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a b s t r a c t
Infrapopulation genetic variation of the oioxenous, hermaphroditic ﬂatworm Nasicola klawei (Monogenea:
Capsalidae) infecting the nasal cavities of nine yellowﬁn tuna, Thunnus albacares, from the Gulf of Mexico was
analyzed using the ﬁrst internal transcribed spacer (ITS1) single strand conformation polymorphism (SSCP),
ITS1 sequencing, and ampliﬁed fragment length polymorphism (AFLP). Of a total of 32 worms, six had unique
ITS1-SSCP types and the rest was grouped by three types. Two worms of the same infrapopulation shared an
ITS1-SSCP type in nine instances but no infrapopulation was monophyletic by ITS1-SSCP analysis. ITS1
sequences (420 bp) varied by 1–11 (0.2–2.6%) nucleotides. Twenty-three AFLP proﬁles of 80–110 bands failed
to support genomic monophyly of any N. klawei infrapopulation. 28S rDNA (990 bp) sequences from four
worms representing four infrapopulations were identical and matched conspeciﬁc GenBank sequences.
Concordant ITS1-SSCP and AFLP analyses indicated that these N. klawei infrapopulations principally resulted
from tuna being repeatedly colonized by planktonic, infective larvae (oncomiracidia) rather than by a single
host colonization followed by parasite maturation, self-fertilization, and production of auto-infecting
progeny.
© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
How hermaphroditic ectoparasites with direct life cycles colonize
and proliferate on large, swift-swimming epipelagic marine ﬁshes
remains a conundrum. Colonization of the host is a deﬁning action of
parasitism and generally regarded as a bottleneck since transmission
may oftentimes fail [1]; indeed, such failure seems especially likely for
parasites of epipelagic ﬁshes. On the other hand, phylogenetically
diverse [2] and species rich [3] ectoparasite communities commonly
and predictably exploit particular epipelagic ﬁsh species, suggesting
that perhaps transmission is routine but that post-infection factors
limit infrapopulation size. This parasite-host system is difﬁcult to
study because no method exists for observing how and when minute,
planktonic parasite larvae colonize and proliferate on seagoing hosts,
and large epipelagic ﬁshes are impractical laboratory subjects. As a
result, parasitologists lack a basic empirical understanding of how
parasites exploit these hosts.
Ectoparasite life history traits like host speciﬁcity and mode of
transmission can directly affect or be reciprocally informed by
quantifying genetic diversity [4]. These immediate, microevolutionary
interactions are important because they may ultimately reinforce or lead
to macroevolutionary processes such as speciation [5]. Herein, we use
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molecular techniques to investigate the origins of ectoparasite infrapopulations on epipelagic marine ﬁsh. The ectoparasitic ﬂatworm
Nasicola klawei (Stunkard, 1962) Yamaguti, 1968 (Platyhelminthes:
Monogenea: Capsalidae) was chosen for this study because of its curious
distribution in nature: we have observed hundreds of infections and all of
them comprise an infrapopulation consisting of two adult worms within
each nasal cavity of each yellowﬁn tuna (Thunnus albacares) (personal
observations, SAB and GWB). This low and predictable number of worms
per host facilitated asking a simple question: are the worms infecting
each tuna immediate kin or progeny of different parents? And by
extension, what is the principal modality of ectoparasite larval
transmission in the open ocean: horizontal dispersal or autoinfection?
2. Materials and methods
2.1. Collections
Thirty-two of 36 N. klawei observed were collected in July 2009
from the nasal cavities of nine yellowﬁn tuna (T. albacares) captured
in the north–central Gulf of Mexico within a 300-km radius from
Biloxi, Mississippi, USA (N30°23′42.57″ W88°53′02.54″). All ﬁsh
examined were infected with N. klawei (100% prevalence) (Table 1).
Two worms infected each nasal cavity but some nasal cavities were
damaged such that our sample comprised four intact worms from
each of ﬁve yellowﬁn tuna (Nos. 1, 3, 4, 6, and 7) and three intact
worms from each of four yellowﬁn tuna (Nos. 2, 5, 8, and 9). The
posterolateral portion of each worm was preserved in RNAlater
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Table 1
Samples analyzed in the present study.
Fish number

Sample IDa

ITS1-SSCP type

1

1-L1
1-L2
1-R1
1-R2
2-L1
2-R1
2-R2
3-L1
3-L2
3-R1
3-R2
4-L1
4-L2
4-R1
4-R2
5-L1
5-L2
5-R1
6-L1
6-L2
6-R1
6-R2
7-L1
7-L2
7-R1
7-R2
8-L1
8-L2
8-R1
9-L1
9-R1
9-R2

4
4
3
3
3
4
1
4
9
9
2
6
3
3
4
4
5
9
3
4
7
3
4
4
3
3
4
4
8
4
3
4

2

3

4

5

6

7

8

9

a

ITS1 sequence

28S rDNA

HQ721182

HQ721184

HQ721177

HQ721185
HQ721186

HQ721178

(Roche Diagnostic Corp., Indianapolis, IN) and cloned into pGEMTEasy
(Promega, Madison, WI). Sequencing reactions were carried out at
the Auburn University sequencing core facility using a 3100 Applied
Biosystems automatic sequencer (Life Techonologies Co. Carlsbad, CA)
with Big Dye terminator sequence chemistry (Life Technologies Co).
Two clones from each individual were sequenced to ensure sequence
accuracy.
2.4. AFLP analysis
AFLP proﬁles were determined for twenty-three N. klawei individuals
(nine worms did not yield high quality DNA and could not be typed) as
per Arias et al. [9]. Four speciﬁc PCR primer pairs were selected:
E.CTT/M.AAC, E.CTA/M.ACC, E.CTT/M.ACC, E.CTA/M.AAC. EcoRI primers
were labeled at the 5′ end with infrared ﬂuorescent dies IRDye700 or
IRDye800 (Li-COR, Lincoln, NE). PCR products were electrophoresed on
the NEN Global Edition IR2 DNA Analyzer (Li-COR). AFLP proﬁles were
considered unique if b97% similar [9].
2.5. Data analysis

HQ721181

HQ721180

HQ721187

GenBank#

HQ721179

HQ721182

L, let nasal cavity of tuna; R, right nasal cavity of tuna.

(Qiagen, Valencia, CA) for nucleic acid stabilization and the remainder
was vialed in formalin for morphology and identiﬁed following
Chisholm and Whittington [6]. Vouchers were deposited in the US
National Parasite Collection (Beltsville, MD).
2.2. SSCP analysis of ITS1 sequence
DNA was extracted with a DNeasy Tissue kit (Qiagen), quantiﬁed using
a spectrophotometer NanoDrop (ThermoScientiﬁc, Wilmington, DE),
diluted to 100 ng/μl, and stored at −20 °C. ITS1 ampliﬁcation followed Li
et al. [7], with primers IT1-forward (5′-GTCGTAACAAGGTTTCCGTAGG-3′)
and E5.8S-reverse (5′-GCTGCACTCTTCATCGACGCRCG-3′) amplifying the
ITS1 (plus 39–40 bp ﬂanking sequence). SSCP analysis followed OlivaresFuster et al. [8]. Brieﬂy, 1 μl of restriction product was mixed with 5 μl of
denaturing–loading solution (95% formamide, 0.025% bromophenol
blue), heated for 5 min at 98 °C and immediately cooled on ice. All 6 μl
of denatured products were electrophoresed on GeneGel SSCP nondenaturing polyacrylamide gels (Amersham Biosciences, Piscataway, NJ,
USA) rehydrated with SSCP Buffer A pH 9.0 (Amersham Biosciences).
A GenePhor electrophoresis unit (Amerham Biosciences) was used with
the following running conditions: 5 °C constant temperature, 25 min
at 90 V, 6 mA, 5 W plus 60 min at 500 V, 14 mA, 10 W. Gels were silver
stained with the DNA Silver Staining Kit (Amersham Biosciences) and
digitally photographed.
2.3. DNA sequencing
To conﬁrm ITS1 sequence polymorphisms, the ITS1 of selected
individuals was ampliﬁed as above. The 5′ terminal variable region (D1–
D3) of the 28S rRNA gene was also PCR ampliﬁed. Primers used to amplify
the 5′ terminal 28S rRNA gene were C1-forward (5′-ACCCGCTGAATTTAAGCAT-3′) and D2-reverse (5′-TGGTCCGTGTTTCAAGACDNA-3′). PCR
products were puriﬁed with a High Pure PCR Product Puriﬁcation Kit

Calculation of similarity values and cluster analysis was carried out
with BioNumerics® version 4.6 (Applied Maths, Saint-MartensLatem, Belgium). Levels of similarity between ﬁngerprints were
calculated with the Dice coefﬁcient and the Pearson product moment
correlation coefﬁcient for ITS1-SSCP and AFLP analysis, respectively.
Cluster analysis was performed with the un-weighted pair-group
method using average linkages (UPGMA). Reliability of the cluster
analysis was determined by calculating the cophenetic values, representing the correlation between calculated similarities and dendrogramderived similarities. Sequence handling, calculation of similarity values,
cluster, and multi-dimensional scaling analysis used BioNumerics®.
Sequence quality was enhanced with ABI long trace software (http://
www.nucleics.com/longtrace-sequencing/) and assembled with Batch
Sequence Assembly plug-in (BioNumerics®). Multiple alignment and
cluster analysis of sequences used the Alignment & Mutation Analysis
tool in BioNumerics®. Similarity matrices, distances (Jukes and Cantor
[10] correction), neighbor-joining [11], maximum parsimony, and
maximum likelihood trees were generated using BioNumerics®.
3. Results
3.1. ITS1-SSCP typing
The thirty-two worms were ﬁngerprinted using ITS1-SSCP.
Ampliﬁcation with primers ITS1 and E5.8S yielded the expected
550 bp fragment and, after TaqI digestion, two restriction fragments of
400 and 150 bp were observed in all individuals (data not shown). To
determine if sequence polymorphisms were present in the ITS1
fragments but not detected by standard electrophoresis, fragments
were resolved by SSCP and subsequently revealed 9 distinct SSCP
proﬁles of 6–9 bands each (Fig. 1). Proﬁles differing in at least one
band were considered distinct types. Note that each denatured
double-stranded fragment in an SSCP proﬁle was represented in the
gel by several bands because as the single-strands migrate through
the gel the same strand of DNA may adopt several conformations not
necessarily of equal staining intensity [12]. Unique ITS1-SSCP types
were deﬁned at 100% similarity, and minimum percent similarity
among ITS1-SSCP types was 55%. Six ITS1-SSCP types (Types 1, 2, 5–8)
were each represented by a single N. klawei individual; whereas, ITS1SSCP Types 3, 4 and 9 grouped 10, 13, and 3 N. klawei individuals
collected from 6, 9, and 2 yellowﬁn tuna, respectively (cophenetic
values N80) (Table 1). In two instances (ﬁsh numbers 1 and 7), two N.
klawei collected from each of the right and left nasal cavities shared
ITS1-SSCP types 3 and 4, respectively (Table 1). Six of nine ﬁsh (ﬁsh
numbers 1, 4, 6, 7–9) had a corresponding nasal cavity harboring an
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(1)
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(1)
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7-R1 (type 3)

9
(3)

4-L1 (type 6)
100

8-R1 (type 8)
97

2-R2 (type 1)

0.01

6-R1 (type 7)
99

96
87

3-R1 (type 9)
9-R2 (type 4)

Fig. 2. Maximum parsimony tree based on ITS1 sequences of seven of nine ITS1-SSCP
types, which are indicated in brackets aside each terminal code, obtained from a sample
of thirty-two individual Nasicola klawei collected from nine yellowﬁn tuna, Thunnus
albacares, in the Gulf of Mexico. The tree is a consensus bootstrap tree based on 1000 resampled trees; bootstrap values indicated on branches. Terminal codes denote host
number–right (R) or left (L) nasal cavity–N. klawei specimen number. Scale bar
represents 1% sequence divergence.

AFLP as a typing system for N. klawei was 1 [13]. Primer-pair combination
E.CTA/M.ACC was selected for further analysis based on band coverage; it
was the combination that produced the broader molecular weight range
of bands. AFLP depicted no N. klawei infrapopulation as monophyletic
(Fig. 3). In only two incidences were worms from the same infrapopulation grouped as sister taxa, i.e., 3-L2 + 3-R1 (83%) and 9-L1+ 9-R2 (90%)
(each boxed in Fig. 3).
Fig. 1. ITS1-SSCP types (lanes 1–9) obtained from thirty-two Nasicola klawei collected
from nine yellowﬁn tuna, Thunnus albacares, in the Gulf of Mexico. Bracketed numbers
equal the number of N. klawei sharing an ITS1-SSCP type. M = molecular weight
marker.

N. klawei of the same ITS1-SSCP type (Table 1). None of the nine
analyzed N. klawei infrapopulations was comprised of a single ITS1SSCP type, but two N. klawei from the same infrapopulation were of
the same ITS1-SSCP type in nine instances. Only ITS1-SSCP Type 4 was
found in at least one N. klawei from each yellowﬁn tuna sampled
(Table 1), indicating that not all ITS1-SSCP types are equally
distributed among all N. klawei sampled. The ITS1-SSCP discrimination index was 0.75 [13].
3.2. ITS1 sequence
A 420 bp ITS1 sequence was obtained from each selected specimen
representing Types 1, 3, 4, 6–9 (Table 1, Fig. 1). Nucleotide variation
among these sequences ranged from 1 to 11 of 420 (0.2–2.6%) total
nucleotides. Phylogenetic analysis of all ITS1 sequences revealed
concordant tree topologies regardless of the method used (neighbor
joining, maximum parsimony, or maximum likelihood), and, except for
the 6R-1 clade (Fig. 2), nodes were supported by high (N87) bootstrap
values.
3.3. AFLP
Twenty-three worms were analyzed by AFLP (Fig. 3); the remaining
9 samples failed to yield the high quality (intact, non-fragmented) DNA
needed for AFLP. All primer-pair combinations yielded complex AFLP
patterns consisting of 80 to 110 bands of 50–700 bp (Fig. 3). All AFLP
proﬁles clustered at 90% similarity or lower, indicating that each
N. klawei was signiﬁcantly distinguishable from others. All individuals
clustered at 55% similarity or higher. The discrimination index for the

3.4. 28S rDNA sequence
The 5′ terminal 28S rDNA (D1–D3 domains) was ampliﬁed from
4 N. klawei with different ITS1-SSCP types and dissimilar AFLP proﬁles.
The expected ~900 bp amplicon was obtained in all cases and no
sequence heterogeneity was found among partial 28S rDNA sequences
(Table 1). These sequences were identical (100% maximum similarity)
to N. klawei sequences in GenBank (FJ972003).
4. Discussion
4.1. ITS1-SSCP intraspeciﬁc variability
The SSCP technique used in our ITS1 analysis ensures that
intraspeciﬁc variation is represented in sequencing analysis during
the screening of large population samples. The method is relatively
inexpensive and rapid [14] as it identiﬁes unique DNA samples so that
only representative types need be sequenced. Although widely
applied in medical diagnosis [15], this method is presently vastly
underexplored among pelagic marine ﬁsh parasites.
Relatively few molecular markers have been explored in monogeneans, but ITS1 so far shows the greatest documented variability [16].
ITS1 and ITS2 of the ectoparasitic Gyrodactylus salaris and congeners
have been scrutinized for purposes of taxonomic identiﬁcation [17],
phylogenetic reconstruction [18], and population dynamics [19], and
differences in those ITS1 sequences routinely are used for species
diagnosis [20]. The ITS1 of N. klawei varied by 1–11 of 420 bp (0.2–2.6%)
(Figs. 1, 2), suggesting that this marker should be used with caution in
delineating at least capsaline species and especially Nasicola spp. from
different ocean basins. Forgoing sympatric speciation and given that we
studied worms from the same site of infection (nasal cavity), in a single
host species (yellowﬁn tuna), and from the same geographic locality
(Gulf of Mexico), it is unlikely that a species complex of Nasicola was
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9-R1
2-R2

100
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4-L1
Fig. 3. Dendrogram based on AFLP patterns from twenty-three Nasicola klawei collected from nine yellowﬁn tuna, Thunnus albacares, in the Gulf of Mexico. The tree was derived by
UPGMA cluster analysis of AFLP proﬁles. Levels of linkage are expressed as percent of similarity based on the Pearson product–moment coefﬁcient. Cophenetic values N 75 are
displayed on each node. Terminal codes denote: host number–right (R) or left (L) nasal cavity–N. klawei specimen number.

represented in our sample. However, such hidden taxonomic diversity,
if present, would obviously not alter our conclusions about the studied
infrapopulations.
4.2. AFLP intraspeciﬁc variability
AFLP analysis [21–23] is a highly sensitive technique that deﬁnes
genome-wide DNA polymorphisms used to identify species or subspecies [24] and strains [9] as well as to infer phylogeny [25] and
infrapopulation genetic variability [26]. It is a powerful method when
used on taxa for which no or few sequence data exist because it reveals a
large number of putatively independent nucleotide polymorphisms in a
genome without prior knowledge of the genome's sequence. This
universal ﬁngerprinting method has proved useful for population
genetics of parasitic nematodes [27] and Gyrodactylus spp. [20], but
prior to the present report AFLP had not been applied to any other
ectoparasitic ﬂatworm in ﬁsh. Herein, AFLP analysis, like that of ITS1SSCP, suggested that genetic relatedness among individuals of N. klawei
was not structured according to host individual, i.e., no infrapopulation
was monophyletic by AFLP. AFLPs are considered dominant markers
(they cannot differentiate between the heterozygotic or homozygotic
state of a locus), which results in low discrimination between samples
from within an inbred population. All AFLP proﬁles among our samples
were unique, strongly suggesting that these infrapopulations were not
the result of inbreeding [28] or of self-fertilization and subsequent
autoinfection from one nasal cavity to the other.

4.3. Life history
No capsaline life cycle is published but it probably follows the pattern
typically observed in other monogeneans. The hermaphroditic adult
copulates with itself or another individual before producing an egg that
encloses a single, microscopic larva (oncomiracidium) that hatches and
autoinfects or enters the plankton as an embryonated egg or ciliated
oncomiracidium [29]. Capsalines infect tunas (Scombridae), billﬁshes
(Istiophoridae and Xiphiidae), and sunﬁshes (Molidae), and colonization of these hosts seems challenging for a minute planktonic egg or
oncomiracidium. For example, Stunkard [30] stated that for N. klawei,
“infection of fast-swimming, wide-ranging ﬁshes would appear difﬁcult.”
Although the extra-uterine eggs of N. klawei had not been observed at
the time, Stunkard correctly predicted that they had elongated
ﬁlaments, based on the notion that projecting ﬁlaments might facilitate
transmission by becoming entangled in a tuna's gill. This, however,
seems likely only for horizontal dispersal, since eggs ejected from the
nasal cavity would not be inhaled and pass over the gill. Noteworthy too
is that those same ﬁlaments may be adaptive for entangling in olfactory
lamellae as a mechanism to facilitate egg hatching within the nasal
cavity. Forty-two years after Stunkard's prediction, Kohn et al. [31]
detailed the egg of N. klawei that indeed has four ﬁlaments, which
probably reduces sinking and therefore could increase the likelihood
that hatching will occur in the epipelagic zone. Subsequently, Chisholm
and Whittington [32] detailed the ciliated oncomiracidium of N. klawei
as having six “large refringent (lipid?) droplets” within its body. They
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speculated that these droplets, which are lacking in at least a few noncapsaline oncomiracidia [33], comprised an energy store capable of
sustaining the oncomiracidium during its potentially long residence
time in the plankton prior to host colonization. We think those same
droplets, like the egg ﬁlaments, may also reduce sinking. The schooling
behavior of tunas may also facilitate such horizontal infection.
Two simple scenarios exist for monogenean dispersal: (a)
colonization of a potential host other than that of its parent(s)
(=horizontal dispersal; lengthy residency time in water column;
intuitively lower probability of successfully ﬁnding the appropriate
host) or (b) colonization of the same ﬁsh infected by its parent(s)
(=autoinfection; brief or no residency time in water column; intuitively
higher probability of ﬁnding host). For susceptible, crowded ﬁshes that
are conﬁned (such as in aquaculture or aquarium settings) or tightly
schooling, “success” in either scenario seems equally probable because of
the close proximity of potential hosts. However, for solitary or schooling,
free-ranging epipelagic ﬁsh the intuitive probability of a minute
oncomiracidium successfully ﬁnding its speciﬁc host seems lower.
Considering these scenarios in light of ITS1-SSCP analysis, AFLP analysis,
and DNA sequencing of N. klawei population structure, we hypothesized
that parasite infrapopulation paraphyly would unequivocally support
the horizontal dispersal scenario; whereas, infrapopulation monophyly
would signal, equivocally, that (i) sibling oncomiracidia had infected
the host by horizontal dispersal or (ii) a single-oncomiracidium had
colonized the host and reproduced via self-fertilization with its progeny
directly infecting that host (autoinfection).
Our ITS1-SSCP and AFLP results together (Figs. 1–3) show appreciable
levels of intraspeciﬁc genetic diversity among N. klawei and simultaneously no genetic exclusivity recognizable as N. klawei infrapopulation
monophyly (Fig. 3). This led us to conclude that multiple collisions
between planktonic oncomiracidia and yellowﬁn tuna best explain the
origin of each infrapopulation. The alternative scenario, i.e., an
oncomiracidium colonizing a tuna before self-fertilization and propagation of auto-infecting oncomiracidia, is not well-supported by the present
data.
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