
Author's personal copy

Gene expression profiling of a fish parasite Ichthyophthirius multifiliis: Insights into
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The ciliate parasite Ichthyophthirius multifiliis (Ich) infects many freshwater fish, causing white spot disease
that leads to heavy economic losses to aquaculture and ornamental industries. Despite its economic
importance, molecular studies examining fundamental processes such as life stage regulation and infectivity
have been scarce. In this study, we developed an oligo microarray platform using all available I. multifiliis
expressed sequence tag (EST) information as well as probes designed through comparative genomics to other
protozoa. Gene expression profiling for developmental and virulence factors was conducted using this
platform. For the developmental study, themicroarray was used to examine gene expression profiles between
the three major life stages of Ich: infective theront, parasitic trophont, and reproductive tomont. A total of 135
putative I. multifiliis genes were found to be differentially expressed among all three life-stages. Examples of
differentially expressed transcripts among life stages include immobilization antigens and epiplasmin, as well
as various other transcripts involved in developmental regulation and host-parasite interactions. I. multifiliis
has been shown to lose infectivity at later cell divisions potentially due to cellular senescence. Therefore, the
microarray was also used to explore expression of senescence-associated genes as related to the passage
number of the parasite. In this regard, comparison between tomont early and late passages yielded 493
differently expressed genes; 1478 differentially expressed genes were identified between trophont early and
late passages. The EST-derived oligo microarray represents a first generation array of this ciliate and provided
reproducible expression data as validated by quantitative RT-PCR.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The protozoan Ichthyophthirius multifiliis is one of the most
widespread ciliate parasites of freshwater fish worldwide (Matthews,
2005), causing ichthyophthiriosis, or white spot disease. The disease is
characterized by white spot cysts covering the host skin and gills, and
cause highmortalities and severe economic losses to both aquaculture
and ornamental fish industries. I. multifiliis has a life-cycle with three
developmental stages: a reproductive tomont, an infective theront,
and a parasitic trophont (Matthews, 2005). The trophont lives within
the host, where it feeds and grows; once matured, the trophont
emerges from the host, drops to a substrate, and forms a cyst wall. The
tomont rapidly divides producing daughter cells within the cyst; these
cells develop into theronts. When fully developed, the cyst bursts,
releasing the free-swimming theronts that actively locate a host,
where the parasite invades the fish epithelium (Xu et al., 2000;
Matthews, 2005).

The trophont stage is an obligate parasitic stage and must be
propagated on a host fish. A difficulty in long-term maintenance of
any I. multifiliis isolate is the reduction in infectivity after a number of
life-cycles, presumably related to senescence as the isolate undergoes
serial passages from fish to fish in the laboratory (Houghton and
Matthews, 1986; Burkart et al., 1990; Xu and Klesius, 2004).
Currently, in vitro methods used to culture I. multifiliis remain elusive
as nomedia or cryopreservation technique has been developed, which
is needed for long-term maintenance. Xu and Klesius (2004)
described the effect of senescence on an isolate maintained in vivo
on channel catfish over a two-year period involving a total of 105
serial passages. The authors noted that infectivity of I. multifiliis
declined as the number of serial passages increased, causing lower
and lower fish mortalities. Furthermore, the time period required for
trophont emergence from the infected fish was found to be
significantly increased at the later passages (91–105 cycles) as
compared to that at earlier passages (Xu and Klesius, 2004).

The mechanisms of senescence in the serial passages of laboratory
I. multifiliis isolates remained unclear. Genomic characteristics of
I. multifiliis may play a role in senescence. I. multifiliis, typical of the
phylum Ciliophora, has nuclear dimorphism; the genome consists of a
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macronucleus and a micronucleus (Matthews, 2005). The character-
istics of ciliate nuclear dimorphism include both germ line and
somatic cell divisions, where the micronucleus contains the germ line
that can undergo recombination throughmeiotic conjugation, and the
macronucleus that is transcriptionally active for cellular functions. As
such, ciliates can reproduce both sexually and asexually. Asexual cell
division through binary fission has been well studied. While the
mechanisms of I. multifiliis sexual reproduction are unresolved, some
evidence exists to support sexual conjugation (Matthews, 2005). It
has been suggested that senescence of laboratory isolates may be
related to sexual reproduction (Scholz, 1999; Matthews, 2005), or
lack thereof, due to a lack of recombination of the germ line.

Several biological processes are known to be capable of inducing
senescence, including changes in gene expression, activation of
oncogenes, epigenetic effects, and DNA damage and replicative damage
in the form of telomeric shortening (Ben-Porath and Weinberg, 2004,
2005; Campisi, 2005; Herbig et al., 2006; Herbig and Sedivy, 2006;
Peters, 2008). Therefore, undertaking a study of senescence-associated
gene expression would be an important step in the identification of
factors of senescence in the I. multifiliis macronuclear genome.

Despite these intriguing observations, follow up studies have been
difficult due to the lack of necessary genomic tools. The objectives of this
study were to develop a unique clustered set of sequences using all
existing ESTs, to construct an oligo microarray using the unigenes, and
to utilize themicroarray for capture of expression profiles of I. multifiliis
related to its developmental stages and passages.

2. Materials and methods

2.1. Biological samples

I. multifiliis was isolated from an outbreak of ichthyophthiriosis at a
local pet shop. It was cultured by serial infections of channel catfish
(Ictalurus punctatus) as previously described (Xu et al., 2000, 2005). The
trophont, tomont, and theront samples were collected into separate
tubes. Trophonts were collected from surface of fish skin when the
white spots were visible; tomonts were collected from culture dishes
after attachment of the parasite to culture dish and rounds of division;
theronts were collected after the burst of the cysts. Theronts were first
passed through a fine mesh and then collected by centrifugation.
Because of small biological samples that can be collected from each fish,
tomont, trophont, and theront samples were pooled frommultiple fish,
and distinct pools were collected to serve as biological replicates for the
microarray analysis. Samples of each pool were collected from
approximately 8 infected fish: 2 for trophonts, 3 for theronts and 3 for
tomonts. Trophonts were placed in Petri dishes and allowed to attach
and develop into tomonts and theronts.

Each life stage was also collected over approximately a two-year
period of serial passages, based on the observation that I. multifiliis loses
infectivity over the course of serial passages (Xu and Klesius, 2004). The
first passage after wild isolation (passage 1) and passage 100 samples
were collected as described above. All samples were suspended in
phosphate buffered saline (PBS, pH 7.4) and flash-frozen in liquid
nitrogen. Samples were then stored at−80 °C until RNA extraction.

2.2. Genetic information

The I. multifiliis microarray was constructed using EST sequence
information. ESTs available in the dbEST at the GenBank were analyzed
to determine a set of unique genes. The EST sequences were first
downloaded to a local database, and then contiguous sequences
(contigs) were assembled. A total of 33,515 ESTs were used for
sequence assembly including 8432 ESTs from a previous sequencing
effort (Abernathy et al., 2007) and an additional 25,083 ESTs in the
public domain. Before sequence assembly, all ESTswere trimmedof poly
A/T sequences at both the 5′ and 3′ ends using the default settings of the

Vector NTI Advance version 10 software (Invitrogen, Carlsbad, CA).
Next, the trimEST feature at EMBOSS (http://emboss.sourceforge.net/)
was employed using the settings of minimum 4 poly A/T and mismatch
setting at 2 bases. The ESTs were then clustered to create contigs using
the ContigExpress programof theVector NTI software (Invitrogen)with
the settings of 90% identity and 40 bp overlap. All other cluster settings
used were the default. This produced a set of 9129 total unique
I. multifiliis expressed sequences, comprising 2824 contigs and 6305
singletons. I. multifiliis contig sequences are provided in Supplemental
File 1. Unique I. multifiliis sequences were used in BLAST analyses and
gene ontology comparisons, and for the construction of the microarray.
BLAST searches were performed using information at the National
Center for Biotechnology Information (NCBI) and, where indicated, the
J. Craig Venter Institute. Preliminary sequence data for the I. multifiliis
scaffolds was obtained from the J. Craig Venter Institute.

2.3. Microarray construction

High-density in situ 385 K oligonucleotide microarrays were
constructed by Nimblegen (Madison, WI, USA). All unique EST
sequences were submitted for probe design. Since the unique ESTs
comprised 9129 sequences, extra space was available on the 385 K
microarrays to place additional features. At the time of microarray
construction, no whole genome sequence of I. multifiliis was publically
available. Therefore, to facilitate comparative genomic analysis and to
potentially increase gene content through cross-hybridization, gene
coding sequences of Tetrahymena thermophila and Plasmodium falci-
parum were also added to the microarrays. T. thermophila and
P. falciparum sequences were selected since both organisms are unicel-
lular protists, P. falciparum is parasitic and T. thermophila is phyloge-
netically close to I. multifiliis (Clark et al., 1992;Wright and Lynn, 1995;
Van Den Bussche et al., 2000; Abernathy et al., 2007), and both have a
whole-genome sequence available. A total of 26,273 T. thermophila and
5184 P. falciparum gene coding sequenceswere included in the array for
probe design. The probe design strategy was to create 60 base pair
(60mer) oligonucleotide probes, including 12 60mer oligos per unique
sequence, and 10 60mer oligos for both T. thermophila and P. falciparum
sequences. The array for both developmental and passage study can be
accessed at the NCBI Gene Expression Omnibus (GEO) database under
the accession numbers GSE18556 and GSE22466.

2.4. RNA extraction and synthesis of cDNA

Total RNA was extracted using the TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer's protocol. Replicates
from each life-stage were processed separately to avoid cross-
contamination. Quantity and quality of total RNA was assessed on a
spectrophotometer and by denaturing agarose gel electrophoresis
containing formaldehyde.

Total RNAwas used for the synthesis of first-strand cDNA, using an
oligo(dT)12–18 primer (Invitrogen) and components from the Super-
Script™ Double-Stranded cDNA Synthesis kit (Invitrogen) according
to protocols from Nimblegen Systems, Inc. (Roche Nimblegen,
Madison, WI, USA). For first-strand cDNA synthesis, 10 μg of each
total RNA was combined with 100 pmol of oligo(dT) primer in total
reaction volumes of 11 μL. Samples were heated to 70 °C for 10 min to
denature and immediately placed on ice. Then, 4 μL of 5× First Strand
Buffer, 2 μL of 0.1 M DTT, and 1 μL of 10 mM dNTP mix were added to
each reaction. Reactions weremixed, incubated for 2 min at 42 °C, and
then 2 μL of RT was added (200 U/μL SuperScript II, Invitrogen).
Incubations were continued at 42 °C for 1 h and placed on ice.

Next, second-stranded cDNA was synthesized, also with kit
components from the SuperScript™ Double-Stranded cDNA Synthesis
kit (Invitrogen). A master mix was made for each first-strand reaction
sample in a total volume of 150 μL as follows: 20 μL of first-strand
reaction was combined with 91 μL of nanopure water, 30 μL of 5×
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Second Strand Buffer, 3 μL of 10 mM dNTP mix, 1 μL of 10 U/μL DNA
ligase, 4 μL of 10 U/μL DNA polymerase I, and 1 μL of 2 U/μL RNase H.
Samples were gently mixed and incubated at 16 °C for 2 h. Then, 2 μL of
5 U/μL T4DNApolymerasewasaddedand the incubationwas continued
for an additional 5 min. Samples were then placed on ice and 10 μL of
0.5 M EDTA added to each reaction to complete the synthesis of double-
stranded cDNA. One-microliter of 10 mg/mL RNase A Solution was
added to each reaction and incubated at 37 °C for 10 min. The samples
were extracted with TE-saturated 25:24:1 phenol:chloroform:isoamyl
alcohol (Sigma-Aldrich, St. Louis, MO, USA) and the aqueous phase
saved for cDNA precipitation. Second strand cDNA was precipitated by
adding 16 μL of 7.5 M ammonium acetate to each sample. Sampleswere
mixed by repeated inversion and 7 μL of 5 mg/mL glycogen was added
and mixed. Cold (−20 °C) absolute ethanol (326 μL) was added and
mixed by inversion. Samples were centrifuged at 14,000 ×g for 20 min
and the supernatants removed and discarded. To wash the samples,
500 μL of 80% ethanol (−20 °C) was added to each tube and mixed by
inversion. Samples were centrifuged at 14,000 ×g for 5 min and the
supernatants removed. Washing with ice-cold 80% ethanol was
repeated. Pellets were air-dried under a laminar flow hood for 10 min
and reconstituted with 20 μL of nanopure water. Concentration of each
cDNA sample was determined by spectrophotometry, and ≥2 μg cDNA
from each sample was provided to Nimblegen (Madison, WI, USA) for
labeling, hybridization, and image acquisition.

2.5. Microarray hybridization and analysis

The microarray was used to assess gene expression profiles on each
of the three life-stages of I. multifiliis, and to assess gene expression in
early to late life-cycles based on serial passages. For a comparison
between life-cycle stages, a total of nine hybridization experiments
were performed utilizing the microarray design, including three
biological replicates from each of the three life-stages (tomont,
trophont, and theront life-stages). For the infectivity study, a total of
18 hybridization experiments were performed to include three
biological replicates at passage 1 and passage 100 of each of the three
life-stages. Second-stranded cDNA, created as described above in
Section 2.4, from each was hybridized to microarrays and used to
generate gene calls. Gene call data for each array was provided by
Nimblegen.NimbleScan softwarewas used tonormalize the raw images
by quantile normalization (Bolstad et al., 2003). Gene calls of the
normalized data were generated using the Robust Multichip Average
(RMA) algorithm (Irizarry et al., 2003). Normalized RMAcall expression
values and standard errors were loaded into the DNA-chip analyzer
(dChip) software (Li and Wong, 2001). This software was used to
perform data comparisons and generate fold-change of expression
values. All default comparison criterion statisticswere selected in dChip,
along with a cut-off value of 2-fold expression difference minimum
among all three-life stages. A 2-fold cut-off difference was chosen to
increase the likelihood of gene discovery. Additional dChip analyses
were performed comparing one-to-one life-stage expression changes
with a 5-fold difference cut-off. This included an analysis comparing
trophont to tomont life-stage, tomont to theront life-stage, and theront
to trophont life-stage, mimicking the continual nature of the parasite
development. A 5-fold difference cut-off was chosen to increase the
confidence in hybridization results between the life-stages and also
between the passage data. A global false discovery rate of 10% was
assessed using 500 permutations for all analyses.

2.6. Quantitative RT-PCR

A selected subset of genes was chosen for microarray validation
using quantitative PCR. For quantitative real-time RT-PCR (qRT-PCR),
total RNA of I. multifiliis was extracted using the RNeasy Plus Mini
kit (Qiagen, Valencia, CA, USA). Briefly, aliquots of I. multifiliis cells
from each life-stage were homogenized in lysis buffer (6 μL of 14.3 M

β-mercaptoethanol; 600 μL Buffer RLT Plus) using a 20-gauge needle
attached to a sterile syringe according to the protocol from the
RNeasy Plus Mini kit (Qiagen). Each homogenized lysate was
centrifuged to remove cellular debris, and the supernatants were
filtered through a gDNA eliminator spin column to eliminate the
genomic DNA. The total RNAwas further extracted using the protocol
supplied from the manufacturer. Total RNA from each life-stage
replicatewas isolated for qRT-PCR. Each of the total RNA samples was
adjusted to 100 ng/μL to use as template. One-step qRT-PCR was
performed on a LightCycler 1.0 real-time instrument (Roche Applied
Science, Indianapolis, IN, USA). The qRT-PCR reactions were made
using the LightCycler RNA Master SYBR Green I kit (Roche Applied
Science), with modifications. A 10 μL total reaction volume was used
(9 μL reaction mix+1 μL RNA temple) for each sample. Each reaction
mix contained 2.65 μL of PCR grade water, 0.65 μL of 50 mM Mn
[OAc]2, 1 μL of 5 μM forward primer, 1 μL of 5 μM reverse primer, and
3.7 μL of SYBR Green I. The thermal cycling profile used was as
follows: (i) Reverse transcription, 61 °C for 20 min; (ii) Denaturation,
95 °C for 2 min; (iii) Amplification, 50 cycles of 95 °C for 5 s, 56 °C for
10 s, and 72 °C for 20 s. Melting curve analysis was performed on
each run and confirmed single product amplification. Cycle threshold
(Ct) values were generated for each triplicate sample, both for the
genes of interest and 18S rRNA gene. The 18S rRNA primers were
those as reported by Jousson et al. (2005); the forward primer reads
5′-AGTGACAAGAAATAGCAAGCCAGGAG-3′ and the reverse primer
reads 5′-ACCCAGCTAAATAGGCAGAAGTTCAA-3′. These primers am-
plified a segment of 193 bp.

Relative expression levels were determined using Ct values and
the Relative Expression Software Tool (REST) version 2009 (Pfaffl,
2001; Pfaffl et al., 2002), assuming 100% PCR efficiencies and statistics
based on 1000 randomizations. The 18S rRNA gene was used as the
normalizer. Negative control PCR reactions (PCR using the total RNA
templates, minus RT) were also performed to test for amplification of
genomic DNA.

3. Results and discussion

3.1. EST analysis

A total of approximately 33,000 I. multifiliis ESTs were available for
analysis. Cluster analysis of these ESTs indicated the presence of 9129
unique sequences. These ESTs were further subjected to BLASTX
analysis to obtain their putative identities. As summarized in Table 1,
of the 9129 unique sequences, 4730 (52%) had significant BLASTX hits
to the non-redundant (nr) database at the NCBI. A complete list of
BLASTX search results with taxonomic identities are provided in
Supplemental Table 2. A close examination of putative identities
suggested the presence of three main types of transcripts: those with
highest similarities to protozoa sequences; those with highest
similarities to teleost sequences; and those with highest similarities
to bacterial sequences (Table 1), suggesting that the I. multifiliis EST
database may actually contain ESTs with a mixture of origins.

The vast majority, 3717 (78.6%), of the I. multifiliis ESTs with
significant (E-valueb1E-5) BLASTX hits had the highest similarities to
protozoan sequences, as expected (Table 1 and Supplemental Table 2).
However, a fraction of 387 (8.2%) ESTs with significant BLASTX hits had
the highest similarities to teleost sequences. Similarly, a fraction of 469
(9.9%) ESTs with significant BLASTX hits had the highest similarities to
bacterial sequences. To draw conclusions based on this informatic
analysis, it is likely that the I. multifiliis EST database contained
sequences of various origins: those of I. multifiliis as intended, those
from fish hosts, and those from bacteria. It is reasonable to assume that
those ESTs with the highest similarities to protozoan sequences were
likely of I. multifiliis origin, representing truly I. multifiliis ESTs, while
those with the highest similarities to teleost sequences may have been
derived from a collection of host fish tissues along with parasitic

384 J. Abernathy et al. / Comparative Biochemistry and Physiology, Part D 6 (2011) 382–392

https://www.researchgate.net/publication/283679863_Exploration_Normalization_and_Summaries_of_High_Density_Oligonucleotide_Array_Probe_Level_Data?el=1_x_8&enrichId=rgreq-b3e5cebaf1eb67c03b5623cadc2b74ea-XXX&enrichSource=Y292ZXJQYWdlOzUxNjE3NzE3O0FTOjE5Nzg0NTU1NTY1MDU2MEAxNDI0MTgxNDY0NTUw
https://www.researchgate.net/publication/231337340_A_Comparison_of_Normalization_Methods_for_High_Density_Oligonucleotide_Array_Data_Based_on_Variance_and_Bias?el=1_x_8&enrichId=rgreq-b3e5cebaf1eb67c03b5623cadc2b74ea-XXX&enrichSource=Y292ZXJQYWdlOzUxNjE3NzE3O0FTOjE5Nzg0NTU1NTY1MDU2MEAxNDI0MTgxNDY0NTUw
https://www.researchgate.net/publication/12193492_Model-based_analysis_of_oligonucleotide_arrays_Expression_index_computation_and_outlier_detection?el=1_x_8&enrichId=rgreq-b3e5cebaf1eb67c03b5623cadc2b74ea-XXX&enrichSource=Y292ZXJQYWdlOzUxNjE3NzE3O0FTOjE5Nzg0NTU1NTY1MDU2MEAxNDI0MTgxNDY0NTUw
https://www.researchgate.net/publication/11396753_Relative_Expression_Software_Tool_RESTC_for_group-wise_comparison_and_statistical_analysis_of_relative_expression_results_in_real-time_PCR?el=1_x_8&enrichId=rgreq-b3e5cebaf1eb67c03b5623cadc2b74ea-XXX&enrichSource=Y292ZXJQYWdlOzUxNjE3NzE3O0FTOjE5Nzg0NTU1NTY1MDU2MEAxNDI0MTgxNDY0NTUw
https://www.researchgate.net/publication/10607399_Irizarry_RA_Hobbs_B_Collin_F_Beazer-Barclay_YD_Antonellis_KJ_Scherf_U_Speed_TPExploration_normalisation_and_summaries_of_high_density_oligonucleotide_array_probe_level_data_Biostatistics_4_249-264?el=1_x_8&enrichId=rgreq-b3e5cebaf1eb67c03b5623cadc2b74ea-XXX&enrichSource=Y292ZXJQYWdlOzUxNjE3NzE3O0FTOjE5Nzg0NTU1NTY1MDU2MEAxNDI0MTgxNDY0NTUw
https://www.researchgate.net/publication/7640569_Non-invasive_detection_and_quantification_of_the_parasitic_ciliate_Ichthyophthirius_multifiliis_by_real-time_PCR?el=1_x_8&enrichId=rgreq-b3e5cebaf1eb67c03b5623cadc2b74ea-XXX&enrichSource=Y292ZXJQYWdlOzUxNjE3NzE3O0FTOjE5Nzg0NTU1NTY1MDU2MEAxNDI0MTgxNDY0NTUw


Author's personal copy

trophont samples for cDNA library creation. Those ESTswith the highest
similarities to bacterial sequencesmay have beenderived frombacterial
origin. Indeed, symbiotic bacteria have been reported for this parasite
(Sun et al., 2009). Since I. multifiliis is an obligate parasite, complete
removal of contaminating fish RNA remains difficult with the best of
efforts, especially when the parasitic trophont stages is used for study.
Removal of endosymbiotic signals is improbable, particularly since it is
currently unclear if I. multifiliis can survive without the symbionts, and
the trophont and tomont life-stages both contain symbiotic bacteria
within their cytoplasm (Sun et al., 2009). Nonetheless, based on our
computational analysis, caution must be exercised in dealing with ESTs
from obligate parasitic organisms such as I. multifiliis.

To that end, all I. multifiliis contigs and singletons were searched
against the I. multifiliis genome sequence, available in preliminary
form at the J. Craig Venter Institute. BLAST analysis was performed
using the I. multifiliis scaffolds and annotated amino acid sequence
translations that are currently available (version: ich_jcvi_0407), with
a cut off Expect valueb1E−5. Results of the BLAST analysis are
available in Supplemental Table 3. There were 5361 significant hits
(59%) to the genome scaffolds out of the possible 9129 sequences
used in the search. There were 4651 transcripts with significant
identity based on BLASTX searches of the translated amino acid
sequence of the genome. The largest percentage (58%) of significant
BLASTX hits, a total of 2683 sequences, was assigned to hypothetical
proteins. Taken together with the nr database search, in which
approximately 18% of sequences had highest BLAST identity to either
fish or bacteria, approximately 23% of I. multifiliis sequences remain
uncharacterized. This could be due to: (1) the preliminary translation
and unfinished nature of the current I. multifiliis genome sequence,
(2) clustering issues from de novo assembly, particularly since several
repeat domains (e.g. WD–MORN–leucine–repeats) and gene families
(e.g. ubiquitin, zinc finger) were identified in the ESTs, (3) the
discovery of unique transcripts or (4) likely some combination.

Whole genome information of two well-studied protists,
T. thermophila and P. falciparum, has been a valuable comparative

genomic resource for previous studies e.g. (Pomel et al., 2006;
Abernathy et al., 2007; Abernathy et al., 2009; Damaj et al., 2009) as
well as the current study. Now, the preliminary I. multifiliis genome
sequence is a useful tool going forward to align expressed sequences to
genomic DNA for gene discovery. The genome will be of particular
importance in screening of ESTs for contaminating sequences, not only
because this organism contains symbiotic bacteria, but also because
I. multifiliis cannot be propagated outside of a fish host. The
bioinformatic analyses described in this section includes a combination
of comparative genomics, nr BLAST at the NCBI, and whole-genome
screening. This data will be utilized to provide confidence in the results
and conclusions of the microarray and quantitative PCR through the
exclusion of sequences of putative bacterial or teleost origin herein.

Subsequent to the above analyses, all I. multifiliis ESTs with a
significant BLAST hit were filtered to remove potential teleost and
bacterial homologues, and the remaining sequences were analyzed
using gene ontology (GO) searches (Fig. 1). A total of 1816 sequences
were assigned GO terms within the biological processes, with 31% and
39% being involved in metabolic and cellular processes, respectively;
1284 sequences were assigned functions under the cellular compo-
nent category; and 1948 sequences were assigned under the
molecular functions category, with 42% for binding functions, and
44% for catalytic activities. The overall functional diversity of the
sequences remains high based on analysis using 2nd level GO terms.
All sequences assigned to GO categories did not exceed 44% assigned
to any one category (Fig. 1).

3.2. Microarray design and construction

A microarray was constructed using the unique 9129 I. multifiliis
EST sequences. Because of excess capacity on the microarray for
additional features, gene coding sequences from Tetrahymena thermo-
phila and Plasmodium falciparumwere also included on themicroarray
to potentially provide more information via cross-hybridization to
the related protozoa: one highly-related and non-pathogenic cili-
ate (T. thermophila) and one highly pathogenic apicomplexan
(P. falciparum). The resultant microarray included a total of 38,728
features, with 7271 features designed from the I. multifiliis sequences,
and 31,457 designed from the related organisms. Some of the 9129
unique I. multifiliis EST sequences (1858) were excluded from probe
design after quality control.

3.3. Differentially expressed genes among different life stages

The cDNA samples derived from theront, trophont, and tomont
stages were used as probes to explore gene expression profiles at the
three different life-stages of I. multifiliis. Comparison of hybridization
data indicated that a total of 173 transcripts were differentially
expressed among all three life-cycle stages. The 173 transcripts
represented 115 singletons and 57 contigs of the I. multifiliis ESTs, and
one feature representing a hypothetical protein sequence of
T. thermophila. Of the 173 differentially expressed transcripts, 95 were
assigned putative identities by BLASTX at E-value of Eb1e−5.

After filtering the transcripts for putative contaminating sequences
of bony fishes and bacteria, 135 transcripts were identified as
differentially expressed, representing 85 singletons and 49 contigs
from I. multifiliis along with the single feature representing a
hypothetical protein sequence of T. thermophila. Of the 135 filtered
differentially expressed transcripts, 51 were assigned putative identi-
ties. The complete listing of results is provided in Supplemental Table 4.
The top 5most up-regulated and down-regulated transcripts are shown
(Table 2). Several of the transcripts have a reciprocal relationship: the
most down-regulated transcript in one life-stage was one of the most
up-regulated in another stage (Table 2 and Supplemental Table 4).

Examination of the 135 transcripts reveals some prominent genes
involved in protozoan cellular regulation including immobilization

Table 1
BLASTX summary of all the unique I. multifiliis ESTs.

Description Value Taxonomy % of significant
hits

Total unique I. multifiliis ESTs 9,129
BLASTX significant (b1e−5)
hits

4,730

I. Number of top hits to
eukaryotes

4,259 90

Hit distribution 3,519 Tetrahymena sp. 74
152 Paramecium tetraurelia 3
25 Ichthyophthirius

multifiliis
b1

2 Plasmodium sp. b1
174 Others 4

i. Number of top hits to teleosts 387 8
Hit distribution 236 Danio rerio 5

36 Tetraodon nigroviridis b1
33 Salmo salar b1
25 Ictalurus punctatus b1
1 Ictalurus furcatus b1

56 Others 1
II. Number of top hits to
prokaryotes

469 10

Hit distribution 191 Rickettsia sp. 4
95 Chryseobacterium gleum 2
13 Flavobacterium sp. b1
6 Wolbachia

endosymbiont
b1

4 Candidatus bacteria b1
160 Others 3

III. Other
Hit distribution 2 Synthetic constructs b1
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antigens (I-antigens), epiplasmin, and cysteine proteases (Supple-
mental Table 4). I. multifiliis I-antigens are surface proteins associated
with cilia and cell cortex that strongly invoke the host immune
response. The presence of host antibodies to these antigens renders
the parasite immobile (Dickerson et al., 1989) and provides the host
teleost some protective immunity against subsequent exposure
(Swennes et al., 2007; Xu et al., 2008). As such, I-antigens have long
been studied for their potential as an immunogen source (reviewed in
(Matthews, 2005)). However, differential expression of I-antigens
across all three life stages has not been previously examined. The
results of the microarray experiments, as also confirmed with qRT-
PCR (Section 3.8), suggested that I-antigen was expressed at low level
in the parasitic trophont, at a slightly increased level in the
reproductive tomont, and at a highly elevated level in the infective
theront (Fig. 2). These results confirmed a previous report indicating
differential regulation of this protein (Clark et al., 1992), and further

specify relative amounts. The results here and elsewhere (Clark et al.,
1992) indicate that, while I. multifiliis is most closely related to free-
living ciliates such as Tetrahymena, there is clearly some develop-
mental control of I-antigens that has evolved to coincide with its
parasitic nature.

A similar expression patternwas observedwith epiplasmin 1, a gene
representing the major component of the ciliate membrane skeleton
andmember of a multigenic family of high-interest in evolutionary and
genomic studies (Pomel et al., 2006; Damaj et al., 2009). Epiplasmins
were demonstrated to be of critical importance for normal cell
development and morphogenesis in the ciliate Paramecium tetraurelia
(Damaj et al., 2009), and it may play a similar role in I. multifiliis.

Cathepsin L cysteine protease was also found to be differentially
expressed among all life stages. This gene was previously found to be
differentially regulated between I. multifiliis life-stages using quanti-
tative RT-PCR (Jousson et al., 2007). Cathepsin L appears to play
important roles in host–pathogen interactions. Proteases from
parasitic protozoa have been demonstrated to function in host cell
invasion and emergence, encystment and excystment, cytoadherence,
stimulation and evasion of host immune responses, and catabolism of
host proteins for a nutrient source (Klemba and Goldberg, 2002; Sajid
and McKerrow, 2002). In ciliate fish parasites, proteases have been
implicated in host invasion strategies and degradation of host cells
from both I. multifiliis (Jousson et al., 2007) and Philasterides
dicentrarchi (Parama et al., 2004). It has been speculated that fish
parasites release proteolytic enzymes to degrade collagen and other
structural molecules to assist in disruption of external epithelia as an
invasion strategy (Parama et al., 2004). Indeed, we observed the
largest up-regulation of cathepsin L cysteine protease in the infective
theront (Table 2), as seen elsewhere (Jousson et al., 2007). Further,
up-regulationwas also observed in the tomont, where these proteases
could be essential for encystment functions in this free-living stage
(Villalobo et al., 2003; Parama et al., 2004).

A total of 31 of the 135 genes identified as differentially expressed
among all three life-cycle stages had top BLASTX hit and highest
sequence identity to the closely related Tetrahymena species (Supple-
mental Table 4). Many of these genes identified are involved in cell
structure and cell regulation. They include genes involved in protein
assembly, folding, and translocation such as with HSP70, HSP90, DnaJ,
DnaK, prefoldin, Ras family and TCP1 gamma family proteins. A few core
structural proteinswere identified including ribosomal protein S25, TPR
domains, and histones. Several other transcripts involved in cell-cycle
functions were identified including proteins involved in fatty acid
oxidation and the citric acid cycle, amino acid biosynthesis, ion binding
and transport, phosphorylation, nucleic acid modification and transla-
tion termination. Three transcripts also had homology to hypothetical
proteins. One final transcript was identified as a proteasomeA-type and
B-type family protein (Supplemental Table 4). Proteasomes represent a
ubiquitous central component in eukaryotic cells involved in protein
turnover. These proteins have been extensively characterized in
protozoan parasites including Giardia, Entamoeba, Leishmania, Trypano-
soma, Plasmodium and Toxoplasma species (Paugam et al., 2003). The
proteasome has been demonstrated to be critical for cell differentiation
and replication in protozoa; as such, proteasomes have been studied for
their use as a therapeutic target to help the control of such parasites
(Paugametal., 2003). The current study shows that the transcript for the
I. multifiliis proteasome is differentially regulated in all three life-cycle
stages and potentially critical to cell regulation; therefore, this gene
could also be a potential target for a therapeutic agent in the biocontrol
of the parasite.

3.4. Differentially expressed genes between life stages

Microarray hybridization results were also examined between each
life-stage: tomont versus theront, theront versus trophont, and
trophont versus tomont. These data represent a significant portion of

Fig. 1. Gene ontology. Level 2 gene ontology (GO) of I. multifiliis sequences. BLASTX
analysis was performed on all unique ESTs, and then results filtered to remove teleost
and bacterial homologues. Filtered results were entered into the Blast2GO software
(Conesa et al., 2005) where sequences were assigned to GO categories. Level 2 GO
categories include biological process (top panel), cellular component (middle panel),
and/or molecular function (lower panel).
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the steady-state transcriptome between the life-cycle stages of
I.multifiliis and further provide amaterial basis for future developmental
candidate gene expression studies. Raw comparisons between tomont
and theront yielded 576 putative differently expressed genes, between
theront and trophont 787 putative differently expressed genes, and
between trophont and tomont162putativedifferently expressed genes.

After filtering of the transcripts to remove bony fish and bacterial
sequences, 515differently expressedgeneswere foundbetween tomont
and theront, 666 differently expressed genes were found between
theront and trophont, and 109 differently expressed genes were found
between trophont and tomont (Supplemental Table 5). A total of 32,
335, and 310 transcripts identified as differentially expressed and with
highest BLASTX similarities to Tetrahymena species were identified
between trophont versus tomont, theront versus trophont, and tomont
versus theront, respectively. In the trophont–tomont dataset, the two

most abundantly identified transcripts were hypothetical proteins and
dynein heavy chain proteins; the remaining transcripts included cell
structural and regulatory proteins such as granule lattice, tubulin, and
histone, and dehydrogenase, lyase, and intraflagellar transport proteins.
In the theront–trophont dataset, the three most abundantly identified
transcripts were hypothetical proteins, protein kinases, and leishmano-
lysins. Various other family proteins were identified including zinc-
fingerdomains family, EFhand family, andATPase family proteins. In the
tomont–theront dataset, the three most abundantly identified tran-
scripts were identical to the theront to trophont dataset: hypothetical
proteins, protein kinases, and leishmanolysins.

The identity of the transcriptswithBLASTXsimilarity to Tetrahymena
hypothetical proteins remains unclear; interestingly however, protein
kinases and leishmanolysins are the most abundant differentially
expressed genes in two of the three datasets. Protein kinases are
proteins that modify other proteins through kinase activity, or
phosphorylation. They are one of the largest families of proteins in the
cells of most eukaryotes; they comprise at least 2% of human genes
(Doerig et al., 2002; Manning et al., 2002) and upwards of 3.9% of
T. thermophila genes (Doerig et al., 2002; Eisen et al., 2006). The
importance of overwhelming identification of protein kinases could be
useful from I. multifiliis, since these proteins have been studied as
potential therapeutic targets for control of other protozoan parasites
(Doerig et al., 2002; Doerig, 2004). Leishmanolysins are proteases
originally identified from Leishmania major and are believed to be
involved in processing surface proteins (Eisen et al., 2006). These
proteins have since been identified from T. thermophila (Eisen et al.,
2006) and Cryptocaryon irritans (Lokanathan et al., 2010) both ciliates
highly related to I. multifiliis. As previously shown in I. multifiliis, cysteine
proteases can be utilized for detection of the pathogen (Jousson et al.,
2007). Parasitic proteases arehighly immunogenic, andmaybeuseful as
biomarkers, vaccine candidates, and/or therapeutic targets (Sajid and
McKerrow, 2002). Based on these findings, further data is warranted on
the characterization of leishmanolysins in species other than L. major to

Table 2
I. multifiliis developmental array microarray. List of the 5 most down-regulated and most up-regulated transcripts with a BLASTX identity among all life-cycles based on the
microarray analysis. Fold-change values are listed based on comparisons between tomont and theront (Tom→Thr), theront and trophont (Thr→Tro), and trophont and tomont
(Tro→Tom) life-stages. Bold values indicate the Expression parameter by which the data was sorted.

Expression Accession number/contig ID BLASTX description E-value Tom→Thr Thr→Tro Tro→Tom

Down – theront Ich_Contig_1769 Histone H3 2.66E−68 −44.99 11.44 3.93
Down – theront AAP49009 Transposase 2.76E−12 −39.5 114.69 −2.9
Down – theront CAA82360 Putative transposase 9.63E−14 −36.5 105.93 −2.9
Down – theront XP_002337912 Predicted protein 2.05E−13 −35.15 107.38 −3.05
Down – theront AAW24907 SJCHGC06398 protein 1.61E−16 −27.51 99.76 −3.63
Down – trophont Ich_Contig_2514 Immobilization antigen isoform 3.44E−15 24.96 −109.83 4.4
Down – trophont EG958024 Hypothetical protein 8.93E−23 7.62 −29.31 3.85
Down – trophont Ich_Contig_256 Protein with unknown function 2.6E−26 4.78 −28.53 5.97
Down – trophont EL922591 Cathepsin L cysteine protease 5.9E−112 4.65 −28.17 6.06
Down – trophont Ich_Contig_260 CHORD family protein 1.17E−46 4.26 −24.39 5.73
Down – tomont Ich_Contig_1476 Predicted protein 9.97E−26 −8.62 57.05 −6.62
Down – tomont EL928230 Small subunit ribosomal protein 14 9.55E−09 −18.27 89.68 −4.91
Down – tomont EG962656 Transposase 5.91E−11 −14.28 61.33 −4.29
Down – tomont Ich_Contig_2262 Unnamed protein product 7E−13 −6.97 27.43 −3.94
Down – tomont EG965699 actin 1E−6 −7.7 30.3 −3.93
Up – theront Ich_Contig_2514 Immobilization antigen isoform 3.44E−15 24.96 −109.83 4.4
Up – theront Ich_Contig_40 Protein kinase domain containing protein 0 18.8 −6.59 −2.85
Up – theront EG958024 Hypothetical 8.93E−23 7.62 −29.31 3.85
Up – theront Ich_Contig_481 Fumarylacetoacetase family protein 7.39E−59 5.6 −19.82 3.54
Up – theront Ich_Contig_256 Protein with unknown function 2.6E−26 4.78 −28.53 5.97
Up – trophont EG960199 Transposase 2.76E−12 −39.5 114.69 −2.9
Up – trophont EG958591 Predicted protein 2.05E−13 −35.15 107.38 −3.05
Up – trophont Ich_Contig_2584 Putative transposase 9.63E−14 −36.5 105.93 −2.9
Up – trophont EG963124 SJCHGC06398 protein 1.61E−16 −27.51 99.76 −3.63
Up – trophont EL928230 Small subunit ribosomal protein 14 9.55E−09 −18.27 89.68 −4.91
Up – tomont Ich_Contig_1536 Calcium-translocating P-type ATPase 3.77E−20 2.63 −23.07 8.76
Up – tomont Ich_Contig_2788 Cystathionine beta-lyase 8.91E−45 3.06 −21.7 7.08
Up – tomont EL922591 Cathepsin L cysteine protease ICP2 5.9E−112 4.65 −28.17 6.06
Up – tomont Ich_Contig_256 Protein with unknown function 2.6E−26 4.78 −28.53 5.97
Up – tomont Ich_Contig_260 CHORD family protein 1.17E−46 4.26 −24.39 5.73

Fig. 2. I.multifiliisdevelopmental stagesquantitative PCR.Quantitative real-timeRT-PCRof
selected transcripts from I. multifiliis. Values indicated are log2 transformed expression
data generated from the REST 2009 software (Pfaffl, 2001; Pfaffl et al., 2002) as described
in Section 2.6. All data are significant at pb0.05. Asterisk indicates a hypothetical protein
with putative similarity. Full gene information is listed in Table 3.
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determine their potential roles as critical virulence factors in pathogenic
ciliates.

3.5. Differentially expressed genes identified through cross-hybridization

Given additional capacity on the array, features designed from genes
of T. thermophila and P. falciparum were included. The microarray
hybridization data suggested that a total of 35 transcripts were
identified as differentially expressed genes through cross-hybridization
with T. thermophila or P. falciparum sequences. This included 16
transcripts by tomont–theront comparison, 16 transcripts by theront–
trophont comparison, and 3 transcripts by trophont–tomont compar-
ison. Transcript identities include a translation initiation factor and an
erythrocyte membrane protein from P. falciparum, and an immobiliza-
tion antigen and IBR domain containing protein from T. thermophila.
There were also multiple identities to hypothetical proteins identified
from T. thermophila (Supplemental Table 5).

As expected due to the evolutionary relationships of the three
protozoa (Wright and Lynn, 1995; Abernathy et al., 2007), the largest
degree of cross-hybridization was observed with T. thermophila
sequences as compared to P. falciparum sequences with the I. multifiliis
probes. Additional comparative genomic data was obtained when the
stringencywas reduced froma5-fold cut-off to a 2-fold cut-off; a total of
118 additional differentially expressed transcripts were identified,
including 23 from P. falciparum and 95 from T. thermophila (data not
shown). Results from comparative analyses should facilitate additional
gene discovery and annotation in I. multifiliis, particularly since
relatively little expression data is known and whole genome sequence
is currently preliminary from I. multifiliis, whereas the whole genome
sequences are available andwell-annotated for both T. Thermophila and
P. falciparum.

3.6. Differentially expressed genes from low and high passages of I.
multifiliis

The ciliate parasite I. multifiliis was found to lose its infectivity and
thereby its virulence upon a high number of passages (Xu and Klesius,
2004). I. multifiliis infectivity decreased significantly after 26–105
passages in the lab on fish hosts (Xu and Klesius, 2004). In this study,
the microarray was used to assess gene expression patterns in low and
high passages. Probes from tomont and trophont at passage 1 (P1) and
passage 100 (P100) were used to study the differentially expressed
genes. After filtering, a total of 195 transcripts were found to be
differentially expressed among both tomont and trophont between
passage 1 to passage 100 (Supplemental Table 6). Of the 195 transcripts
differentially expressed, 150 were assigned putative identities by
BLASTX at E-value of Eb1e−5. Of the 150 transcripts assigned putative
identities, 130 of these were identified as having highest similarity to
Tetrahymena species by BLASTX analysis. One transcript was also
identified through cross-hybridization of T. thermophila probes andwas
identified as a hypothetical protein. Interestingly, all but two of the 195
shared transcripts were differentially expressed in concert: trophont
genes down-regulated in P100 were also down-regulated in P100 of
tomont, and likewise trophont genes up-regulated in P100 were also
up-regulated in P100 of tomont. Since the parasite is replicating
asexually, this suggests that the contribution of gene/transcript copy
number from each life stage could ultimately play a role in the
senescence of the parasite, an observation that certainly warrants
further study based on this microarray data.

The four most commonly found transcripts identified were
hypothetical proteins, leishmanolysins, protein kinases, and major
facilitator superfamily proteins. All protein kinaseswere found to be up-
regulated in the later passage (P100) of both trophont and tomont life-
cycle stages. Similarly, all leishmanolysin family proteins were
identified as up-regulated in P100 when compared to P1. All major
facilitator superfamily proteins likewise were up-regulated in the later

passages. Major facilitator superfamily proteins comprise one of the
largest families of membrane transport proteins known. These proteins
transport a wide array of substances including sugars, nucleosides, ions,
metabolites, amino acids, and drugs across the cell membranes (Pao
et al., 1998). This family has long been studied as a means of multidrug
resistance in many pathogens from bacteria to eukaryotes, as these
proteins are involved in transmembrane transport and are actively
removing cytotoxic compounds out of the cell (Sa-Correia and Tenreiro,
2002). Aswith other protozoa, these proteinsmay have the potential for
the biocontrol of I. multifiliis, especially as it harbors endosymbiotic
bacteria (Sun et al., 2009) that could possibly be used as a target for a
therapeutic agent.

Microarray hybridization results were also examined between
each passage separately: tomont P1 versus tomont P100, and also
trophont P1 versus trophont P100. After filtering, comparison
between tomont P1 to tomont P100 yielded 493 putative differently
expressed genes and 1478 putative differentially expressed genes
between trophont P1 to trophont P100were identified (Supplemental
Table 7). This data provides a large repertoire of genes putatively
involved in I. multifiliis infectivity or the loss-of-virulence in tomont
and trophont life-cycle stages. In the tomont passage analysis (P1 to
P100), 226 transcripts were down-regulated while 267 transcripts
were up-regulated. In the trophont passage analysis (P1 to P100), 91
transcripts were down-regulated while 1387 transcripts were up-
regulated. A total of 339 transcripts were assigned putative identities
by BLASTX when comparing tomont P1 to P100, and 1233 transcripts
were assigned putative identities by BLASTX when comparing
trophont P1 to P100. Unfortunately, a sufficient quantity of RNA was
not achieved in the theront life-cycle stage to obtain microarray
results for theront passages P1 and P100.

Eleven transcripts in this analysis were identified as differentially
regulated by cross-hybridization of I. multifiliis cDNA to T. thermophila
sequences on themicroarray. This included 5 transcripts by tomont P1
to P100 analysis and 6 by trophont P1 to P100 analysis. All were
identified as hypothetical proteins except one in the trophont
analysis. That sequence was identified as a NAC domain containing
protein (Supplemental Table 7).

I-antigens and other surface proteins were found to be differen-
tially expressed between passages (Supplemental Table 7). Other
frequently observed transcripts included leishmanolysin, zinc-finger
domains, insect antifreeze proteins and neurohypophysial hormones.
Interestingly, these types of similar proteins are characterized as
meckelin transmembrane family proteins inmammals. These proteins
are believed to be associated with ciliatory diseases (Smith et al.,
2006). It would be highly interesting to understand the function of
these similar sequences in I. multifiliis and if, in fact, they are related to
cilia damage or dysfunction in the later passages and if this correlates
with a loss of infectivity.

The complete molecular mechanisms of senescence remain poorly
understood. Several biological processes havebeen suggestedas capable
of inducing senescence, including changes in geneexpression, activation
of oncogenes, epigenetic effects, and DNA damage and replicative
damage in the form of telomeric shortening (Takahashi et al., 2007;
Peters, 2008). Telomerase has long been identified from T. thermophila
(Collins and Gorovsky, 2005), and later from other protozoa such as
Leishmania (Giardini et al., 2006). As such, telomerase activity may be
active in I. multifiliis. Wewere not able to identify a telomerase homolog
from I. multifiliis through the analysis of EST data and therefore
telomerase gene activity could not be assessed by cDNA microarray
analysis. However, known senescence proteins were found to be
differentially regulated in I. multifiliis. The silent information regulator
2 (sir2) genewas found to behighly (N33-fold) up-regulated in the later
passage, P100, of trophonts (Supplemental Table 7). Sir2 is a histone
deacetylase that functions in yeast in silencing of transcription at
repetitive DNA including mating-type loci, telomeres, ribosomal DNA
(rDNA), and also represses recombination in rDNA (Imai et al., 2000;
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Blander and Guarente, 2004; Kennedy et al., 2005). Overexpression of
Sir2 in yeast has been shown to extend the replicative lifespan of this
organism (Kaeberlein et al., 1999), and similar observations were later
found in fruit fly and worms (Blander and Guarente, 2004; Kennedy
et al., 2005). The current findings in I. multifiliis suggest that selection of
trophont cells that survive to later ages may have resulted, at least in
part, through overexpression of Sir2. Future cytogenetic studies would
be useful to determine if telomeric shortening and/or alterations of cilia
are occurring in the laboratory and if these processes lead to a loss of
infectivity in I. multifiliis.

Recently in P. falciparum, the protozoan responsible for malaria in
humans, two Sir2 paralogs were characterized, with one Sir2 gene
shown to affect telomere length (Tonkin et al., 2009). Further, the two
Sir2 paralogs also play a role in antigenic gene variation by regulation
of var, the gene family that encodes the major P. falciparum antigen:
erythrocyte membrane protein 1. Approximately 60 subtelomeric var
genes encode different variants of the protein; with one type being
expressed at a time. Sir2 homologs were found to be major effectors
on silencing the var genes (Tonkin et al., 2009). Gene switches in var
expression cause variation of the protein enabling the parasite to
evade the host immune system (Borst and Genest, 2006; Tonkin et al.,
2009). Other pathogenic protozoa, including Cryptosporidium and
Trypanosoma brucei, have surface protein gene families associated
with subtelomeric regions and possess some gene switching activity
(Templeton, 2007). As such, there remains great interest in elucidat-
ing the complete mechanism of Sir2 as related to I. multifiliis
senescence and/or loss of infectivity. Similar to P. falciparum, a single
serotype of I. multifiliis surface antigen (I-antigen) appears to be
expressed at any given time (Clark et al., 2001); however, there is no
current evidence of antigen switching in clonal isolates of I. multifiliis
(Swennes et al., 2007). Also, it has yet to be demonstrated whether
the I-antigen gene family is located adjacent to telomeres.

The question therefore arises as to which of the mechanism(s) are
responsible for I. multifiliis senescence and loss of infectivity in the lab
passages. Two mechanisms are described here relating to changes in
gene expression: a replicative senescence effect as the cells age
presumably due to an evolutionarily similar mechanism of telomere
shortening, or partial loss of function in the mechanisms that regulate
antigenic variation of the immunogens. Current knowledge of
I. multifiliis biology indicates that antigenic switching may not occur;
rather, that senescence could be an artefact of cloning (Scholz, 1999;
Matthews, 2005). A particular I. multifiliis serotype is passaged clonally
in the laboratory setting and there is no opportunity for the isolate to
regenerate its cell or recombine its DNA through sexual conjugation, as
occurs in related free-living ciliates such as Tetrahymena (Matthews,
2005). Since I. multifiliis bridges the gap between free-living ciliates and
parasitic protozoa, themechanisms that affect gene regulation as related
to senescenceand virulencemayhave characteristics of both, somewhat
revealed through analysis of I. multifiliis genes (Lokanathan et al., 2010;
Abernathy et al., 2007; 2009; Wright and Lynn, 1995; this study).
Overall, the completemechanisms related to I. multifiliis senescence and
loss of infectivity evaluated by gene expression warrant further study;
the current findings based on gene expression analysis provide the
material basis for such future studies.

3.7. Potential role of endosymbiotic bacteria in senescence

Endosymbiotic bacteriamay be another factor to consider in relation
to I. multifiliis senescence. Endosymbiotic bacteria, particularly Rickettsia
species and sphingobacteria, have been discovered in I. multifiliis (Sun
et al., 2009). Could changes in gene expression of the endosymbionts be
a contributing factor in the decline of infectivity? To address this
question, the microarray data was further examined for bacterial
sequences. Since a portion of the ESTs on themicroarray likely represent
the endosymbiotic bacteria based on sequence homology, we can
putatively assess their gene expression. All but three genes represen-

tative of Rickettsia species by BLAST analyses were dramatically
(−5.7≥ fold-change≤−68.9) down-regulated in Passage 100, includ-
ing surface antigens, surface proteins, outer membrane proteins,
ribosomal protein S15, and GRoeL (Supplemental Table 8). A DnaK
transcript with sequence similarity (E-value=4e−35) to Acinetobacter
species was also sharply down-regulated (−19.9 fold-change) in the
tomont P100 (Supplemental Table 8). Both DnaK and GRoeL are
chaperones thathavebeen indicated in bacterial senescence (Ballesteros
et al., 2001; Nystrom, 2002). Similarly to the I. multifiliis gene expression
patterns observed, a potential role in senescence could be due to the
replicative loss of gene/transcript copy number in the later passages of
the parasite. Further, the role of bacterial surface antigens from
symbionts could modulate the host immune response, potentially
explaining a previous report of longer periods of trophont emergence in
high passage of I. multifiliis (Xu and Klesius, 2004). The interplay of the
I. multifiliis and symbiotic genomesmay also affectfish immunity.While
interesting, further study is needed to elucidate the contribution of the
host-symbiont relationship to senescence.

3.8. Validation using quantitative RT-PCR

In order to validate the microarray and the results from the
microarray study, 21 differentially expressed genes were analyzed
using quantitative real time reverse transcription PCR (qRT-PCR). For
the developmental microarray study, based on themicroarray data and
BLAST analysis, a subset of sequences with putative identities and
BLASTX hit to other protozoa was selected for qRT-PCR. This included
two genes (I-antigen and epiplasmin 1) that were differentially
regulated among all three life-cycle stages. Validation by qRT-PCR was
also performed for various other developmental genes represented in
the microarray when comparing one-to-one life-stage expression
changes (Table 3). At least two genes differentially expressed between
each of the three life-cycle stages were also chosen for validation, to
represent at least one unique up-regulated and one unique down-
regulated transcript. For the passage microarray study, at least one
common down-regulated and one common up-regulated transcript in
both the tomont and trophont passages were selected for validation
(Table 4 and Supplemental Table 6). An additional subset of genes was
also chosen for validation by qRT-PCR, to represent at least two unique
up-regulated transcripts and two unique down-regulated transcripts
between the tomont and trophont passages (Table 4 and Supplemental
Table 7).

Transcripts tested by qRT-PCR for the developmental study
concurred with the microarray hybridization results. For comparisons
between theront and trophont life-stages, p25-alpha and pyruvate
kinase were determined to be down-regulated and MCM2/3/5 was
determined to be up-regulated in trophont. For comparisons between
tomont and theront life-stages, Sec7 was found to be down-regulated
and transketolase was found to be up-regulated in theront. For
comparisons between trophont and tomont life-stages, importin was
determined to be down-regulated and SGS was found to be up-
regulated in tomont (Fig. 2). The results from quantitative RT-PCR
(Fig. 2) confirmed those from the microarray hybridization experi-
ments, whether comparing expression levels from all three life-stages
simultaneously (Supplemental Table 4) or with comparisons between
each life-stage (Supplemental Table 5), validating the design and
reproducibility of the microarray between developmental life stages.

Transcripts tested by qRT-PCR for the passages study also
concurred with the microarray hybridization results (Fig. 3). Two
transcripts were found to be up-regulated in the later (P100) passages
of I. multifiliis tomonts including a high mobility group protein and
casein kinase II. Two transcripts were found to be down-regulated in
the later (P100) passages of tomonts including a TPR domain
containing protein and a prenyltransferase/squalene oxidase repeat
family protein. In the later passage of trophont, three transcripts were
validated to be down-regulated including a Sec61beta family protein,
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UDP-sugar pyrophosphorylase, and heat shock protein 90. In the later
passage of trophont, three transcripts were validated to be up-
regulated including an Acyl-CoA oxidase family protein, a WD repeat
domain, and cathepsin z. A common down-regulated gene (ankyrin
2,3/unc44) and a common up-regulated gene (phosphoglucomutase/
parafusin) were also validated (Fig. 3). To test the utility of the
microarray for the theront life-stage, real time RT-PCR was also

performed on the two common differentially expressed genes. The
transcript for parafusin was also up-regulated in the theront stage
(data not shown).

In all cases, transcripts tested by qRT-PCR concurred with the
microarray hybridization results, thus demonstrating the feasibility,
reproducibility, and usefulness of the microarrays in the study of
I. multifiliis gene regulation.

Table 3
I. multifiliis developmental array quantitative RT-PCR. List of genes selected for qRT-PCR analysis. Information includes putative gene identities based on BLAST analysis, GenBank
accession numbers, life-stages examined, and primer sequences. The fold-change data are log2 transformed values from the microarray and from qRT-PCR, using one life-stage as
baseline data (B) and another life-stage as experimental data (E) for comparisons. Probe names (ID) are also listed when the primer was constructed from a single EST within a
contig.

Gene name Accession/ID Comparison Fold-change
(μarray)

Fold-change
(qRT-PCR)

Primer sequence (5′–3′), F: forward;
R: reverse

18S rRNA gene U17354 All F: GTGACAAGAAATAGCAAGCC
R: CCCAGCTAAATAGGCAGAAG

Epiplasmin I EL906016/Ich_ Contig_ 670 Theront B)→Trophont (E) −3.84 −7.38 F:TGTTCACTAACCTGTACAAGAAGC
Trophont (B)→Tomont (E) 1.60 2.67 R:AAACAAGTGGTGCTCCTACAGTC
Tomont (B)→Theront (E) 2.24 7.03

I-antigen EL905772 Theront (B)→Trophont (E) −2.81 −7.64 F: TTTGCGAAAGTGGAACTGG
Trophont (B)→Tomont (E) 1.56 1.67 R: AACATCTGGTTTTGCAGCAG
Tomont (B)→Theront (E) 1.24 6.33

p25-alpha family protein EL922674/Ich_contig_479 Theront (B)→Trophont (E) −5.61 −7.64 F: CTCTGGAAAAGCTGAAATGGA
R: TTAAGGACCTCCAGCTGAAGTAA

Pyruvate kinase family protein EL925641 Theront (B)→Trophont (E) −5.48 −9.97 F: TTGCAGACGGTACTTTAGTATGTATTG
R: TCTTCTTTTTCGGTTACTGTTGG

MCM2/3/5 family protein EL912787 Theront (B)→Trophont (E) 4.25 3.17 F: TCCTTCGCCTTCTGATGATACAGGAAT
R: TGGCAGGCAGAAGAAACAATCGTG

Sec7 domain containing protein EL907900 Tomont (B)→Theront (E) −4.27 −0.89 F: GGAGAATTATTTGGGTCTGATAATG
R: AAGCACCAGTAGCCGATTTG

Transketolase EL916987/Ich_contig_1786 Tomont (B)→Theront (E) 4.88 3.96 F: TGAAGGGTCAGTTTGGGAAG
R: GCCATCCAAAAGCTTCAAATC

Similar to Importin-3/5 EL909221 Trophont (B)→Tomont (E) −2.11 −2.97 F: TCAGAAGCTCTTGAAAGTTTCCTT
R: TTCATTGCATTCTGGTTTGC

SGS domain containing protein EG962593/JAIch_018B_H09 Trophont (B)→Tomont (E) 3.72 2.03 F: GAATATGGTGAAGATCCTATGAATG
R: GGAGGTTCAGGTCTATCTTTTCC

Table 4
I. multifiliis passages array quantitative PCR. List of genes selected for quantitative PCR analysis using RNA of I. multifiliis passage 1 (P1) and passage 100 (P100). Detailed description
of data is given in Table 3.

Gene name Accession/ID Comparison Fold-change
(μarray)

Fold-change
(qRT-PCR)

Primer sequence (5′–3′), F: forward;
R: reverse

18S rRNA gene U17354 All F: GTGACAAGAAATAGCAAGCC
R: CCCAGCTAAATAGGCAGAAG

High mobility group protein EG963277/Ich_ Contig_ 20 Tomont P1(B)→Tomont P100 (E) −4.74 −9.97 F: GGCTAAACCCTCTGCATCAA
R: GCAACTTTCCATTAATCAGCAAT

Casein kinase II EL923519 Tomont P1(B)→Tomont P100 (E) −4.39 −5.16 F: TGTCCTGATATTGATGGATGCT
R: CATCTTCAGCAAATCTTGATCCT

TPR domain containing protein EL912984 Tomont P1(B)→Tomont P100 (E) 3.49 2.35 F: GCAGTATTTGACGGCTTGGT
R: TACACCCGACCCTTGGTTTA

Prenyltransferase and squalene oxidase
repeat family protein

EL907482 Tomont P1(B)→Tomont P100 (E) 3.31 5.89 F: TGGGGAGAAGTGGATACTCG
R: ATACGCCCCATGACTTTCTG

Sec61beta family protein EL914941/Ich_Contig_1766 Trophont P1(B)→Trophont P100 (E) −2.87 −6.27 F: TGGTGGATCAAAAAGTTCTGG
R: TGCAGCAGATGAAGTTCCAC

UDP-sugar pyrophosphorylase EL908359 Trophont P1(B)→Trophont P100 (E) −2.65 −3.61 F: TGCCATTCACAATTACGAACA
R: AAATGTGCTGAATGCAATATTTGT

Heat shock protein 90 EG961165/
JAIch_014C_D08

Trophont P1(B)→Trophont P100 (E) −2.48 −5.21 F: TCTTGGGTGTGAACCTGGAT
R: CGAAAGGAGATTAAGCTACAGAGG

Acyl-CoA oxidase family protein EL910216 Trophont P1(B)→Trophont P100 (E) 6.39 5.72 F: TTGGAACCCTTCCCACTGTA
R: AACATTGGAACCATGGCCTA

Similar to WD repeat domain EG958609/
JAIch_006D_C03

Trophont P1(B)→Trophont P100 (E) 6.35 4.97 F: AGACGCGGTTTCATAGGTTG
R: TTTAGAATCTCCCCCTGCTG

Cathepsin z EL923418/Ich_Contig_487 Trophont P1(B)→Trophont P100 (E) 6.10 4.32 F: CAATGCAGGAGGATCATGTG
R: TTACAGCCCAGCATCTACCA

Ankyrin 2,3/unc44 EG965438/JAIch_026A_E02 Tomont P1(B)→Tomont P100 (E) −2.97 -0.96 F: TATATACGGCGTGCCAGGA
R: CACCCGCTGTGAGTAACGTA

Trophont P1(B)→Trophont P100 (E) −3.55 −8.97
Phosphoglucomutase/parafusin EL912504/Ich_Contig_910 Tomont P1(B)→Tomont P100 (E) 2.58 4.00 F: GGGATTGCAAGAAGGCAATA

R: AGTCGCTCCTTCAGATCCAG
Trophont P1(B)→Trophont P100 (E) 4.55 5.05
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4. Conclusions

We conducted EST analysis of I. multifiliis and constructed an oligo
cDNA microarray using the EST information. The microarrays were
used to assess the gene expression profiles on each of the three life-
stages. Microarray hybridization results were confirmed by results
from real time quantitative RT-PCR using a selected set of genes,
providing assessment for the reproducibility of the microarray design.
This work therefore provides a technological platform for future gene
expression studies of I. multifiliis at the genome scale. Currently,
genome resources are limited in I. multifiliis, and genome sequence
data is preliminary and un-validated; however, the use of cDNA
microarrays based on ESTs in species with limited genomic informa-
tion has been highly effective (Stewart et al., 2003; Campisi, 2005).
The application of microarrays to address parasitological questions
involving developmental and life-stage biology, host–pathogen in-
teractions, virulence factors, and comparative genomics has been
well-established (Boothroyd et al., 2003). The currentwork provides a
first-generation framework and platform which can facilitate further
transcriptional studies while the gene expression data provides a
structure for functional host–pathogen study in this important fish
parasite.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.cbd.2011.08.003.
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