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ABSTRACT. Neoparamoeba pemaquidensis, the etiological agent of amoebic gill disease, has shown surprising sequence variability
among different copies of the 18S ribosomal RNA gene within an isolate. This intra-genomic microheterogeneity was confirmed and
extended to an analysis of the internal transcribed spacer (ITS) region. High levels of intra-genomic nucleotide diversity (Pi 5 0.0201–
0.0313) were found among sequenced ITS regions from individual host amoeba isolates. In contrast, the ITS region of its endosymbiont
revealed significantly lower levels of intra-genomic nucleotide diversity (Pi 5 0.0028–0.0056) compared with the host N. pemaquidensis.
Phylogenetic and ParaFit coevolution analyses involving N. pemaquidensis isolates and their respective endosymbionts confirmed a significant coevolutionary relationship between the two protists. The observation of non-shared microheterogeneity and coevolution emphasizes the complexity of the interactions between N. pemaquidensis and its obligate endosymbiont.
Key Words. Internal transcribed spacer, intra-genomic variability, parasome, Perkinsiella amoebae-like organism, 18S ribosomal RNA gene.

T

HE amphizoic marine amoeba Neoparamoeba pemaquidensis (Page 1970) Page, 1987 is recognized as the etiological
agent of amoebic gill disease (AGD) in sea-farmed salmonids
(Kent, Sawyer, and Hedrick 1988; Munday et al. 1990, 1993;
Roubal, Lester, and Foster 1989), and non-salmonid fish hosts
(Dyková, Figueras, and Novoa 1995, 1999; Dyková et al. 1998;
Fiala and Dyková 2003). In addition, there is evidence that N.
pemaquidensis is the agent causing paramoebiasis in American
lobster (Mullen et al. 2004, 2005), and wasting disease in green
sea urchins (Jones 1985, as Paramoeba invadens Jones 1985;
Mullen et al. 2005). Neoparamoeba pemaquidensis is, in part,
identified by the possession of one or several membrane-bound
inclusions (‘‘paranuclear organelle’’ or ‘‘parasome’’) localized
near the amoeba’s nucleus. Amoebae with parasomes were previously placed in a single genus, Paramoeba Schaudinn 1896, although they are dissimilar to each other in locomotive form
(Chatton 1953) and in ultrastructure (Cann and Page 1982; Grell
and Benwitz 1970; Page 1987; Perkins and Castagna 1971). Consequently, some parasome-containing amoebae were removed
from Paramoeba and moved to other genera (Chatton 1953, Janickina; Page 1987, Neoparamoeba). Neoparamoeba species belong to a separate lineage of amoebae, recently recognized at the
molecular level (Fiala and Dyková 2003; Peglar et al. 2003), but
the relationships of the other parasome-containing amoebae to
each other and to other Gymnamoebae have not yet been elucidated.
The structure and reproduction of the parasome have been examined many times (Chatton 1953; de Faria, da Cunha, and Pinto
1922; Grell 1961, 1968; Grell and Benwitz 1970; Hollande 1940;
Janicki 1912, 1928; Kudo 1966; Minchin 1922; Page 1970; Perkins and Castagna 1971; Schaudinn 1896; Sprague, Beckett, and
Sawyer 1969), but the exact origin and biological significance of
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this structure proved difficult to determine. Hollande (1980) investigated the ultrastructure of the inclusion within Janickina pigmentifera (Chatton 1953) and defined the median segment as
dispersed DNA and concluded that the inclusion was a eukaryotic organism, a kinetoplastid flagellate endosymbiont that he called
Perkinsiella amoebae. During a comprehensive re-analysis of the
genus Paramoeba, Dyková, Figueras, and Peric (2000) renamed
the endosymbiont of amoebae from the genera Paramoeba and
Neoparamoeba as a P. amoebae-like organism (PLO). However,
the genus Perkinsiella Kirkaldy 1903 was previously defined
and used to designate the genus of three species of sugarcane
planthopper from Australia (Kirkaldy 1903). To avoid any
nomenclatural confusion, we suggest not using the PLO designation. A name change for the endosymbiont is further indicated by
recent phylogenetic studies based on the 18S ribosomal RNA gene
(Dyková et al. 2003; Moreira, Lopez-Garcia, and Vickerman
2004), which showed that the PLO is more closely related to the
kinetoplastid, Ichthyobodo necator. Therefore, we propose that
the eukaryotic endosymbiont be more correctly called I. necatorrelated organism (IRO).
Because of the difficulties in separating Neoparamoeba species
morphologically and ultrastructurally, there has been an increasing use of molecular tools to study this genus (Dyková et al.
2005). To date, only the 18S rRNA gene has been used from the
nuclear genomes of both the host amoebae and the IROs to establish species concepts and phylogenetic positions of the organisms (Dyková et al. 2003, 2005; Elliot, Wong, and Carson 2001;
Fiala and Dyková 2003; Mullen et al. 2005; Peglar et al. 2003;
Wong, Carson, and Elliott 2004). The 18S rRNA gene is relatively
well conserved and has proven to be a good marker for species
concepts, but its variability has been inadequate for strain identification. The closely associated internal transcribed spacer (ITS)
region contains both variable and conserved domains that have
been used to examine both intra-specific and inter-strain variation,
as well as intra-genomic variability in various organisms (Hillis
and Dixon 1991). However, successful use of these genes for taxonomic and phylogenetic studies is based on the assumption
that the many copies present in the nuclear genomes are either
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completely homogeneous in primary sequence or have relatively
rare alternate alleles with only small divergence from the most
frequent allele. This assumption may not be appropriate for Neoparamoeba nuclear genomes, since Dyková et al. (2005) found
more nucleotide differences among copies of the 18S rRNA gene
from a single Neoparamoeba isolate (microheterogeneity) than is
typical for eukaryotes. If this level of microheterogeneity also exists
in the ITS1 and ITS2 sequences, it may limit the utility of this region of DNA for strain identification and detection purposes.
In this study, we undertook an investigation of the intra-specific
variability of the ITS region and estimated the level of sequence
microheterogeneity of nuclear and IROs from six N. pemaquidensis isolates. Additionally, informative sites obtained from
sequences allowed for parallel phylogenetic studies, which have
led to a better understanding of the interactions between
N. pemaquidensis and its endosymbiont.
MATERIALS AND METHODS
Amoeba isolates and cultures. Six isolates of N. pemaquidensis and one of Neoparamoeba aestuarina (Page 1970) Page, 1987
were obtained from private and public culture collections (Table
1). The two Culture Collection of Algae and Protozoa (CCAP)
isolates were grown in MY75S agar medium at room temperature
(19 1C–22 1C). The American Type Culture Collection (ATCC)
isolates were cultured in ‘‘ATCC medium 994’’ agar medium at
room temperature (19 1C–22 1C) bacterized with Klebsiella pneumoniae. Two urchin amoebae (UA1 and UA6) isolated from green
sea urchins (Strongylocentrotus droebachiensis) in the Gulf of
Maine were cultivated at 15 1C in L1 agar medium and fed
with Enterobacter aerogenes. The cultures of N. aestuarina were
maintained in liquid ‘‘ATCC medium 994’’ at room temperature
(19 1C–22 1C).
Clonal culture procedure. The UA6 isolate of N.
pemaquidensis was subcloned from a 10-day-old L1 agar plate
culture by serial dilution to achieve clonal cultures derived from
a single amoeba. Briefly, a swab of amoebae was suspended in
a 10-ml drop of L1 liquid medium on a sterile transparent support.
A serial dilution of the amoebae was performed using 5 ml of
amoeba suspension added to an equal volume of L1 liquid medium under an inverted microscope and repeated until the number of
amoebae present in the suspension was less than five. At this
point, a single amoeba was transferred into a new 5-ml drop of L1
medium. Visualization under microscopy confirmed the presence
of a single amoeba before transfer to a new L1 agar plate in a

laminar-flow hood. Agar plates of clonal cultures were maintained
at 15 1C for 2 wk before DNA extraction.
Genomic DNA extraction. Amoebae were detached from the
agar using 2 ml of sterile seawater spread directly on plates. Cell
suspensions were collected by centrifugation for 5 min at 6,500 g.
DNA was extracted using the GenEluteTM Mammalian Genomic
DNA Miniprep Kit (Sigma-Aldrich Ltd. Oakville, ON, Canada).
DNA concentration was determined spectrophotometrically
and quality was assessed by electrophoretic separation in a 0.8%
agarose gel containing 0.5 mg/ml ethidium bromide.
Amplification and sequencing of ITS region. The ITS region
of Neoparamoeba spp. was amplified using universal eukaryote
primers NLF 1624/20/SSU rDNA (5 0 -TTTGYACACACC
GCCCGTCG-3 0 ), positioned on the 3 0 -end of the 18S rRNA gene
and NLR 204/21 (5 0 -ATATGCTTAARTTCAGCGGGT-3 0 ), positioned on the 5 0 -end of the 28S rRNA gene (Van der Auwera,
Chapelle, and De Wachter 1994). Approximately 10–50 ng of genomic DNA were amplified in a 50-ml reaction containing 5 pmol
of each primer NLF 1624/20/SSU rDNA and NLR 204/21 in the
presence of the following reagents (Fermentas International Inc.,
Burlington, ON, Canada): 200 mM of each dNTP (A, G, C and T),
1.5 mM MgCl2, 10  PCR buffer (10 mM Tris-HCl, pH 8.8,
50 mM KCl and 0.8% [v/v] Nonidet P40), and 1.25 U of Taq
DNA polymerase. Negative controls were included in each amplification experiment and consisted of the same reaction mixture,
with molecular biology grade water (Sigma-Aldrich Ltd.) instead
of template DNA. The amplification protocol was carried out in a
MJ Research PTC-200 thermal cycler (Bio-Rad Laboratories Inc.,
Toronto, ON, Canada) under the following conditions: an initial
denaturation at 94 1C for 2.5 min, followed by 25 cycles consisting
of denaturation at 94 1C for 1 min, annealing at 55 1C for 30 s, and
extension at 72 1C for 1 min. Final extension was at 72 1C for
10 min.
The ITS region of IROs was amplified using a specific ITS
forward primer IRO-F-ITS (5 0 -GCGCACTACAATGACAA
AGTG-3 0 ) positioned on the 3 0 -end of the 18S rRNA gene and a
universal eukaryote reverse primer ITS4 (5 0 -TCCTCCGCTTATT
GATATGC-3 0 ), positioned on the 5 0 -end of the 28S rRNA gene
(Ristaino et al. 1998). Each 50-ml reaction included 100 ng of genomic DNA with the same concentration of reagents as described
above. Thermocycling conditions were as follows: an initial denaturation at 94 1C for 2.5 min, followed by 30 cycles consisting
of denaturation at 94 1C for 1 min, annealing at 50 1C for 30 s, and
extension at 72 1C for 1 min. Final extension was at 72 1C for
10 min. Amplified ITS products were cloned directly into plasmid

Table 1. Neoparamoeba spp. isolates and corresponding endosymbiont Ichthyobodo necator related organism information.
Isolate

Identification

Origin

Location

CCAP 1560/4
CCAP 1560/5
UA 1
UA 6
ATCC 30735
ATCC 50172
ATCC 50806
IRO-CCAP 1560/4
IRO-CCAP 1560/5
IRO-UA 1
IRO-UA 6
IRO-ATCC 30735
IRO-ATCC 50172
IRO-ATCC 50806

N. pemaquidensis
N. pemaquidensis
N. pemaquidensis
N. pemaquidensis
N. pemaquidensis
N. pemaquidensis
Neoparamoeba aestuarina
I. necator Related organism
I. necator Related organism
I. necator Related organism
I. necator Related organism
I. necator Related organism
I. necator Related organism
I. necator Related organism

Environmental
Environmental
Strongylocentrotus droebachiensis
S. droebachiensis
Environmental
Oncorhynchus kisutch (AGD)
Environmental
N. pemaquidensis (CCAP 1560/4)
N. pemaquidensis (CCAP 1560/5)
N. pemaquidensis (UA 1)
N. pemaquidensis (UA 6)
N. pemaquidensis (ATCC 30735)
N. pemaquidensis (ATCC 50172)
N. aestuarina (ATCC 50806)

Gwynedd, Wales
Gwynedd, Wales
Maine, USA
Maine, USA
Virginia, USA
Washington, USA
/
Gwynedd, Wales
Gwynedd, Wales
Maine, USA
Maine, USA
Virginia, USA
Washington, USA
/

AGD, amoebic gill disease; CCAP, Culture Collection of Algae and Protozoa; UA, urchin amoeba; ATCC, American Type Culture Collection; IRO,
I. necator related organism.
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pCR 2.1 using the TOPO TA Clonings Kit (Invitrogen Canada
Inc., Burlington, ON, Canada). Plasmids containing inserts were
isolated and purified from recombinant Escherichia coli using the
GenEluteTM Plasmid Mini-Prep Kit (Sigma-Aldrich Ltd.). Plasmid inserts were sequenced using M13 forward and reverse primers on an ABI Prism 377 sequencer using Big-DyeTM terminators
(Applied Biosystems Inc., Foster City, CA) at the Guelph Molecular Supercentre (Laboratory Services Division, University of
Guelph, Ontario, Canada).
ITS region analysis. The quality of all sequence data was
verified by examining electropherograms and confirming that only
single peaks were present. Each sequence was identified by NCBIBLAST (National Center for Biotechnology Information—Basic
Local Alignment Search Tool) (Altschul et al. 1997) based on the
18S rRNA gene 3 0 -extremity to confirm the origin of the amplicon. Nucleotide sequence analysis was refined on the ITS region
by removing the vector extremities. Internal transcribed spacer
region sequences were assembled by multiple alignment using
ClustalW algorithm in BioEdit (Hall 1999), then the 18S rRNA
3 0 -end (183 nucleotides for Neoparamoeba spp. and 335 nucleotides for IROs) and 28S rRNA 5 0 -end (21 nucleotides for Neoparamoeba spp. and 35 nucleotides for IROs) were removed.
Estimations of the nucleotide diversity (Pi) and respective standard deviations (SD) were conducted using the DnaSP software
(Rozas and Rozas 1999), according to Nei (1987). A regular statistical Z-test (a 5 0.05) was used to compare Pi’s from different
sequence sets. DnaSP was used to estimate the number of net nucleotide substitutions per site between strains (Da) with the Jukes
and Cantor (JC) correction. Graphical analyses of Pi values were
computed with DnaSP using a sliding window approach (window
length: 20 base pairs (bp), step size: 10 bp) on the total length of
the obtained sequences. The Arlequin software (Schneider,
Roessli, and Excoffier 2000) was used to perform a hierarchical
analysis of molecular variance (AMOVA) (Excoffier, Smouse,
and Quattro 1992), using the Kimura 2-parameter distance method
and considering the inter-strain level (four defined strains: CCAP,
UA, ATCC 30735 and ATCC 50172), the inter-isolate within
strain level (two isolates, CCAP 1560/4&5, within strain CCAP
and two isolates, UA1 and UA6, within strain UA), and the intraisolate level.
Neighbor-joining (NJ), Kimura 2-parameter model with gaps
and missing data handled by complete deletion and maximum
parsimony (MP) phylogenies were constructed using MEGA-2
software (Molecular Evolutionary Genetics Analysis-2) (Kumar
et al. 2001). Maximum likelihood (ML) phylogenies were constructed with PAUP4 b program version 10 (Swofford 2003) using the GTR1G1I (N. paramoeba-ITS alignments) and HKY1G
(IRO-ITS alignments) evolutionary model selected by the Akaike
Information Criterion in ModelTest 3.7 (Posada and Crandall
1998). Statistical support for ML, MP, and NJ tree topologies
were bootstrap-resampled 1,000 times (Felsenstein 1985). Bootstrap support values (%) of the ML, MP, and NJ analysis were
superimposed on the 50% majority-rule consensus tree from the
ML analysis.
A host:parasite coevolution test, using ParaFit (Legendre, Desdevises, and Bazin 2002), was conducted to test the null hypothesis (H0) that each IRO associates randomly with a host. The
alternative hypothesis was that the individual host:IRO associations are not random but fixed according to the genetic distances
within the two groups of organisms. This method combined the
information from three data matrices: matrix A (0-1 data) contained a description of the observed host:parasite/relationship
links, matrix B contained principal coordinates (Gower 1966)
with Lingoes correction (Legendre and Legendre 1998) representing the IRO genetic distances (Kimura 2-parameter), and matrix C
contained principal coordinates representing the host genetic

distances. A matrix D 5 CA 0 B was computed, and a trace statistic was used to evaluate the hypothesis of coevolution through a
test of significance incorporating 9,999 random permutations.
RESULTS
Neoparamoeba pemaquidensis ITS region nucleotide variability. Eight clones of the ITS region were sequenced from PCR
amplicons generated from each of six different N. pemaquidensis
isolates, yielding a total of 48 ITS sequences accessible in GenBank (Table 2).
CCAP isolates. The total length of the eight CCAP 1560/4
sequences varied from 748–752 bp with an intra-isolate nucleotide diversity (Pi) of 0.0201. For the eight CCAP 1560/5 sequences, the total length was 746–751 bp and the Pi was 0.0288. The
difference between the two intra-isolate nucleotide diversities was
minimally significant (P 5 0.03). Based on the alignment of the 16
sequences from the two CCAP isolates, no fixed nucleotide difference was observed and the estimation of the number of net nucleotide substitutions per site between the strains (Da) with the
JC correction was  0.0003. Therefore, based on the ITS region,
both the CCAP 1560/4 and CCAP 1560/5 isolates were considered to represent the same strain (renamed CCAP). The
CCAP strain sequences had a Pi of 0.0238, not significantly
different from the two CCAP isolates Pi’s (P 5 0.25 and 0.21,
respectively).
UA isolates. The total length of the eight UA1 sequences
varied from 734–740 bp with a Pi of 0.0296. For the eight UA6
sequences, the total length was 731–740 bp and the Pi was 0.0311.
No significant difference was observed between the two intra-isolate nucleotide diversities (P 5 0.68). Based on the alignment of
the 16 sequences from the two UA isolates, no fixed nucleotide
difference was observed (Da[JC] 5  0.0001). Therefore, based
on the ITS region, both the UA1 and UA6 isolates were considered to represent the same strain (renamed UA). The UA strain
sequences had a Pi of 0.0294, not significantly different from the
two UA isolates Pi’s (P 5 0.94 and 0.58, respectively). However,
53 fixed nucleotide differences have been observed between the
sequences of the CCAP and UA strains (Da[JC] 5 0.105). The
CCAP and UA strains were considered different based on the ITS
region.
ATCC isolates. The total length of the eight ATCC 30735
sequences varied from 734–739 bp with an estimated Pi of 0.0216.
For the eight ATCC 50172 sequences, the total length was 770–
785 bp and the Pi was 0.0313. Based on the alignment of the 16
sequences from the two ATCC isolates, 52 fixed nucleotide differences were observed. The Da(JC) was estimated at 0.095. The two
isolates were considered different and represent separate strains.
The ATCC 30735 isolate sequences also shared 48 fixed nucleotide differences when compared with the CCAP strain
(Da[JC] 5 0.086); and 31 when compared with the UA strain
(Da[JC] 5 0.057). The ATCC 50172 sequences had 24 fixed nucleotide differences when compared with the CCAP strain
(Da[JC] 5 0.044); and 54 when compared with the UA strain
(Da[JC] 5 0.105).
Based on the nucleotide divergence values, four distinct strains
could be defined in this study: CCAP, UA, ATCC 30735, and
ATCC 50172. High levels of microheterogeneity were present in
the ITS1 and ITS2 regions compared with the low levels found
within the ribosomal DNA genes (Fig. 1A).
AMOVA. The AMOVA confirmed that most of the variation
came from inter-strain variability (76.6%), but also noteworthy
was the intra-isolate variability (23.8%) (Table 3). The interisolate variability within strains was negative and not significantly different from zero. Negative variance components usually
indicate an absence of genetic structure (Schneider et al. 2000).
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Table 2. Internal transcribed spacer sequences information for Neoparamoeba pemaquidensis isolates and respective endosymbiont Ichthyobodo
necator related organisim.
Source

No. of Clones ITS region
sequenced total length
(bp)

N. pemaquidensis
CCAP 1560/41
CCAP 1560/51
CCAP2
UA11
UA61
UA2
ATCC 307351,2
ATCC 501721,2
I. necator related organism
IRO-CCAP 1560/41
IRO-CCAP 1560/51
IRO-CCAP2
IRO-UA11
IRO-UA61
IRO-UA2
IRO-ATCC 307351,2
IRO-ATCC 501721,2

ITS region
Pi (SD)

ITS 1 Pi (SD)

5.8S Pi (SD)

8
8
16
8
8
16
8
8

748–752
746–751
746–752
734–740
731–740
731–740
734–739
770–785

0.0201
0.0288
0.0238
0.0296
0.0311
0.0294
0.0216
0.0313

(0.00240)A
(0.00339)B,C
(0.00216)A,B
(0.00246)C
(0.00273)C
(0.00145)C
(0.00229)A
(0.00307)C

0.0369
0.0405
0.0376
0.0319
0.0438
0.0358
0.0339
0.0463

(0.00431)A,B
(0.00522)A,B
(0.00347)A,B
(0.00322)A
(0.00442)B
(0.00294)A,B
(0.00395)A
(0.00658)B

0.0100
0.0017
0.0058
0.0033
0.0017
0.0025
0 (0)C
0.0034

(0.00306)A
(0.00120)B,C
(0.00207)A,B
(0.00158)B,D
(0.00120)B,C
(0.00115)B,D

4
4
8
4
4
8
4
4

357
357
357
369–371
370–371
369–371
377
356

0.0028
0.0042
0.0035
0.0054
0.0054
0.0052
0.0053
0.0056

(0.00095)D
(0.00153)D,E
(0.00108)D,E
(0.00287)D,E
(0.00183)D,E
(0.00194)D,E
(0.00143)D,E
(0.00100)E

0.0054
0.0054
0.0054
0.0146
0.0048
0.0090
0.0045
0.0055

(0.00288)C
(0.00288)C
(0.00253)C
(0.00077)D
(0.00255)C
(0.00469)C,D
(0.00237)C
(0.00291)C

0.0031
0.0062
0.0046
0.0031
0.0093
0.0062
0 (0)C
0.0062

(0.00164)B,C
(0.00209)A,D
(0.00165)A,B
(0.00164)B,C,D
(0.00338)A,D
(0.00240)A,B

(0.00242)B,C,D

(0.00207)A,D

ITS 2 Pi (SD)

0.0129
0.0325
0.0221
0.0395
0.0353
0.0369
0.0226
0.0325

(0.00212)A
(0.00400)B
(0.00313)C
(0.00332)B
(0.00392)B
(0.00217)B
(0.00253)C
(0.00359)B

0 (0)D
0 (0)D
0 (0)D
0 (0)D
0 (0)D
0 (0)D
0.0146 (0.00531)A,C,E
0.0048 (0.00257)D,E

GenBank
accession
numbers
DQ167506-13
DQ167514-21
DQ167522-29
DQ167530-37
DQ167538-45
DQ167546-53
DQ167481-84
DQ167485-88
DQ167489-92
DQ167493-96
DQ167497-500
DQ167501-04

1

Isolates.
Strains.
Within a column, means without a common superscript are significantly different (Po0.05).
CCAP, Culture Collection of Algae and Protozoa; UA, urchin amoeba; ATCC, American Type Culture Collection; IRO, Ichthyobodo necator related
organism; ITS, internal transcribed spacer; Pi, nucleotide diversity; SD, standard deviation of the estimate.
2

A–E

The absence of inter-isolate variability supported the designation
of CCAP 1560/4 and CCAP 1560/5 as CCAP strain, and UA1 and
UA6 as UA strain.
IRO-ITS region nucleotide variability. Four clones of the
ITS region were sequenced from PCR amplicons generated from
IROs isolated from six different N. pemaquidensis isolates, yielding a total of 24 ITS sequences accessible in GenBank (Table 2).
IRO-CCAP. The total length of the IRO-CCAP1560/4 and
IRO-CCAP 1560/5 sequences were 357 bp with an estimated Pi of
0.0028 and 0.0042, respectively. No significant difference was
observed between the two intra-isolate nucleotide diversities
(P 5 0.43). Based on the alignment of the eight sequences from
the two isolates, no fixed nucleotide difference was observed
(Da[JC] 5 0). Therefore, the isolates IRO-CCAP 1560/4 and
IRO-CCAP 1560/5 were considered to represent the same strain
(renamed IRO-CCAP). The IRO-CCAP strain sequences had a Pi
of 0.0035, not significantly different from the two IRO-CCAP
isolates Pi’s (P 5 0.62 and 0.70, respectively).
IRO-UA. The total length of the four IRO-UA1 sequences
varied from 369–371 bp with an estimated Pi of 0.0054. For the
four IRO-UA6 sequences, the total length was 370–371 bp and the
Pi is 0.0054. No significant difference was observed between the
two intra-isolate nucleotide diversities (P 5 1). Based on the
alignment of the eight sequences from the two IRO-UA isolates,
no fixed nucleotide difference was observed (Da(JC) 5  0.0003).
Therefore, based on the ITS region, the isolates IRO-UA1 and
IRO-UA6 were considered to represent the same strain (renamed
IRO-UA). The IRO-UA strain sequences had a Pi of 0.0052, not
significantly different from the two IRO-CCAP isolates Pi’s
(P 5 0.95 and 0.94, respectively). However, 22 fixed nucleotide
differences were observed between the sequences of the IROCCAP and IRO-UA strains (Da(JC) 5 0.067). The IRO-CCAP
and IRO-UA strains were considered different based on the ITS
region.
IRO-ATCC. The total length of the four ATCC 30735 sequences was 377 bp with an estimated Pi of 0.0053. The total

length of the four ATCC 50172 sequences was 356 bp with a Pi of
0.0056. Based on the alignment of the eight sequences from the
two IRO-ATCC isolates, 29 fixed nucleotide differences were observed. The Da(JC) was estimated at 0.087. The two isolates were
considered different and represent separate strains. The IROATCC 30735 isolate sequences also shared 21 fixed nucleotide
differences when compared with the IRO-CCAP strain
(Da(JC) 5 0.067); and 33 when compared with the IRO-UA strain
(Da(JC) 5 0.102). The IRO-ATCC 50172 sequences had 18 fixed
nucleotide differences when compared with the IRO-CCAP strain
(Da(JC) 5 0.051); and 32 when compared with the IRO-UA strain
(Da(JC) 5 0.096).
Based on these nucleotide divergence values, four distinct
strains were defined in the present study: IRO-CCAP, IRO-UA,
IRO-ATCC 30735, and IRO-ATCC 50172. Low or non-existent
levels of microheterogeneity were found within the ITS sequence
region (Fig. 1B).
AMOVA. The AMOVA revealed that most of the variation
was explained by inter-strain variability (95.1%). We also noted
low intra-isolate variability (5.0%) and negligible inter-isolate
variability within strains (Table 3). The absence of inter-isolate
variability confirmed the designation of the IRO-CCAP 1560/4
and IRO-CCAP 1560/5 isolates as IRO-CCAP strain, and IROUA1 and IRO-UA6 isolates as IRO-UA strain.
Neoparamoeba aestuarina ITS region. Two clones of the ITS
region were sequenced from the N. aestuarina isolate and the respective IRO. Pairwise sequences comparison revealed 11 nucleotide substitutions for the amoeba’s ITS region and only one for
the IRO’s. A single clone of the ITS region was used as outgroup
in the phylogenetic analyses. The ITS region sequence length was
737 bp for N. aestuarina and 366 bp for the endosymbiont (accessible in GenBank, Table 2).
Neoparamoeba spp. phylogenetic analysis. The alignment of
828 nucleotides of ITS region sequences from 49 Neoparamoeba
spp. was assessed by ML, MP and NJ analysis (Fig. 2A). The ML
50% majority-rule consensus tree rooted with a N. aestuarina
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Fig. 1. Microheterogeneity variation along the internal transcribed spacer region. (A) Four Neoparamoeba pemaquidensis strains (1032 nucleotide
alignment). (B) Four Ichthyobodo necator related organism strains (753 nucleotide alignment). The X-axis represents the nucleotide position in the
alignment. Sliding window approach: 20 nucleotide length and 10 nucleotide steps.

outgroup, represents the branching order among the four N.
pemaquidensis strains (Fig. 2A). N. pemaquidensis sequences
were separated into two distinct sister groups. Within these
groups, all clones from a single strain were consistently grouped
together and formed a cluster supported by high bootstrap values
(92%–100%). The sister groups, UA and ATCC 30735 strains,
were supported by moderate bootstrap values (65%–84%). The
CCAP and ATCC 50172 strains formed a monophyletic group
supported by high bootstrap values (98%–99%) (Fig. 2A). The
general branching structure produced by all analyses did not indicate a phylogeographic pattern.
Ichthyobodo necator-related organism phylogenetic analysis. The alignment of the 383 nucleotides from the 25 IRO ITS
region sequences was assessed by ML, MP, and NJ analysis (Fig.
2B). The ML 50% majority-rule consensus tree rooted with an
IRO-N. aestuarina outgroup, represents the branching order

among the four N. pemaquidensis strains (Fig. 2B). All clones
from a single strain were consistently grouped together and
formed a cluster supported by high bootstrap values (94%–
100%). The IRO-UA strain sequences produced a well-supported
monophyletic group (bootstrap value of 99%–100%) (Fig. 2B).
The IRO-CCAP and IRO-ATCC 50172 strain sequences clustered
together to form a sister group supported by low to moderate bootstrap values of 55%–84%. The IRO-ATCC 30735 strain’s association with the IRO-CCAP and IRO-ATCC 50172 sister group was
supported by low bootstrap values (50%–65%) (Fig. 2B).
Host:parasite coevolution test. Genetic distances based on
the Kimura 2-parameter model were computed from the six
aligned ITS consensus sequences from N. pemaquidensis isolates
and compared with the genetic distances computed from the six
aligned IRO-ITS consensus sequences. The ParaFit test indicated
that there was a global relationship between the host and parasite

Table 3. Analyses of molecular variance (AMOVA) within the ITS sequence: (A) Neoparamoeba pemaquidensis; (B) Ichthyobodo necator related
organism.
Source of variation

df

(A) Neoparamoeba pemaquidensis ITS region
Among strain
3
Among isolates within a strain
2
Within isolate (microheterogeneity)
42
Total
47
(B) Ichthyobodo necator related organism ITS region
Among strain
3
Among isolates within a strain
2
Within isolate (microheterogeneity)
18
Total
23

Sum of squares

Variance
components

Percentage
of variation

1551.81
23.62
570.50
2145.94

43.75
 0.22
13.58
57.10

76.6
 0.4
23.8
100

334.92
1.87
18.25
355.04

19.16
 0.02
1.01
20.15

95.1
 0.1
5.0
100

The hierarchical structure of the analysis is the same for both organisms; 4 strains: CCAP, UA, ATCC 30735 and ATCC 50172; two isolates within the
strain CCAP: CCAP 1560/4 and CCAP 1560/5; two isolates within the strain UA: UA1 and UA6.
ATCC, American type culture collection; CCAP, Culture Collection of Algae and Protozoa; ITS, internal transcribed spacer.
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Fig. 2. The 50% majority-rule consensus phylogenetic trees for Neoparamoeba pemaquidensis and Ichthyobodo necator related organism strains
based on internal transcribed spacer sequences. (A) Neoparamoeba pemaquidensis based on the alignment of 828 nucleotides. (B) Ichthyobodo necator
related organism based on the alignment of 383 nucleotides. Values at nodes represent the bootstrap percentages from 1,000 replicates for maximum
likelihood, maximum parsimony and neighbor-joining, respectively. Each strain includes the cluster of all cloned sequences.

(endosymbiont) phylogenies, mediated by the table of host:parasite association links (Po0.001). The test confirmed that the
phylogenies were generally congruent. Additionally, the ParaFit

test for individual host:parasite links indicated significant
coevolution (Po0.02) for all established associations except
for the N. pemaquidensis ATCC 30735 strain and its respective
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endosymbiont IRO-ATCC 30735 where the null hypothesis H0
was not rejected (P 5 0.30).
DISCUSSION
Evaluation of the N. pemaquidensis ITS region revealed quantitative intra-specific variability that permitted the definition of
four strains among the six isolates studied. In two cases, we observed that phenotypically distinguishable clones of N.
pemaquidensis (CCAP 1560/4 and CCAP 1560/5, UA1 and
UA6) could not be separated at the molecular level, and thus we
assigned the clones to the same strain. Genetic distances between
strains (Da) revealed that the ITS region is an efficient subspecies
marker for N. pemaquidensis. Nevertheless, the presence of high
intra-isolate variability in N. pemaquidensis suggests that microheterogeneity may confound our ability to differentiate isolates.
Microheterogeneity. We observed significant levels of microheterogeneity in the nuclear rDNA of all six strains of N.
pemaquidensis. Some microheterogeneity was found throughout
the stretch of rDNA that we studied (1–3 differences from pairwise comparisons out of the 183 nucleotides sequenced of the 3 0 end of the 18S rDNA), but most of it occurred in the ITS1 and
ITS2 regions. Approximately 24% of the ITS region total intraspecific variation observed in N. pemaquidensis was explained by
microheterogeneity (Table 3). Dyková et al. (2005) reported surprisingly high divergence levels among cloned 18S rDNA sequences (microheterogeneity) with 16–52 differences observed
within an isolate from pairwise comparisons. In contrast, several
previous studies did not report or describe any microheterogeneity
for 18S rDNA sequences (Elliot et al. 2001; Fiala and Dyková
2003; Peglar et al. 2003; Wong et al. 2004). We believe that the
levels of microheterogeneity that we and Dyková et al. (2005)
have observed are the rule in Neoparamoeba.
In the current study, we demonstrated higher microheterogeneity than previously reported from any Neoparamoeba spp.
or closely related organism. Low to non-existent levels of microheterogeneity have been found in studies from different amoebae:
Entamoeba sp. (Som et al. 2000), Naegleria sp. (De Jonckheere
2004), and Acanthamoeba (Stothard et al. 1998). However, significant intra-specific polymorphism has been found in the marine
alveolate protozoan Perkinsus marinus (Brown, Hudson, and Reece 2004). Brown et al. (2004) detailed intra-isolate variation in the
ITS region (0.001–0.015) with the highest variation of 0.031 occurring in the ITS1 locus. The microheterogeneity found among
the N. pemaquidensis isolates varied from 0.0201–0.0313 for the
entire ITS region with the highest variation in ITS1 (0.032–0.046).
Given the relatively small number of clones examined per isolate,
perhaps we detected only a fraction of the ITS region heterogeneity
present within the genome. Thus, actual levels of microheterogeneity are probably higher than the current estimates.
Several origins for the observed level of microheterogeneity are
plausible. The production of sequence heterogeneity from a single
Neoparamoeba isolate may be the result of PCR artefact (Tindall
and Kunkel 1988; Pääbo, Irwin, and Wilson 1990). However, using the same PCR reagents, we obtained low or non-existent microheterogeneity within the IRO sequences (Table 3 and Fig. 1B).
Therefore, biased PCR is not a likely reason to explain the observed microheterogeneity, whereas it could minimally result in
overestimates. Alternatively, sequence heterogeneity could be accounted for if the N. pemaquidensis cultures were not clonal and
therefore, contained several different isolates. We tested the nonclonality hypothesis by establishing new clonal cultures from the
UA6 isolate. The UA6 Neoparamoeba and IRO nucleotide diversity levels (0.0307 and 0.0041, respectively) were not significantly
different (P 5 0.92 and 0.58, respectively) from the nucleotide
diversities found in the initial UA6 clone sequences. We can

therefore reject the hypothesis that a non-clonality effect could
account for the observed microheterogeneity.
Our results suggest that the assumption of concerted evolution,
as it is normally perceived to operate in eukaryotic cells (Dover
1982; Elder and Turner 1995), is not totally appropriate for Neoparamoeba. Multiple functional rDNA copies have been found
within the apicomplexan parasite, Plasmodium. However, the microheterogeneity observed in N. pemaquidensis is different than
the poly-allelic pattern described in the 18S rDNA gene copies in
the Plasmodium vivax genome (Li et al. 1997). The variation observed between the four to eight dispersed genomic rDNA copies
in Plasmodium is correlated with the stage-specific expression of
the parasites in different hosts (mosquito and human) and cell
types (erythrocytes and hepatocytes) (Li et al. 1997). For N.
pemaquidensis, the amoeba trophozoite is the only known life
stage and sexual reproduction has never been observed. Therefore, the likelihood that the microheterogeneity exhibited within
the ITS regions of N. pemaquidensis correlates with life stages or
the varying life history strategies of this amphizoic amoeba appears remote. Interestingly, sequence microheterogeneity does not
introduce so much ‘‘noise’’ into the data that phylogenetic relationships among the strains are obscured, a result also obtained by
Burreson, Reece, and Dungan (2005) for Perkinsus. This observation suggests that nucleotide sequence homogeneity among
rDNA copies is still maintained within a strain by partial mechanisms of homogenization. The IROs that we examined showed
far lower levels of rDNA microheterogeneity, levels more consistent with those observed in the great majority of eukaryotes.
Whatever the extent of genomic integration that exists between
the IRO and its host, it has not extended to the control of the
mechanism of rDNA evolution. Therefore, the morphological
(Martin 1987), antigenic (Villavedra et al. 2005), and now genetic plasticity present in N. pemaquidensis may be considered the
result of a complex adaptation of the amoeba and its endosymbiont to a wide range of life styles and environments.
Coevolution. The topologies of the N. pemaquidensis and IRO
phylograms differ. The dissymmetry between the trees is caused
by the unresolved branching order between the UA cluster, the
ATCC 30735 cluster and the cluster formed by the CCAP and
ATCC 50175 strains. The lack of congruence between these
phylogenetic analyses does not refute the hypothesis of coevolution. Nevertheless, the ParaFit test to estimate the robustness of
the coevolution hypothesis between N. pemaquidensis and the
IRO supported the hypothesis that the two protists followed coordinated evolution and shared specific relationships. Even if the
individual ATCC 30735 association is not confirmed, the global
coevolution pattern is established and corroborates the congruent
phylogenies previously observed by Dyková et al. (2003) and
Dyková and Lom (2004) from three IRO types and their N.
pemaquidensis host. Additional studies should be done with N.
aestuarina and N. branchiphila to verify if the observed pattern is
ubiquitous within the genus Neoparamoeba.
This result is consistent with the little that we know of the biology of the Neoparamoeba/IRO association. To our knowledge,
no cell of Neoparamoeba has ever been observed without an IRO,
and the two protists have never been separated from each other
experimentally, nor isolated nor cultured independently (Hollande
1980). Assuming that the two organisms could not be separated
and are following coordinated evolution, our results establish that
N. pemaquidensis and the IRO are intimately and obligately associated. This conclusion however may not extend to other parasome-containing amoebae. O’Kelly et al. (2001) noted that the
entity known as Korotnevella nivo Smirnov, 1997 is indistinguishable at the ultrastructural level from Paramoeba eilhardi Schaudinn, 1896, except that the former lacks a parasome. Molecular
sequence data should provide further insights into the relative
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phylogenetic closeness of K. nivo and P. eilhardi. Until then, it is
intriguing to consider that symbiont-free cells of a susceptible species are available for infection in nature. Endosymbiotic relationships suggest some level of dynamic cytonuclear association with
different degrees of mutual exchange. Further genomic comparisons between Neoparamoeba and its endosymbiont should therefore reveal some level of reciprocal genomic transfers. Indeed,
Paramoeba and Neoparamoeba may therefore represent two stages
in the development of an obligate symbiotic relationship between
two lineages of free-living heterotrophic protists, and may provide
an excellent model in which to study genomic integration.
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