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Table 1
Verification of amray data by gqRT-PCR
Locus represented Length of time Array® GRT-PCR®® Gene annotation
b be set in vivo (days

Y probe s¢ in vivo (days) Fold difference SAM g value Fold difference p value (t-test)

34.m00259 29 8.29 0 6.2 0.0006 Hypothetical protein
56.m00149 29 5.45 0 23.2 0.017 Calcium binding protein®
395.m00028 1 14.65 0.0165 2.2 0.01 EhMGL1®
347.m00051 i 2.57 0.0482 1.49 0.64 Tryptophanasef
613.m00022 1 —-1.86 0.016 -2.37 0.01 URE3-BP
2.m00532 1 2.94 0.016 0.94 0.84 Cysteine protease 98
147.m00095 1 1.07 051 1.02 0.87 RNA polymerase I1 L}
1.m00673 1 —~1.62 0.09 —1.1 0.73 Lngf
176.m00112 29 1.22 0.68 1.2 0.55 TSA
344.m00043 29 1.12 0.7 -1.03 0.96 RNA polymerase II subunit 13"
152.m00118 29 1.14 0.7 1.05 0.85 Cysteine protease 198

 Change in transcript levels calculated from the results of Affymetrix array hybridization of ¢cDNA derived from in vitro and in vivo amebae (fold increase and
statistical significance).

® Values were compared after normalization using the geographic mean of empirically determined invariant genes (RNA pol I L, TSA, and cysteine protease 19)
after correction for the efficiency of amplicon amplification.

¢ Change in transcripts determined by gRT-PCR for three mice (fold increase and statistical significance).

¢ EhCaBP has been previously described by Sahoo et al. {36].

¢ EhMGL1 has been previously described by Tokoro et al. [13].

f Tryptophanase has been previously described by Anderson et al. [30].

8 Cysteine protease 9 and 19 have been previously described by Bruchhaus et al. [12].

" RNA polymerase I L and 13 have been previously described and used as internal controls by Beck et al. [33].

{ LglS is a novel member of the family of genes which encodz the light subunit of the Gal/GalNAc lectin [5].

§ 'TSA has been independently described by two groups {21].

Table 2
Cysteine protease transcripts
Probe set Day 1 in vivo Day 29 in vivo In vitro ameba Annotation of gene represented by probe set?
Fold SAMg Fold SAM g Average normalized
difference value difference value probe value
10.m00362 at 28.33 0 3541 0 82 Cysteine proteinase 4° related
2.m00545 _at 9.4 0 6.44 0.11 97 Cysteine protease 6° related
2.m00532_at 2.94 0.02 2.09 0.41 72 Cysteine protease 9°
242.m00078_s_at® 1.7 0.09 2.38 0.04 5403 Cysteine protease 1°
79.m00156
109.m00099.at N/A N/A 2.08 0.65 8 Cysteine protease 14-related®
222.m00084_at 1.41 0.44 —1.04 0.64 8 Cysteine protease 16°
152.m00118_at 1.24 0.44 1.14 0.7 853 Cysteine protease 19°
180.m00101 _at 1.2 0.48 1.01 0.7 278 Cysteine protease 17°
65.m00146_at 111 0.51 L77 0.53 29.5 OTU-like cysteine protease, putative
3.m00597_at 1.06 0.51 1.2 0.69 142 Calpain-like cysteine protease, putative
24.m00271 at 1.05 0.51 ~L11 0.6 23 . Cysteine protease 10°
71.m00132.at —1.08 0.39 -1L1 0.6 25.9 Cysteine protease, putative
2.m00493_at -1.25 0.3 1.47 0.6 13.55 Peptidase, putative
191.m00117_at —-1.48 0.09 -1.2 0.47 7587 Cysteine protease 5 related
260.m00068_at ~1.49 0.12 1.09 0.7 910 Cysteine protease, putative
446.m00031_at —1.62 0.09 -1.5 0.28 38 Cysteine protease 13°
97.m00133_at -1.95 0.06 -1.62 0.4 38 Cysteine protease, putative cp112¢
501.m00019_s_at ~14.31 0.01 —4.88 0.02 2994 Cysteine protease 8°

# Genes in bold demonstrate statistically significant change.

b In vitro expression previously determined by Bruchhaus et al. [21].

© Probe set also represents the 79.m00156 open reading frame which differs by one nucleotide from 242.m00078. This causes a change in the terminal 3’ of the
open reading frame and hence an extension of 57 nucleotides.

4 Gene described by Garcia-Rivera et al. {41].

¢ Probe set also represents the 358.m0003 1 open reading frame, which differs by three nucleotides from 501.m00019.
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Fig. 3. Distribution of changed transcripts into functional categories. Differentially expressed genes were categorized by functional group. The changed transcripts
were assigned to a putative function on the basis of gene annotation. Genes of unknown function were further annotated and categorized on the basis of Pfam/COG
families and then loosely grouped (shown in more detail in Supplemental Table 5). The functional group is shown on the x-axis, and number of genes modulated in
cither a positive or negative direction is indicated on the y-axis. Transcripts changed at Day 1 are shown as solid bars and Day 29 modulated genes are shown as
white bars. The exact number of changed transcripts is shown beside each column.

fold. The trahscript from a CP4-like gene (CP10.m00362 gene)
was expressed at low levels in vitro, but exhibited a 20-35-
fold increase at Days 1 and 29. The CP6-like cysteine protease
(CP2.m00545) was 10-fold increased at Day 1. In contrast, the
CP8 transcript was significantly decreased in vivo (Table 2). The
changes in transcript levels of specific CP genes suggest non-
redundant functions for the individual proteases in the intestinal
life of the parasite.

3.6. Laterally-transferred metabolic enzymes

A number of important metabolic enzymes appear to have
been acquired by lateral gerie transfer from prokaryotes. These
genes encode many of the enzymes involved in serine and cys-
teine biosynthesis, degradation of sulfur-containing amino acids
(Fig. 4), and energy metabolism [ 13-16]. The results of the array
hybridization indicated that 84 of 96 laterally transferred genes
had detectable transcripts, with 11 decreased and 6 increased at
least two-fold in vivo (Table 3).

3.7. Oxygen detoxification

Ameba colonize the anaerobic lumen of the gut. In this envi-
ronment the proteins necessary for oxygen defense would likely
not be required. E. histolytica is an aerotolerant anaerobe that
uses an iron—-sulfur ferredoxin to oxidize pyruvate as the end-
electron acceptor. The levels of ferredoxin 2 [17] and iron—-sulfur

flavoproteins (328.m00064) transcripts were decreased, as was
the mRNA of almost all genes encoding enzymes involved in
the synthesis of iron-sulfur [Fe-S] clusters [18] including the
sulfur assimilatory de novo cysteine biosynthetic pathway [14]
(Fig. 4). One exception to the down-regulation of iron-sulfur
transcripts was the mRNA of a protein with a strong match
(99.8% aligned with a 770 Score, E=0.0) to the hybrid clus-
ter protein (8.m00410; pfam HCP,cd01914.1). Hybrid cluster
proteins incorporate both a [4Fe-4S] cubane cluster and a
[4Fe-2S-20] iron-sulfur cluster. Hybrid cluster proteins are
thought to be involved in nitrate and/or nitrate respiration and
have only been detected in facultative anaerobes cultivated in
anaerobic conditions [19,20]. Also increased were thioredoxin
(212.m00092) and glutamate synthase (78.m00152), both elec-
tron transport proteins lacking Fe-S clusters. The transcripts
of other proteins involved in the detoxification of reactive oxy-
gen metabolites were unchanged in vivo {21-24]. We concluded
that adaptation to the intestine was associated with an over-
all decrease in the abundance of mRNAs encoding for oxygen
detoxification proteins.

3.8 Energy metabolism

The lack of mitochondria necessitates that E. histolytica
derive most of its ATP from glycolysis and fermentation. It
was therefore notable that the transcripts of the genes encod-
ing the glycolytic pathway were overall decreased at Day 1 but
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Fig. 4. Modulation of transcripts encoding enzymes involved in iron-sulfur cluster biosynthesis. Transcripts significantly modulated in vivo are shown in shaded
boxes. Gene name is followed by the locus represented by the microarray probe set, fold change in vivo, and significance (g-value) [ 14,40].

not Day 29 (Fig. 5). Diminution of mRNA levels for glycolytic
enzymes with low catalytic efficiencies (that could therefore be
pathway regulatory points) included one of the two pyruvate
phosphate dikinase genes (—1.91 g-value =0.05) and fructose-
1,6-bisphosphate aldolase (—1.82 g-value=0.0078) [25]. The
PPi-dependent phosphofructose kinase (PFK) gene transcript
was also significantly down-regulated (—2.03 g-value =0.039).
This enzyme, which accounts for most of the PFK activ-
ity of cultured E. histolytica trophozoites employs inorganic
pyrophosphate as the phosphoryl donor to generate fructose-1,6-

bisphosphate, and therefore increases the net energy generated
by this pathway [26]. The transcript of a second gene encod-
ing the ATP-requiring phosphofructose enzyme was expressed
at low levels in culture, and was unchanged in vivo [27]. The
potential down-regulation of the glycolytic pathway at Day
1 suggested by these results, could reflect a shift from rapid
growth made possible by the abundant nutrients of tissue cul-
ture, to a more parsimonious existence in the resource poor colon
[28]. An adaptation to slower growth is also suggested by the
decrease in mRNA for the glucose ribose porter (53.m00214)
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Table 3
Significantly changed transcripts from the laterally transfered genes

Probe set Day 1 in vivo Day 29 in vivo Annotation of gene represented by probe set
Fold difference SAM g value Fold difference SAM g value

395.m00028_s_at? 14.65 0.02 1.3 0.7 Methionine gamma-lyase

6.m00425_at 593 0.01 2.66 0.02 Endo-1,4-beta-xylanase

36.m00222.s_at® 3.01 0.01 1.42 0.6 Aminotransferase

78.m00152 s at® 2.86 0.02 1.89 0.14 Glutamate synthase small subunit

347.m00051 _at 2.64 0.04 1.93 0.6 Tryptophanase

189.m00093 x¢.at 2.48 0 1.97 0.14 p-Hydantoinase

22.m00291.at -1.15 0.36 -2.01 0.02 Aspartate ammonia-lyase

91.m00198_at® —~2.03 0.04 1.44 0.7 Pyrophosphate-dependent phosphofructokinase

25.m00254_at -2.08 0.05 —1.65 0.35 Nicotinate phosphoribosyltransferase

1.m00704_at -2.65 0 -1.2 0.53 Aspartate-ammonia ligase

289.m00068 _at —2.66 0.02 —2.83 0.05 Amidohydrolase

10.m00331_at —2.96 0.01 -2.06 0.09 (2r)-Phospho-3-sulfolactate synthase

21.m00283_atf -3.1 0 —-1.18 0.57 Fe-S cluster assembly protein NifU

200.m00078 _s_at? ~3.38 0 —5.95 0 Serine acetyltransferase

30.m00263_s_ath -3.5 0.02 -1.22 0.53 Phosphoserine aminotransferase

782.m00013_s_at! -4.16 0.01 —4.79 0 D-3-Phosphoglycerate dehydrogenase

103.m00185 _at -10.53 0 —4.88 0.07 Fe-hydrogenase

2 395.m00028_s represents 202.m00088 with which it is identical and 132.m00106 from which it differs by one nucleotide. This gene has been previously described

by Tokoro et al. as EhMGL 1 [13].

b 36.m00222 s.at also represents 36.m00207 with which it differs by a 70 nt internal deletion.
¢ 78.m00152 s_at also represents 3.m00589 with which it differs by a 45 nt internal deletion.
4 (.at) probe sets represent single genes, s.at. probe sets recognize two or more genes with which the probes are an exact match, X at probe sets may cross-hybridize

in an unpredictable manner with sequences other than the main target.
¢ This gene has been previously described by Deng et al. [26].
£ 21.m00283; this gene has been previously described [14].

£ 200.m00078_s also represents 141.m00079 with which it is identical. This gene has been previously described by Nozaki et al. as SAT1 [14].

" 30.m00263.s_at represents 201.m00117 with which it is identical and 253.m00078 which differs from the other two genes by 9 nucleotides in 963 nts and whose
ORF terminates 114 nts sooner than that of the other transcripts. This gene has been previously described [14].

1 782.m00013.s also represents 130.m00118 and 130.m00121. 130.m00118 differs by a one base pair insertion 12nt from the terminal of 782.m00013 which
changed the ORF 130.m001 18 extend an additional 258 nt. 130.m00118 and 130.m00121 ORFs are identical. This gene has been previously described [14].

§ 103.m00185 has been previously described as iron-dependent hydrogenase 2 by Nixon et al. [15].

and several tRNA synthetase genes, although no changes
were observed for DNA replication and nucleotide synthesis
genes.

An alternative hypothesis is that different pathways for
energy generation are utilized in vivo. Zuo et al. had suggested
that in the absence of glucose E. histolytica may catabolize
amino acids; however, no consistent increase in the transcripts
involved in this process was observed [29-30]. In contrast, an
increase in the transcripts of two putative lipases and phospho-
lipases suggested that this alternative energy source may be
preferentially utilized in vivo.

3.9. Intracellular signaling proteins

Several potential DNA and RNA binding protein gene mRNA
levels were modulated in response to the intestinal environ-
ment (Table 4). The EhEBP 1 transcription factor, an enhancer
of Gal/GalNAc lectin hglS subunit transcription, was down-
regulated two-fold at Day 1 [31]. Four DNA binding proteins
with 6-16-fold changes at Day 29 (111.m00140, 227.m00086,
143.m00093, 20.m00272) shared similarity at the protein level
(71-83%). One of the other hypothetical transcripts increased
at Day 29 (seven-fold) encoded a basic region leucine zipper
domain. The pre-mRNA splicing factor PrP17 mRNA necessary

for the splicing of introns greater than 200 nucleotides in S. cere-
visiae and S. pombe was also increased [32]. A second potential
RNA binding protein (91.m00190), similar to a P. falciparum
protein RNA binding protein, was down-regulated two-fold at
both Days 1 and 29.

Transmembrane receptor kinases (TMK) are key mediators of
signal transduction in eukaryotic cells. E. histolytica is remark-
able among protists for possessing over 80 putative TMKs. The
E. histolytica TMK’s have been grouped into six subfamilies
(A-F) based on the kinase domain and motif structure of the
extracellular domains [33]. Members of each of the subfamilies
were discovered to be expressed in vitro and in vivo. Transcripts
from eight TMKSs were modulated in vivo (Table 5). Transcripts
from 9 non-receptor E. histolytica kinases, and 10 phosphatases
genes were also modulated. The transcript of phosphoinositide
3-kinase (9.m00406), implicated in phagocytosis, was one of
the kinases decreased at Day 29 [34,35]. The mRNA of several
calcium binding proteins were also changed in abundance. One
of the up-regulated transcripts in vivo was EhCaBP [36], while
transcripts of the potential calcium storage proteins Grainins 1
and 2 [37] were down-regulated. We concluded that the adapta-
tion to the intestinal environment was accompanied, and likely
in part mediated by, alterations in mRNA abundance of key sig-
naling molecules.
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Fig. 5. Changes in expression of the genes encoding enzymes of the glycolytic pathway. Schematic representation of the E. histolytica glycolytic pathway. Transcripts
significantly modulated in vivo are shown in shaded boxes. Gene name is followed by the locus represented by the microarray probe set, fold change in vivo and
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3.10. Other virulence genes

Of the proteins known to be important in E. histolytica vir-
ulence few changes in transcript levels were observed. This is
perhaps not surprising because all of these factors were identified
and characterized in vitro using cultured trophozoites. Among
virulence factors that were altered was the Gal/GalNAc lectin,
essential for ameba adherence and contact mediated cytolysis of
host cells. The Gal/GalNAc lectin light and heavy subunits are
each encoded by five member gene families, while the interme-
diate subunit is encoded by two different genes [5]. There were
no statistically significant changes in the heavy and intermedi-
ate transcripts; however, two members of the light subunit gene
family were statistically down-regulated (Ig/2 two-fold at Day
1 and /gi3 four-fold at Day 1 and Day 29). In addition to these
changes in known virulence factors, it is interesting to speculate
if novel virulence factors may be among the hypothetical genes
with altered in vivo expression.

3.11. Membrane transport

Nutrient acquisition may be an important aspect of viru-
lence. Many of the genes with putative transport functions were
down-regulated, including several members of the major facil-
itator superfamily, and two members of the ABC transporter
family. Exceptions were increases (10-fold at Day 1 and 8-
fold at Day 29) of a transcript encoding a potential amino-acid
transporter (205.m00085), and the significant reversal of the
down-regulation of one of the ABC transporter protein tran-
scripts (41.m00219) (three-fold decrease at Day 1 but 1.3-fold
increase at Day 29).

3.12. Endocytosis and vesicular trafficking

E. histolytica genes involved in motility and phagocytosis
were also modulated. Rho family GTPases, a SNARE pfam
domain-containing genes (141.m00087), Syntaxin A, and a
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Table 4
DNA and RNA regulatory transcripts

Probe set Day 1 in vivo Day 29 in vivo Annotation of gene represented by probe set
Fold difference SAM g value Fold difference SAM g value

149.m00092_at 6.88 0.01 278 0.18 Hypothetical protein 149.t00006

169.m00139 _at 4.56 0.0t 1.98 041 Hypothetical protein 169.t00027

55.m00187.at 3.89 0.01 2.46 0.25 Hypothetical protein 55.t00025

146.m00110_at 2.87 0.04 1.25 0.7 Myb family DNA-binding protein

123.m00114_at 2.54 0 —1.55 0.28 Hypothetical protein 123.t00010

94.m00147_at 2.53 0.03 3.35 0.14 Hypothetical protein 94.t00018

20.m00305.at 2.44 0.49 4.05 0.02 RNA-binding protein, putative

197.m00084 x _at® 235 0.03 1.29 0.64 Hypothetical protein 197.t00015

524.m00023_at 2.3 0.01 1.38 0.69 Myb family DNA-binding protein

20.m00272_at 2.23 0.06 —6.25 0 Conserved hypothetical protein (DNA binding
group)

3.m00577 at 2 0.01 6.55 0.09 High mobility group protein, putative

275.m00123 s.at® 192 0.04 2.34 0.38 Protein kinase, putative

98.m00143_at 1.86 0.05 -137 045 Zinc finger protein, putative

5.m00408_s_at® 1.82 0.25 —1.43 0.5 Hypothetical protein 5.t00017

4.m00655 . at 1.75 0.19 7.36 0 Hypothetical protein 4.t00077

143.m00093 _at -1 0.42 -5.81 0.01 Conserved hypothetical protein (DNA binding
group)

227.m00086_at -1.09 0.42 —16.64 0 Conserved hypothetical protein (DNA binding
group)

177.m00126_s_at? -1.16 0.36 -4.09 0.04 Ribonuclease, putative

198.m00105_at -1.26 0.16 -2.13 0.02 RNA-binding protein, putative

173.m00119.at -1.37 0.12 ~2.62 0.04 Putative CLK family kinase (Dictyostelium
discoideum)

324.m00040_at® -1.51 0.16 —4.21 0 Transcription initiation factor TFIID, putative

111.m00140.x_at* ~1.92 0.04 ~11.04 0 Conserved hypothetical protein (DNA binding
group)

62.m00167.at -2.01 0.02 -1.4 0.28 Hypothetical protein 62.t00018

147.m00097 x_at®f -2.03 0.02 1.17 0.7 Enhancer binding protein-1

490.m00035 _at —~2.07 0.03 —1.64 0.32 Hypothetical protein 490.t00001

268.m00065 x_at* ~2.19 0.01 -1.12 0.6 Predicted: similar to myb binding protein (P160)
la-like (Strongylocentrotus purpuratus)

91.m00190_s_at® -2.29 0.05 —2.48 0 RNA-binding protein, putative

88.m00155_s_at ~2.47 0.02 ~2.08 0.11 Hypothetical protein 88.100011

38.m00215_at —2.53 0.04 —-1.44 0.41 AAA family ATPase

14.m00334._at —4.68 0.03 —1.47 0.41 Hypothetical protein 14.100055

? (-at) probe sets represent single genes, s.at. probe sets recognize two or more genes with which the probes are an exact match, _X_at probe sets may cross-hybridize

in an unpredictable manner with sequences other than the main target.

® 275.m00123 also represents 275.m00093 a truncated version that also contains an internal deletion of 24 nts.

¢ 5.m00408_s also represents 183.m00107 with which it is completely identical.
4 177.m00126_s_at also represents 100.m00129 with which it is 98% identical.

¢ This gene has been previously described by Luna-Arias et al. [42].

f Regulator of the transcription of the 2gl5 large subunit of the Gal/GalNAc lectin, Schaenman et al. {31].
2 91.m00190_s represents also the 204.m00092 ORF to which it is completely identical.

Vam3 homologue and a Ras-related gene (128.m00135) were
down-regulated in vivo, while the transcripts of three Ras-related
proteins (Ras-related protein 3, and two Rab family GTPases)
and a Syntaxin C (yeast Pepl3 homologue) (167.m00134)
were increased at Day 1 (Table 5 and supplemental data).
Although the Rab family GTPases mRNA levels remained
high at Day 29 they were not statistically different from in
vitro levels. Other genes, including those encoding potential
Rho and Ras GTPase activating proteins, were down-regulated,
and as previously mentioned, the phosphoinositide 3-kinase
transcript was statistically decreased (Table 5 and supplemental
data). These data suggest that the parasite alters the regulation
of cytoskeletal-mediated processes in response to the host
environment.

3.13. Unknown proteins

An intriguing result was the modulation of expression of
four groups of hypothetical proteins (Table 6). Group 1 genes
were similar to the AIG proteins implicated in plant defense
from bacteria [38]. The group 1 transcripts were either un-
regulated or up-regulated at Day 1, and with only two exceptions
(AIG40.m00239 and AIG451.m00039) they were decreased at
Day 29. Group 2 genes contained bacterial surface protein A-like
sequences (BspA). Three members of the E. histolytica BspA
family were modulated in vivo (BspA32 transcript was repressed
at Days 1 and 29, BspA615.m00022 was decreased two-fold at
Day 1, and BspA707.m00012 gene was up-regulated at Day
29) [33,39]. Group 3 genes encode small (~4-8kDa) basic and



Table 5
Changes in transcripts potentially involved in intracellular signaling
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Probe set Day 1 in vivo Day 29 in vivo Annotation of gene represented by probe set
Fold difference SAM g value Fold difference SAM g value
Transmembrane kinases
A subgroup
148.m00080_at* 4.66 0 231 0.5 TMK69
16.m00305 x_at*® 3.01 0.01 1.47 0.68 TMKS3
2.m00624 s_at 2.38 0.01 2.56 0.01 Protein kinase, putative
152.m00104_at* -2 0.03 -3 0.02 TMK17
B1 subgroup
67.m00091.x_at*® 3.89 0.01 2.1 0.53 TMK95
174.m00087 x.at® 2.74 0.02 1.84 0.6 Protein Kinase, putative
New subgroup
251.m00091 _at -1.6 0.07 -2.67 0 Receptor protein Kinase, putative
B2 subgroup
15.m00355_at® 3.11 0.01 1.46 0.64 TMK105
C subgroup
20.m00345_at® 2.81 0.02 1.67 0.5 TMK63
D1 subgroup
5.m00482_at® 2.61 0.02 1.7 0.67 TMKS56
136.m00104_at* —2.76 0 —4.76 0 TMKO3
Other kinases
406.m00055_s_at® 2.02 0.03 2.77 0.25 Protein kinase
265.m00084.s_até 1.45 0.51 —-2.47 0 Protein kinase
16.m00336.s_at* 1.03 0.42 -2.03 0.04 Protein kinase
1.m00709_at ~1.01 0.42 -3.27 0.01 Polynucleotide kinase-3-phosphatase
9.m00406_s _at’ -1.08 0.36 -2.25 0 Phosphatidylinositol 3-kinase
77.m00170_at —1.87 0.01 -2.35 0.02 Protein kinase
8.m00424 _at -2.16 0.04 -3.02 0 Protein kinase
116.m00121.at ~2.47 0.01 -11.01 0 Protein kinase
34.m00274_at ~3.48 0.02 —1.84 0.12 Protein kinase
Phosphatases
98.m00146_at 2.08 0.04 -1.12 0.57 Ser/Thr protein phosphatase family protein
(Colwellia psychrerythraea 34H)
92.m00163.x.at> 2.01 0.05 1.57 0.47 Conserved hypothetical protein
8.m00389_at —1.08 0.42 ~2.15 0.04 Protein phosphatase
58.m00145_at -2 0.05 -1.03 0.65 Protein tyrosine phosphatase
171.m00101_at -~2.01 0.03 ~1.22 0.53 Amidohydrolase
107.m00111 at -2.09 0.05 -1.38 0.47 Protein phosphatase
393.m00036_at ~2.12 0.04 —-1.24 0.47 Ser Thr protein phosphatase
69.m00153_at -2.35 0.02 ~2.37 0.04 Ser Thr protein phosphatase
289.m00068.at -~2.66 0.02 —~2.83 0.05 Amidohydrolase
16.m00311_at -3.19 0.02 -2.19 0.09 Hypothetical protein
Calcium binding
3.m00563_at® 5.65 0 2.9 0.35 Calcium-binding protein Calcium Binding
family
56.m00149_at* 4.31 0 4.33 0 Calcium-binding protein
94.m00131_at 4.12 0.01 1.27 0.64 SPRY domain protein
15.m00302.at 2.99 0.05 2.03 0.16 Hypothetical protein 15.t00011
247.m00081_s_at! -2.03 0.01 —~1.64 0.09 Grainin 2
32.m00201.s.a) -2.12 0.01 -1.19 0.53 Conserved hypothetical protein
182.m00137.at* -2.21 0.03 -2.73 0.08 Grainin 1
195.m00083_s_at! -2.29 0.04 1.47 0.7 Plasma membrane calcium-transporting
ATPase
101.m00121 at8 -2.51 0.01 -2.1 0.22 C2 domain protein Calcium Binding family
Small GTPase
110.m00125_at 5.71 0 N/A N/A Hypothetical protein
110.t00013/GTPase-activator protein for
Ras-like GTPase
288.m00067 _at™ 4.73 0 4.25 0.53 Ras-related protein 3
30.m00275_at 4.32 0.01 2.25 0.11 Rab family GTPase
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Table 5 (Continued )
Probe set Day 1 in vivo Day 29 in vivo Annotation of gene represented by probe set
Fold difference SAM g value Fold difference SAM g value

71.m00153 at 3.32 0.03 3.23 0.08 Rho family GTPase

8.m00373 . at 3.18 0 1.05 0.7 Ras guanine nucleotide exchange factor

106.m00140_at 3.04 0.03 1.49 0.6 Rap/Ran GTPase activating protein

4.m00593 _at 2.95 0 2.86 0.28 Rab family GTPase

233.m00108_at 1.05 0.51 2.64 0.05 Alanine aminotransferase, RanBP1 domain

6.m00423 x_at® -1.52 0.07 —4.16 0 Hypothetical protein 6.t00021
GTPase-activator protein for Ras-like
GTPase

60.m00155_at -1.61 0.04 ~2.26 0 Hypothetical protein 60.t00020
GTPase-activator protein for Ras-like
GTPase

47.m00168_x_at® -1.7 0.07 -2.07 0.02 Ran-binding protein

24.m00315_s_at" —2.07 0.01 -1.59 0.22 Rho GTPase activating protein

128.m00135_at -2.16 0.03 -1.67 0.16 Ras family GTPase

265.m00063.x.at° —2.24 0.01 —1.62 0.22 Rho guanine nucleotide exchange factor

1.m00710_at —2.28 0.05 -2.82 0.02 Rho GTPase activating protein

334.m00040_at -2.29 0.03 -1.26 0.53 Ras guanine nucleotide exchange factor

3.m00556._at —-2.42 0.02 —2.69 0.06 Hypothetical protein 3.t00019 small GTPase
mediated signal transduction

131.m00145_at ~2.43 0.01 —1.83 0.05 Ras guanine nucleotide exchange factor

4.m00698 _at -2.57 0.03 —1.55 0.38 Rap/Ran GTPase activating protein

157.m00102_at -3.2 0.01 ~3.86 0 Rho GTPase activating protein

10.m00354.at —5.05 0.01 -2 0.05 Hypothetical protein 10.t00038
GTPase-activator protein for Ras-like
GTPase

151.m00103_at —6.47 0 —4.41 0.01 Rho guanine nucleotide exchange factor

2 Gene family previously described by Beck et al. [33].

b (_at) probe sets represent single genes, s.at. probe sets recognize two or more genes with which the probes are an exact match, .x -at probe sets may cross-hybridize

in an unpredictable manner with sequences other than the main target.
¢ 406.m00055_s_at also represents 169.m00134 with which it is identical.
4 265.m00084.s at also represents 265.m0008 Iwith which it is identical.

¢ 16.m00336_s.at also represents 72.m00163 as they have an identical internal stretch of 808 nts.

f 9.m00406_s.at also represents 67.m00102 with which it is 2% identical.
2 H. Moreno, personal communication.
% EhCaBP has been previously described by Sahoo et al. [36].

1 247.m00081.s.at is truncated by 69 nts but otherwise identical to 224.m00108 and 224.m00112 which are identical to each other. This gene has been previously

described as grainin 2 by Nickel et al. [37].

J 32.m00210 represents 364.m00044 of which it is a truncated (575) 99% identical version.
k 182.m00137 was over 85% similar to grainin 1 which was previously described by Nickel et al. {371

1 195.m00083s.at represents 429.m00044 with which it is identical.

™ 288.m00067 has been previously described as the Ras-related protein 3 by Kumagai et al. [43].
" 24.m00315_s also represents 13.m00346, these ORF's were identical but for an internal deletion of 60 nts.

cysteine rich proteins, which are over 97% identical at the pro-
tein level. These were significantly repressed at Day 29. Group
4 genes had some similarity to the TLDc domain of LysM, a
protein with peptidoglycan-binding bacteriolytic and adhesive
activities. Only two transcripts of the Group 4 TLDc gene family
were expressed sufficiently highly to be included in our present
analysis, with transcripts at Day 29 significantly increased when
contrasted with the Day 1 in vivo levels.

3.14. Summary

This study is the first genome-wide analysis of transcription
in E. histolytica trophozoites, and the first description of gene
expression in trophozoites from the intestine. The most impor-
tant findings were that >80% of ORFs are transcribed in tropho-
zoites, and that in response to the host intestinal environment

alterations occurred in the expression of genes implicated in
metabolisn, oxygen defense, cell signaling, virulence, antibac-
terial activity, and DNA-binding.

The inconsistent changes in the laterally-transferred
metabolic enzymes suggest that the derivation of these genes did
not lead to common regulation in response to the intestinal envi-
ronment. Interestingly several members of the large gene fami-
lies of E. histolytica were also regulated differently (e.g. the cys-
teine protease family Table 2) which suggested that, despite their
similarity, the encoded proteins have distinct functions impor-
tant in the adaptation of E. histolytica to the host environment.

It should be noted that there are several limitations to the
approaches used in this report. Most importantly, changes in
the level of mRNA abundance are only one level of control
of gene expression. Ultimately the understanding of the par-
asite adaptation to the host will require deciphering the not
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Table 6
Subgroups of unknown genes significantly changed between Days 1 and 29

Probe set Day one in vivo Day 29 in vivo Annotation of gene represented by probe set
Fold difference SAM g value Fold difference SAM g value
Group 1
374.m00023 _at 4.52 0.01 —-1.84 0.2 AIG1 family protein, putative
451.m00039_at 3.62 0.05 3 0.53 AIG1 family protein, putative
374.m00021_at 2.79 0.01 -1.68 0.25 AIG1 family protein, putative
499.m00017 x_at* 243 0.02 -1.4 0.32 AIG1 family protein, putative
499.m00016.x_at* 2.1 0.03 -2.46 0.2 AIG1 family protein, putative
432.m00030_at 1.67 0.39 —-34.8 0 AIG1 family protein, putative
432.m00029_at 1.6 0.16 -11.27 0 AIG1 family protein, putative
40.m00239.at 1.47 0.45 5.08 0.04 AIG1 family protein, putative
628.m0001 1 at 1.28 0.42 -3.15 0 AIG1 family protein, putative
477.m00021 at 1.08 0.42 -5.72 0.01 AIG1 family protein, putative
374.m00024 x at* 1.07 0.51 —4.1 0 AIG1 family protein, putative
71.m00149_at -1.86 0.09 -24.56 0 AIG]1 family protein, putative
BspA-like®
707.m00012 x_at® 2.08 0.16 7.08 0 BspA-like leucine rich repeat protein, putative
615.m00022 x_at® —~2.76 0.05 1.21 0.7 BspA-like leucine rich repeat protein, putative
7.m00417_a° —~2.84 0.02 —4.08 0.01 BspA-like leucine rich repeat protein, BspA32
Group 3
496.m00027_x_at* 2.59 0.06 -3.72 0 Hypothetical protein 496.t00004
493.m00030 x_at® 2.57 0.12 ~3.93 0 Hypothetical protein 493.t00001
586.m00015_s_at® 2.19 0.25 —4.06 0 Hypothetical protein
Group 4
65.m00145 x_at® 2.25 0.02 14.75 0 Hypothetical protein 65.t00007
395.m00029 x_at? -1.05 0.51 3.15 0.28 Conserved hypothetical protein

? (.at) probe sets represent single genes, s.at probe sets recognize two or more genes with which the probes are an exact match, _X.at probe sets may cross-hybridize

in an unpredictable manner with sequences other than the main target.
® Gene family previously described by Davis et al. [39].
¢ Previously described by Beck et al. [33].

4 586.m00015.s represents also the 496.m00027 ORF which differs by two nucleotides.

only the transcriptome, but also the E. histolytica proteome and
metabolome. The analysis of the transcriptome is in turn limited
by the fact that it was not possible to independently represent
every ORF on the array, because of the presence of families of
genes with high sequence identity. In addition, the gene array
hybridizations necessitated amplification of the amebic RNA, a
step that introduces potential artifacts from non-linear amplifi-
cation. However, the amplification used a technique that limits
non-linear amplification. In addition, the array data was inde-

pendently verified for 11/12 genes by quantitative real-time

reverse transcriptase PCR from unamplified mRNA, suggest-
ing that unequal amplification of mRNA was not a systematic
problem with this analysis.

The description of the trophozoite transcriptome establishes
the foundation for future interventional studies to delineate the
contributions of the altered gene products to intestinal colo-
nization and invasion. The long-term outcome of these studies
promises to provide a molecular understanding of the parasite
factors controlling the formation of amebic colitis, the most com-
mon and feared manifestation of amebiasis.
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Abstract

To investigate the molecular basis of zymodeme analysis in the enteric protozoan parasite Entamoeba histolytica, genes encoding glucose
phosphate isomerase (GPI) were isolated from four representative E. hzstolytzca strains belonging to zymodeme II, lla-, XIV, or XIX. Two alleles
were obtained from each strain; six alleles with eight polymorphic nucleotide posﬂ:ons were identified among the four strains. Two of these eight
polymorphic nucleotides resulted in non-conserved amino acid subsututlons Three GPI isoenzymes with distinct predicted isoelectric points were
identified, which agrees well with the observed electrophoretic patterns of GP1 from these strains. Amino acid comparisons of GPI from E. histolytica
and other organisms revealed that all amino acid residues implicated for subsg-ate binding and catalysis were conserved. Biochemical characterization
ofrecombinant E. histolytica GPI confirmed that it possessed kinetic p téfers similar to GPI from other organisms. The electrophoretic mobility of
three GP1 isoenzymes was examined by starch gel electrophoresis. Thus, we have established the molecular basis of the classical isoenzymes patterns

that have been used for grouping E. histolytica isolates and for differentiation of E. histolytica from non-pathogenic Entamoeba dispar.

© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: Glucose phosphate isomerase; Entamoeba histolytica; Zymodemes

The protozoan parasite Entamoeba histolytica is an etiolog-
ical agent of amoebiasis, causing an estimated 50 million cases
of amebic colitis, dysentery, and extrainteStingl abscesses [1] and
40,000-100,000 deaths annually [2]. E. histolytica, together
with Giardia intestinalis, is categorized as a type I amito-
chondriate protist, which lacks both typical mitochondria and
hydrogenosomes [3] and is also deficient in all features of
aerobic metabolism. E. histolytica produces energy by glycol-
ysis and fermentation under an ‘anaerobic or microaerophilic
environment [3,4]. In E. histolytica, all enzymes involved in the

Abbreviations: GPl, glucose phosphate isomerase; EhGPI, Entamoeba
histolytica GPI gene; EhGPL, Entamoeba histolytica glucose phosphate isomerase;
ORF, open reading frame; PCR, polymerase chain reaction; tEhGPL recombinant
E. histolytica GPL

* Nucleotide sequence data reported in this paper are available in the EMBL,
GenBank, and DDJB databases under the accession numbers BAE53444—
BAES53451.

* Corresponding author. Tel.: +81 27 220 8020; fax: +81 27 220 8025.
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conversion of glucose into pyruvate by glycolysis have been
identified {5,6]. Molecular identification and enzymological
characterization of 10 enzymes including hexokinase, inorganic
pyrophosphate-dependent phosphofructokinase, and phospho-
glucomutase were previously accomplished [7-11]. A recent
study by Saarvedra et al. indicated that phosphoglycerate
mutase, fructose-1,6-phosphate aldolase, glyceraldehyde-3-
phosphate dehydrogenase, and pyruvate phosphate dikinase
are flux control steps because they possess the lowest catalytic
efficiencies [11]. Four of about a dozen enzymes in the
glycolytic pathway, namely hexokinase, phosphoglucomutase,
glucose-6-phosphate isomerase (GPI), and malic enzyme, have
been used to differentiate E. histolytica strains as well as
pathogenic E. histolytica from non-pathogenic Entamoeba
dispar species. Although GPI, which is involved in the re-
versible conversion of glucose-6-phosphate to fructose-6-
phosphate, has been used as a gold standard to differentiate
the four major groups of E. histolytica strains (zymodemes II,
HNa-, XIV, and XIX) [12], the molecular basis of this
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differentiation has not been established. In this study, we cloned and
characterized GPI from representative isolates that belong to four
distinct zymodemes (HM1:IMSS cl6, SAW1627, SAW755CR ¢IB,
and KU2 for zymodemes II, -, XTIV, and XTX, respectively).

A putative EhGPI gene of the HM1:IMSS cl6 reference strain
was identified in the E. histolytica genome database (http://
www.tigr.org/tdb/). It contains an open reading frame (ORF) of
1641 nucleotides encoding a protein of 546 amino acids with a
predicted molecular mass of 61.4 kDa and pl of 6.91. To
examine polymorphisms of GPI sequences in E. histolytica
strains, the EhGPI ORF was amplified by PCR using genomic
DNA from the four above-mentioned E. histolytica strains with
sense (5'-CCTGGATCCGATGTTACCAACTCTTCCTGA-3')
and antisense (5'-CCAGGATCCTTAGTTTTTTCTCATATC
TTTAACA-3') primers designed based on the sequence infor-
mation (engineered BamHI sites are underlined, and the start and
stop codons are italicized). Conditions and parameters for PCR
were previously described [13]. PCR products were digested
with BamHI and cloned into BamHI-digested pET-15b (Nova-
gen) in the same orientation as the T7 promoter to produce a GPI
fusion protein with a histidine tag at the amino terminus. Six
plasmid clones were randomly chosen for each E. histolytica
strain, and their inserts were sequenced on both strands.
Nucleotide sequences of four GPI clones derived from HM1:
IMSS cl6 were identical to the sequence in the database (XP
650595 and AAT92031) and the sequence recently reported [11]
and were designated “allele 17, The remaining two clones con-

tained four nucleotide substitutions and were designated “allele
27 (Fig. 1A). Similarly, two different alleles of GPI genes were
identified from each of the three representative strains of other
zymodemes (Hw-, XIV, and XIX) (Fig. 1A). These allelic gene
sequences (BAES3444-BAES3451) revealed heterogeneity at
eight nucleotide positions. Altogether, six distinct alleles,
designated “alleles 1-6" (Fig. 1A), were identified in the four
isolates. Two of these nucleotide polymorphisms resulted in
non-conserved amino acid substitutions at positions 32 and 449,
respectively, and distinct predicted isoélectric points. [soelectric
points of three allelic GPIs (designated isotypes 1-3) varied
(isotype 1, 6.91; 2, 7.15; 3, 6.73) (Fig. 1A). However, the
total number of amino acids and the predicted molecular mass
of all GPIs obtained from these four strains were identical.
The predicted pls of the two allelic gene products in these
strains agree well with the observed mobility of GPI isoen-
Zymes in conventional starch gel electrophoresis, assuming that
E. histolytica GPI forms homo- and heterodimers as previously
shown in other organisms (e.g., [14]).

To further examine features of E. histolytica GPls (EnGPIs),
they were,com’p'ar"ed with homologs from archaea, bacteria,
fungi, proytis'ts,A ‘plants, and metazoa, revealing 30-64% iden-
tity to EhGPI (representative species are shown in Fig. 1B).
EhGPIs showed 44-60% identity to GPIs from Escherichia
coli, Aspergillus oryzae, Homo sapiens, and Spinacia oleracea.
EhGPIs showed 41-54% identity to GPIs from other parasitic

~ protists including Leishmania mexicana, Trypanosoma brucei,

(A)
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Fig. 1. Comparison of GPInucleotide and protein sequences. (A) Schematic representation of nucleotide (top) and amino acid (bottom) sequences of two GPI alleles in

four representative . histolytica strains. Only nucleotides and amino acids showing heterogeneity are indicated, with predicted pl values. (B) Multiple alignments of

deduced amino acid sequences of GPIs from E. histolytica and other organisms. Protein primary structures were aligned using the CLUSTAL W program version 1.83
(http://www.ddbj.nig.ac jp/search/clustalw-e.html) with the BLOSUM matrix. Sequences are Entamoeba histolytica (Eh), Homo sapiens (Hs), Escherichia coli (E<),
Trypanosoma cruzi (Tc), T. brucei (Tb), Leishmania mexicana (Lm), Aspergillus oryzae (Ao), Plasmodium falciparum (Pf), Toxoplasma gondii (Tg), Spinacia
oleracea (So), Giardia intestinalis (Gi), and Trichomonas vaginalis (Tv). Asterisks indicate identical amino acids. Dots and colons indicate conserved amino acids

substitutions. Dashes indicate cornputer-generated gaps. Residues deduced from crystal structures (16-18) to be important for substrate binding and/or catalysis of

GPIs are shaded in black, and the two signature patterns of the GP1 family, [DENS]-X-[LIVM]}-G-G-R-[FY]-S-[LIVMT]-X-[STA]-{PSAC]-[LIVMA]-G and [GS]-X-
[LIVM]-[LIVMFYW]-XXXX-[FY]}-[DN]-Q-X-G-V-E-X-X-K, are highlighted by gray boxes.
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Fig. 1 (continued).

Trypanosoma cruzi, IToxoplasma gondii, and Plasmodium  nas vaginalis and G. intestinalis was lower (31-32% identity).
falciparum, while their similarity to representative amito-  This finding suggests distinct GPI ancestors for these
chondriate and microaerophilic/anacrobic protists Trichomo-  amitochondriate parasites, which was also supported by the
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(A) 1200 [EhGPlisotypes 1-3, which represent allele 1 of HM1:IMSS cl6
25 1000} (BAES53444), allele 3 of SAW1627 (BAE53447), and allele 4 of
2 E goof SAW755CR cIB (BAE53448)] were produced using a prokary-
_Z % 600 otic expression system and purified as previously described [23].
g 2 400f Upon SDS-polyacrylamide gel electrophoresis, the recombinant
o3 o00f EhGPI (rEhGPI) proteins appeared as an apparently homoge-

e e —— ettt Bl neous single band of approximately 63 kDa, which agrees with
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Fig. 2. (A) pH dependence of E. histolytica GPL. The pH optimum of the
enzyme was determined in the direction of glucose-6-phosphate formation from
fructose-6-phosphate between pH 5.5 and 11 at 25 °C in a coupling assay. The
100-pl assay mixture was comprised of 100 mM either 2-Morpholinoethane-
sulfonic acid (pH 5.5, 6.0, and 6.5), N-(2-hydroxyethyl)piperazine-N'-(2-
ethanesulfonic acid) (pH 7.0, 7.5, and 8.0), N-[Tris(hydroxymethyl)methyl}-3-
aminopropanesulfonic acid (pH 8.5, 9.0, and 9.5), or 3-(cyclohexylamino)-1-
propanesulfonic acid (pH 10, 10.5, and 11); 2 mM fructose-6-phosphate;
0.5 mM NADP; 0.1 U glucose-6-phosphate dehydrogenase; and 0.1 pg purified
EhGPI protein. Error bars represent standard errors from three independent
experiments. (B) The effect of NaCl on EhGPI activity. The activity of EhGPI
was determined in a 100-p assay mixture comprised of 100 mM TAPS, pH 9.0;
2 mM fructose-6-phosphate; 0.5 mM NADP; 0.1 U glucose-6-phosphate
dehydrogenase; and 0.1 pg purified EhGPI protein, with the addition of 0—
500 mM NaCl. Emor bars represent standard emors from five independent
experiments.

previous phylogenetic study [15]. Two conserved signature
patterns of GPI [16,17] are totally conserved in EhGPIs (Fig.
IB). In addition, all conserved residues that were shown by
various crystal structures or mutagenesis studies [18-20] to be
crucial for substrate recognition, binding, or catalysis are highly
conserved in BhGPI (Fig. 1B). For instance, the following
amino acid residues are completely conserved: Thr205, Thr208,
Ser153, Ser203, and Lys204 (numbering based on EhGPI),
crucial for binding to the phosphate group; His382, Lys510,
Glu210, Ile150, Thr378, GluS07, Arg266, Asp502, GInS03,
and Glu351, essential for catalysis; and Glyl51, Glyls2,
Gly264, and Gly265, involved in substrate specificity. EhGPls
lack the long amino-terminal extension present in GPIs from L.
mexicana, T. cruzi, and T. brucei that is involved in targeting
the enzyme to glycosomes [21]. This is consistent with the
premise that EhGPI is cytosolic. EnGPI also lacks an internal
insertion (between amino acids 227 and 228) present in GPIs
from L. mexicana, T cruzi, and T brucei, a 27-amino-acid
amino-terminal extension in G. intestinalis GPI, and a long
carboxyl-terminal extension present in GPI from 7. vaginalis and
G. intestinalis [22].

To investigate biochemical features of EhGPIs, the recom-
binant EhGPIs corresponding to three representative proteins

the predicted size of a monomeric EhGPI protein with an
additional stretch of 21 amino acids at the amino terminus. The
formation of glucose-6-phosphate from fructose-6-phosphate in
the reverse reaction catalyzed by tERGP! was measured by
monitoring the reduction of NADP" spectrophotometrically at
340 nm [24]. rEhGPI isotype 1 was active over a wide pH range
(7.0-10.0) with optimal pH of 8.0-9.0 (Fig. 2A), consistent with
the previous study [11]. GPI activity was inhibited by addition of
a monovalent cation (e.g., Na™) (Fig. 2B), similar to GPI from
Aspergillus niger {25]. rEhGPI followed Michaelis—Menten
kinetics. Kinetic constants under the standard assay conditions
(containing 25-300 pM substrates; see Fig. 2 legend for details)
were determined with Lineweaver-Burk plots. rEhGPI showed a
Ko value of 12216 uM for fructose-6-phosphate and a specific
activity of 786+59 pmol min~! mg protein~! in the reverse
reaction, which are of the same order of magnitude as those
determined in the previous study (Vpax, 620 pmol min~! mg
protein™!; K., 480 uM; measured at pH 8 and 37 °C) [11]. The
K., and specific activity of rEhGPI were comparable to GPI from
other organisms, e.g., 4. niger [25], L. mexicana [21,26), T
cruzi [27], T. brucei [26,28], and rabbit [28].

To establish the relationship between individual GPI isotypes
identified in this study and zymodemes revealed by starch gel
electrophoresis in four representative E. histolytica strains, we
examined both native and recombinant GPI isoenzymes using
starch gel electrophoresis. The electrophoretic mobilities of
native and recombinant GPI isoenzymes were similar despite
marginal differences in molecular mass and isoelectric point due
to the amino-terminal addition of the histidine tag (plus 2.4 kDa;
6.91vs.6.88,7.15 vs. 7.04, and 6.73 vs. 6.74 for EhGP1 isotypes
1-3, respectively) (data not shown), confirming that isoenzyme
profiles displayed by starch gel electrophoresis reflect two allelic
GPI isotypes. Although zymodeme XIX showed the three
expected bands on the starch gel, the mixture of recombinant
GPI isotypes 1 and 3 gave rise to only two bands corresponding
to two homodimers (isotypes 1/1 and 3/3) (data not shown). This
is consistent with the hypothesis that a heterodimer (composed
of isotypes 1 and 3) is not efficiently formed unless two GPI
isotypes are simultaneously synthesized in vivo. These results
may also indicate that the homodimers are structurally stable.

These data demonstrate for the first time the molecular basis
of classical isoenzyme patterns that have been used for the
characterization of E. histolytica isolates by zymodeme analyses,
considered the “gold standard” to differentiate E. histolytica
strains as well as pathogenic from non-pathogenic species
{12,291, Our results, together with the allelic heterogeneity of
hexokinase and phosphoglucomutase [7-10], indicate that iso-
enzyme profiles are primarily, if not solely, attributable to se-
quence diversities at the primary sequence level. Our data further
enable the establishment of PCR-based zymodeme analysis that
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can replace laborious and time-consuming zymodeme analysis
using starch gel electrophoresis.
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Abstract

An Entamoeba sp. strain, P19-061405, was isolated from a rhesus monkey in Nepal
and characterized genetically. The strain was initially identified as E. Aistolytica using
PCR amplification of peroxiredoxin genes. However, sequence analysis of the 18S
rRNA gene showed a 0.8% difference when compared to the reference E. histolytica
HM-1:IMSS human strain. Differences were also observed in the 5.8S rRNA gene and
the internal transcribed spacer regions 1 and 2, and analysis of the serine-rich protein
gene from the monkey strain showed unique codon usages compared to E. histolytica
isolated from humans. The amino acid sequences of two hexokinases and two glucose
phosphate isomerases also differed from those of E. histolytica. Isoenzyme analyses
of these enzymes in the monkey strain showed different electrophoretic mobility
patterns compared with E. histolytica isolates. Analysis of peroxiredoxin genes
indicated the presence of at least seven different types of protein, none of which were
identical to proteins in E. histolytica. When the trophozoites from the monkey strain
were inoculated into the livers of hamsters, formation of amebic abscesses was observed
7 days after the injection. These results demonstrate that the strain is genetically
different from E. histolytica and is virulent. Revival of the name Entamoeba nuttalli is

proposed for the organism.

Keywords: Entamoeba histolytica; Entamoeba nuttalli; Rhesus monkey; rRNA gene;

Virulency



1. Introduction

The enteric protozoan Entamoeba histolytica causes an estimated 50 million cases
of amebic colitis and liver abscess in human, resulting in 100,000 deaths annually [1].
Entamoeba dispar is morphologically indistinguishable from E. histolytica but is
nonpathogenic [2]. It has been reported that E. histolytica/E. dispar is commonly
found in the feces of non-human primates, such as macaques and baboons [3-6]. Since
E. histolytica infection in non-human primates is problematic not only for animal health
but also as a possible source of transmission to humans, it is important to discriminate
between E. histolytica and E. dispar. Recent studies have demonstrated that E. dispar
infection is prevalent in captive and wild non-human primates, including baboons,
macaques and chimpanzees [7-11]. We have demonstrated that the prevalence of E.
dispar, but not E. histolytica, is 43% in a wild colony of Macaca fuscata fuscata in
Japan [10], 66% in captive Macaca monkeys [8], and 56% in captive chimpanzees [9].
In contrast, a limited number of E. histolytica infections in non-human primates have
been confirmed [12-14]. However, it is unknown whether E. histolytica isolated from
non-human primates is identical to that isolated from humans.

In the present study, we analyzed several genes of an Entamoeba strain isolated
from a rhesus monkey, Macaca mulatta, and compared it with a reference strain isolated
from humans. We report here that the monkey strain is virulent but genetically

different from E. histolytica.

2. Materials and methods
2.1. Isolation and culture conditions

A fecal sample containing Entamoeba cysts was obtained from a rhesus monkey in



Pashupati Nath Temple, Kathmandu, Nepal on June 2005. The sample was suspended
in water for 24 h to remove Blastocystis spp. and then cultured in modified
Tanabe-Chiba medium, which consists of an agar slant and an upper liquid medium in a
screw-cap test tube, at 37°C. The slant contained 1% agar in Ringer's solution
supplemented with 0.1% L-asparagine, and the liquid medium contained
phosphate-buffered saline (pH 7.6) supplemented with one-eighth the volume of horse
serum. A microspatula of rice powder was added before use. Grown trophozoites of
the Entamoeba, designated as the P19-061405 strain, were brought to Japan and
cultured in Robinson’s medium at 37°C [15]. The trophozoites were treated with a
cocktail of antibiotics and then cultured monoxenically with live Crithidia fasciculata in
BI-S-33 medium supplemented with 15% adult bovine serum at 37°C [16]. The
monoxenically cultured trophozoites were used in most experiments in the present study.
Finally, trophozoites of the strain were cultured axenically in the BI-S-33 medium and
then cloned by limiting dilution, followed by examination using microscopy.
Trophozoites of E. histolytica strains HM-1:IMSS, HK-9, Rahman, and NOT-12 were
cultured axenically in BI-S-33 medium and were used as reference strains.
Trophozoites of the E. histolytica SAW1453 strain were cultured xenically in
Robinson’s medium. Trophozoites of the E. dispar SAWI1734RclAR strain were
grown monoxenically with sterilized Crithidia fasciculata in YIGADHA-S medium
supplemented with 15% adult bovine serum at 37°C and were also used as a reference

strain [17].

2.2. PCR amplification

Genomic DNA of trophozoites was isolated using a DNeasy tissue kit (Qiagen).





