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Abstract

The severity of Entamoeba histolytica infection is determined by host immunology, patho-
gen virulence, and the intestinal environment. Conventional research for assessing patho-
gen virulence has been mainly performed using laboratory strains, such as a virulent HM-1:
IMSS (HM-1) and an avirulent Rahman, under various artificial environmental conditions
because of the difficulties of axenic isolation of the clinical strains. However, it is still unclear
whether scientific knowledge based on laboratory strains are universally applicable to the
true pathogenesis. Hereby, we performed transcriptomic analysis of clinical strains from
patients with different degrees of disease severity, as well as HM-1 under different condi-
tions. Even after several months of axenization, Clinical strains show the distinct profile in
gene expression during in vitro passage, moreover, difference between any 2 of these
strains was much greater than the changes on the liver challenge. Interestingly, 26 DEGs,
which were closely related to the biological functions, were oppositely up- or down regulated
between virulent Ax 19 (liver abscess) and avirulent Ax 11 (asymptomatic carrier). Addition-
ally, RNAseq using laboratory strain (HM1) showed more than half of genes were differently
expressed between continuously in vitro passaged HM1 (in vitro HM1) and periodically liver
passaged HM1 (virulent HM1), which was much greater than the changes on the liver pas-
sage of virulent HM1. Also, transcriptomic analysis of a laboratory strain revealed that con-
tinuous environmental stress enhances its virulence via a shift in its gene expression profile.
Changes in gene expression patterns on liver abscess formation were not consistent
between clinical and laboratory strains.
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Author summary

Various genotypes of Entamoeba histolytica are prevalent in the field. Some papers suggest
the association between genotypes and disease severity. However, most studies for assess-
ing pathogen virulence were performed using laboratory strains, such as virulent HM1:
IMSS (HM1) and avirulent Rahman, because axenic isolation from clinical specimen is
technically complex and time consuming. This transcriptomic analysis using clinical
strains from the patients with different clinical severity, as well as the laboratory strain
HM1 under different conditions showed unique gene expression patterns. Following
things were confirmed; 1. Virulent clinical strain maintains its virulence with unique gene
expression pattern after axenic isolation, 2. Continuous environmental stress enhances its
virulence via the accumulation of altered gene expressions, and 3. Changes in gene expres-
sion on the liver abscess formation are not always the same amongst strains. For an accu-
rate understanding the pathogenesis, comprehensive analyses of various clinical strains
under different environmental conditions should be promoted.

Introduction

Entamoeba histolytica, the causative agent of invasive amebiasis, is the second most common
intestinal parasitic cause of mortality worldwide [1]. The severity of E. histolytica infection var-
ies. Although most infected individuals display self-limiting diarrhea at an early phase followed
by asymptomatic chronic infection, 10% of infected individuals develop “symptomatic” inva-
sive diseases, including life-threatening fulminant amebiasis [2, 3]. Three main factors are
known determinants for disease severity of amebiasis, these are host genetic factors, environ-
mental factors, and pathogen virulence factors [4]. There is also interplay between these fac-
tors. Whole genome analysis of E. histolytica was completed in 2005 on the most commonly
used laboratory strain, HM-1:IMSS (HM-1) [5]. The virulence genes and their changes in
expression have mostly been analyzed using HM-1 strain under various artificial environmen-
tal conditions [6, 7], although some studies use another avirulent laboratory strain (Rahman
strain) for comparison with HM-1 [8-10]. However, molecular epidemiological studies have
shown that various genotypes of E. histolytica are prevalent even in the same geographical loca-
tion [11, 12]. Furthermore, some epidemiological studies have suggested the association
between specific genotypes of E. histolytica and disease severity [13, 14]. Moreover, it remains
unclear whether observations in laboratory strains are applicable universally, but despite this,
studies using clinical strains of E. histolytica are rare because axenic isolation of E. histolytica
strains from clinical samples is technically complex and time-consuming. To fill this knowl-
edge gap, we recently launched a project for the collection of clinical strains of E. histolytica,
and initiated genomic analysis of these strains [15].

In the present study, E. histolytica from patients presenting with different severities of ame-
biasis were isolated as axenically-cultured strains. We assessed their virulence, and the gene
expression profiles during in vitro passage and liver abscess formation.

Results

Isolation of clinical E. histolytica strains from patients showing different
degrees of severity of amebiasis

To assess the impact of pathogen virulence on the clinical severity of E. histolytica infection, E.
histolytica clinical strains were isolated from the clinical specimens of three patients (clinical
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strains: Ax11, 22, and 19). First, the asymptomatic strain (Ax11) was isolated from aspirated
intestinal fluid collected during colonoscopy. For this asymptomatic patient, E. histolytica
infection was initially suspected because of a positive result in a serum antibody screening test
at diagnosis for other sexually transmitted infections. Endoscopy detected a few tiny intestinal
erosions located only in the cecum (Fig 1 A). E. histolytica infection was confirmed by polymer-
ase chain reaction (PCR) of the aspirated intestinal fluid. Second, the colitis strain (Ax22) was
isolated from the diarrheal stool sample of a HIV-positive male patient who developed vomit-
ing, abdominal pain, and diarrhea, lasting a few weeks. E. histolytica infection was confirmed
by PCR of a stool sample. All clinical symptoms were improved by metronidazole monother-
apy. Third, the liver abscess strain (Ax19) was isolated from the aspirated pus from the liver
abscess of a female patient (Fig 1B). She developed fever, chills, loss of appetite, abdominal
pain, and diarrhea lasting a few days. Serum antibody testing for E. histolytica antibody was
positive. E. histolytica infection was confirmed by PCR of the aspirated pus from the liver
abscess.

After 10, 26, and 25 weeks, respectively, of axenization (Fig 2A), the Ax11, Ax19, and Ax22
E. histolytica clinical strains were successfully established. For these axenically-cultured clinical
strains of E. histolytica, we performed genotyping of the sequence of six loci of non-coding
short tandem repeats (STR) in the intergenic region associated with transfer RNA genes
(Table 1). According to the genotype classification in previous reports, strains Ax19 and Ax22
were J9 and J8, respectively [11]. Strain Ax11 showed a unique STR in the D-A locus, while the
STR patterns in the other five loci were the same as J9 (S1 Data). Thus, genetically distinct clin-
ical strains were successfully isolated from the patients showing different clinical forms of E.
histolytica infection.

In vivo virulence of clinical strains

To determine the virulence of each clinical strain, we injected the livers of Syrian hamsters
with each strain (Ax11, 19, or 22), and assessed liver abscess formation. Murine colitis model
is another possible experimental model to assess the pathogen virulence, however, contamina-
tion of gut microbiome to the axenic culture media from the murine intestine might influence
gene expression of E. histolytica. Liver abscess model of Syrian hamster was chosen in the pres-
ent study. First, 10° trophozoites were used for the liver challenge. Liver abscess lesions, which
contained live E. histolytica, were only detected in the hamsters injected with Ax19 (liver
abscess strain) (Fig 1C and 1D). A positive correlation was found between the challenge dose
of Ax19 and the size of the amebic liver abscess (Fig 1E). Whereas, no liver abscess lesions
were detected in hamsters injected with the Ax11 or Ax22 strain, even after challenge with a
higher dose of trophozoites. Based on the results of animal experiments, it was indicated that
the virulence of the pathogen (Ax19) played an important role in determining clinical severity
in this patient, and that its virulence was maintained for several months of axenization.

Differences in the RNA expression of clinical strains under in vitro passage
and on liver abscess formation

First, to determine the gene expression profile of each clinical strain under axenic culture con-
ditions, we performed transcriptome analysis of three clinical strains of E. histolytica during in
vitro passage (Fig 2A). We collected messenger RNA (mRNA) from trophozoites of the three
strains that had been axenically-cultured in YIMDHA-33 culture media to log phase soon after
the completion of the axenization. After preparing complementary DNA (cDNA) from the
extracted mRNA, RNA-seq was performed. Average clean read numbers of 13.6, 12.3, and

12.2 million were derived from the Ax11, Ax19, and Ax22 strains, respectively. In principal
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Fig 1. Comparison of the virulence potential of isolated E. histolytica clinical strains using an animal model. (A)
Colonoscopy image of asymptomatic chronic infection. Multiple erosions localized in the cecum were identified (yellow
arrows). (B) CT finding of multiple amebic liver abscesses (yellow arrows). E. histolytica clinical strain Ax19 was isolated from
the aspirated pus from the abscess. (C) Experimental amebic liver abscess produced by injection of a highly virulent strain
(Ax19) into Syrian hamsters. The size of the liver abscess increased according to the injected dose of Ax19. NC, negative
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control. (D) Each challenged hamster was euthanized 7 days after E. histolytica injection. E. histolytica infection was defined as
a positive result following in vitro culture of pieces of the resected liver (* p-value < 0.05). (E) Proportion of liver abscess to
whole liver in weight for the highly virulent strain (Ax19). The proportion was positively correlated with the dose of Ax19
injected in 50 pl for an average 60 g hamster. Error bars show the standard error of the mean. Statistical significance is
indicated.

https://doi.org/10.1371/journal.ppat.1010880.9001

component analysis (PCA), the reproducibility of each strain and differentiation among
strains were confirmed using independently collected triplicate RNA-seq data. The reproduc-
ibility of the data obtained with strains Ax11 (asymptomatic strain) and Ax22 (colitis strain)
was improved compared with that of virulent clinical strain Ax19 (liver abscess strain) (Fig
2B). Hierarchical cluster analysis using Spearman’s correlations showed that the RNA expres-
sion pattern of the Ax19 virulent strain was distinct from those of the other two strains (Fig
2C). Next, to determine changes in the RNA expression profile in response to liver abscess for-
mation, we collected RNA from E. histolytica culture after passage in the liver for strain Ax19
(ALA 19). Interestingly, the difference in the RNA expression profile between Ax19 and ALA
19 was less significant than between Ax19 and other clinical strains (Fig 2 showing the PCA
and heatmap). Taken together, each clinical strain was found to maintain a distinct gene
expression pattern under the same in vitro culture conditions for more than several months of
axenization, and the differences observed were greater than the changes induced by environ-
mental stress during liver challenge.

Differentially expressed genes (DEGs) in a virulent strain (Ax19) during in
vitro passage

Analyzing the RNA-seq data of E. histolytica clinical strains revealed a total of 12,375 tran-
scripts. Differentially expressed genes (DEGs) were defined as genes with a < 5% false discov-
ery rate following the statistical analysis performed using the CLC Genomics Workbench (Fig
3A-3D, see details in Materials and Methods). First, we performed pairwise comparisons of
different clinical strains and compared the same strain (Ax19) before and after liver challenge
using a suite of algorithms (a negative binomial generalized linear model within the CLC
Genomics Workbench). The number of DEGs identified by comparison of Ax19 with strain
Ax11 was 1,979 (Fig 3A) and with strain Ax22 was 1,469 (Fig 3B), both of which were higher
than that from the comparison between Ax11 and Ax22 (Fig 3C, 1,222 DEGs) (S2 Data). Inter-
estingly, only 85 DEGs were identified from the paired comparison before and after liver chal-
lenge (Fig 3D, Ax19 vs ALA 19).

Next, to identify specifically expressed/suppressed genes in the virulent strain, we compared
the gene expression profile of Ax19 with those of the other two strains. Using two different
multiple comparison methods (FDR multiple ANOVA and Tukey’s comparison analysis), 180
DEGs were identified among the three strains. Of these 180 genes, Ax19 strain-specific DEGs
were defined as genes whose expression was significantly up- or down-regulated in Ax19 com-
pared with the other two strains. Finally, we identified 91 Ax19 strain-specific DEGs, including
32 up- and 59 down-regulated genes (S3 Data). In addition, 49 DEGs (44 up-regulated and 5
down-regulated) and 35 DEGs (12 up-regulated and 23 down-regulated) were identified as
Ax11 and Ax22 strain-specific DEGs, respectively (53 Data). Interestingly, 26 strain-specific
DEGs were common between strains Ax19 and Ax11, but were inversely up- or down-regu-
lated between the two strains (Table 2).

Next, to investigate the impact of strain-specific DEGs on the biological function of E. histo-
Iytica, we applied the PANTHER classification system. Enrichment analysis was performed to
identify gene ontology (GO) categories and protein classes (PCs) that were significantly
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Fig 2. Transcriptome profiling of RNA-seq reads in the isolated clinical strains. (A) Workflow for the RNA-seq experimental procedure. The
E. histolytica clinical strains were isolated from each clinical specimen. First, they were incubated under xenic conditions with E. coli and rice
starch in Robinson’s medium for several weeks to reduce human gut bacteria gradually. After adaptation to the xenic culture, the parasites were
next transferred to monoxenic culture medium with Crithidia fasciculata. Finally, the parasites were maintained in axenic culture without any
bacteria. Animal experiments involved injecting axenically-cultured clinical strains to assess the parasite’s virulence in terms of liver abscess
formation. Liver abscesses were successfully formed only when Ax19 (liver abscess strain) was injected. Total RNA was extracted from the
trophozoites of the in vitro-cultured strains (Ax11, Ax19, and Ax22) and the animal-passaged strain (ALA19). (B) Two-dimensional (2D) plot
showing principal components analysis (PCA) of the RNA-seq reads. Each data point represents a read, with the three isolated clinical strains
being analyzed in triplicate. The expression pattern of the Ax19 strain is distinct from those of other two strains. (C) Hierarchical clustering
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based on the Spearman rank-based clustering of the three strains. (D) Heat map showing the clustering of the three strains based on the
Pearson’s correlation coefficients using expression values.

https://doi.org/10.1371/journal.ppat.1010880.9002

influenced by the DEGs identified in this study. GOs were sorted into the different subcatego-
ries for biological processes (BP), molecular function (MF), and cellular component (CC).
Enrichment was defined as the ratio of frequency of GO-related genes in DEGs compared
with that expected from the PANTHER database. High enrichment indicates that functional
genes are more frequently detected among the DEGs of interest than the number expected
from the reference data based on the Ensemble gene list, including HM1, Rahman strain, and
some clinical strains. Among the 91 strain-specific DEGs identified for the Ax19 virulent
strain, 80 genes (87.9%) were mapped as functional genes of E. histolytica in the PANTHER
database (54 Data). We identified 17 GOs (one CC, eight MFs, and eight BPs) and two PCs as
highly enriched in biological function (Fig 3F and S5 Data). Of the Ax11 strain-specific DEGs,
91.8% (45/49) were mapped in the PANTHER database (5S4 Data). We identified eight GOs
(one CC, two MFs, and five BPs) and two PCs as enriched in biological function (S6 Data).
Although 94.3% (33/35) of the Ax22 strain-specific DEGs were mapped in the PANTHER
database, no enrichment of biological functions was identified from these DEGs (S7 Data).
Interestingly, all of the Ax11-related enriched biological functions (eight GO categories and
two PCs) were shared by strain Ax19. Moreover, it was confirmed that enrichment analysis
using 26 DEGs, which are inversely up- or down-regulated between Ax19 and Ax11,
completely matched the results obtained using Ax11 strain-specific DEGs (Table 2). In partic-
ular, 15 genes, with multiple functions, had strongly represented among the results of PAN-
THER enrichment analysis (Fig 4 and S8 Data). Taken together, these findings confirm that
distinctive gene expression profiles in the clinical strains during in vitro passage are associated
with their biological activities. Our findings also strongly indicate that two distinct clinical
strains isolated from patients with opposing clinical severity (Ax11: asymptomatic strain, and
Ax19: liver abscess strain) showed opposing biological behavior during in vitro passage.

Changes in gene expression on liver challenge

Next, to investigate alterations in gene expression in response to environmental changes
induced by liver challenge, we analyzed 85 DEGs, which were identified from a paired compar-
ison before and after liver challenge, as Ax19 environment-specific DEGs (Fig 3E). Only five
genes were shared between the strain-specific (91 genes) and environment-specific (85 genes)
DEGs of Ax19. Furthermore, two up-regulated and three down-regulated strain-specific DEGs
were recognized as inversely down- and up-regulated by liver challenge. Thus, none of the
strain-specific DEGs were regulated in the same way following liver challenge.

Table 1. Genotypes of the three isolated clinical strains as determined using transfer RNA-linked short tandem repeats.

Strain Sequence type Genotype®
D-A AL N-K2 R-R S"9A-D s-Q
Ax11 J5DA" 4AL INK 6RR 15SD 45Q J24°
Ax19 15DA JSAL J3NK 5RR 12SD J1SQ ]9
Ax22 5DA 4AL INK 6RR 158D 45Q J8
* Genotype of each strain refers to a previous report [11].
® A unique sequence type in the D-A locus and a new genotype of Ax11 strain are shown in bold/italics/underlined.
https://doi.org/10.1371/journal.ppat.1010880.t001
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Fig 3. Systematic comparison and assessment of differentially expressed genes (DEGs) between the highly virulent strain
(Ax19) and the strains of low virulence (Ax11 and Ax22). (A-D) Volcano plot showing each DEG among the E. histolytica
clinical strains. The vertical axis (y-axis) corresponds to the level of significance of each gene value at log 10 (p-value), and the
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DEGs (1,979 genes) was identified between Ax19 and Ax11. (E) Results of DEG comparisons to select E. histolytica clinical
strain- and environment-specific DEGs. To investigate E. histolytica clinical strain-specific DEGs further, we selected 180
DEGs from the 6,225 E. histolytica genes using the Benjamini and Hochberg method with a false discovery rate (FDR) of 5%,
followed by Tukey’s multiple comparison test, for three clinical strains. Of the 180 DEGs, each strain-specific DEG was
identified as an up-regulated (top) and or down-regulated (bottom) gene using the multiple comparison method. We also
selected 85 DEGs by pairwise comparisons between the in vitro-cultured Ax19 strain and the liver-passaged ALA19 strain to
detect Ax19 environment-specific DEGs. (F) Gene ontology (GO) functional classification. Using PANTHER tools to analyze
the biological functions of the 91 Ax19 strain-specific DEGs, we identified 17 GOs in first level categories, including one GO
in cellular components (red bar), eight GOs in molecular function (yellow bars), and eight GOs in biological processes (blue
bars). (G) Gene ontology (GO) functional analysis using the PANTHER tool for the 85 Ax19 environment-specific DEGs.
Unlike the functional analysis of Ax19 strain-specific DEGs, only two GOs in molecular function were detected for the Ax19
environment-specific DEGs, with no statistical enrichments in biological processes and cellular components.

https://doi.org/10.1371/journal.ppat.1010880.9003

Table 2. Orthologous lists of the 26 differentially expressed genes that were oppositely up- or down-regulated between Ax19 (liver abscess strain) and Ax11 (asymp-
tomatic strain).

Gene ID Function prediction Fold
name changes
Orthology PANTHER family PANTHER protein class Ax19/Ax11
EHI_001420 Thioredoxin domain-containing protein Peroxiredoxin-4 Peroxidase (PC00180) 0.178
EHI_006980 | Gal/GalNAc lectin Igll TNFR-Cys domain-containing ND 0.575
protein
EHI_010650 | Ribosomal_L30 domain-containing protein 60S ribosomal protein L7-related Ribosomal protein (PC00202) 0.621
EHI_017700 | 60S ribosomal protein L13, putative 60S ribosomal protein L13A Ribosomal protein (PC00202) 0.513
EHI_029620 Aldose reductase, putative Aldo-keto reductase family 1 member | Reductase (PC00198) 0.368
Al
EHI_030750 | PPi-type phosphoenolpyruvate carboxykinase 2 ND ND 0.382
EHI_042370 Galactose-specific adhesin 170 kD subunit, putative ND ND 0.263
EHI_044810 | Ribosomal_L16 domain-containing protein 60S ribosomal protein L10 Ribosomal protein (PC00202) 0.461
EHI_050550 | WD_REPEATS_REGION domain-containing protein | Receptor for activated C kinase 1 ND 0.670
EHI_068200 | 60S ribosomal protein L31, putative 60S ribosomal protein L31 Ribosomal protein (PC00202) 0.579
EHI_116360 | Serine-rich protein RIKEN cDNA 4932415D10 gene ND 0.689
EHI_122310 | Thioredoxin domain-containing protein Peroxiredoxin-4 Peroxidase (PC00180) 0.075
EHI_133900 Galactose-inhibitable lectin 170 kDa subunit, putative | ND ND 0.474
EHI_140120 Actin Actin Actin and actin-related protein 0.475
(PC00039)
EHI_146110 Uncharacterized protein ND ND 0.623
EHI_150470 Ribosomal_L2_C domain-containing protein 60S ribosomal protein L8 Ribosomal protein (PC00202) 0.519
EHI_159160 Superoxide dismutase Sod_Fe_C domain-containing Oxidoreductase (PC00176) 0.265
protein
EHI_159480 | Pore-forming peptide ameobapore A, putative ND ND 0.598
EHI_160930 | PALP domain-containing protein;cysteine synthase Cysteine synthase 1 Lyase (PC00144) 0.314
type II
EHI_ 160980 Uncharacterized protein ND ND 0.713
EHI_177630 | 60S acidic ribosomal protein PO 60S acidic ribosomal protein PO Ribosomal protein (PC00202) 0.718
EHI_182900 Actin Actin Actin and actin-related protein 0.278
(PC00039)
EHI_182920 | 60S ribosomal protein L21, putative 60S ribosomal protein L21 Ribosomal protein (PC00202) 0.421
EHI_201250 Thioredoxin domain-containing protein Peroxiredoxin-4 Peroxidase (PC00180) 0.236
Tr* ND ND ND 1.426
EhSINE1_25* | ND ND ND 0.632

Abbreviations: DEG, differentially expressed gene; ND, no data; PC, protein class.

https://doi.org/10.1371/journal.ppat.1010880.t002
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Fig 4. Clustering of 15 multi-functional genes among the 26 DEGs that are inversely up- or down-regulated
between strains Ax19 and Ax11. (A) Biological process. (B) Molecular function. (C) Cellular component. (D) Protein
Class. *EHI_001420 gene was identified in the gene lists for five overlapping genes between the 91 Ax19 strain-specific
DEGs and the 85 Ax19 environment-specific DEGs (S9 Data).

https://doi.org/10.1371/journal.ppat.1010880.9004
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Among the 85 environment-specific DEGs of strain Ax19, 71 genes (83.5%) were mapped
in the PANTHER database. However, only two GOs (MF), and two PCs were identified as
enriched in biological functions. Among them, one GO (thioredoxin peroxidase activity) and
one PC (peroxidase) overlapped with those of Ax19 strain-specific DEGs. These results indi-
cate that environment-specific DEGs following liver challenge have less impact on biological
function than strain-specific DEGs of Ax19, although peroxidase activity has previously been
reported as a representative biological function related to virulence that is affected [16].

RNA expression of laboratory strain HM-1:IMSS clone 6 under different
conditions

Our results have shown that each clinical strain isolated from cases of different clinical severity
presents a distinct gene expression profile even during in vitro passage. On the other hand, in
the case of E. histolytica laboratory strains, we commonly perform animal challenge every 2 to
3 months to ensure virulence is maintained. From this, we infer that intermittent environmen-
tal stress can alter the gene expression pattern relating to virulence, and this change can last for
several months. Therefore, to observe the long-term effect of intermittent environmental stress
on the in vitro gene expression profile of E. histolytica, we performed transcriptome analysis of
the single laboratory E. histolytica HM-1 strain (clone 6) [17] under different conditions, and
compared the DEGs. We prepared cDNA for RNA-seq from HM-1:IMSS clone 6 under the
following three conditions (Fig 5A): [1] HM-1 (in vitro): HM-1:IMSS was maintained in in
vitro culture media, [2] HM-1 (virulent): HM-1:IMSS was maintained in the same media, but
passaged in hamster liver every 3 months, and [3] HM-1 (liver): HM-1:IMSS was collected just
after liver challenge with HM-1 (virulent). In our laboratory, HM-1 (virulent) is cultured with
Crithidia fasciculata (monoxenic culture) to maintain its virulence. We confirmed that in vitro
gene expressions were influenced by co-culturing with C. fasciculata (S1 Fig). Therefore, all
three HM-1 (HM-1 (in vitro), HM-1 (virulent), and (HM-a (liver)) were maintained under the
same conditions with C. fasciculata, and their gene expression profiles were compared.

First, we confirmed that HM-1 (virulent) induces the formation of liver abscesses in a dose-
dependent manner (Fig 5B). However, the size of the liver abscess induced by HM-1 (virulent)
was significantly smaller compared with that of Ax19, when using 10E6 trophozoites for the
challenge. In PCA, the gene expression profile of HM-1 (in vitro) was clearly distinct from that
of HM-1 (virulent), and the degree of difference was the same as between HM-1 (in vitro) and
Ax19 virulent strain, although the culture conditions differed between HM-1 (monoxenic cul-
ture) and Ax19 (axenic culture) (Fig 5C, Ax19 and ALA 19 were plotted as reference data).
Moreover, the difference between HM-1 (in vitro) and HM-1 (virulent) was even greater than
the change induced by liver challenge (HM-1 (virulent) vs HM-1 (liver)), which was consistent
with the results from clinical strain (Ax19). Next, DEGs were calculated by two different types
of pairwise comparisons: [1] DEGs between HM-1 (in vitro) and HM-1 (virulent) as HM-1
strain-specific DEGs, and [2] DEGs between HM-1 (virulent) and HM-1 (liver) as HM-1 envi-
ronment-specific DEGs (Fig 5E and 5F). Surprisingly, 81.2% of the analyzed genes (6,309 out
of 7,774 genes) were differentially expressed between HM-1 (in vitro) and HM-1 (virulent). By
contrast, RNA expression was altered by liver challenge in only 6.3% of cases (565 out of 8,917
genes). Taken together, periodic, repeated liver challenge of the laboratory strain altered and
maintained not only its virulence but also the gene expression profile. Furthermore, these
changes accumulate as a result of repeated environmental stress.

Finally, to assess the applicability of the findings from animal experiments with a single lab-
oratory strain to other strains, we compared environment-specific DEGs between HM-1 and
Ax19. As shown in Fig 5G, 85 genes and 565 genes were identified as Ax19- and HM-
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Fig 5. Transcriptome profiling of the E. histolytica laboratory strain (HM-1:IMSS clone 6). (A) Experimental work
flow for the three different culture conditions: HM-1 (in vitro), maintained under in vitro culture conditions for many
years; HM-1 (virulent), maintained under virulent conditions by routinely passaging through an animal liver every 3
months; HM-1 (liver), collected just after liver challenge with strain HM-1. (B) The proportion of liver abscess weight to
whole liver weight for strain HM-1 (virulent). The proportion was positively correlated with the dose of HM-1 (virulent),
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but the linear relationship of HM-1 (virulent) was relatively weak compared with that of the highly virulent Ax19 strain.
(C) 2D plot of principle component analysis (PCA) of RNA-seq reads from the three different culture conditions for strain
HM-1, using the two different culture conditions for the highly virulent Ax19 strain as reference gene profiles. Each data
point represents a read, analyzed in triplicate. The expression profile of HM-1 (in vitro) was clearly different from that of
HM-1 (virulent). The difference was greater than the changes induced by liver challenge (HM-1 (virulent) vs HM-1
(liver)). Moreover, the expression profile of HM-1 (virulent) was also distinct from that of ALA19. (D) Heat map of the
three different culture conditions for the HM-1 strain. The expression profile of HM-1 (in vitro) was clearly different from
those of HM-1 (virulent) and HM-1 (liver). (E and F) Volcano plots showing each differentially expressed gene (DEG) for
the E. histolytica laboratory strain. Although there were 6,309 DEGs identified between HM-1 (in vitro) and HM-1
(virulent), there were no more than 565 DEGs identified between HM-1 (virulent) and HM-1 (liver). (G) Venn diagram of
the 85 Ax19 environment-specific DEGs and the 565 HM-1 environment-specific DEGs. The number of overlapping
genes was 21. (H) GO function analysis of the 565 HM-1 environment-specific DEGs.

https://doi.org/10.1371/journal.ppat.1010880.9005

1-environment-specific DEGs, respectively, of which, only 21 genes overlapped. Of these 21
DEGs, only nine were up- or down-regulated in the same manner. As shown in Table 3, eight
of these nine genes were annotated in the E. histolytica database. Twelve genes were inversely
up- or down-regulated between the two strains. Furthermore, PANTHER enrichment analysis
using 565 HM-1 environment-specific DEGs, identified two GOs (MF), and showed
completely different results from those obtained using Ax19 environment-specific DEGs (Fig
5H). Taken together, gene expression changes induced by liver challenge in a hamster model
are highly dependent on the type of strain, and liver abscess formation can be linked with dif-
ferent gene expression profiles.

Discussion

Most previous studies on the virulence of E. histolytica have used laboratory strains, such as
virulent HM-1:IMSS and avirulent Rahman, and have assessed changes in gene expression
under artificial environmental stresses [18, 19]. This study is the first to compare the gene
expression profiles of live E. histolytica strains isolated from patients with disease of different
clinical severity. Originally, we planned to compare the changes in gene expression before and
after the liver abscess challenge of the hamsters (environmental-specific DEGs) among differ-
ent clinical strains. However, only strain Ax19 derived from liver abscess patient induced liver
abscesses in the hamster model. Therefore, we first compared the gene expression of different
strains in vitro. Surprisingly, the gene expression profile of Ax19 was clearly distinct from the
other two strains, as represented by the Ax19 strain-specific DEGs. Also, PANTHER databases
suggested that many biological functions (17 GOs and 2 PCs) are differentially expressed in
the Ax19 virulent strain. Importantly, 26 of the Ax19 strain-specific DEGs were oppositely up-
or down-regulated in the Ax11 avirulent strain, in which we identified 15 determinant genes
with overlapping functions (8 GOs and 2 PCs overlapped between Ax11 and Ax19). Taken
together, the virulent or avirulent phenotype of the clinical strain is well-characterized by the
gene expression profile on in vitro passage, despite several months of axenization. We also
detected changes in gene expression before and after liver challenge (environment-specific
DEGs) for strain Ax19. Surprisingly, differences before and after liver challenge were less sig-
nificant than between any two of the in vitro passaged clinical strains. Biological functions
related to the Ax19 environment-specific DEGs (2 GOs and 2 PCs) were also fewer than for
the Ax19 strain-specific DEGs. In addition, environmental DEGs and the related biological
functions of clinical strain (Ax19) rarely overlapped with those of the laboratory strain (HM-
1).

Enrichment analysis of the 26 genes that overlapped between Ax19 strain-specific DEGs
and Ax11 strain-specific DEGs suggested potential virulent factors affecting clinical severity.
As expected, several known virulent functions were detected, including oxidative stress-
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Table 3. Orthologous lists of the nine genes that were similarly up- or down-regulated among the environment-specific DEGs of strains Ax19 and HM-1 (virulent).

Gene ID Function prediction Environment-specific DEGs
name Orthology PANTHER PANTHER Ax19 strain vHM-1 strain
family protein class Fold FDR p Fold FDR p
change value change value
EHI_067950 | Protein-tyrosine-phosphatase CDC25-like protein phosphatase Protein phosphatase 0.226 0.043 0.387 9.8E-03
twine related (PC00195)
EHI_014280 | Uncharacterized protein VWFA domain-containing protein- | ND 0.531 0.008 0.466 0.031
related
EHI_004340 | Serine-threonine-isoleucine rich ND ND 0.511 4.7E-04 | 0.288 1.3E-08
protein, putative
EHI_109690 | Glycerophosphocholine Glycerophosphocholine ND 3.58 1.5E-07 | 1.49 0.020
acyltransferase 1 acyltransferase 1
EHI_184500 | Uncharacterized protein Guanyl-nucleotide 23.8 3.4E-08 | 3.00 0.014
exchange factor
(PC00113)
EHI_114950 | Uncharacterized protein AIG1-type domain-containing Cytoskeletal protein 0.332 4.0E-06 |0.128 3.6E-13
protein-related (PC00085)
EHI_077750 | Uncharacterized protein ND ND 0.080 2.5E-11 0.095 3.0E-08
EHI_073060 | Uncharacterized protein AIG1-type domain-containing Cytoskeletal protein 0.101 8.7E-10 | 0.261 1.5E-06
protein-related (PC00085)
EHI_C00051 | ND ND ND 5.60 2.6E-03 |3.63 6.6E-03

Abbreviations: DEG, differentially expressed gene; ND, no data; PC, protein class; vHM-1, HM-1 (virulent).

https://doi.org/10.1371/journal.ppat.1010880.t003

relating enzymes (EHI_001420, EHI_201250, EHI_122310, EHI_159160), nitrogen compound
biosynthetic processing proteins (EHI_177630, EHI_068200, EHI_150470, EHI_050550,
EHI_182920, EHI_044810, EHI_017700, EHI_160930), N-acetyl-D-galactosamine inhibitable
(Gal/GalNAc) lectin subunit Igll (EHI_006980), serine-rich E. histolytica protein (SREHP)
(EHI_116360), and the pore-forming peptide ameobapore A precursor (EHI_159480). To sur-
vive and protect against the host immune response, especially nitric oxide and reactive oxygen
intermediates, recent reports have suggested that E. histolytica has effective functional controls
in producing peroxiredoxin and thioredoxin systems [6, 20-22]. Moreover, the non-virulent
E. histolytica laboratory strain (Rahman) has been reported to show transcriptional differences
and notable biological characters that correlate with sensitivity to H,O, stress conditions [8,
9]. Other virulent factors may also play important roles in determining pathogenesis, including
factors that code for translational-related, cytoskeletal functions, and dominant surface anti-
gens for adherence to and killing of host cells [23-25]. Taken together, the identified virulent
genes in this study using clinical strains were not the same as reported previously using labora-
tory strains; however, the encoded proteins and their functions overlap considerably between
clinical and laboratory strains. In future research, the impact of these genes on the disease
severity will be assessed by genetic manipulation models, such as RNA interference and
CRISPR/Cas9 [26, 27]. It will also be interesting to study the regulatory pathways and the
responses controlled by these DEGs to a variety of stress conditions and stage conversions
using various types of clinical strains.

In the present study, the virulence of each strain in a hamster liver abscess model reflects
the clinical severity of that strain in the patient from which it was isolated. Also, we previously
reported that whole genome analysis of clinical strains revealed significant genomic differences
in critical functional genes, such as the AIG1 family genes [28]. Taken together, congenital fac-
tors of E. histolytica play an important role in determining its virulence. However, it remains
unclear whether gene expression, which determines virulence, is affected only by congenital
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genomic factors, or whether it is also influenced by environmental factors. Therefore, we com-
pared gene expression between the in vitro maintained laboratory strain HM-1:IMSS clone 6
(HM-1 (in vitro)) and the same laboratory strain that has been periodically passaged through a
hamster liver (HM-1 (virulent)). The gene expression profile differs between HM-1 (in vitro)
and HM-1 (virulent), with more than half of the genes presenting as HM-1 strain-specific
DEGs. The gene expression patterns during in vitro passage were found to be highly altered by
periodic liver passage. Interestingly, the number of HM-1 strain-specific DEGs was much
higher than the number of gene changes induced by a single liver passage, presented as HM-1
environment-specific DEGs. These results indicate that the virulent phenotype of the labora-
tory strain can be induced and amplified by periodic animal passage. It also appeared that
these characteristics were maintained for at least several months following liver passage, even
with subsequent in vitro passage. Interestingly, there were very limited commonalities in envi-
ronment-specific DEGs between the Ax19 clinical strain and the HM-1 laboratory strain, indi-
cating that the gene expression profile of virulence differs between clinical and laboratory
strains. In fact, the HM-1 strain has been “in vitro” passaged for a long time after isolation
from the clinical specimen. Moreover, it was originally isolated from a diarrheal stool and not
from the aspirated liver pas in the colitis patient (colitis strain), which was adapted to the ham-
ster’s liver in the laboratory. Finally, the HM-1 strain has been maintained as a virulent strain
under in vitro medium with C. fasciculata. These results emphasize the new biological impor-
tance of our analyses using Ax19, which was directly isolated from the patient’s liver abscess.
Additionally, differentially expressed genes have been identified by comparing clinically and
biologically different E. histolytica [29]. Thus, it was strongly suggested that continuous envi-
ronmental stress in addition to predisposed genetic characteristics contribute to the virulence
phenotype via alteration of the gene expression profile.

The present study has some limitations. First, we identified 91 strain-specific DEGs from
strain Ax19 in the present study. However, this number was significantly lower than that of the
HM-1 strain-specific DEGs (6,309 genes). This might be because the Ax19 strain-specific
DEGs were calculated after multiple comparisons of the three clinical strains (Ax19, Ax11, and
Ax22), whereas those of HM-1 were calculated by a pairwise comparison (HM-1 (in vitro) vs
HM-1 (virulent)). In addition, the gene expression profile of the in vitro passaged laboratory
“cloned” strain was more stably reproducible than that of the clinical “crude” strains (Figs 2B
and 5C), reflecting the fact that statistical significance was more easily determined in the labo-
ratory strain. However, it is also possible that clinical E. histolytica strains lose their virulence
properties during the several months of axenization. Future studies to analyze a greater num-
ber of virulent and non-virulent clinical strains are needed, and alterations in gene expression
profiles during axenization should also be analyzed to identify the key virulence genes of E. his-
tolytica. Second, the reason for the major difference in in vitro gene expression between two
genetically identical strains (HM-1 (virulent) and HM-1 (in vitro)) remains unclear in the
present study. One possibility is that drastic genomic changes, which cause an alteration in the
expression of more than half of the genes, occurred during periodical liver passage. Whole
genome analyses are required to confirm gene homology between the HM-1 (virulent) and
HM-1 (in vitro) strains, although these strains are derived from the same clone (HM1:IMSS
clone 6 strain). Another possibility is that epigenetic modifications may be responsible. DNA
methylation and de-methylation of promotor regions can alter the expression of target genes,
and some studies have reported that DNA methylation can occur in response to environmen-
tal changes, such as oxidative or nitrosative stresses, in E. histolytica [30, 31]. It may be worth-
while to assess the longitudinal changes in DNA methylation after in vitro passage, in addition
to changes in virulence and RNA expression.
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In conclusion, unique gene expression patterns relating to virulence were well-maintained
even after long-term axenization. Virulence gene expression profiles were also influenced by
continuous environmental stress. Changes in gene expression that accompany liver abscess
formation in virulent strains are not consistent amongst strains. Comprehensive analyses of a
wide array of E. histolytica strains under different environmental conditions are needed to fur-
ther understand the pathogenesis of E. histolytica infection.

Materials and methods
Ethics statement

This study was approved by the ethics committee of the National Center for Global Health and
Medicine (approval no. NCGM-G-001566-02) and was implemented in accordance with the
provisions of the Declaration of Helsinki. All animal care procedures were approved by the
ethics committee of the National Institutes of Infectious Diseases (approval no. 117155-IV) in
accordance with Standards Relating to the Care and Management of Laboratory Animals and
Relief of Pain formulated by the Ministry of the Environment.

Isolation of strains from clinical samples and patient data

E. histolytica clinical strains were isolated from clinical samples including stool, aspirated
intestinal fluid, and aspirated liver abscess samples. These clinical samples were directly col-
lected from patients who were diagnosed with E. histolytica infection by PCR. After collecting
clinical samples, we immediately initiated the isolation steps of xenic culture using the specific
cultivation media for E. histolytica, as previously reported [11, 32]. Briefly, the clinical samples
revealing trophozoite forms were directly cultured in Robinson’s R (defined medium for
Escherichia coli) and BR (R medium precultured with E. coli) media [33]. In the case of stool
samples revealing cyst forms, the samples were treated with 0.1 N HCl for 10 minutes, then
washed with fresh water to kill other bacteria and fungi that may affect the cultivation of E. his-
tolytica before the xenic culture step. Finally, the axenic strains were established from a mono-
xenic culture with viable Crithidia fasciculata (ATCC No. 50083) by the classical approach
using YIMDHA-S medium [34, 35]. Clinical data including symptoms and laboratory results
were collected at our hospital.

Experimental amoebic liver abscesses in hamsters

In vitro-cultured axenic clinical strains were collected at log phase (60%-80% confluence), and
high viability (>90%) was confirmed by trypan blue staining. E. histolytica cells were counted
and resuspended in 100 pl of BI-S-33 medium. Four-week-old male Syrian hamsters were pur-
chased from Japan SLC, Inc. [36]. In total, 10,000-1,000,000 trophozoites of E. histolytica clini-
cal strains were injected into the left lobe of the liver of Syrian hamsters. The injected animals
were euthanized 1 week after injection, and the livers and abscesses were dissected and
weighed separately. The concentrated liver pus was added to YIMDHA-S medium. Successful
animal infection and liver abscess formation was defined as in vitro growth of E. histolytica in
the medium a few days after injection. The independent animal experiments were performed
in triplicate.

E. histolytica reference strains and cultivation

HM-1 (in vitro) is an E. histolytica laboratory strain isolated from HM1:IMSS clone 6 that has
been maintained in vitro for >10 years [37]. HM-1 (virulent) is the same laboratory strain,
which is regularly passaged through liver abscesses of golden hamsters every 3 months. Both
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strains were cultured monoxenically in YIMDHA-S medium with Crithidia fasciculata [34,
35]. Trophozoites of HM1 cultured monoxenically for 4 days after liver abscess formation
were analyzed (HM-1 (liver)). Trophozoites of HM1 were monoxenically subcultured under
the same conditions with C. fasciculata for several months (HM-1 (in vitro)).

Diagnostic real-time PCR and genotyping test

To detect E. histolytica in clinical specimens, a conventional PCR test was performed. Total
DNA from clinical specimens was extracted using the QIAamp Fast DNA Stool Mini Kit (Qia-
gen, Hilden, Germany), whereas the DNAs from amoebic liver abscess patients were extracted
directly from abscess samples using a QIAamp DNA Mini Kit according to the manufacturer’s
recommended procedures [11]. These DNAs were amplified using primers Ehd-88R and
EM-RT-F2, with a 42-nucleotide probe that hybridizes to E. histolytica amplicons, using the Taqg-
Man Fast Advanced Master Mix 2x buffer (Thermo Fisher Scientific, Waltham, MA, USA) as
previously described (95°C for 3 minutes, then 40 cycles of 95°C for 10 seconds and 61°C for 20
seconds) [38, 39]. To identify the Entamoeba species in the PCR-positive amplicons, the purified
amplicons were sequenced by Sanger sequencing (Eurofins Genomics, Tokyo, Japan). The STR
fragments were amplified using six pairs of E. histolytica-specific tRNA-linked STR primers
(DA-H, AL-H, NK2-H, RR-H, SQ-H, and SY°*D-H) under the conditions previously described
[40]. The amplified PCR products were separated using 1.5% agarose gel (Takara Bio, Tokyo,
Japan) and purified using a NucleoSpin Gel and PCR Clean-up kit (Takara). Sequence analysis
was performed using appropriate primers by Sanger sequencing (Eurofins Genomics, Tokyo,
Japan). Nucleotide sequences were analyzed using ATGC ver. 7 (Genetyx, Tokyo, Japan).

RNA extraction and sequencing

Total RNA was extracted from approximately 1 x 10° E. histolytica trophozoites (with each cul-
ture performed in triplicate) using a Nucleospin RNA Kit (Takara) according to the manufac-
turer’s guidance. In short, E. histolytica trophozoites were collected by centrifugation and then
disrupted by the addition of lysis buffer. Genomic DNA was digested by treating with RNase-
free rDNase. Total RNA was eluted in a total volume of 50 pl nuclease-free water. The RNA
concentration was determined by a Qubit 2.0 Fluorometer using a Qubit RNA BR Assay Kit
(Thermo Fisher Scientific). The RNA quality was determined with an Agilent 2100 Bioanaly-
zer. For E. histolytica clinical strains, HM-1 (virulent) and HM-1 (liver), library preparation
was performed by Eurofins Genomics. The polyA fraction (mnRNA) was isolated from total
RNA, followed by its fragmentation. Then, double-stranded (ds) cDNA was reverse tran-
scribed from the fragmented mRNA. The ds cDNA fragments were processed for adaptor liga-
tion, size selection (for 200-bp inserts) and amplification to generate cDNA libraries. Prepared
libraries were subjected to paired-end 2 x 101 bp sequencing on the HiSeq 2500 and 4000 plat-
form, using the HiSeq 3000/4000 SBS kit. For HM-1 (in vitro) strain, library preparation was
performed by AZENTA Life Sciences (Tokyo, Japan). The poly(A) mRNA isolation was per-
formed using Oligo(dT) beads. The mRNA fragmentation was performed using divalent cat-
ions and a high temperature. Priming was performed using random primers. First-strand and
second-strand cDNA were synthesized. The purified ds cDNA was then treated to repair both
ends and add a dA-tail in one reaction, followed by a T-A ligation to add adaptors to both
ends. Size selection of adaptor-ligated DNA was then performed using DNA Clean Beads.
Each sample was then amplified by PCR using P5 and P7 primers and the PCR products were
validated. Then, libraries with different indexes were multiplexed and loaded onto an Illumina
HiSeq X for sequencing using a 2 x 150 paired-end configuration according to the manufac-
turer’s instructions.
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Bioinformatic analysis of the RNA-seq data

The RNA-seq reads were trimmed and mapped using the CLC Genomic Workbench (Qiagen)
to the E. histolytica genome assembly (AmoebaDB v1.7, http://amoebadb.org/amoeba/) with a
gene model provided by Dr. Hon [41]. The samples with a high transcript integrity number
(TIN) over 80 were selected for the following analysis [42]. Orthologs among isolates were
identified using the AmoebaDB. Raw fragment counts for each gene were outputted from the
CLC Genomic Workbench for statistical analysis in DESeq2. Under all of the diverse test con-
ditions, the annotated coding regions showing at least one read was sufficiently deep to analyze
the majority of annotated transcripts. Data were normalized with DESeq2 and the default
parameters. Genes were identified as differentially expressed if their adjusted P value was
<0.05 to minimize artifacts associated with multiple-comparison testing according to the Ben-
jamini and Hochberg (BH) procedure, followed by Tukey’s multiple range test [43]. Among E.
histolytica clinical strains, principal component analysis (PCA) was performed to explore the
relation to the gene expression pattern. Hierarchical clustering was performed using the
TCC-GUI online graphical interface [44]. Heat maps and volcano plots displaying the -log 10
of the p values for whole gene expression were created using the CLC Genomic Workbench.
To detect the candidate function in DEGs, gene set enrichment analysis in GO term analysis
and protein class identification were performed using the tools provided with PANTHER [45].
This analysis tool was used to perform the enrichment test by taking a list of genes, with each
gene having a numerical value, and optimally this list is genome wide (i.e., there is a value for
as many genes in a genome as possible). This tool then finds functional classes for which the
genes of that class have values that are non-randomly selected from the genome-wide distribu-
tion of values. We can view uploaded data by the presence/absence of each gene following the
overrepresentation test. To construct Venn diagrams, Venny (http://bioinfogp.cnb.csic.es/
tools/venny/index.html) was used.

Statistical analysis

Differences in virulence among E. histolytica clinical strains in the animal experiments were
determined using the Chi-square test and Pearson’s correlation coefficient. Statistical analyses
were conducted using GraphPad Prism (GraphPad Software, La Jolla, CA, USA).
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