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Transcriptomic comparison of two Entamoeba histolytica strains with
defined virulence phenotypes identifies new virulence factor
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bstract

The availability of Rahman, and the virulent HM-1:IMSS strain of E. histolytica, provides a powerful tool for identifying virulence factors of
. histolytica. Here we report an attempt to identify potential virulence factors of E. histolytica by comparing the transcriptome of E. histolytica

M-1:IMSS and E. histolytica Rahman. With phenotypically defined strains, we compared the transcriptome of Rahman and HM-1:IMSS using a

ustom 70mer oligonucleotide based microarray that has essentially full representation of the E. histolytica HM-1:IMSS genome. We find extensive
ifferences between the two strains, including distinct patterns of gene expression of cysteine proteinases, AIG family members, and lectin light
hains.

2006 Elsevier B.V. All rights reserved.
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Entamoeba histolytica infection is a constant threat to health
n much of the world. E. histolytica trophozoites infect the colon,
ausing amebic dysentery, and can spread through the portal
irculation to the liver, where they cause amebic liver abscess
1]. Interestingly, infection with Entamoeba histolytica does not
lways result in disease. One possible explanation for the var-
ed outcome of infection may be differences in the underlying
irulence of E. histolytica isolates. One strain known to exhibit
educed virulence is E. histolytica Rahman, which was isolated

rom an asymptomatic patient in England in 1972 [2]. The con-
erved nucleotide sequence of its of 5.8S rRNA indicates that
ahman is E. histolytica, yet in various in vitro assays it appears

o be less virulent than the prototype E. histolytica HM-1:IMSS
train [3]. Recently, we have shown that Rahman exhibits defects
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n phagocytosis and shows significantly reduced virulence in a
uman intestinal xenograft model of amebic colitis [4].

Here we report an attempt to identify potential virulence
actors of E. histolytica by comparing the transcriptome of E.
istolytica HM-1:IMSS and E. histolytica Rahman. We used
henotypically defined laboratory strains that are known to dif-
er in virulence, and compared the transcriptome of Rahman
nd HM-1:IMSS using a custom 70mer oligonucleotide based
icroarray that has essentially full representation of the E. his-

olytica HM-1:IMSS genome. Our data indicates that there are
number of potentially significant transcriptional differences

etween Rahman and HM-1:IMSS, including differences in the
xpression of genes linked to virulence, and new candidate vir-
lence genes.

. Materials and methods
.1. Entamoeba strains

Entamoeba histolytica strain HM-1:IMSS was originally
btained as an uncloned line from Victor Tsutsumi at Cinvestav,

mailto:sstanley@id.wustl.edu
dx.doi.org/10.1016/j.molbiopara.2006.10.014
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nd has been passaged through animal livers to maintain vir-
lence [5]. Trophozoites used for mRNA had been passaged
hrough mice approximately 30 days prior to use. Strain Rah-

an was obtained from ATCC, #50738. Both were maintained
n culture medium BI-S-33 [6].

.2. Microarray comparison

For microarray comparison, we designed a 70-base oligonu-
leotide array to analyze 6242 genes uniquely. The entire
enome dataset available from the TIGR/Sanger Entamoeba
istolytica sequencing project (http://www.tigr.org/tdb/e2k1/
ha1/) in February 2004, with additional immune-related and
housekeeping” genes chosen from model organisms and minus
ighly repetitive sequences (mainly LINE/SINEs) was com-
iled and input into ArrayOligoSelector (http://arrayoligosel.
ourceforge.net/) to generate 70mer oligonucleotides which
ave similar binding properties, and hybridize uniquely to one
ranscript. Oligonucleotides were manufactured by Illumina
San Diego, California) and were printed in triplicate on 100
el Associates Epoxy slides (Santa Clara, California) by the
ashington University School of Medicine Microarray Core

acility. The average computed Tms for all oligos was 80.8 ◦C,
ith a standard deviation of 2.73 (range 70.5–95.5 ◦C). Fol-

owing the publication of the E. histolytica genome [7], printed
ligo sequences were BLASTed against the database at NCBI
http://www.ncbi.nlm.nih.gov) and ascribed NCBI accession
umbers. Additional annotations were computed for remain-
ng genes representing hypothetical proteins using NCBI blastx
gainst the nr database excluding Entamoeba genus with a
utoff of expectation value <1 × 10−10, and Interpro domain
nd feature characterizations. The microarray was tested for
ybridization using labelled E. histolytica HM-1:IMSS genomic
NA, which detectably hybridized to 99.4% of the Entamoeba
icroarray elements.
RNA was isolated from approximately 5 × 106 pre-stationary

hase E. histolytica HM-1:IMSS and Rahman each simultane-
usly grown in 15-ml glass flasks using the Qiagen RNeasy
it (Valencia, California) following the manufacturer’s proto-
ol, including the DNase treatment. RNA quantity and quality
ere obtained from an absorbance ratio at 260 and 280 nm. RNA
uality was confirmed for each sample using an Agilent 2100
ioanalyzer (Palo Alto, California) according to the manufac-

urer’s instructions. Cy3 and Cy5 labelled cDNA was created
sing the Genispehere 3DNA array350 kit (Hatfield, Pennsyl-
ania). Six samples (three Rahman and three HM-1:IMSS)
ere competitively hybridized on six individual chips. Each
iological replicate was hybridized to two chips in which the
y fluorescent channel was alternated in order to reduce dye-

pecific effects (dye swap). The primary hybridization was
erformed by adding 48 �l of sample to the microarray under
supported glass coverslip (Erie Scientific, Portsmouth, NH)

t 70 ◦C for 16–20 h at high humidity in the dark. Prior to the

econdary hybridization, slides were gently submerged into 2×
SC, 0.2% SDS (at 70 ◦C) for 11 min, transferred to 2× SSC (at
oom temperature) for 11 min, transferred to 0.2× SSC (at room
emperature) for 11 min, and then spun dry by centrifugation.

w
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econdary hybridization was carried out using the complimen-
ary capture reagents provided in the 3DNA Array 350 kit. Slides
ere scanned on a ScanArray Express HT scanner (Perkin-
lmer, Boston, MA) to detect Cy3 and Cy5 fluorescence. Laser
ower was kept constant for Cy3/Cy5 scans and PMT was var-
ed for each experiment based on optimal signal intensity with
owest possible background fluorescence. Gridding and analysis
f images was performed using ScanArray v3.0 (Perkin-Elmer).
og2 ratios of HM-1:IMSS versus Rahman samples were cal-
ulated, local background subtracted, and Loess normalized.
ata was imported into a MySQL database (www.mysql.org)

nd data analysis was accomplished with custom SQL scripts
nd Spotfire DecisionSite software (Somerville, MA). Averages
nd standard deviation were calculated for each transcript, and
ranscripts considered significant showed a Student’s t-test p-
alue of <0.01, two-fold or more increase or decrease from
M-1:IMSS, and a normalized standard deviation ratio (stan-
ard deviation/average) <1 to eliminate overly varying probes
etween biological and technical (dye-swapped and triplicately
lated) replicates.

.3. Real-time PCR

Real-time PCR assays were conducted by reverse transcrib-
ng one randomly chosen biological replicate and its microarray
air using Invitrogen (Carlsbad, CA, USA) Superscript III
ithout RNase and Invitrogen oligo dT primers per manufac-

urer’s instructions. cDNA was treated with Invitrogen RNase
to degrade remaining RNA. Treated cDNA was then diluted

nd amplified using SYBR Green Master Mix 2× reagent
Applied Biosystems) in an Applied Biosystems 7500 Real-
ime analyzer in a total of 25 �l per reaction, per manufacturer’s
nstructions. All primer sets were run in triplicate, and primer
issociation curves were analyzed to ensure that the primers
sed were not amplifying multiple products. Up to four ref-
rence gene transcripts were measured from each sample and
alculated using the Excel (Microsoft, Redmon, WA, USA)
dd-in geNorm (http://medgen.ugent.be/∼jvdesomp/genorm/)
o normalize overall transcript abundance between strains
8]. Reference genes were chosen from a list of transcripts
hich showed the lowest normalized variability from over
5 microarray experiments. Graphs were constructed using
icrosoft Excel. Primers were designed with and obtained

hrough PrimerQuest (www.idtdna.com) using sequence infor-
ation from NCBI, and NCBI BLAST was used to confirm

rimer specificity against the current Entamoeba dataset.
rimer sequences can be found in supplementary data, at
ttp://stanleylab.wustl.edu/data/rahmanarray/.

. Results and discussion

.1. Comparing the transcriptome of E. histolytica Rahman
nd E. histolytica HM-1:IMSS
The goal of our work was to compare two E. histolytica strains
ith defined virulence phenotypes to identify potential virulence

actors. E. histolytica strain HM-1:IMSS is the prototype viru-

http://www.tigr.org/tdb/e2k1/eha1/
http://arrayoligosel.sourceforge.net/
http://www.ncbi.nlm.nih.gov/
http://www.mysql.org/
http://medgen.ugent.be/~jvdesomp/genorm/
http://www.idtdna.com/
http://stanleylab.wustl.edu/data/rahmanarray
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ent strain, and our strain is routinely passaged through animal
odels to maintain virulence. While clonal variation is a poten-

ial concern in this kind of experiment, there do not appear to be
ignificant differences between our isolate of HM-1:IMSS and
ther HM-1:IMSS clones, based on a recent proteomic compar-
son which showed only one protein concentration difference
ut of more than 2000 recognized protein spots (Davis PH, et
l., manuscript in preparation). E. histolytica Rahman shows
reatly reduced virulence compared to HM-1:IMSS (results by
s and others are listed in [4]), and our recent phenotypic analysis
howed that Rahman has significant deficits in erythrophagocy-
osis, and a marked decrease in the ability to cause amebic colitis
n the SCID-hu-intestinal model of disease when compared to
. histolytica HM-1:IMSS [4].

To identify the differences between these defined strains of E.
istolytica Rahman and HM-1:IMSS at the molecular level, we
ompared the baseline transcriptomes of the two organisms. We
sed a microarray with 6209 70mer oligonucleotides encom-
assing approximately 90% of the unique genes found in the
. histolytica genome dataset as of February 2004. We did not

nclude oligonucleotides representing many of the highly repeti-
ive sequences such as tRNAs and LINE/SINE sequences within
he genome [7]. Importantly, given the large number of multi-
opy genes within the E. histolytica genome, we were able to
esign oligonucleotides that should discriminate between many
embers of physiologically important gene families, such as the

eavy and light chain of the Gal/GalNAc lectin, amoebapores,
nd cysteine proteinases.

Using this array, and analyzing three biological replicates
or Rahman and for HM-1:IMSS, we detected 353 gene tran-
cripts that showed a two-fold or greater difference between
ahman and HM-1:IMSS with a Students’ t-test statistical sig-
ificance p-value score <0.01. As shown in Table 1, we found
52 transcripts that were higher in HM-1:IMSS, and 201 tran-
cripts that were expressed at higher levels in Rahman (Table 2).
hese tables do not show data for those highly repetitive or
ypothetical genes that we could not group via BLAST or Inter-
ro functional protein domain discovery. The results for those
enes, as well as the entire data set, are found in supplemen-
ary data http://stanleylab.wustl.edu/data/rahmanarray. We used
eal-time PCR to confirm the differential expression of 10 of the
enes (marked in Tables 1 and 2), and found that all 10 correlated
o microarray results with an R2 of 0.92.

Recently, McFarlane and Singh used a DNA-based microar-
ay containing contigs from the E. histolytica sequencing project
hat contains an estimated 2110 unique genes to compare E.
istolytica HM-1:IMSS with E. histolytica Rahman and E. dis-
ar [9]. In contrast to our results, only 32 genes with lower
xpression in Rahman than in HM-1:IMSS were detected in
heir analysis. Among the 19 non-highly repetitious genes iden-
ified in their study as showing differential expression, 8 also
howed differential expression in our study. The increased sen-
itivity of our assay probably reflects the differences in the two

rrays, with our oligonucleotide-based array providing cover-
ge of more genes (greater than 6000 genes representing 90%
f the genome), and the ability to distinguish between mem-
ers of the same gene family, leading to the detection of allelic

g
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ifferences between Rahman and HM-1:IMSS. In addition, we
ompared strains with defined virulence phenotypes, which may
ave increased the number of detectable differences between our
. histolytica HM-1:IMSS and Rahman. It is worth noting that

n addition to microarray analyses, representational differential
nalysis (RDA) has also been used to study transcriptional dif-
erences between HM-1:IMSS and Rahman, and identified three
enes, S-adenosylhomocysteine hydrolase, aldose 1-epimerase,
nd one member of the light chain subunit of the Gal/GalNAc
ectin family, that were expressed at lower levels in Rahman
ompared to HM-1:IMSS [10].

E. histolytica cysteine proteinases (EhCP) have been
nequivocally linked to virulence in in vitro and in vivo models
f amebiasis [1,11]. Using oligonucleotides designed to identify
pecific members of the E. histolytica cysteine protease family,
e found distinctly different patterns in protease gene expression
etween E. histolytica HM-1:IMSS and E. histolytica Rahman
Fig. 1). It is first worth noting that many of the cysteine pro-
einases we examined are among the most abundant transcripts
etected in our microarray analysis, present at a higher level (e.g.
hCP1) than 99.2% of all E. histolytica HM-1:IMSS transcripts
easured (Fig. 1A). Others, such as EhCP15 and EhCP18, are

xpressed at much lower levels in both E. histolytica strains.
ith this perspective, we found expression of the genes encod-

ng EhCP4, EhCP6, and EhCP7 was statistically significantly
igher (approximately three-fold) in HM-1:IMSS than in Rah-
an (Fig. 1B). Increased expression of EhCP17 and EhCP12
ere seen in E. histolytica HM-1:IMSS compared to Rahman,
ut these differences did not attain statistical significance. The
ost striking difference was seen in the expression of EhCP3,
hich was approximately 100-fold higher in Rahman than HM-
:IMSS. (Fig. 1B). In this case EhCP3, which is a relatively low
evel transcript in HM-1:IMSS, is an abundant transcript in Rah-

an (Fig. 1A). Interestingly, EhCP3 has also been reported to
e expressed at higher levels in Entamoeba dispar compared to
ntamoeba histolytica [12]. The expression of the genes encod-

ng EhCP8 (2.2-fold, p-value = 0.02), and EhCP112 (3.5-fold,
-value = 0.002) was also higher in Rahman than in HM-1:IMSS
Fig. 1B). Unexpectedly a higher expression of EhCP5 (which
as been linked to virulence) [13–15] was seen in Rahman than
M-1:IMSS (Fig. 1B), but this difference was not statistically

ignificant, and it is clear that EhCP5 is a relatively abundant
ranscript in both strains (Fig. 1A). In a recent transcriptional
nalysis comparing E. histolytica HM-1:IMSS trophozoites iso-
ated from mouse intestine compared to cultured E. histolytica
M-1:IMSS trophozoites, both EhCP4 and EhCP6 were higher

n trophozoites in mouse gut [16]. This is consistent with the con-
ept that increased expression of EhCP4 and EhCP6 could be
ssociated with virulence. The physiologic significance of the
ifferent pattern of protease expression between HM-1:IMSS
nd Rahman remains unknown, especially since the major pro-
eases (EhCP1, EhCP2, and EhCP5) did not show statistically
ignificant differences in transcript levels [12]. It would be of

reat interest to determine whether EhCP4, EhCP6, EhCP7,
hCP3, EhCP8, or EhCP112 have distinct functions, whether

hese transcriptional differences lead to significant differences
n protease activity, and whether the distinct patterns of protease

http://stanleylab.wustl.edu/data/rahmanarray
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Table 1
Genes expressed at higher levels in HM-1:IMSS compared to Rahman

Gene accession Gene name Fold change p-value PCR

Protein degradation
XM 652272.1 EhCP6; cysteine proteinase 6 3.4 1.73E−04 4.2
XM 651510.1 EhCP4; cysteine protease 4 3.0 8.86E−04 3.0
XM 644785.1 Oligopeptidase A 2.7 3.01E−03
XM 646849.1 Serine peptidase, clan SP, family S59 [L.

major e-33]
2.5 2.74E−03

XM 646489.1 EhCP7; cysteine proteinase 7 2.5 1.90E−05 11.0

Associated with bacterial interaction/killing
XM 648115.1 AIG1 family protein 20.0 6.61E−05
XM 643009.1 AIG1 family protein 4.6 3.09E−03
XM 643614.1 Lysozyme, putative 3.2 1.88E−05 4.5
XM 646533.1 Cecropin domain 3.1 1.23E−03

Plasmodium-related
XM 652032.1 Erythrocyte binding protein 2 [P.

falciparum] e-23
52.0 4.33E−05

XM 648718.1 Mature parasite-infected erythrocyte surface
antigen [P. falciparum] e-15

38.0 1.54E−06

Signaling and stress response
XM 648655.1 Similar to (e-11) dictyostelium protein

kinase
22.5 2.33E−05

XM649600.1 Protein kinase, putative 16.9 7.69E−06
XM 644550.1 Protein kinase, putative 11.8 3.31E−08
XM 649553.1 Calmodulin, putative 6.1 2.11E−04 6.9
XM 650791.1 Rho GTPase activating protein, putative 4.5 5.03E−04
XM 649555.1 Protein kinase, putative 4.4 1.07E−07
XM 646898.1 Putative protein kinase 4.1 1.21E−04
XM 649369.1 Putative ADP-ribosylation 4.1 2.11E−03
XM 646573.1 Protein kinase, putative 3.0 1.01E−04
XM 651503.1 Protein kinase, putative 2.5 4.22E−03
XM 650778.1 Protein tyrosine phosphatase, putative 2.4 2.37E−04
XM 647630.1 Protein phosphatase, putative 2.3 2.12E−03
XM 649405.1 N-Acetylglucosaminyl-phosphatidylinositol

de-N-acetylase, putative
2.2 3.44E−06

XM 648787.1 70 kDa heat shock protein, putative 2.2 2.72E−03
XM 645348.1 Ras family GTPase 2.1 1.44E−03
XM 648642.1 WD repeat protein 2.1 6.65E−03
XM 646354.1 Rho family GTPase 2.1 6.25E−04

Nucleic acid interaction
XM 642791.1 RNA modification enzymes, MiaB-family 5.8 1.96E−04
XM 646583.1 Sulfotransferase, putative 4.1 1.94E−04
XM 648447.1 P-loop containing nucleoside triphosphate

hydrolases
3.8 2.02E−04

XM 646353.1 Splicing factor 3B subunit 10, putative 2.8 8.34E−06
XM 646796.1 Pumilio family RNA-binding protein 2.6 5.77E−04
XM 648788.1 U2 snRNP auxiliary factor, putative 2.5 4.24E−06
XM 643575.1 Cyclin, putative 2.2 1.23E−03
XM 646274.1 HMG-box 2.1 9.92E−03
XM 651915.1 SMC5 protein, putative 2.1 1.86E−03
XM 651980.1 5′–3′ exonuclease, putative 2.1 7.71E−04
XM 651992.1 RNA-binding protein, putative 2.1 1.65E−03
XM 650092.1 Similar to DEK oncogene (DNA binding)

[Tribolium castaneum]2.27e-07
2.1 2.19E−03

XM 650103.1 Zinc finger protein, putative 2.0 2.20E−03
XM 651368.1 Cell cycle control protein cwf12, putative 2.0 5.81E−06

Carbohydrate, lipid, and other metabolism
XM 649080.1 Metallo-beta-lactamase, most similar to

Pseudomonas
4.7 2.36E−04

XM 646387.1 Alpha-amylase, putative 2.7 5.31E−05
XM 650718.1 Epimerase 2.6 1.05E−04
XM 644988.1 Mannosyltransferase, putative 2.4 2.57E−03
XM 643579.1 Phosphoglucomutase/phosphomannomutase

family protein
2.0 3.03E−03
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Table 1 (Continued )

Gene accession Gene name Fold change p-value PCR

Oxidation and reduction chemistry
XM 649604.1 Nitroreductase family protein

Desulfovibrio e-7
16.5 4.94E−05

XM 650038.1 Iron-sulfur flavoprotein, putative 13.5 2.29E−05
XM 643978.1 EhADH3 3.9 8.79E−05
XM 643978.1 EhADH3 3.0 9.77E−06
XM 647032.1 Iron-sulfur flavoprotein, putative 2.9 2.71E−03
XM 650105.1 Flavoprotein 2.4 5.93E−03
XM 650943.1 Short chain dehydrogenase family

protein
2.4 6.08E−05

XM 643476.1 Malate dehydrogenase, putative 2.4 6.57E−03
XM 647661.1 Alcohol dehydrogenase, iron-containing,

putative
2.3 4.41E−03

Transport
XM 651269.1 Importin alpha, putative 34.3 2.74E−09
XM 646243.1 Nucleoporin nup189, putative

[Cryptococcus neoformans e-38]
2.9 1.95E−03

XM 651559.1 Zinc transporter, putative 2.7 8.45E−04
XM 650578.1 Copine 2.2 6.46E−05

Other
XM 650615.1 Similar to Y. pestis putative membrane

protein
20.1 1.85E−06

XM 647692.1 Similar to BRCA2 and
CDKN1A-interacting protein isoform

10.3 1.60E−05

XM 650580.1 Acetyltransferase, putative 5.5 4.40E−03
XM 652394.1 BspA-like leucine rich repeat protein,

putative
4.0 1.13E−03

XM 644228.1 Lipopolysaccharide-induced TNF factor
(Danio rerio) e-13

3.6 1.55E−04

XM 645714.1 Nedd4 binding protein 2 [Homo sapiens]
e-09

3.0 6.91E−05

XM 652357.1 Calponin homology domain protein e-16 3.0 2.35E−04
XM 647739.1 Acetyltransferase, putative 3.0 2.40E−03
XM 648211.1 Alkyl sulfatase, putative 2.8 4.31E−04
XM 645042.1 Predicted protein 2.8 1.76E−03
XM 643369.1 Septum formation protein maf, putative 2.6 1.00E−03
XM 649260.1 Latent nuclear antigen, putative 2.5 9.60E−07
XM 651591.1 Dopey domain protein, putative 2.4 4.77E−05
XM 644224.1 Calcium-binding protein, putative 2.3 4.39E−03
XM 646797.1 Similar to C29H12.2 [Tribolium

castaneum]
2.3 3.13E−04

XM 645230.1 Accumulation-associated protein
[Staphylococcus epidermidis] e-09

2.3 3.10E−04

XM 645318.1 EF HAND 2.2 6.56E−04
XM 643478.1 Alpha/beta hydrolase, putative 2.2 4.15E−03
XM 647832.1 ARM repeat 2.2 1.14E−03
XM 649642.1 Villin-related 2.2 4.10E−03
XM 648632.1 Calcium-binding protein 2.1 2.77E−04
XM 644804.1 Metal dependent phosphohydrolase,

putative
2.1 1.33E−03

XM 649881.1 CXXC-rich protein 2.1 2.57E−03
XM 646423.1 Vacuolar ATP synthase subunit d,

putative
2.1 1.81E−04

XM 644199.1 Beta adaptin, putative 2.1 5.62E−03
XM 644806.1 Brix domain protein, putative 2.0 8.88E−05
XM 644357.1 Protein FAM38A [Strongylocentrotus

e-58]
2.0 7.93E−04

XM 643718.1 CXXC-rich protein 2.0 1.05E−04

Microarray results representing Entamoeba histolytica-specific transcripts which were at least two-fold more abundant in strain HM-1:IMSS compared to Rahman.
Bad elements (microarray elements failing triplicate or dye-swap replication) were removed. Unique probes covering a single transcript were averaged. All transcripts
are statistically significant, having a p-value < 0.01. The gene accession number, gene name, fold change, and p-value expressed exponentially are shown. Where
gene expression levels were studied by Real-time PCR the fold change obtained by Real-time PCR is shown (PCR column). Genes are classified by putative functions
of the gene product; or, in the case of “Plasmodium-related”, represent aligned protein homologies most similar to those found in Plasmodium spp.
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Table 2
Genes expressed at higher levels in Rahman compared to HM-1:IMSS

Gene accession Gene name Fold change p-value PCR

Protein degradation
XM 648162.1 CP3; cysteine protease 3 101.2 5.37E−07 155
XM 647901.1 EhCP112 3.5 1.82E−03 1.5
XM 649631.1 Predicted metal-dependent membrane

protease
2.2 4.67E−04

Surface-associated
XM 649244.1 Lgl3 21.9 3.22E−04 26.0
XM 645597.1 PFAM: LRR 2.3 8.45E−03

Plasmodium-related
XM 645291.1 Erythrocyte binding protein 3 [Plasmodium

falciparum]
155.5 7.14E−06 217

XM 646183.1 Asparagine-rich antigen [Plasmodium
falciparum] e-15

3.6 1.07E−04

XM 646183.1 235 kDa rhoptry protein [Plasmodium yoelii
yoelii]

2.8 8.98E−04

XM 648401.1 rpoD [Plasmodium falciparum] e-08 2.6 2.47E−03
XM 650530.1 P. falciparum RESA-like protein with DnaJ

domain e-23
2.1 3.95E−04

Signaling
XM 646619.1 Rho guanine nucleotide exchange factor,

putative
9.3 3.45E−05

XM 650709.1 Ras guanine nucleotide exchange factor,
putative

6.8 2.44E−04

XM 648368.1 heat shock protein DnaJ homologue Pfj2
[Plasmodium falciparum] e-09

4.6 5.12E−04

XM 644491.1 Protein kinase, putative 4.5 1.04E−03
XM 643898.1 Ras family GTPase 3.9 7.53E−03
XM 649777.1 Rap/Ran GTPase activating protein, putative 3.6 3.66E−06
XM 649440.1 Protein kinase, putative 3.5 6.23E−04
XM 648550.1 Protein kinase, putative 3.4 5.26E−05
XM 646706.1 Phosphatidylinositol 3- and 4-kinase family 3.4 8.29E−03
XM 646706.1 Phosphatidylinositol 3- and 4-kinase family 3.4 1.30E−04
XM 652186.1 C2 domain protein, putative 3.2 1.00E−03
XM 647152.1 Protein phosphatase, putative 2.9 1.27E−04
XM 651834.1 Rho GAP 2.8 2.40E−04
XM 650127.1 Rho GTPase activating protein, putative 2.8 1.86E−04
XM 649262.1 hsp70 family protein 2.7 4.10E−03
XM 651861.1 Ras guanine nucleotide exchange factor,

putative
2.6 4.49E−03

XM 649440.1 Protein kinase, putative 2.6 2.70E−03
XM 648409.1 Protein kinase, putative 2.6 1.25E−03
XM 652334.1 IkappaB kinase complex-associated protein,

putative
2.4 1.76E−03

XM 646245.1 70 kDa heat shock protein 2.4 9.78E−03
XM 644487.1 Protein kinase, putative 2.4 1.32E−03
XM 643700.1 Protein kinase, putative 2.4 4.58E−03
XM 644493.1 Rho GAP 2.2 4.46E−03
XM 644898.1 GTPase activating protein, putative 2.2 4.65E−03
XM 648895.1 Protein kinase, putative 2.2 7.02E−03
XM 651538.1 Protein kinase, putative 2.2 7.17E−03
XM 648888.1 TNF receptor-like 2.2 4.10E−03
XM 644968.1 Rho guanine nucleotide exchange factor,

putative
2.2 1.30E−06

XM 642769.1 Ras family GTPase 2.1 1.55E−04
XM 646117.1 Ras GEF 2.1 2.30E−06
XM 647365.1 Rho family GTPase 2.0 1.06E−03
XM 651446.1 Protein phosphatase, putative 2.0 5.57E−05
XM 645598.1 Protein kinase, putative 2.0 6.19E−05
XM 651809.1 Rho GAP 2.0 1.43E−04

Nucleic acid interaction
XM 642877.1 Phosphatidate cytidylyltransferase, putative

[Oryza sativa e-20]
9.7 6.34E−03

XM 646562.1 DNA mismatch repair protein mutS, putative 6.4 2.21E−04
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Table 2 (Continued )

Gene accession Gene name Fold change p-value PCR

XM 648023.1 DNA mismatch repair protein mutS, putative 5.7 1.84E−03
XM 647744.1 Adenosine deaminase, putative 4.6 2.22E−05
XM 648147.1 Small nuclear ribonucleoprotein F, putative 4.6 1.59E−06
XM 646207.1 Uridine-cytidine kinase, putative 4.1 1.80E−04
XM 652405.1 Polynucleotide kinase-3’-phosphatase,

putative
3.9 9.43E−04

XM 645326.1 Cysteine-rich DNA binding domain, DM
domain

3.1 1.90E−07

XM 650320.1 C2H2 and C2HC zinc fingers 2.9 2.20E−03
XM 644570.1 SMC domain protein 2.6 1.14E−05
XM 650100.1 Dihydrouridine synthase 1-like 2.5 2.55E−04
XM 650455.1 Non-structural maintenance of chromosome

element 4 e-14
2.4 5.54E−04

XM 648085.1 DNA clamp 2.2 7.08E−03
XM 647442.1 DNA mismatch repair protein mutS, putative 2.2 1.17E−03
XM 645838.1 Myb family DNA-binding protein 2.2 2.00E−03
XM 646466.1 Ribonucleases P/MRP protein subunit,

putative [C. neoformans e-15]
2.1 1.02E−03

XM 643619.1 Helicase, putative 2.1 7.11E−03
XM 652084.1 Zinc finger protein, putative 2.1 6.05E−06
XM 646970.1 Apyrase, putative 2.0 9.19E−04
XM 648658.1 Topoisomerase, putative 2.0 1.20E−03

Carbohydrate, lipid, and other metabolism
XM 650451.1 Ceramide synthase, putative 2.3 1.77E−03
XM 651264.1 Carbohydrate degrading enzyme, putative 2.2 5.73E−03
XM 647204.1 Chitinase Jessie, putative 2.2 7.17E−04
XM 645653.1 Patatin-like phospholipase, putative 2.1 5.65E−03
XM 651057.1 Lecithin:cholesterol acyltransferase, putative 2.1 1.88E−03
XM 644489.1 Protein farnesyltransferase alpha subunit,

putative
2.1 6.72E−05

XM 651407.1 Sphingomyelinase C, putative 2.1 6.41E−05
XM 652341.1 Ceramide synthase, putative 2.0 1.28E−03

Oxidation and reduction chemistry
XM 642833.1 d-3-Phosphoglycerate dehydrogenase,

putative
5.9 3.82E−05

XM 651283.1 Nitroreductase family protein 4.8 1.51E−05
XM 651443.1 Zinc-containing alcohol dehydrogenase,

putative
4.2 1.55E−03

XM 651412.1 Oxidoreductase, putative 2.9 1.17E−03
XM 651412.1 Oxidoreductase, putative 2.7 2.61E−03
XM 647747.1 Fe-hydrogenase, putative 2.5 6.98E−04
XM 643772.1 Glutamate dehydrogenase, putative 2.2 6.61E−03
XM 650899.1 Ferric-chelate reductase (Fre2), putative

[Aspergillus fumigatus Af293]
2.2 1.35E−06

Transport
XM 644292.1 ABC transporter, putative 102.9 4.56E−07
XM 646404.1 ABC transporter, putative 86.7 2.35E−06
XM 650291.1 Phosphoserine aminotransferase, putative 14.0 5.70E−08
XM 645566.1 Amino acid transporter, putative 3.3 5.95E−03
XM 646862.1 M271permease of the major facilitator

superfamily [Leptospira interrogans]
2.8 6.75E−04

XM 652378.1 Permease-like protein [Leishmania major]
e-95

2.6 5.25E−03

XM 645599.1 Prefoldin 2.5 4.07E−05
XM 649615.1 Amino acid transporter, putative 2.3 3.37E−03
XM 647098.1 Membrane transporter, putative 2.3 4.30E−04

Other
XM 646601.1 HMW glutenin subunit [Thinopyrum

bessarabicum] e-19
51.4 9.46E−06 149

XM 645479.1 Similar to tripartite motif-containing 35
isoform 1 [Danio rerio] e-35

39.2 4.75E−05

XM 649962.1 Viral A-type inclusion protein repeat,
putative

11.6 1.76E−05
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Table 2 (Continued )

Gene accession Gene name Fold change p-value PCR

XM 646695.1 Beige/BEACH domain protein, putative 7.3 1.07E−04
XM 651413.1 Alpha/beta-Hydrolases 4.8 2.94E−04
XM 647605.1 Similar to tripartite motif-containing 35

isoform 1 [Danio rerio] e-52
4.5 3.60E−06

XM 650859.1 158792 GrfA protein, putative 4.3 1.31E−08
XM 649327.1 Coronin, putative 3.6 5.89E−05
XM 651370.1 AAA family ATPase, putative 3.3 1.70E−03
XM 651211.1 t-snare 3.1 8.33E−06
XM 646197.1 WD40 like 2.9 9.38E−04
XM 651297.1 Hrf1 domain 2.8 4.42E−04
XM 646563.1 Protein with DENN and LIM domains 2.6 3.53E−03
XM 647502.1 Peroxisome assembly protein [Trypanosoma

cruzi] e-08
2.4 4.28E−05

XM 643542.1 Starch-binding domain 2.4 4.55E−04
XM 650783.1 Bromodomain protein, putative 2.4 2.93E−04
XM 647859.1 PCTP-like protein, putative 2.4 7.76E−05
XM 649049.1 ARM repeat 2.4 3.79E−04
XM 644562.1 GS1 protein, putative 2.3 2.43E−04
XM 651435.1 Vacuolar protein sorting 35, putative 2.3 8.06E−04
XM 643303.1 ARM repeat 2.3 1.23E−04
XM 650020.1 Suppression of tumorigenicity 5 [Danio

rerio] e-27
2.3 6.82E−05

XM 644469.1 NHL repeat domain protein [Geobacter
sulfurreducens e-11]

2.2 4.54E−03

XM 650974.1 Nedd4 binding protein 2 [Mus musculus] 2.2 1.85E−03
XM 647831.1 PREDICTED: similar to nuclear receptor

coactivator 7 [Rattus
norvegicus]1.29741e-18

2.2 3.20E−03

XM 652470.1 ARM repeat 2.2 1.94E−04
XM 648598.1 WW DOMAIN 1 2.2 2.12E−04
XM 647022.1 Acetyltransferase, putative 2.1 3.64E−05
XM 645850.1 Predicted hydrolase [Clostridium tetani

e-29]
2.1 7.23E−03

XM 650963.1 Tetratricopeptide repeat domain containing
protein [Rickettsia felis e-7]

2.1 2.62E−04

XM 645314.1 Actin binding protein, putative 2.1 2.31E−06
XM 646075.1 Protein UNC-89–Caenorhabditis elegans

e-28
2.1 7.29E−06

XM 647427.1 SMAD FHA 2.1 7.76E−06

Microarray results representing disproportional Entamoeba histolytica-specific transcripts which were at least two-fold more abundant in strain Rahman compared to
HM-1:IMSS. Bad elements (microarray elements failing triplicate or dye-swap replication) were removed. Unique probes covering a single transcript were averaged.
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lso found higher expression of a gene encoding a protein
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embers of the AIG1 gene family were expressed at much
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Fig. 1. Cysteine proteinase genes show a distinct pattern of expression between HM-1:IMSS and Rahman. (Panel A) Relative ranked expression levels of cysteine
proteinase genes. Relative values were calculated by rank scaling averaged intensities between 0 and 1 for all genes per channel following Loess normalization. These
values are expressed as a percentile (e.g. for HM-1:IMSS, the transcript for EhCP1 is more abundant than 99.2% of HM-1:IMSS transcripts). Genes with transcript
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. histolytica genome, including tyrosine kinases with SH2
omains, tyrosine kinase-like protein kinases, and putative
eceptor Ser/Thr kinases. We detected differences in the expres-
ion of multiple genes linked to signaling or stress response
etween Rahman and HM-1:IMSS (Tables 1 and 2), includ-
ng protein kinases, RhoGTPase activating proteins, and protein
hosphatases. Many of the signaling molecules are members of
ultigene families, and various representatives of each family
ere found expressed at higher levels in HM-1:IMSS or Rah-
an, suggesting that most are probably allelic differences. One

otable exception was the finding of higher levels of calmodulin
n E. histolytica HM-1:IMSS compared to Rahman (Table 1). A
rior study demonstrated that inhibition of calmodulin activity
n E. histolytica HM-1:IMSS reduced trophozoite phagocytosis
nd cytotoxic activity in vitro [24]. Thus, decreased calmodulin
ctivity in Rahman would be consistent with the in vitro pheno-
ype of decreased phagocytic activity we observed in Rahman
4].

E. histolytica trophozoites express high levels of GPI-
nchored proteophosphoglycans (PPG) on their surface that
ppear to play an important role in amebic pathogenesis [25–28].
nterestingly, differences in the type and quantity of GPI-
nchored propeophosphoglycans on the surface of HM-1:IMSS
ompared to Rahman have been reported [27,29]. The light
hain of the Gal/GalNAc lectin also has a GPI anchor, which
s required for assembly of the heavy and light chains into the
ectin heterodimer [30]. With one exception, all of the genes
ncoding proteins linked to GPI synthesis showed increased
xpression in E. histolytica HM-1:IMSS compared to Rahman,
nd for two genes, GPI-deacetylase and mannosyltransferase-
, this difference was statistically significant. A recent study
howed that decreasing expression of the GPI-deacetylase gene
n E. histolytica HM-1:IMSS caused a decrease in endocytosis
nd trophozoite adhesion to host cells, indicating that lower lev-
ls of GPI-deacetylase expression could be associated with a
educed-virulence phenotype [31].

While we were able to identify a comparatively large num-
er of genes that show differential expression between Rahman
nd HM-1:IMSS, many of these differences may not be directly
elated to virulence. Additional strain comparisons may help
etermine transcriptional differences which might be due to
ormal strain variation and those more directly involved in
irulence. Because the sequence of the oligonucleotides on
ur microarray is derived from the E. histolytica HM-1:IMSS
enome, we do not know how much of the transcriptional dif-
erences we detected represent differences at the genomic level
etween HM-1:IMSS and Rahman. There could be HM-1:IMSS
enes that are simply not present in the Rahman genome, or
equence differences in homologous genes in Rahman and HM-
:IMSS that give rise to different hybridization efficiencies
eading to “false positive” differences in transcript levels. How-
ver, it should be noted that in the two genes sequenced in both
ahman and HM-1:IMSS to date [4,32], genomic sequences

ere identical, and a comparison of genomic sequences between
. histolytica HM-1:IMSS and Rahman using a HM-1:IMSS-
ased genomic microarray showed only 5 of 1817 genes as being
ighly or significantly divergent [33].
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In summary, our analysis identified a large number of genes
hat are differentially expressed between E. histolytica Rahman
nd E. histolytica HM-1:IMSS. The finding of multiple tran-
criptional differences between the two strains is consistent with
he relatively broad physiologic differences that we, and others,
ave detected between Rahman and HM-1:IMSS [9,27,34,35].
aken as a whole, these data indicate that there is not be a sin-
le gene product responsible for the differences in virulence
etween Rahman and HM-1:IMSS, but rather that multiple
athways, possibly involving signal transduction, antibacterial
ctivity, cytoskeletal rearrangements, and protease production
r secretion, differ between the two strains.
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