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Entamoeba histolytica is an amitochondriate protozoan parasite with numerous bacterium-like fermentation
enzymes including the pyruvate:ferredoxin oxidoreductase (POR), ferredoxin (FD), and alcohol dehydrogenase
E (ADHE). The goal of this study was to determine whether the genes encoding these cytosolic E. histolytica
fermentation enzymes might derive from a bacterium by horizontal transfer, as has previously been suggested
for E. histolytica genes encoding heat shock protein 60, nicotinamide nucleotide transhydrogenase, and super-
oxide dismutase. In this study, the E. histolytica por gene and the adhE gene of a second amitochondriate
protozoan parasite, Giardia lamblia, were sequenced, and their phylogenetic positions were estimated in
relation to POR, ADHE, and FD cloned from eukaryotic and eubacterial organisms. The E. histolytica por gene
encodes a 1,620-amino-acid peptide that contained conserved iron-sulfur- and thiamine pyrophosphate-bind-
ing sites. The predicted E. histolytica POR showed fewer positional identities to the POR of G. lamblia (34%)
than to the POR of the enterobacterium Klebsiella pneumoniae (49%), the cyanobacterium Anabaena sp. (44%),
and the protozoan Trichomonas vaginalis (46%), which targets its POR to anaerobic organelles called hydro-
genosomes. Maximum-likelihood, neighbor-joining, and parsimony analyses also suggested as less likely E.
histolytica POR sharing more recent common ancestry with G. lamblia POR than with POR of bacteria and the
T. vaginalis hydrogenosome. The G. lamblia adhE encodes an 888-amino-acid fusion peptide with an aldehyde
dehydrogenase at its amino half and an iron-dependent (class 3) ADH at its carboxy half. The predicted G.
lamblia ADHE showed extensive positional identities to ADHE of Escherichia coli (49%), Clostridium acetobu-
tylicum (44%), and E. histolytica (43%) and lesser identities to the class 3 ADH of eubacteria and yeast (19 to
36%). Phylogenetic analyses inferred a closer relationship of the E. histolytica ADHE to bacterial ADHE than
to the G. lamblia ADHE. The 6-kDa FD of E. histolytica and G. lamblia were most similar to those of the
archaebacterium Methanosarcina barkeri and the d-purple bacterium Desulfovibrio desulfuricans, respectively,
while the 12-kDa FD of the T. vaginalis hydrogenosome was most similar to the 12-kDa FD of y-purple
bacterium Pseudomonas putida. E. histolytica genes (and probably G. lamblia genes) encoding fermentation
enzymes therefore likely derive from bacteria by horizontal transfer, although it is not clear from which
bacteria these amebic genes derive. These are the first nonorganellar fermentation enzymes of eukaryotes

implicated to have derived from bacteria.

The endosymbiont hypothesis or serial endosymbiosis the-
ory, one of the most exciting ideas in evolutionary biology,
postulates that the mitochondria and chloroplasts of eukary-
otic cells derive from an endocytosed a-purple bacterium and
cyanobacterium, respectively (Fig. 1) (18, 19, 35, 63). Although
bacterial rRNA genes as well as those encoding some struc-
tural proteins and enzymes remain in mitochondria and chlo-
roplasts, many of the bacterially derived genes have relocated
over time from the organelles to the eukaryotic nucleus (20).
Signal sequences at the amino termini of nucleus-encoded
proteins of bacterial origin target them to mitochondria and
chloroplasts (49). The eukaryotic nucleus then is chimeric,
made up of (i) genes from a eukaryotic ancestor encoding
proteins involved in protein synthesis, growth control and rep-
lication, morphogenesis, and secretion and (ii) genes from
bacterial ancestors that encode organellar proteins involved in
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energy metabolism, including oxidative phosphorylation (mi-
tochondria) and photosynthesis (chloroplasts), and transport
of proteins into the organelles, including heat shock proteins
(e.g., HSP10 and HSP60).

Entamoeba histolytica is a protozoan parasite that consumes
bacteria in the colonic lumen and causes dysentery when it
invades the colonic wall and lyses epithelial cells and erythro-
cytes (43). In both locations, E. histolytica is an obligate fer-
menter, as it lacks mitochondria and enzymes of oxidative
phosphorylation (6, 39, 44). However, several observations
suggest the lineage giving rise to E. histolytica once possessed
mitochondria and acquired other bacterial genes via endosym-
biosis or transfection (Fig. 1). First, phylogenies based on
small-subunit rRNA genes suggest that E. histolytica shared
with protozoa of the apicomplexa and kinetoplastida a com-
mon ancestor that possessed mitochondria (52). Second, the
gene trees that implicate a-purple bacteria as the source for
mitochondria also indicate that the E. histolytica HSP60 is
characteristic of those HSP60 belonging to mitochondrion-
possessing eukaryotes (13). Third, E. histolytica contains a gene
encoding a nicotinamide nucleotide transhydrogenase (NNT;



VoL. 179, 1997

M tochondrion
{-Purple bacterium)

Non-photosynthetic eukaryote

Entamoeba histolytica

BACTERIUM-LIKE GENES IN ENTAMOEBAE 3737

Hydrogenosome
anaerobic bacterium

Trichomonas vaginalis

FIG. 1. Cartoon outlining endosymbiont hypotheses for mitochondria of nonphotosynthetic eukaryotes, E. histolytica fermentation enzymes, and 7. vaginalis
hydrogenosome. Dotted arrows refer to evolutionary movement of genes from endosymbiont bacteria to the eukaryotic nuclei. Solid arrows refer to targeting of
nucleus-encoded proteins to organelles (nonphotosynthetic eukaryote and 7. vaginalis) or to cytosol and nonorganellar membranes (E. histolytica). Note that it is also
possible that the E. histolytica genes were acquired via bacterial plasmids or transposons rather than by a bacterial endosymbiont.

46% positional identity with Escherichia coli NNT), which has
previously been associated only with mitochondria and bacte-
ria (13, 68). The structure of the E. histolytica NNT, which
lacks amino-terminal mitochondrion-targeting sequences, par-
allels that of bacterial rather than bovine mitochondrial NNT
in that this fusion protein has homologs of the bacterial o« and
B peptides at the carboxy and amino halves, respectively. In
contrast, the bovine mitochondrion NNT is a fusion protein
with homologs of the bacterial « and B peptides in reverse
order, at the amino and carboxy halves, respectively. Fourth,
the E. histolytica gene encoding the iron-dependent superoxide
dismutase (SOD; 57% identity with that of Pseudomonas sp.)
also appears to be derived by horizontal transfer from bacteria
(50, 55). Fifth, E. histolytica contains two bacterium-like pyro-
phosphate (PP;)-dependent glycolytic enzymes, a phosphofruc-
tokinase (PPFK) and pyruvate phosphate dikinase, which sub-
stitute for ATP-dependent glycolytic enzymes present in most
other eubacteria and eukaryotes (3, 8, 26). Sixth, another ami-
tochondriate protozoan parasite, Trichomonas vaginalis, ap-
pears to contain genes derived from a bacterial endosymbiont
(Fig. 1) (25, 28, 39, 40). T. vaginalis has a double-membrane-
bound organelle called a hydrogenosome that contains numer-
ous fermentation enzymes. The hydrogenosome appears to be
endosymbiont derived because the 7. vaginalis HSP60 groups
with mitochondrial HSP60 and nucleus-encoded hydrogeno-
some proteins have leader sequences similar to those of mito-
chondrial proteins (11, 20, 24, 25).

We wondered whether other E. histolytica genes encoding
bacterium-like fermentation enzymes, which resemble those of
the 7. vaginalis hydrogenosome and the amitochondriate pro-
tozoan parasite Giardia lamblia (which causes duodenitis),
might also be derived by horizontal transfer from bacteria (Fig.
1and2) (1, 8,9, 17,22, 25-28, 31, 39, 41, 44, 45, 48, 53, 56, 57,
61, 64). The pyruvate:ferredoxin oxidoreductase (POR) cata-
lyzes the oxidative decarboxylation of pyruvate to acetyl coen-
zyme A (acetyl-CoA), utilizing ferredoxin (FD) (or flavodoxin
in the case of nif/-encoded proteins of enterobacteria) as an
electron acceptor (4). Metronidazole, a potent drug against E.
histolytica, G. lamblia, T. vaginalis, and anaerobic bacteria, is
activated when it receives an electron from FD that was re-
duced during the reaction catalyzed by the POR (39). Humans,
most eukaryotes, and most eubacteria fail to activate metroni-
dazole, because pyruvate is converted to acetyl-CoA via pyru-
vate dehydrogenase, producing NADH rather than reduced
FD (60).

E. histolytica converts acetyl-CoA to acetaldehyde via a

CoA-dependent acetaldehyde dehydrogenase, which is at the
amino half of a fusion protein called alcohol dehydrogenase E
(ADHE) (9, 44, 64). E. histolytica converts acetaldehyde to
ethanol via one of three ADH: ADHE, a zinc-dependent
ADHI, or an iron-dependent ADH3 (31, 45). As all three E.
histolytica ADH are absent from humans, these enzymes may
be targets for new antiamebic drugs.

To determine how similar E. histolytica fermentation en-
zymes were to those of G. lamblia, T. vaginalis, and anaerobic
bacteria, molecular cloning techniques were used to obtain the
E. histolytica por gene and the G. lamblia adhE gene (32). The
phylogenetic positions of POR, ADHE, and FD sequences
were estimated by using maximum-parsimony (P), neighbor-
joining (NJ), and maximum-likelihood (ML) methods to de-
termine whether E. histolytica and G. lamblia fermentation
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FIG. 2. Bacterium-like enzymes of E. histolytica involved in metabolism of
glucose to ethanol include PPFK (EC 2.7.1.90; GenBank accession no. U12513),
pyruvate phosphate dikinase (PPDK; X74596), POR (EC 1.2.7.1; U30149), FD
(J03870), ADHE (EC 1.1.1.1; X77132), ADH1 (EC 1.1.1.2; M88600), and ADH3
(EC 1.1.1.1; Z48752) (8, 9, 25, 26, 31, 44, 45, 64). Positional identities of each
enzyme with those of the most similar bacterium are shown in parentheses.



3738 ROSENTHAL ET AL.

proteins may have derived from a common eukaryotic ancestor
or whether instead they may have been acquired from bacteria
by independent horizontal transfers, as is believed to have
occurred with enzymes associated with the T. vaginalis hydro-
genosome (14-16, 21).

MATERIALS AND METHODS

Cloning of the E. histolytica por gene. A 408-bp segment of the E. histolytica por
gene was isolated from E. histolytica HM-1:IMSS DNA by using PCR and
degenerate primers to conserved POR peptides (Fig. 3) (32). The sense PCR
primer to IANATGC was AT(AT)GC(AT)AA(TC)GC(AT)AC(AT)GG(AT)
TG. The antisense PCR primer to GGDGWAY, which includes the Gly-Asp-Gly
tripeptide conserved in thiamine PP; (TPP)-binding sites, was TA(AT)ATCCA
(AT)CC(AG)TC(AT)CC(AT)CC (4, 5, 23, 25, 29). The E. histolytica por PCR
product was used to screen cDNA and genomic DNA (gDNA) libraries of E.
histolytica HM-1:IMSS. The PCR product, three cDNA clones, and three
genomic DNA clones were identical in overlapping regions.

Cloning of the G. lamblia adhE gene. A 575-bp segment of the G. lamblia adhE
gene, which was identified by a search of GenBank peptide sequences at the
National Center for Biotechnology Information by using BLAST, was isolated
serendipitously, using G. lamblia DNA and PCR primers designed for other
purposes (2). This PCR product was used to obtain the entire adhE gene from
a gDNA library of G. lamblia. Five G. lamblia adhE gDNA clones were identical
in overlapping regions. Interestingly, 44 bp downstream from the stop codon of
the G. lamblia adhE was an open reading frame (ORF) starting with Met that
encoded a peptide of at least 171 amino acids, for which no match was found in
GenBank (data not shown).

Phylogenetic analyses. Sequences similar to the E. histolytica POR, ADHE,
and FD sequences were obtained from GenBank by using BLAST (2). These
sequences were aligned by using PIMA2, and regions of ambiguous alignment
were removed by using MASE (15, 51). Three independent means were used to
reconstruct the phylogeny of these proteins, each employing the Dayhoff matrix
of amino acid substitution probabilities (14). Unrooted networks (trees) of min-
imum total length were constructed by the NJ method, using the protdist algo-
rithm of PHYLIP (15), which groups taxa according to the proportion of amino
acid positions that are shared or of similar state. Additionally, unrooted P trees
based on a cladistic approach, which minimizes the number of amino acid
substitutions required to produce the observed alignment given a hypothesized
common ancestor, were constructed by using PHYLIP’s protpars program. NJ
and P algorithms were each applied to 100 bootstrap replicates of the alignment
to investigate the robustness of the inferred phylogeny to sampling variance. A
phenogram resolving only those nodes present in a majority of both NJ and P
methods was constructed. The log-likelihood of this tree (the probability of the
series of amino acid changes implied by this tree) was calculated by using an ML
method (PROTML) (21). Using the star decomposition algorithm in PROTML,
we failed to identify trees with significantly greater likelihood than the consensus
NJ/P tree. Accepting this tree as a reliable, conservative representation of the
inferred phylogeny, we derived branch lengths of this topology by employing
PROTML and drew this tree, labeling each node by the frequency with which it
appeared in the replicated NJ and P analyses. Any unusual case where one
analysis identified >50% bootstrap support for a node not so indicated by the
other analysis, and where this difference could affect the interpretation of the
relationship between fermentation enzymes in eukaryotes, is noted in the text.

Nucleotide seq e accessi bers. Nucleotide and derived amino acid
sequences for the E. histolytica por gene and the G. lamblia adhE gene have been
submitted to GenBank with accession no. U30149 and U93353, respectively.

RESULTS

Primary structure of the E. histolytica POR. The E. histo-
lytica por gene encoded a 1,620-amino-acid peptide (M,
127,492), the expected size for eubacterial and protozoan POR
(Fig. 3). The Met residue chosen as the start codon was likely
correct because there was an in-frame stop codon before the
next ATG in the 5’ untranslated region, and the next potential
start codon was not until Met**, well into the overlap with
other POR (4, 25, 29). Unlike the T. vaginalis POR, the E.
histolytica POR lacked mitochondrion- or hydrogenosome-tar-
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geting sequences at its amino terminus (25). As is typical of the
5" untranslated sequences of other E. histolytica genes, there
was a putative ribosome-binding sequence (ATTC) beginning
at —10 and a TATA box at —40 (TATTTAA), no introns were
present, and 88% of the third positions in the codons were A
or T (excluding Met and Trp) (7). The E. histolytica por gene
might be single copy, because overlapping sequences were
identical among PCR products, cDNA clones, and gDNA
clones.

The E. histolytica POR was used to search the database in
GenBank, and 10 other protozoan, archaebacterial, and eu-
bacterial POR (nif] gene products) were identified (Fig. 3) (2,
4, 25, 29). The E. histolytica POR closely resembled the POR
of the nitrogen-fixing y-purple bacterium Klebsiella pneu-
moniae (49% positional identity), the 7. vaginalis hydrogeno-
some (46%), the cyanobacterium Anabaena sp. (46%), and the
a-purple bacterium Rhodospirillum rubrum (44%) (51). The E.
histolytica POR was less similar to the POR of G. lamblia
(32%) and the archaebacterium Pyrococcus furiosus (23%),
which is composed of four peptides (29). Similarities between
POR were in the putative TPP-binding center located in the 8
subunit of the P. furiosus POR and in the 2[4Fe-4S]-binding
center located in the & subunit of the P. furiosus POR (5, 23).
The connector regions between and within subunits of the P.
furiosus POR were similar for E. histolytica, T. vaginalis, K.
pneumoniae, Anabaena sp., and R. rubrum. In contrast, the G.
lamblia connector regions were longer than those of the other
eubacterial and eukaryotic POR and were unrelated in their
sequences (Fig. 3).

Phylogeny of the E. histolytica POR. ML, NJ, and P trees
were drawn from an alignment of eight eukaryotic and eubac-
terial POR, from which connector regions and any regions
lacking easy alignment were removed, leaving 967 amino acids
(77% of its total) for comparison (14-16, 21) (Fig. 4). Each
method identified a clade comprising the POR of K. pneu-
moniae and a second +y-purple bacterium, Enterobacter agglo-
merans. The enterobacterial POR were part of a larger clade
that included the POR of E. histolytica, G. lamblia, and T.
vaginalis. This larger clade was distinct from a third clade
composed of the POR of Anabaena sp., a second cyanobacte-
rium (Synechocystis sp.), and R. rubrum. The node linking the
members of the protozoan and enterobacterial POR clade in
Fig. 4 was collapsed and marked with an asterisk, because the
relationship between these POR was unresolved (no =50%
majority in NJ and P analyses). However, implied monophyly
of E. histolytica and G. lamblia POR occurred in only 6.5%
(ML), 3% (NJ), and 7% (P) of bootstrap replicates. In con-
trast, monophyly of the E. histolytica and eubacterial POR was
inferred in 48% of the ML replicates, while monophyly of the
E. histolytica and T. vaginalis hydrogenosome POR was in-
ferred in 34% (NJ) and 40% (P) of the bootstrap replicates.
These results therefore provide no evidence to support the
belief that E. histolytica and G. lamblia por genes derive from
a common eukaryotic ancestor. While not definitive, these
results suggest that the E. histolytica por gene may more likely
derive from an enterobacterial donor or from the same (as yet
unidentified) donor as the 7. vaginalis hydrogenosome por
gene.

FIG. 3. Alignment (single-letter code) of the E. histolytica (Eh) POR (nif] gene products) with those of K. pneumoniae (Kp; GenBank accession no. X13303),
Anabaena sp. (As; L14925), R. rubrum (Rr; X77515), T. vaginalis (Tv; U16823), G. lamblia (Gl; 1L.27221), and P. furiosus (Pf; X82850) (4, 25, 29, 57). Dashes mark amino
acid identities with E. histolytica POR, and periods mark gaps. Unshaded horizontal boxes mark locations of degenerate oligonucleotides used to amplify a segment
of the E. histolytica por gene, while shaded boxes mark unique connector regions in the G. lamblia POR. Unshaded vertical boxes mark 2[4Fe-4S]-binding sites, while
the lightly shaded vertical box marks a TPP-binding site (5, 23). A second E. histolytica por sequence recently submitted to GenBank (accession no. Z50193) predicted
~56 different amino acids, many of which appeared to have been secondary to sequencing errors (46).
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Rr -A..-SG-M-RDE--EEI-K-IS---AR-SQKVIDA-FA-V-QT-SR-QS-TI-.GVLTGHA-PPLV........ SAG--D--RN-TAVM--G--DS----AM. . PV-~TW-TE-ARW-~

Tv -G..---I--A-EC-A---KSIA-Q-AR--KEVIQK-W-MV-H--Q--K-F~YNK-~~L~--V-PRP........ ~H-GIRHII-M. . .SILQE-ESVS-DEM. . VEI-LV-ND-A--—-

Gl L-LG-SKLLD-DV-CEDM-A-ARI--AKQKAEVIEA-VK---V-R K-IIL-AVTR-FANIGTKDVMKYNS-KI-G-YS-——-

Pfy ESI.EEEIKDTFSGELGE-N-RAAREAYEKTEVFEL* pfs MA-S- . -KA-IERA-KELSEKMI-GAIV. . YIP-SSVINK-GS. .

_[4Fe4S]  [4Fe4S]

Eh  RGIATKIPTWEASHCYOfiMBLYCHHAATRCFYLTPEESAKAPAEFVOT . . . . .. . . DGKAQQAGYKFRIQVSAMIIHX TACHVKCLSMTPFEQ. . . .. ... VSEVESKNWEFA 772
Kp ----LEV-V-QPEq-T-{Q-hF PAL-NG--HDA--VGLLS......... KPAQGAKE-HYHLAT - PLH-5-{-fN-}/D-JARGKALKMQSL.. . . . . . . DSQRQMAFV-DY -

As -NV-QE--V-DIDJ K-y AKVYQ-S-LEN--PT-KSVD. . . . . . . AKDRDF-NQ-~T---APE. -\ - A -NK-EPSLKAINMANQLPLR-Q-RD-~D-F

Rr  =D=-~QQUCT-D-DIj-[ -t K-y L-VKAVPA-AA-AL--SMNSTPY. . . . .. K--DDLK-SAYVLAL- PE b1-e ~DKATGARSL . TMHARED-VSACKE---IF

Tv  ----VIV-K--EK-4-[-} 11} ey Y--P-L-~Q--AKGLTTLK........... AKGKEIKN-Q----ITPL I-/-4-r-A----YRNA. . . . . . .KLD-E-G---DQC

Gl  L-S-A-V-M-KKEN-F--&F}[VQ-1---V- - {/MNEDAKPDNVP-DFEMLDMKGKLAAVNSDSSK} - - -V~~~ PL: bHH7E{-KDa-A---1DT. KQQKLFDWAYDSLQ

Pf6 . .WRVFK-EFNRD-}- LI |-EP--YIDE. ... . . EGYPVFDYDYK-{-$1}- RNg- Jr-ATE-VREVK*

Eh  FAMTLSPKNSLSDR. SNIKTTMIHQPYLEFSGACEGCNETALVKLITQLYGERT
Kp Y-LA-T--SNPFRK.TTV-GSQFET~L-====-=-A--G-~PYAR-~---F-D-M. .
AS  -FLN-PNPDRRNLKLNQ-ROQQLQE-LF--==--A--G--PY---L---F-D-S. .
Rr IFLD-PDVART-L-.PTV-NSQFMT-LF- -Q--G--PYL--L--MW-D-L. .
v

S TWGATWGTNPYTVDGEGRGPAWGNSLFEDNAEYGFG. . .MFKANEQ 876
--=~SAPSI -~ ~TNHR-H----A-~
~Y-GNLP~-T~W-KNND-
~Y-GNLP~-S-~AK~AN~

OCLAAPNRGH-LPP. T-VRNVQFR--LI--N---Q--G---IC--L-----| DOL. . LV----FPF--F-TNER-H:
61 [LQF-QGTT-IDIES .q-LRDLOLRF - -M~-P-§-P--G-SNTM-MLAT~~-DSM. . . .. ... .. VASIGV-- - LV-MHFGYMR~FNL-SDS--T-ACS -~~~
Plﬁ MAVRK . PP-T~REYWA-. . . GHA--A--GCATALR--A-KALS~-AMEEKYGDNAFA=-~-H=-==~-MEVVS-VF. . .~-~-AWKA. . .-, -IHVA--NA-AVAS-~. .. IEA-WKK
TPP-binding site

Eh  RRLYLEQICKEAIABGKLSNELKTLLEEWIAKKEDANESEKTYAAVKPLLAAEK DKSEVIGLIEQNSMW(ISHWI@IGMV 966
Kp V-QQIADDMTA-L- .LBV-D--SDAMRQ-L-~ ~QDEGEGTRERADRLSER -~ - —— EGVPL-EQUW--R-Y--RR-Q-~F. C-—-FG-L

As FAAE-L-QFSTEVGDNLVDSI--APQKTEADIW-QRORI-LLKOQLDKT PTFDP NLKSKIQNLKSLA-YL--K-V--T DFG-I

Rr H-...... SEAKRLL-A-APQ-SGV-VDGLVANAAN- DEAA-A-ORERVVSLRA ELGGLTGWQARAL-GLA-YL~EKVV- A-L

TV - -NITKKLVV-LLES-EIKG---E-F-QLLKVWDQDK- ~-GDLAEKI -~~~ KVQ. .o\ttt NP- -KMYALOSQA-TLS~KQV: G-L

Gl [K-AN-RE.YLQ-NV-KITDES---Tv(G-LDAFD-RKA-IRTSRELRSTVGL -RLDKGDYKNNPEY 11 PTVENLASKF QQSGVDLD-AKH-TL WY LI-A---L DFA-F

22 LGR-GKILAI-{--GTA---LQAL

Eh  DHVLASGHNVNILVLDTEMYSNTGGQKSKATNLGA. . . . . VVKFASSGCKRPKKDLGATAM . AYGDVYVAS IALGANPAQAFKAFKEAESYNGVSLITAYCPCKEQGY . . PLOKSTEEAK 1080
Kp IA---AQ-KRTR: QU-M-~DKD-TLR-TA- - ~AWP- P~ -V~ ~AA-INH-LKAGMRC-QR-- -

As -A---A--KPAQ-- -M-LM-~. ---L---AFD-P-I----SH-IAH-I. .NMTTGMNQQ-

Rr  ===IS-~Re=-==-M-==V- SA--SVA-KAL Q---.-N-H F--SDN-TLR-LS--V--E-P------SH-IAH~-Y. . D-TCGLSQQ-
R E-~K-IIY---V- <. ...-AN-SAA-YTKA----=nnn- . T-RNI----TC-L-D-N--L--LQ-~KE- - ~-PAT - -N-S--INH-TKKG-GSTPKHC~

Gl --IV--RDR-RV---VNHCFG--~-=--=-=- SI-S..... —M-N-Y- ~VNVKD-KM~VML-ST-R- - - - Q-5 ~~Y~RN- ~LOV-R- - ~HFD- PAVVL-— - ISHMVQGG-THOERQO-

P SGM-ERW---LY-MY-N-A-M---I-R-S5-PY--WFTTSPPGKY-V~EDK-~-WVAL--A.-HQIP---TASI-NPLDFVR-IK- . ~GKID-PAFVQVL-T-PTGWRS . -—E-GV-I-R

Eh MAVNSGYWSLYRYDPRLV. ... EQGKPGLQLDCS EVKGDLEAFLARENRFALLGRKDKETADKLHAQLKANI DKKLAHLKVVSKQA* 1162
Kp R--EA---H-W--H-QRE. . AE--TPFM--SE-PEESFRD--LG-V-Y-S-HKTTPHL--A-FSRTEEDARARF-QYRRLAGEE* 1171
As ===-NP-~~-MRSPTQSV-QSMYQ~~ - -KM-TKSKP-V-KQ-LE-AEVDARWOMYQYLASR* 1197
Rr L-IET---P- MGVG-A-S5--GVQPSRPIGDYM-N-G--RIIRDA-P-RYAM-LEAAEE-VRSRW-L-ROLAGV-DEQEGARAAQ* 1191
Tv DLLKT--LN-F--N-AKP.... KP-TV-TKQPDYN-DPLVKG-----. A-KDIYPKE~ETKFP-- INDMKTRYEGY -KIQQTQ* 1157
Gl L--ET-V-PVF--N-SKP.............. IGDRMK-EYKGPIKPVKD-MNT-Q--GA~AKR - PARFEEMA-A~QSDVEEHWKV~QGLKAIDVPTDPIVFG* 1253

P L-IET-I-P-FEIENGDIWNIKIQPPGGGAKVY-E-N RVVRI-F-KPI-EY-KLQG--KH-FKR,P-ATEE-RN-V-~MWKVLGVEAILPRPEE*
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FIG. 4. Fifty percent phenogram of POR (nif] gene products) of eubacteria
and eukaryotes shown in Fig. 3, as well as those of E. agglomerans (Ea; GenBank
accession no. X78558) and Synechocystis sp. (Ss; D64005). Branch lengths in this
composite, unrooted tree derive from the ML analysis, while bootstrap values at
nodes derive from NJ trees and P trees (both were 100 at the nodes marked)
(14-16, 21). Asterisks mark nodes where either NJ or P analysis failed to identify
the same bifurcating branch in over 50% of the bootstrap replicates. For abbre-
viations not given above, see the legend to Fig. 3.

Primary structure of the G. lamblia ADHE. The G. lamblia
adhE encoded an 888-amino-acid peptide (M,, 96,832) (Fig. 5).
The Met residue chosen as the start codon was likely correct
because there was an in-frame stop codon before the next
ATG in the 5" untranslated region and the next potential start
codon was not until Met®?, well into the overlap with other
eukaryotic and prokaryotic ADHE (9, 17, 41, 64). There was a
putative ribosome-binding sequence (ATTC) beginning at —7,
no introns were present, and 70% of the third positions in the
codons were G or C (excluding Met and Trp). The G. lamblia
adhE gene is likely single copy, because overlapping sequences
were identical among the PCR product and gDNA clones.

The G. lamblia ADHE closely resembled the ADHE of the
y-purple bacterium E. coli (49% overall positional identity),
gram-positive bacterium Clostridium acetobutylicum (44%),
and E. histolytica (43%) (Fig. 5) (9, 17, 41, 64). Like the E.
histolytica ADHE, the G. lamblia ADHE lacked mitochondri-
on- or hydrogenosome-targeting sequences at its amino termi-
nus (49). The amino half of G. lamblia ADHE was more
similar to the CoA- and NADP *-dependent succinate semial-
dehyde dehydrogenase (encoded by sucD) of Clostridium
kluyveri (32%) than to the CoA-independent aldehyde dehy-
drogenase of E. histolytica, yeasts, and eubacteria (all with
<20% identity) (33, 54, 69). Throughout the amino half of the
G. lamblia ADHE were numerous residues conserved in CoA-
independent aldehyde dehydrogenases, including Glu and Cys
residues that may be involved in catalysis. However, ALDH
sequences defined by the PROSITE algorithm were absent in
ADHE of G. lamblia, E. histolytica, E. coli, and C. acetobuty-
licum (5).

The carboxy half of the G. lamblia ADHE showed extensive
positional identities with the C. acetobutylicum ADHI (36%),
the anaerobic bacterium Zymomonas mobilis ADH2 (35%),
the E. coli 1, 2-propanediol oxidoreductase (31%), the gram-
negative anaerobe Bacillus methanolicus methanol dehydroge-
nase (28%), the Saccharomyces cerevisiae ADH4 (28%), and
the C. kluyveri 4-hydroxy-butanol dehydrogenase (encoded by
a gene that is on the same operon as sucD) (19%) (Fig. 5) (54,
61). The carboxy half of the G. lamblia ADHE showed less
extensive positional identities with the E. histolytica ADH3, C.
acetobutylicum butanol dehydrogenase, and an E. coli ORF
derived from sequencing its genome (GenBank accession no.
U28377) (2, 45, 51). Similarities between the class 3 ADH were
in two sequences identified by PROSITE, including one with
three His residues, which have been implicated in binding
ferrous ions (5). The connector regions between ALDH and
ADH portions of the parasite and eubacterial ADHE were
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short. The G. lamblia connector sequence (QVMHVGEGA
LAKAAADLISRG) showed no resemblance to that of E. his-
tolytica (PKIFFEPHSIRYLRELKE) (Fig. 5).

Phylogeny of class 3 ADH. ML, P, and NIJ trees were drawn
from an alignment of 6 eukaryotic and 10 eubacterial class 3
ADH, including the carboxy half of the G. lamblia, E. histo-
ytica, E. coli, and C. acetobutylicurn ADHE but excluding any
regions lacking easy alignment (Fig. 6) (14-16, 21). Each
method identified a cluster comprising the carboxy half of the
E. histolytica, E. coli, and C. acetobutylicumm ADHE. P, but not
NJ, analysis identified significant support for the placement of
G. lamblia ADHE as a sister to the aforementioned clade
(88% versus 38% bootstrap support) and placed as a sister to
this the clade comprising C. kluyveri 4HBD and E. coli ADHC
(63.5% versus 46% bootstrap support). The node linking the
members of this larger clade was collapsed and marked with an
asterisk, because the relationship between these ADH was
unresolved. Rather than distinguishing the ADHE of eu-
karyotes from those of the bacteria, each method instead iden-
tifies similarity between the ADHE of E. histolytica and those
of gram-negative (E. coli) and gram-positive (C. acetobutyli-
cum) eubacteria.

Distal from this portion of the unrooted class 3 ADH tree, Z.
mobilis ADH2, S. cerevisiae ADH4, and Schizosaccharomyces
pombe ADHG6 formed a third cluster, suggesting horizontal
transfer of these genes between bacteria and yeasts. Although
other pairs of ADH were clearly related (those of Citrobacter
freundii and K. pneumoniae as well as those of Rhodococcus
strain NI86/21 and Alcaligenes eutrophus), it was impossible to
relate these ADH to each other or to the yeast and Z. mobilis
ADH. Finally, when the E. histolytica ADH3, C. acetobutylicum
BDH, and E. coli ORF were added to the alignment of the 16
ADH shown in Fig. 6, these enzymes formed a fourth clade
(data not shown) (45, 51). This result suggested that the E.
histolytica adh3 gene was also transferred horizontally from
bacteria.

Phylogeny of E. histolytica, G. lamblia, and T. vaginalis FD. In
an effort to better determine which extant bacterium might
best represent the lineage that served as the most likely source
for the parasite genes encoding the fermentation enzymes,
phylogenetic trees were constructed by using the E. histolytica,
G. lamblia, and T. vaginalis FD (27, 28, 56). Each of these three
FD aligned with a different groups of putative FD homologs.
Because considerable differences between these groups pre-
cluded their reliable alignment, each was taken independently
for subsequent phylogenetic analyses.

The E. histolytica FD is a 59-amino-acid peptide that con-
tains two similar halves, each with four Cys residues arranged
to form a 2[4Fe-4S] center that is like those of the POR (Fig.
4 and 7) (5). The E. histolytica FD is half the size of the 12-kDa
FD present in mitochondria, enterobacteria, and the T. vagi-
nalis hydrogenosome and somewhat smaller than the 8-kDa
FD present in plant chloroplasts and cyanobacteria (28). Thir-
ty-four 6-kDa FD were identified by using BLAST with FD of
either E. histolytica, G. lamblia, or Clostridium thermosaccha-
rolyticum. The E. histolytica FD was identical in 21 positions to
the FD of the archaebacteria Methanosarcina thermophila and
Methanosarcina barkeri (37%). The E. histolytica FD was dif-
ferent from the archaebacterial FD in a 15-amino-acid stretch
between the iron-binding sites.

The E. histolytica FD was inferred by phylogenetic analyses
as intermediate between a cluster composed of the M. ther-
mophila and M. barkeri FD and a cluster of the gram-positive
bacteria C. thermosaccharolyticum and Peptostreptococcus els-
denii (Fig. 8). A distal cluster contained numerous FD of clos-
tridia, as well as an FD of the a-purple bacterium R. rubrum.
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: MSLSDFDYGQELVETPEELNALFEKVEEAAHAF . . ROLDQAQVDKIFYAAAFAASNQR I PLAKMAYEETNMGVVEDKVIKNMFGSEYVYNKYKNMKTAGI TEEDKAGNTT
MNMST-QTMTVD-HI -Q~VA~AQV~LKEYLKPEYT-EKI ~Y-VKK - SV--LD-HCA--AA-V-=~GR~IF -~ -AT-~I-AC-H-THEMRHA- ~V- - -NV~PLYGITEI -E-}{-
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ALDH conserved sequences

ETcoYRTRNQVINGHSFON 1 YDKCIEELKFRGAYVMTEGREAACQQADPALNEATGKHQ . . . LNCDIVGRPARDIAANGSVVVPADCKCRCIVGTFTEVR
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: PN-PLTR -A-LK--NTQDGI -KAEA-VEFN-R-=-5~-~-SND. . . KAVV-KYALTMK-C -~LH-T==§Q-===-SI-~Y . -W-SF-L~-==-~ G--=--A~~TYHN-~-I-RL
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-DR-N-LQ--R--PKIFFEPHSIRYLR. . . ELKE--KIF-VSDRM-YK~-YV-RVMDV-KRRSNE-EIEI - I - -E~-~SIQIVQKG--VMNT -G~ -N~~ --A--IM----
-ER-E-M- - -R - ~HKVYFKF ~C -QF - LK~ -KDLKKK~ ~-F -V~DSDPYN-NYV-S--KI - . . EHLDIDF - - -NK-GREA - -K~ IKKATE~MSS -M- ~T- - - - ~~TPE-SS -~ LMWV~ -
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: KEAKVPSYEEIWG*
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MTN-FI-PASVI-R--VKEVGTR-KQI~AKK~L-V-DAFL-ST-LSEEVAKNI . . REAGLD-AT - PKAQ~ - ~ADTQVHEGVDVFKQENC -ALVSI - - - - SH-T~-AIG-VA
MSSVDPG-YI-PISFF-~~-- EET-DYIKNKDYKK-L-V-DPGIAATL -LSGRVQKM- . . EERGLN-ATYDKTQ-N-NIANVTAG~KVLKEENSETVVSI - - ~--H-N--AIA--A
b Fe-ADH conserved sequences
: EHPKVDFAGLAQRFMDIRKRIYEYPECLDLRTAKTFSVAIPTTSGTGSEVTPFSVITDEKEHVKY PLADYQLMTHMAVIOF YVSUMATEYTM
~=-EA--FAMK-K-I-L~=--AFKF-T....MGK-ARLIC----=-n-=-o=== A--S-HETGK-=----- S-TPSV-IV-MFTMSLI-KRATAD- 4V~ - ~Y4A -~ = -~ = N---D
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ADH iron-binding site
: PLSLQAIKTVFENLEKS. . . VVSRCPTARGNVHQAATIAGIAFANAFLGIARSRHKIGhKYHT HEQLANA
: G-ARE-V-L-----L--...YNGD.LE~~EKM-N-~--~-] Mo =G == ~MI4-M- -} Y-RGF-L.
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FIG. 5. Alignment (single-letter code) of the G. lamblia (GI) ADHE with the E. histolytica (Eh) ADHE (GenBank accession no. X77132), C. acetobutylicum (Ca)
ADHE (L14817) and ADH1 (M26941), E. coli (Ec) ADHE (X59263) and 1,2-propanediol oxidoreductase (12PO; M31059), C. kluyveri (Ck) SucD and 4-hydroxy-
buterate dehydrogenase (4HBD) (both L.21902), Z. mobilis (Zm) ADH2 (M15394), B. methanolicus (Bm) methanol dehydrogenase (MDH; M65004), and S. cerevisiae
(Sc) ADH4 (X05992) (9, 41, 61, 64). Dashes mark amino acid identities with E. histolytica POR, and periods mark gaps. The horizontal box marks unique connector
regions in G. lamblia between amino-half ALDH sequences and carboxy-half class 3 ADH sequences. Vertical boxes mark conserved sequences found in CoA-
dependent ALDH (shown here) and CoA-independent ALDH (not shown) (33, 69). Vertical boxes also mark conserved sequences found in class 3 ADH.
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FIG. 6. Fifty percent phenogram of the 10 class 3 ADH shown in Fig. 5 as well as the E. coli (Ec) ADHC (GenBank accession no. X59544), C. freundii (Cf)
1,2-propanediol dehydrogenase (12PO; U09771), K. pneumoniae (Kp) 1,3-propanediol oxidoreductase (13PO; U30903), Rhodococcus strain NI86/21 (RN) THCE
(U21071), A. eutrophus (Ae) 4-hydroxybuterate dehydrogenase (4HBD; L36817), and S. pombe (Sp) ORF (Z49811). E. histolytica (Eh) ADH3 (D49910), C.
acetobutylicum (Ca) butanol dehydrogenase BDH1 (M96945), and an E. coli ORF (U28377) were part of a fourth clade class 3 ADH clade, which is not shown. Branch
lengths in this unrooted tree were derived from the ML analysis, while bootstrap values at each node came from NJ trees and P trees (in parentheses). Asterisks mark
nodes where either NJ or P analysis failed to identify the same bifurcating branch in over 50% of the bootstrap replicates.

The topology relating the various, highly similar clostridia
could not be further resolved. These somewhat surprising re-
sults mean that if the E. histolytica ferredoxin gene indeed
shares more recent common ancestry with the FD of clostridia,
as has been previously suggested (27), this history cannot be
readily inferred from sequence comparison.

The G. lamblia FD, which is also 6 kDa and for which a
27-amino-acid amino-half sequence is available, was interme-
diate between the clostridial cluster and a cluster composed of
sulfur bacteria Desulfovibrio desulfuricans, Desulfovibrio gigas,
Desulfovibrio vulgaris, and Desulfovibrio africanus, archaebac-
teria Methanococcus thermolithotrophicus and Methanococcus
jannaschii, and the thermophilic eubacterium Thermotoga ma-
ritima (data not shown) (51, 56). The G. lamblia FD showed a
48% positional identity with the nearest D. africanus FD and
only 37% positional identity with the E. histolytica FD. Inter-
estingly, an Ala residue substitutes for the second of four Cys
residues in the iron-sulfur center of the G. lamblia FD (5).
These results suggested that the G. lamblia FD gene did not
share close common ancestry with the FD gene of E. histolytica.

The FD of the T. vaginalis hydrogenosome, which contains a
conserved Cys-Xs-Cys-X,-Cys iron-sulfur-binding sequence, is
part of a completely different group of 12-kDa [2Fe-2S] FD,
which the includes y-purple bacterium Pseudomonas putida,
the photosynthetic bacterium Rhodobacter capsulatus, and
Caulobacter crescentus (Fig. 9) (5, 28). Interestingly, this clade
did not include the 12-kDa FD of mitochondria (data not
shown). These results suggest that the 7. vaginalis FD gene did
not share a close ancestor with the amebic and giardia FD
genes.

DISCUSSION

The apparent absence of homologs in more eukaryotes lim-
its the certainty with which we may identify the lineages that
gave rise to the fermentation enzymes now present in various
eukaryotic and eubacterial organisms. More definitive resolu-
tion of these gene trees would be possible if candidate protozoan
representatives could be compared to two or more significantly
differentiated clades. Instead, the available comparisons permit

the less definitive conclusion that the fermentation genes from
these amitochondriate protozoa do not themselves comprise
groups whose common history can be verified by phenetic or
cladistic means. Genes which could serve as appropriate out-
groups, while not needed to reconstruct unrooted trees by the
means that we have used, would therefore considerably aid in
identifying the evolutionary history of these enzymes.

The argument for the bacterial origins of the E. histolytica
fermentation genes may be summarized as follows.

(i) The sequences of the E. histolytica POR, FD, ADHE,
ADHI1, and ADH3 are all more similar to those of bacteria
than to those of other amitochondriate protozoan parasites,
suggesting that these genes derive by horizontal transfer from

[4Fe4S]

=1 :MGKITIVNIDOGVACHAGSGTCFRSVLEVND . . HVETKNPDI
Mb :  PAT--A-B-BQ-|1-VDH- -NDAITLDEEKGIAVVDN--
Mtl: MPAL--A-B-84-I4-VDH--SEAITLDEEKGIAVVDQ-H-
MC2: MVAK--V-L-rd-+4-VDH--PAAISL-~D.GIATVDESH-
Cts:  AHIIT-§-IS - -VEATHEGT . . GKYEVDA~TH]
Pe :  MHVIS | 1-hs{-rGar-BcE. . . TRYWWT-4-]
Bm :  AYKIT-B-T4-|4-AD]--WEATSEGS. .IY--DEAL [
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Pa : AY-IN-4-f <P IQEGS. . IYA-.DA-§-
Rr :  AYKIEE]-I NAL-QG-. . TIFVV-A-T|-
Cpe:  AYKIL-7+44 --WDAISQG- . . TQFVIDA-1-|
Cpa:  AYKIA- --WNAZSQG- . . STFVIDA-T-
cb:  AP-IN-9+4-9 H--W/-AITQG-. . TQFVIDA-T-
ca:  AY-INEA-3-}--PPH--WDAISQG-. . SRYVIDA-T-
cse: AY-IN-4-I PH--UNAITAG- . . DKYVIDAAT)

FIG. 7. Alignment (single-letter code) of the E. histolytica (Eh) FD (Gen-
Bank accession no. J03970) with the 6-kDa FD of Methanosarcina barkeri (Mb;
PIR FEMZB), M. thermophila 1 and 2 (Mt1 and Mt2; PIR A42960 and GenBank
accession no. M83188), C. thermosaccharolyticum (Cts; PIR FECLCT), P. elsdenii
(PIR FEME), Butyribacterium methylotrophicum (Bm; PIR JU01216), Clostrid-
ium sp. (Csp; PIR FECLCE), R. rubrum (Rr; PIR FEQFR), Clostridium perfrin-
gens (Cpe; PIR J1X0144), Clostridium pasteurianum (Cpa; PIR FECLCP), Clos-
tridium butyricum (Cb; PIR FECLCB), Peptostreptococcus asaccharolyticus (Pa;
PIR FEPE), Clostridium sticklandii (Cst; PIR S36791), Clostridium acidiurici (Ca;
PIR FECLCU), and Clostridium thermocellum (Ctc; PIR A24932). Dashes mark
amino acid identities with E. histolytica FD, and periods mark gaps. Vertical
boxes mark 2[4Fe-4S]-binding sites.
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FIG. 8. Fifty percent phenogram of 6-kDa FD shown in Fig. 7. Branch
lengths in this unrooted tree were derived from the ML analysis, while bootstrap
values at nodes came from NJ trees and P trees (in parentheses). Asterisks mark
nodes where either NJ or P analysis failed to identify the same bifurcating branch
in over 50% of the bootstrap replicates. For abbreviations, see the legend to Fig.
7.

a bacterium rather than from a common eukaryotic ancestor
(9, 18, 19, 27, 31, 45, 64).

(ii) Genes homologous to those that encode the E. histolytica
fermentation enzymes are absent from the genome of S. cer-
evisiae, which has been sequenced in its entirety, and have not
been identified in any other eukaryotes, including humans,
where ADH, FD, and aldehyde dehydrogenases have been
intensively studied (33, 66).

(iii) E. histolytica appears to have numerous other bacterial
genes, including those that encode two PP;-dependent glyco-
lytic enzymes, HSP60, NNT, SOD, disulfide oxidoreductases,
and possibly glyceraldehyde-3-phosphate dehydrogenase (8,
10, 13, 26, 50, 55, 68).

The G. lamblia genes encoding ADHE and FD are also
likely derived from bacteria by horizontal transfer, as they are
more similar to those of bacteria than to those of the other
protozoan parasites. Other G. lamblia genes that appear to be
derived from bacteria include the NADP-dependent glutamate
dehydrogenase and adenylate kinase, which show 57 and 36%
identities with E. coli and Zea mays chloroplast enzymes, re-
spectively (47, 65). Because there was no close bacterial match
for the G. lamblia POR, the possibility that its gene derives
from a eukaryotic ancestor, as has been previously suggested,
cannot be ruled out (1, 39, 57).

Whether bacterium-like POR genes of E. histolytica came
from a phagocytosed bacterium (endosymbiont hypothesis),
from direct transfer of plasmid DNA, or from some other
method of transfer of genetic material cannot be determined
(e.g., Toxoplasma gondii may have acquired a plastid by sec-
ondary endosymbiosis of a green alga) (18-20, 30, 59, 63).
From which bacterial lineage these E. histolytica genes may
have come is also unclear. Although an a-purple bacterium
likely donated HSP60 to the eukaryotes prior to the divergence
of the E. histolytica lineage, the E. histolytica POR, ADHE,
ADHI1, and ADH3 were no closer to those of gram-positive
bacteria than to those of gram-negative bacteria, while the E.
histolytica FD was closest to that of the archaebacterium M.
barkeri (9, 13, 31, 45, 64). This is despite the fact that most of
the E. histolytica fermentation enzymes are about as similar to
their bacterial homologs as the E. histolytica HSP60 is to its
nearest mitochondrial homolog (49% similarity with the Cu-
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89 (45)
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FIG. 9. Fifty percent phenogram of the 12-kDa FD of T. vaginalis (GenBank
accession no. A36003), P. putida (J05406), Pseudomonas sp. (E42971), C. cres-
centus (S32573), and R. capsulatus (S45612). Branch lengths in this unrooted tree
were derived from the ML analysis, while bootstrap values at nodes (in paren-
theses) came from NJ trees and P trees.

curbita sp. protein) (Fig. 2). It is thus likely that the fermen-
tation genes have not yet been sequenced of the bacterium
with which E. histolytica shares common ancestors for POR,
FD, ADHE, ADH1, and ADH3 genes.

Although E. histolytica fermentation pathways show a strong
superficial resemblance to those of clostridia (particularly with
their multiple ADH), variation in the methods of energy me-
tabolism within a particular bacterial group are great (67). This
variation makes it impossible to use biochemical similarity to
resolve bacterial phylogeny (62). Further, it does not appear
likely that the E. histolytica, G. lamblia, and T. vaginalis FD
came from the same bacterium, unless that bacterium had
multiple FD genes as has been described for Rhodobacter cap-
sulatus (six) (42). Nor does it appear likely that the E. histo-
lytica POR, ADHE, and PPFK genes came from the same
bacterium as those of G. lamblia, unless the bacterium had
multiple POR, ADHE, and PPFK genes, and different fermen-
tation genes were lost from E. histolytica and G. lamblia (3, 26,
48).

The bacterium-like genes of E. histolytica and G. lamblia are
remarkable in that they encode cytosolic proteins lacking any
sequences that might target them to an organelle (49). Indeed,
no mitochondrion- or hydrogenosome-like organelles have
ever been found in E. histolytica by electron microscopy (37).
Further, we were unable to locate any mitochondrion-like
structures by using the hydrophobic and cationic dye ruthe-
nium red 123 (unpublished data and reference 12). Other
examples of cytosolic proteins encoded by bacterium-like
genes include the S. cerevisiae ADH4 and type II aldolase and
the glyceraldehyde-3-phosphate dehydrogenase of T. vaginalis
and Euglena gracilis (36, 50, 61). Conversely, there are numer-
ous examples of horizontal transfer of eukaryotic genes to
prokaryotes (e.g., glucose-6-phosphate isomerase and fi-
bronectin III domains) (34, 50).

Previous investigators have suggested that the similarity of
amebic fermentation enzymes to those of bacteria define E.
histolytica as an “ancient” eukaryote (6, 9, 27, 39, 44, 45, 64). In
contrast, the phylogenetic analyses performed here for POR,
ADHE, ADHI, and FD (and elsewhere for SOD, PPFK, and
ADH1) suggest that the E. histolytica genes encoding fermen-
tation enzymes may have been transferred from bacteria and
therefore do not represent those of ancient anaerobic eu-
karyotes (3, 31, 50). Possible candidates for the ancient eu-
karyotic fermentation enzymes include (i) pyruvate decarbox-
ylase and ADH, which convert pyruvate to acetaldehyde and
ethanol, respectively, and (ii) lactate dehydrogenase, which
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converts pyruvate to lactate (38, 58, 66). Consistent with the
idea that the genes encoding these fermentation enzymes de-
rive from an ancestral eukaryote, pyruvate decarboxylase, lac-
tate dehydrogenase, and ADH are all cytosolic enzymes, the
sequences of which are easily distinguished from their bacterial
homologs. Remarkably, both pyruvate decarboxylase and lac-
tate dehydrogenase are absent from E. histolytica (39, 44).
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