preanal papillae, wide caudal alae, and asymmetrical spicules;
nevertheless, this species can be differentiated from P.
barlowi n. sp. by having a bilobed tip tail in both sexes instead
of spike-like as in the new species.

In Middle American non-cichlid freshwater fishes, three
more species of Procamallanus (Spirocamallanus) have been
described, i.e., P. neocaballeroi from characids, P. gobiomori
from eleotrids, and P. jaliscensis from mugilids. All these
species have a buccal capsule completely filled with spiral
grooves, while the new species lacks spiral ridges in the last
third of the buccal capsule. The new species shares with four
additional Neotropical species of Procamallanus
(Spirocamallanus) the presence of spiral thickenings in the
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Table 3

parenthesis); all measurements are in pum, unless otherwise stated

Measurements of morphological characters of Procamallanus barlowi n. sp. Measurements expressed as the mean followed by the range (in

Morphological features

Males

Gravid females

Non-gravid females

Body L

Body W

Buccal capsule L

Buccal capsule L including basal ring
Buccal capsule W

Basal ring L

Basal ring W

Number of spiral rings in the oral capsule

Length of the area covered with spiral
grooves lining the buccal capsule
Muscular esophagus L

Muscular esophagus W

Glandular esophagus L

Glandular esophagus W
Muscular/glandular esophagus length ratio
Nerve ring from anterior extremity
Deirids from anterior extremity

Excretory pore from anterior extremity

12.253 (10.134-13.273) mm
236.670 (205.003-289.714)
68.831 (64.138-75.661)
75.857 (70.321-81.181)
55.600 (53.121-56.689)
32.009 (28.745-34.101)
6.720 (5.157-6.781)

13-15

57.445 (51.908-63.471)

357.819 (327.332-373.363)
58.661 (49.94-66.736)
737.612 (572.737-811.195)
79.400 (44.726-101.659)
1:1.74-1:2.17

99.044 (97.061-100.948)

233.891 (179.059-288.723)
68.845 (64.258-69.378)
73.573 (68.283-78.271)
59.946 (58.213-63.203)
36.161 (32.577-42.910)
6.620 (5.798-7.612)

13-15

52.641 (50.674-54.608)

379.822 (352.606-408.316)
65.280 (53.365-77.119)
658.613 (556.977-735.814)
73.108 (57.822-98.200)
1:1.57-1:1.80

210.982 (202.805-219.836)
101.021 (95.539-106.504)
387.957

247.220 (210.323-284.117)
62.915 (53.542-73.969)
69.498 (57.790-82.164)
52.606 (44.053-58.403)
32.180 (27.445-37.739)
5.582 (5.483-5.772)

13-15

50.195 (40.355-60.311)

350.818 (316.545-375.723)
57.416 (44.346-64.101)
569.646 (449.324-742.451)
69.620 (56.145-81.017)
1:1.41-1:1.97

212.373 (191.429-231.312)
91.825 (82.568-101.082)
238.772

Right spicule L 304.860

Left spicule L 202.766
Spicules length ratio 1:1.5

Tail L -
Vulva from anterior extremity -
Body of mature larvae L -
Body of mature larvae W -
Number of terminal spine-like 3

216.851 230.667 (219.038-242.297)
6.276 (5.262—-7.289) mm 5.695 mm
0-3 0-3

second third of the oral capsule in both females and males,
namely P. belenensis Giese, Santos & Lanfredi, 2009;
P. inopinatus Travassos, Artigas & Pereira, 1928; P.
saofranciscensis Moreira, Oliveira & Costas, 1944; and P.
pintoi Kohn & Fernandes, 1988. However, all these species
are readily distinguished from the new species because they
lack caudal alae and possess short spicules.

Discussion

In the present work, we describe a new species of endopara-
site, the nematode Procamallanus barlowi n. sp., found in
Central American cichlids. Therefore, the previous taxonomic
records of P. rebecae from Nicaragua and Costa Rica
(Aguirre-Macedo et al. 2001; Gonzalez-Solis and Jiménez-
Garcia 2006; Sandlund et al. 2010) correspond with this new-
ly described species. The new species is widely distributed
throughout the River San Juan basin, including Nicaragua’s
Great lakes, nearby crater lakes, and rivers in northwestern
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Costa Rica, displaying high host specificity to cichlid fish.
Whether or not this species of nematode is also found in cich-
lids in other areas of lower and nuclear Central America re-
quires further exploration. At the moment, both species are
regarded as allopatrically distributed, and we acknowledge
that there is a geographic gap in our samples to define if there
is a transition area between both species and their cichlid hosts
where they might occur in sympatry.

The new species herein described following an integrative
taxonomy approach and P. rebecae, form a strongly supported
monophyletic clade that infects specifically Middle American
cichlids, and can be regarded as a part of their biogeographical
core parasite fauna (sensu Pérez-Ponce de Ledn and
Choudhury 2005). The genetic divergence with both mito-
chondrial and nuclear markers between these two species is
well above the distance threshold observed within other
Procamallanus lineages (Santacruz et al. 2020), and also
above that reported for other nematode species (e.g.,
Solérzano-Garcia et al. 2020; Chen et al. 2020).
Furthermore, the close evolutionary relationship between
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Fig. 5 Procamallanus barlowi n. 2
sp. a Anterior end of female,

lateral view. b Anterior end of

male, ventral view. ¢ Anterior

end, apical view. d Female tail, |
lateral view. e Tail tip of female. f ‘
Vulva. g Posterior end of male,
lateral view
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P. barlowi n. sp. and P. rebecae, the geographic scenario and
host association, shows that the parasites of cichlids may have
diversified along with their hosts, during the northward dis-
persal and colonization of new freshwaters from South
America. Several empirical studies have demonstrated an ex-
tensive geographical range for some cichlid parasite lineages
across Middle America, e.g., Crassicutis cichlasomae Manter,
1936, and Sciadicleithrum spp. (Kritsky, Thatcher, and
Boeger, 1989; Mendoza-Franco and Vidal-Martinez 2005;
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Razo-Mendivil et al. 2010), whereas other studies have prov-
en speciation events of both associates related with the north-
ern dispersal after the closure of the Panama Isthmus. This
pattern seems to be also common since some species pairs
of helminths in cichlids reflect sister-species relationships be-
tween species found in the Central American cichlid assem-
blages and those of southeastern Mexico, e.g., Oligogonotylus
manteri Watson, 1976-0Oligogonotylus mayae Razo-
Mendivil, Rosas-Valdez & Pérez-Ponce de Ledn, 2008, and
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Fig. 6 Scanning electron microscopy photomicrographs of
Procamallanus barlowi n. sp. a, b Anterior end, lateral and apical view,
respectively. ¢ Male apical view, the arrows indicate the pores at the edge
of the mouth. d Basal ring. e Position of the deirid in a lateral view. f
Deirid. g Excretory pore position indicated by the arrowhead. h Female
tail with a pair of lateral phasmids indicated by the arrowheads. i Female
anal aperture. j Male tail, ventrolateral view. k Male tail, dorsal view;

Neoechinorhynchus costarricense Pinacho-Pinacho et al.
2020—Neoechinorhynchus golvani Salado, 1978 (Razo-

posterior lateral papillae indicated by the arrowheads. 1 Male tail, ventral
view; right preanal papillae and sessile adcloacal papillae indicated by the
white and black arrowheads, respectively. m Spine-like structures in the
male tail tip. n Postanal papillae in the mail tail indicated by the
arrowheads. Abbreviations: a, b, ¢ cephalic papillae of internal, middle,
and external circle, respectively

Mendivil et al. 2008; Pinacho-Pinacho et al. 2020). Our study
provides further support for this pattern.

Fig. 7 Scanning electron microscopy photomicrographs of
Procamallanus rebecae female. a Apical view of the anterior end. b
Anterior end, ventrolateral view. ¢ Position of the deirid in a lateral

@ Springer

view. d Inner surface of the buccal ridges. e Basal ring. f Tail, with
phasmids indicated by the arrowheads
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Our molecular phylogenetic hypotheses point out towards
an ancient association between cichlids and Procamallanus
which is probably older than their arrival to Middle
America, since both species are not closely related with other
Procamallanus from freshwater fish occurring in the same
geographic areca. With this data, we hypothesize that the
South American Procamallanus from cichlids could be clus-
tered with P. rebecae and the new species and form a clade
that has evolved tightly linked to their cichlid hosts. However,
in order to adequately test for this hypothesis, it would be
required to collect additional data of Procamallanus in cich-
lids, and to combine this analysis with data from the only
species of the genus reported in African cichlids, which would
allow evaluating transcontinental dispersal. Such approach
would be very useful to further understand the historical bio-
geography of cichlids and their parasites (Pariselle et al. 2011;
Vanhove et al. 2016). Within the American continent, cichlids
dispersed from South America into Middle America as a result
of several waves of colonization (RiGan et al. 2013, 2016).
Cichlids followed their northern dispersal and were able to
expand further north, into rivers, lakes, and sinkholes (in the
Yucatan Peninsula) to reach the boundaries between the
Neotropical and Nearctic biogeographical zones as other fish
groups such as characids (and their Procamallanus) (Ornelas-
Garcia and Pedraza-Lara 2016; Pérez-Miranda et al. 2018;
Santacruz et al. 2020). Our study also evidenced that including
additional data of Procamallanus from South American fresh-
water fishes would be required to trace the evolutionary pat-
terns of both hosts and parasites. Likewise, the wide distribu-
tion of P. barlowi n. sp. in cichlids of the lake system of
Nicaragua, a model system for the study of island-like colo-
nization (Elmer et al. 2010a), makes the new species an ideal
example to study the tempo and mode of colonization in con-
trast to their hosts.
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