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TABLE 1. Specific activities of mitochondrial respiratory enzymes
in oscoleces

prot
Sp act”
( ;
Assay of protein)
(mean = SD)
SDH 103 = 16
Succinate-quinone
dUQ (anacrobic) 98.9 = 12
dRQ (anaerobic) 166 = 35
Quinol-fumarate reductase (decyl rhodoquinol) 60.2 = 18
(anaerobic)
NADH oxidase 9.1+21
NADH oxidase with:
2mM KCN 73=15
100 mM malonate 44=04
2 mM KCN and 100 mM malonate 1.7=07
Ubiquinol-1 oxidase 4406
TMPD oxidase 126 =63
NADH-fumarate red: ( bic) 45.0 = 8.1
NADH-quinone reductase
dUQ (anaerobic) 21=227
dRQ ( bic) 61343

* Specific activities were obtained from at least three independently isolated
mitochondria.

min/mg, respectively. These activities were completely inhib-
ited by 2 mM KCN. Under anaerobic conditions, the specific
activity of NADH-fumarate reductase was 45 nmol/min/mg,
which was much higher than the NADH oxidase activity. The
specific activity of NADH-dUQ reductase and NADH-dRQ
reductase of complex I were determined to be 32.1 and 61.3
nmol/min/mg, respectively.

Quinone components in E, multilocularis mitochondria. To
determine which quinones act as physiological electron medi-
ators in the mitochondrial respiratory system of E. multilocu-
laris protoscoleces, HPLC analyses were performed. As shown
in Fig. 4A, the enriched mitochondrial fractions contained only
one major quinone component at a retention time (Rr) of 22.4
min. The peak fraction exhibited a characteristic absorption
maximum for RQs at 283 nm (Fig. 4B) (20). Subsequent MS
analysis confirmed that the primary quinone of the parasite
was RQq (electrospray ionization-MS m/z 848.8 [M + H]"),
The concentration of RQ,, was determined to be 0.73
nmol/mg of mitochondrial protein.

Effects of inhibitors on NADH-fumarate reductase in E.
multilocularis mitochondria. To investigate the inhibitory effect
of quinazoline (Fig. 5A) and its derivatives on the enzymatic
activities in the anaerobic respiratory system of E. multilocu-
laris mitochondria, we determined IC,, values against the
NADH-fumarate reductase activity of the enriched mitochon-
drial fraction of the parasite. We found that all of the com-
pounds inhibited the NADH-fumarate reductase activity of the
parasite to some extent. Quinazoline and its derivatives includ-
ing 6-NH,, 6-NHCO(CH=CH,), 7-NH,, 8-OH, 8OCH;,
8-OCH,CH,, and 8-OCH(CHs); exhibited ICs, values of 2.3,
21, 16, 62, 71, 48, 4,100, and 910 nM, respectively. Of the
compounds tested, the 8-OH derivative (Fig. 5B) exhibited
relatively selective inhibition against the NADH-fumarate re-
ductase activity of E. multilocularis protoscoleces compared
with the NADH oxidase activities of mammalian mitochon-
dria: the ICs, values of quinazoline and its 8-OH derivative for
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FIG. 4. (A) HPLC analysis of quinones extracted from the en-
riched mitochondrial fraction of E. multilocularis protoscoleces. De-
tailed tal conditions are described in Materials and Meth-
ods. The highest peak had a retention time of 22.4 min (arrow).

(B) Absorption of this peak was 283 nm, suggesting that it contained
an RQ. mAU, milli-absorbance units.

the NADH oxidase activities of mammalian (bovine heart)
mitochondria were 0.40 and 230 nM, respectively.

Effects of inhibitors on living E. multilocularis protoscoleces.
In order to examine the parasite-killing activities of the quina-
zoline-type compounds with different degrees of inhibitory ef-
fects against NADH-fumarate activities of E. multilocularis
protoscoleces, we performed in vitro treatment of the parasite
using quinazoline and its 8-OH derivative. The viability of the
E. multilocularis protoscolex was progressively reduced during
in vitro treatment of the parasites with 50 .M of the 8-OH
derivative, and by day 5, all the parasites died (Fig. 6). The
same compound did not have an obvious antiparasitic effect
when used at a concentration of 5 pM. On the other hand,
nonsubstituted quinazoline, which showed lower ICs, values
with the enzymatic assay, climinated the parasites on days 5
and 7 of in vitro treatment when used at 50 and 5 M, respec-
tively. Treatment with rotenone, a specific inhibitor of mito-
chondrial complex I (19), affected the viability of the parasite
in a manner similar to that of the 8-OH derivative. The anti-
echinococcal effect of nitazoxanide was relatively mild: even in
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FIG. 5. Structures of quinazoline (A) and its 8-OH derivative

(B) used for the enzyme inhibition assays and in vitro treatment of E.
multilocularis protoscoleces.
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FIG. 6. Viability of E. mulrilocularis protoscoleces

in vitro treatment with quinazoline and its 8-OH derivatives, rofenone and nitazox-

anide. Each compound was added 1o the culture medium at 5 or 50 wM. The results represent the means = standard deviations of at least triplicate

samples, DMSO, dimethyl sulfoxide.

the presence of 50 .M nitazoxanide, the viability decreased,
but it did so only gradually, and it took 13 days before all the
protoscoleces died. This compound did not affect parasite vi-
ability when used at 5 pM.

DISCUSSION

The most notable finding of the present study is that E,
multilocularis protoscoleces possess a unique mitochondrial
respiratory system that is highly adapted to anaerobic condi-
tions. Specifically, the predominant enzymatic activity in the
enriched mitochondrial fraction prepared from the parasite
protoscoleces is the NADH-fumarate reductase system, which
does not normally function in the aerobic respiratory chain of
mammals. Thus, we infer that mitochondrial respiratory sys-
tem of E. multilocularis would be a good target for the devel-
opment of novel selective antiechinococcal compounds as
demonstrated previously for other helminthic diseases (8, 21).

As early as 1957, Agosin found that E. granulosus proto-
scoleces have both aerobic and anaerobic respiratory systems
and that glycolytic inhibitors are effective against both of them,
indicating that they both depend on glycolysis (1). Subse-
quently, McManus and Smyth observed that protoscoleces cul-
tured under anaerobic conditions produce more succinate than
parasites kept under aerobic conditions, suggesting that the
parasites survive under anaerobic conditions by utilizing the
NADH-fumarate reductase system (16). Furthermore,
McManus and Smyth reported that the specific activity of fu-
marate reductase in Echinococcus protoscoleces is lower than
those of enzymes involved in the tricarboxylic acid cycle (17).
These results, however, did not establish the importance of
NADH-fumarate reductase activity in the mitochondrial respi-
ratory system of the parasite because the other enzyme activ-
ities were not analyzed.

In the present study, we focused on the enzyme activities of
the mitochondrial respiratory system of the parasite {0 deter-
mine whether the system is adapted to anacrobic conditions.
Using the enriched mitochondrial fractions prepared from E.
multilocularis protoscoleces, we showed that the activity of
NADH-fumarate reductase in the respiratory system of the
parasite is predominant compared with that of NADH oxidase,
an enzyme involved in aerobic respiration in aerobic organisms
such as mammals. Furthermore, direct measurements of com-
plex II activities in both directions (i.e., succinate-RQ reduc-

tase and rhodoquinol-fumarate reductase activities) indicated
that parasite complex II functions more favorably as a
rhodoquinol-fumarate reductase in the presence of RQ/
rhodoquinol. Thus, our results using isolated mitochondria of
E. multilocularis protoscoleces coupled with assay systems for
the determination of the parasite’s enzyme activities revealed
for the first time that the parasite mitochondria are highly
adapted to anaerobic environments.

Analyses of the quinone components of E. multilocularis
mitochondria revealed that RQ,q (Fis- 1B), whose redox po-
tential is much more negative (E,,," [midpoint potential] = —63
mV) than that of UQ,, (E,,’ = +110 mV) (Fig. 1A), was the
primary quinone component of parasite mitochondria. In
other parasitic helminths, like A. suum and Hymenolepis
diminuta, RQ is an essential component of the NADH-fuma-
rate reductase system (5, 11). In addition, van Hellemond et al.
previously demonstrated that for all eukaryotes, the relative
amount of RQ compared to the total amount of quinones
correlates well with the importance of fumarate reduction in
vivo (31). Similarly, during the development of the liver fluke
Fasciola hepatica, there is a good correlation between the qui-
none composition and the importance of fumarate reduction in
vivo (31). Therefore, RQ seems to be an essential component
of fumarate reduction in eukaryotic respiration. Although
menaguinone-related fumarate reduction in prokaryotes is
well known (33, 34), there is no evidence that menaguinone
serves this function in eukaryotes, In this study, enzyme assays
demonstrated that the mitochondria from E. multilocularis
possess NADH-fumarate activity as the predominant activity.
In addition, the NADH-dRQ reductase activity was much

igher than that of NADH-dUQ reductase, indicating that E.
mudtilocularis complex 1 may interact preferentially with RQ
rather than with UQ. Taken together, these results indicate
that, as in other metazoan eukaryotes with anaerobic respira-
tory systems, E. multilocularis protoscoleces have a unique
respiratory system that is highly adapted to anaerobic environ-
ments and in which RQin is used as the primary electron
mediator.

Spiliotis et al. recently reported that the in vitro growth of
larval E. multilocularis is more active under anaerobic than
aerobic conditions (23). Thus, our findings for the respiratory
system of E. multilocularis protoscoleces are consistent with
the observations reported previously by Spiliotis et al. Larval
E. multilocularis containing a large number of protoscoleces
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lives in host tissues, mainly the liver, surrounded by thick
connective tissues containing carbohydrate-rich laminated lay-
ers, which probably provide the parasite cells with an extreme-
ly-low-oxygen environment. Accordingly. it is not surprising
that the parasite survives in the host by utilizing an anaerobic
respiratory system.

Many anaerobic parasitic eukaryotes use the NADH-fuma-
rate pathway, which is absent in mammals (2, 3, 10, 14, 22, 29).
Therefore, this unique respiratory system is regarded as a
promising chemotherapeutic target for the development of
novel anthelminthics, as discussed in a recent review (9). In
fact, Omura et al. previously found a natural compound, na-
furedin, that is a potent inhibitor of the adult 4. sizon mito-
chondrial respiratory chain but much weaker against the mam-
malian mitochondrial respiratory chain (21). Yamashita et al.
also found that quinazoline-type inhibitors were highly effec-
tive against adult 4. suum complex I (35). Kinetic analyses
using a series of quinazoline-type inhibitors revealed that A
suum complex 1 recognizes RQ, or UQ. in different ways,
suggesting that mitochondrial complex I, which reacts prefer-
ably with RQs, could be a good target for chemotherapy. In the
present study, we also tested several quinazoline-type com-
pounds for their abilities to inhibit the anaerobic respiratory
system of E. multilocularis protoscoleces, We found that all of
the quinazoline-type compounds inhibited the NADH-fuma-
rate reductase activity of E. mulrilocularis mitochondria to dif-
ferent extents, Furthermore, these compounds exhibited
potent parasite-killing activities against E. mulfilocularis pro-
toscoleces under in vitro culture conditions. Importantly, the
nonsubstituted quinazoline, which has a higher inhibitory ef-
fect against NADH-fumarate oxidoreductase of the parasite
mitochondria than the 8-OH derivative does, exhibited the
parasite-killing activity even when used at 5 pM, whereas the
8-OH derivative did not do so at the same concentration. Such
a correlation between the enzyme inhibition and the parasite-
killing activities of these compounds suggests that the anacro-
bic NADH-fumarate reductase system of the parasite is a
promising target for the development of antiechinococcal
drugs.

Antiechinococcal drugs for chemotherapy of human AE
should target not only protoscoleces but also the germinal
layers of the E. multilocularis metacestode. The germinal layers
in the larval parasite exhibit extremely unique characteristics.
The parasite cells forming the germinal layers can differentiate
into various tissues, including brood capsules and proto-
scoleces, and at the same time, they proliferate asexually as
they remain in an undifferentiated state. This causes enlarge-
ment and, occasionally, metastasis of the lesions due to the
formation of a large parasite mass. Therefore, for chemother-
apy of AE, a complete cure cannot be achieved unless the
germinal cells of the larval parasite are eliminated. Therefore,
the mitochondrial respiratory system of germinal cells should
be further characterized to aid in the development of a novel
antiechinococcal compound(s) targeting the energy metabo-
lism of larval E. multilocularis. However, it is presently quite
difficult to obtain enough metacetode materials with homoge-
neous quality. Established methodologies for the in vitro cul-
tivation of E. multilocularis metacestodes are now available (6,
23), and they will hopefully be applicable to large-scale prep-
arations of metacestode materials in the near future.
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During the life cycle of E. multilocularis, the parasite never
undergoes active development and/or energy metabolism un-
der aerobic conditions. The larval parasite lives mainly in the
liver of intermediate host animals, whereas the adult worm
dwells inside the small intestine of the final host, both of which
are microaerobic conditions. Although the eggs of the parasite
are exposed to air, they already contain a mature infective
larva (oncosphere) waiting to be taken up by the next inter-
mediate host. Therefore, the oncosphere does not develop or
move under acrobic conditions. Taken together, these findings
suggest that the respiratory system of E. multilocularis proto-
scoleces, as characterized in the present study, could represent
the respiratory system used by the parasite throughout its de-
velopmental stages. Based on this speculation, the use of pro-
toscolex materials in the first-step screening of candidate com-
pounds by enzyme inhibition assays and subsequent in vitro
parasite-killing assays appears to be reasonable, although it
should be confirmed that the respiratory system of the E
multilocularis metacestode shares the same basic characteris-
tics with that of the protoscolex stage of the parasite. We have
already done preliminary experiments on the effects of the
compounds used in this study, including the quinazoline deriv-
ative (8-OH), against in vitro-cultured metacestodes and found
that the compounds exhibited high parasite-killing activities as
evaluated by a modified MTT assay (data not shown). These
results strongly suggest that our strategy is appropriate.

Highly effective chemotherapeutic compounds against hu-
man AE are not currently available despite the fact that the
disease can be lethal unless the patient is appropriately treated
during the early stage of the infection. Based on the findings
presented here, it appears that the anaerobic respiratory sys-
tem of E. mulilocularis, which is distinct from that of host
mammals, is a good target for the development of highly ef-
fective antiechinococcal drugs and, furthermore, that respira-
tory chain inhibitors (21, 35) are possible lead compounds for
the development of antiechinococcal drugs.
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Abstract

The anti-malarial agent atovaquone specifically targets the cytochrome he; complex and inhibits the parasite respiration. Resistance to this
drug, a coenzyme Q analogue, is associated with mutations in the mitochondrial cytochrome b gene. We previously reported atovaquone resistant
mutations in Plasmadium berghei, in the first quinone binding domain (Qo,) of the cytochrome h gene (M133] and L1448) with V284F in the
snxmmmhwdlmm However, in P, falciparum the most common mutations are found in the Qo region. To obtain a better model for
bioel | and geneti lies, we have now extended our study to isolate a wider range of P herghei resistant strains, in particular those in the
Qos. Hu:wercpnﬂfonrncw mutations (Y268N, Y268C, L271V and K272R), all in the Qo; domain. Two of these mutations are convergent (o

codon 268 (nt802-804) drug-induced mutation in P falciparum.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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The emergence of drug-resistant strains of Plasmodium
falciparum within the last few decades has caused major problems
in malaria treatment and control in many endemic countries. New
affordable drugs that target different biochemical pathways in the
malarnia parasite are needed. Atovaquone, a hydroxy-1,4,-naphtho-
quinone, is an anti-malaria that shares structural similarity with
protozoan ubiquinone, a coenzyme involved in the mitochondrial
electron transport [1,2]. It is effective against chloroquine-resistant
strains of P falciparum, and is a major component of Malarone™
(a fixed combination of atovaquone and proguanil).

This drug collapses mitochondrial membrane potential in
Plasmodium spp [3], and is suggested to act by competitive
binding with ubiquinone at the quinone binding domain of the

* Comesponding suthor. Eijkman Institute for Molecular Biology, Jalan
Diponegoro 69, Jakarta 10430, Indonesia. Tel.: +62 21 3917131; fax: +62 21
3147982,

E-mail address: smarzuki@eijkman.go.id (S. Marzuki).

1383-5769/S - se2 front marter © 2007 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/.parint.2007.12.002

quinol-cytochrome ¢ reductase of the mitochondrial respiratory
chain (bc; complex, also referred to as complex I1I). Mutations
conferming atovaquone resistance were identified in the mito-
chondrial cytochrome b (cyth) gene of P. berghei [4], P. yoelii
[51, P falciparum [6], Pneumocystis carinii [7], and Toxoplasma
gondii [8). In Plasmodium spp, 10 mutations, M1331, L1445,
1258M, F2671, Y268C/N/S, L271F/V, K272R, P275T, G280D,
and V284F had been documented, mostly located in the quinone
binding domain 2 (Qo,). Significantly, mutations affecting codon
268 (nt802-804) of the cyth gene in the Qo; domain, have been
reported also in P falciparum isolates collected from malaria-
infected individuals in Africa, associated with the use of, and in
some cases with demonstrated treatment-failure against Malar-
one [9-11], leading to the suggestion for its use as a molecular
marker for atovaquone resistance in the field isolates [12].

The two main P. berghei mutations reported previously [4],
M1331 and L144S, were all located in the quinone binding
domain 1 (Qo,); these mutations confer up to 1000-fold
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resistance in combination with V284F in the sixth transmem-
brane domain, which is adjacent to Qo site. To obtain a better
model for the biochemical and genetic studies of mutations
observed in the human P falciparum, we have now extended
our study 1o isolate a wider range of P. herghei resistant strains,
in particular those in the Qo region conferring high degrees of
resistance. Here we report four new mutations, most in the Qoz
domain, two of which are convergent to codon 268 mutations in
P. falciparum.

P. herghei ANKA strains were inoculated marapenmnully
into 10-12 week old BALB/c mice at approx 107 pa:asmzed
red blood cells/mouse. At the parasitemia level of 1-5%, the
P. berghei-infected mice were treated intraperitoneally wlth
different doses of atovaquone, between 0.5 and 14.4 mg kg™’
BW as specified in Table 1, daily for three consecutive days.
Parasites were then allowed to recover for 7 days in the absence
of the drug, before the same daily treatment was introduced for
another 3 days. This cycle of treatment was repeated until
resistance was observed, as indicated by level of parasitemia

Table |
Alovaquone-resistant isolates of P berghei
Isolates*  Atovaq M ED50° Growth rate®
challenge® (mg kg™' (correlation
(mg kg™ BW) BW) coefficient)
PHLSIL.] 144 Y268N 50 0.61 (0.96)
PbLSI2Z1 144 Y268C 52 0.86 (0.84)
PBLSI3l 144 L27TIV+ 16 1.48 (0.96)
K272R
PHESI9 144 L271V+ ND N.D
K272R
PRESII0 144 L27IV+ N.D ND
K272R
PbSK2ZAITH Previous MI1331+ 4 1.64 (0.R4)
study (4] L2TIV
PhLSI6 8 Y268N ND ND
PbLSI4 4 Y268N N.D N.D
PbLSI7 4 Y268C ND ND
PbLSIS 2 L271V+ N.D N.D
K272R
PHLSIR 1 L271V+ ND N.D
K272R
PhHL Cantrol Wild 0.01 6.05 (0.93)
type
* PHLSII-R refer to mutants derived from P berghei ANKA Leiden, while
PHESI9-10 from P. herghei ANKA Edinburgh. PhSK2A1Th d followi

two passages of a frozen PbSK2AIT resistant strain isolated in our pmmu
study [4]; Repeated sequencing confirmed the presence of M1331 and V284F in
the frozen original PBSK2AIT.

* The ions of ] indicated are those employed in the
isolation of resi by treating P. herghei-infected BALB/c mice in
wcleuol‘zd-ys of treatment and 7 days of recovery as described in the text

“ Drug resistance test was carried out by inoculating parasite isalates
intraperitoneally into the 10-12 weck old BALB/c mice, and challenging lhc
infected mice with atovaguone at daily doses ranging from 0.001 to 50 mg kg™’
RBW. Between three and four mice were used per P herghei isolate per dose of
atovaquone. Growth of parasites was determined by daily monitoring of
parasitemia for 4-6 days. The 50% Effective Dose (EDS0) and correlation
coefficient values were calculated from the growth rates of cach P berghei
isolate during the daily treatment with atovaguone, employing the Sigmoidal
Regression Wizard.

4 Growth rate is expressed as % increase in parasilemia day™!

which was monitored daily. The resistant parasites were then
reinoculated intraperitoneally into 10-12 week old BALB/c
mice to obtain enough parasites for drug resistance test (legend
of Table 1) and cryofreezing. Some isolates were further cloned
by serial limiting dilution and reisolation in mice. Ten isolates
were obtained, PbLSJI to 8 derived from P berghei ANKA
Leiden, and PbESJ9 and 10 from P. berghei ANKA Edinburgh
(Table 1). In addition PbSK2A1Tb was obtained by following
two passages of a frozen PbSK2AIT resistant line from our
previous study [4].

A region of the 6 kb mitochondrial DNA (mtDNA) of the
various P. herghei isolates (nt3368-nt5019) was amplified and
sequenced. This region spanmed the entire cyth gene and,
therefore, includes the Qo and Qo, domains associated with
atovaquone resistance mutations [4,5]. A T to A nucleotide
substitution at the first base of codon 268 (nt802) was found in
three isolates (PbLSJ1.1, PbLSJ4 and PbLSJ6), leading to
amino acid change Y268N in the Qo; domain (Table 1). Two
other isolates carried an A to G substitution at the second base of
the same codon (nt803), leading to amino acid change Y268C
(PbLSJ2.1 and PbLSI7). The remaining five isolates were all
double mutants, carrying a T to G nucleotide substitution at
nt81] and an A to G at nt815, leading 1o L271V and K272R,
respectively. PbSK2A 1Tb carried the Qo; G to A substitution at
nt399, leading to M1331, as observed in its parental PbSK2A 1T
line [4], and the T to G substitution atnt811 leading to L271V in
the Qo, domain were confirmed. Interestingly, the transmem-
brane V284F amino acid change of the parental line PbBSK2AIT
[4] has apparently disappeared during the two passages in mice.

The level of resistance of four representative isolates was
determined in vivo as described in Table 1. The EDs, for the
parental P. berghef ANKA line was found to be 0.01 mg
atovaquone kg~ ' BW, PbSJ1.1 (Y268N) showed the highest
degree of resistance, with an EDso of 80 mg kg~' BW, while
those for PbSJ2 (Y 268C) and PbSJ3 (L271V+K272R) were 5.2
and 16 mg kg™' BW, respectively. PbSK2A1Tb that had both
Qo; and Qo, mutations (M1331+ LZ}'IV) showed similar order
of resistance, with an EDs, of 4 mg kg™' BW (Table 1).

All of the mutations found in the present study are located in
Qo (Fig. 1), the ubiguinol oxidation domain of the cytochrome
h, where the electron transfer to the iron—sulphur protein, and
the consequent charge separation, results in proton transloca-
tion. This is in contrast to results of our earlier attempt to isolate
atovaquone resistance mutants of P. herghei [4], which had lead
to mutations in the Qo, domain. In the earlier study mutants
were isolated by the exposure of the P. berghei in vivo to
increasing doses of atovaquone, whereas in the present study
the parasite was challenged with repeated cycles of exposure
and recovery of single doses of the anti-malaria drug. It is
possible that the former procedure has allowed the develop-
ment of perhaps weaker Qo mutants. The latter is closer to
the situation in clinical treatment of malaria, and it is thus
of interest to observe similar Qo; mutations in field isolates of
P, falciparum(Y268S, Y268N and Y268C) [6,9,11]. Further, the
isolation of P falciparum resistant strains in vitro, by the
exposure of cultured parasites with step-wise increasing doses
of atovaquone, resulted in combinations of Qo, and Qo
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Cytoplasmic

Fig. 1. Sites of atovag i
iduss and 8 M 4

in the Qo; and Qoy domains of apocytochrome b. The apocytnchrome b of P berghei contains 376 amino acid
(boxed). Boxed “H"s are the universally conserved histidine residues that act as the axial ligands for bes heme (H78 and

H173) and hygo heme (H92 and H1R7). Shown are the four mutations identified in the present study, Y268N, Y268C, L271V, and K272R, all in the quinone binding

site 1T (Qoy) of the protein. The three aq e we

and VIB4F in the sixth d Shown in brackets are

ly [4) are indi
din P fal

d. M1331 and L1448 in the quinone binding site 1 (Qo, ),

, i.e. M1331, Y2685, Y268N, Y268C, L271F, K272R,

PI75T, GIROD, and VI84F [6,11,12] Other Plasmodium alovaquonc resistance mutations thai had been reported [5,7,8) are indicated as grey shaded residucs; in

P, ynelii these mutations are 1258M, F2671, Y268C, L271V and K27IR.

mutations (M1331 and K272R or P275T), or in transmembrane
V284K [6]. The atovaquone resistance conferred by these
mutations were between 10 and 100 times lower than that of the
field isolates carrying the Y268S mutation. The degree of
resistance correlated well with the concentration of atovaquone
used in the isolation, and may explain the absence of mutations
in codon 268 in vitro.

Amino acid residues Y268 and L271 are highly conserved,
indicating the potential importance of these residues in
maintaining the cytochrome b structure and function. Residue
272, on the other hand, is a lysine in Plasmodium spp., but is an
arginine in vertebrate proteins. Both Y268 and L271 have been
suggested to be involved in atovaquone binding in P. falciparum
cytochrome b [6]. Furthermore, in the yeast model [13,14],
residues 279 and 282, equivalent to Plasmodium residues 268
and 271, have been predicted to be involved in the binding of
atovagquone. Site-directed mutagenesis resulting in Y2798 and
L1282V in yeast (corresponding to Y268S and L271V in Plas-
maodium) indeed conferred atovaguone resistance [14].

The two codon 268 mutations found in the present study,
Y268N and Y268C, lead to significantly different degrees of
resistance (EDs, 80 and 5.2, respectively). The aromatic side-
chain of the tyrosine at residue 268 is important for the
interaction between atovaquone and its binding pocket in the
cytochrome b [13,14]; site-directed mutations in yeast that
remove the aromatic chain gave rise to atovaquone resistance,

The substitution of this large hydrophobic residue with the
smaller asparagine or cysteine would affect this interaction, and
the difference in the polarity of the side chains of the two amino
acids could explain the difference in degree of resistance
conferred.

We found in the present study that the mutation at codon 271
was always associated with either K272R or M1331. The single
mutation, L271V, may lead to a functionally defective structure
that requires compensative mutations, either in the adjacent Qo,
site, 272, or in Qo, site, 133, to restore stability. The signif-
icantly reduced growth rates of the various atovaquone resistant
mutants indeed suggest that there is some disruption of the
cytochrome b function. The mutations in the atovaquone
binding domain could for example affect also the functional
interaction between coenzyme Q and the cytochrome b. Further
biochemical analyses of the P berghei atovaquone resistant
clones are in progress to clucidate the structure functional
relationship underlying atovaguone resistance, and to examine
the fitness of the mutant strains in genetic crosses.
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A Cryptic Algal Group Unveiled: A Plastid Biosynthesis Pathway in the Oyster
Parasite Perkinsus marinus

Motomichi Matsuzaki *' Haruko Kuroiwa,t Tsuneyoshi Kuroiwa,t Kiyoshi Kita,} and
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Plastids are widespread in plant and algal lineages. They are also exploited by some nonphotosynthetic protists, including
malarial parasites, to support their diverse modes of life. However, cryptic plastids may exist in other nonphotosynthetic
protists, which could be important in studies on the diversity and evolution of plastids. The parasite Perkinsus marinus,
which causes mass morality in oyster farms, is a nonphotosynthetic protist that is phylogenetically related 1o plastid-
bearing dinoflagellates and apicomplexans. In this study, we searched for P. marinus methylerythritol phosphate (MEP)
pathway genes, responsible for de novo isoprenoid synthesis in plastids, and determined the full-length gene sequences
for 6 of 7 of these genes. Phylogenetic analyses revealed that each P. marinus gene clusters with orthologs from plastid-
bearing eukaryotes, which have MEP pathway genes with essentially the same mosaic pattern of evolutionary origin. A
new analytical method called sliding-window iteration of TargetP was developed to examine the distribution of targeting
preferences. This analysis revealed that the sequenced genes encode bipartite targeting peptides that are characteristic of
proteins targeted to secondary plastids originating from endosymbiosis of eukaryotic algae. These results suppon our
idea that Perkinsus is a cryptic algal group containing nonphotosynthetic secondary plastids. In fact, immunofluorescent
microscopy indicated that 1 of the MEP pathway enzymes, 1-deoxy-D-xylulose 5-phosphate reductoisomerase, was
localized to small compartments near mitochondrion, which are possibly plastids, This tiny organelle seems to contain
very low quantities of DNA or may even lack DNA entirely. The MEP pathway genes are a useful tool for investigating
plastid evolution in both of the photosynthetic and nonphotosynthetic eukaryotes and led us to propose the hypothesis

that ancestral “chromalveolates™ harbored plastids before a secondary endosymbiotic event.

Introduction

“Plastids™ are intrinsic organelles in plants and algae,
but gaps remain in our knowledge regarding their diversity
and distribution. Plastids originally arose from endosymbi-
otic cyancbacteria and are now involved in processes includ-
ing photosynthesis and other biochemical processes in plant
cells. Among the protists, several lines of algae or plastid-
bearing eukaryotes (PBEs), such as giant kelp and diverse
bloom-forming algae are known. Furthermore, intracellular
parasites of the phylum Apicomplexa, including the malarial
parasite, have been recently shown to harbor nonphotosyn-
thetic but essential plastids (Wilson 2005). In a very recent
environmental sequencing study, a distinct group of PBEs,
the picobiliphytes, were discovered (Not et al, 2007). Thus, it
seems very likely that unknown PBEs still exist.

On the basis of their deduced evolutionary history,
plastids can be divided into 2 classes: primary plastids with
2 bounding membranes, which are direct descendants of en-
dosymbiotic cyanobacteria, and secondary El::]uds with
more bounding membranes, which originate past en-
gulfed eukaryotic algae (Bhartacharya et al. 2004). Because
secondary plastids remain “outside™ with regard to mem-
brane topology, proteins targeted to these compartments
must be transported via a secretory pathway; they must con-
tain an N-terminal bipartite targeting peptide, composed of
a signal peptide (SP) to lead the polypeptide to the endo-
plasmic reticulum (ER), and a subsequent transit peptide
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(TP) to deliver the mature protein into the plastid lumen
(van Dooren et al. 2001). Secondary PBEs are scattered
over the protist phylogeny; however, it has been proposed
that members of the so-called chromalveolate group, which
consists of diatoms and other stramenopiles, haptophytes,
cryptophytes, dinoflagellates, and apicomplexans, ances-
trally contain secondary plastids of a single red algal origin
(Cavalier-Smith 1999). Several lines of “evidence” support
the “chromalveolate™ hypothesis (Fast et al. 2001; Yoon
et al. 2002), but critics note that the hypothesis assumes
too many independent losses of plastids (Body! 2005). Thus,
a better understanding of plastid distribution in the basal
chromalveolates is desirable to address these criticisms.
Perkinsus spp. are marine unicellular protists with
a worldwide distribution that attack a wide range of mol-
lusks, including clams and abalones, causing mass mortal-
ity (Villalba et al. 2004). Perkinsus marinus is the most
notorious species of the genus because it parasitizes the
eastern oyster Crassostrea virginica and has heavily im-
pacted oyster fisheries and hence coastal water quality in
the United States (Villalba et al. 2004). Molecular phylo-
genetic data have shown that this species is a basal chro-
malveolate derived from the ancestral dinoflagellates just
after the split from apicomplexans (Cavalier-Smith and
Chao 2004; Leander and Keeling 2004; Adl et al. 2005);
thus, examining P. marinus for the existence of ancestral
secondary plastids is of interest. Although electron micros-
copy (EM) observations have revealed no signs of plastids
(Perkins and Menzel 1967; Perkins 1976, 1996; Sunila et al.
2001), 2 quite recent studies have suggested that Perkinsus
spp. contain secondary plastids; P. marinus was shown to
possess genes for a plant-type ferredoxin system that
possibly encode plastid-targeting signals (Stelter et al.
2007) and an EM observation indicated a tiny organelle
bounded by 4 membranes in Perkinsus olseni (=Perkinsus
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atlanticus) (Teles-Grilo et al. 2007). However, gene se-
quence or morphology in itself cannot prove the existence
of vestigial plastids; at the least, localization data should
be presented in order to confirm the presence of plastids.

Genome sequencing has revealed that biosynthesis of
isoprenoid precursors is a key metabolic role of both pho-
tosynthetic (Matsuzaki et al. 2004; Derelle et al. 2006) and
nonphotosynthetic (Gardner et al. 2002, 2005) plastids. Iso-
prenoids are a diverse and versatile group of compounds
including sterols, carotenoids and other terpenes, and the
side chains of quinones and chlorophylls. Isoprenoids are
all derived from isopentenyl diphosphate and its isomer,
both of which are synthesized by the methylerythritol phos-
phate (MEP) pathway in plastids but the mevalonate
(MVA) pathway in the cytosol of many eukaryotes, includ-
ing higher plants and animals (Rodriguez-Concepcién
2004). It has been suggested that in eukaryotes the MEP
pathway only exists in PBEs, with a discussion of the evo-
lutionary origins of the genes based on the orthologs of higher
plants and several bacteria, although only 5 out of 7 MEP
genes were known at the time (Lange et al. 2000). Many
eukaryotic hﬁl’m have been sequenced since then, and
to date the way genes have found to be specific
to PBEs and would seem to be necessary for most given
that they lack the MV A pathway genes; thus, it seems that
the MEP pathway is a specific feature of plastids, photosyn-
thetic, or otherwise. Therefore, the 7 MEP pathway genes
(shown in fig. 1) would be good molecular markers for
the study of plastid distribution and evolutionary histery;
however, 1o the best of our knowledge, no prior studies have
involved the widespread sampling of PBEs.

A preliminary database of the P. marinus genome at
The Institute for Genomic Research (TIGR) contains partial
sequences of the MEP pathway genes (the existence of
ispC, ispG, and ispH has already been discussed by Stelter
et al. [2007)). In this study, we attempted to clone full-
length MEP pathway genes of P. marinus to elucidate
the evolution of secondary plastids by phylogenetic analyses.
A new analytical method for investigating protein sorting
signals was also developed to compare signals berween
genes. Finally, immunofiuorescent microscopy was per-
formed to demonstrate the existence of plastids in P. marinus.

Materials and Methods
Culture Conditions

Perkinsus marinus strain CRTW-3HE was obtained
from the American Type Culture Collection (number
50439; ATCC, Manassas, VA) and maintained at 26 °C in
ATCC Medium 1886. Discontinued products for the medium
components were substituted as follows during the course
of the study: Instant Ocean Sea Salt (Aquarium Systems,
Mentor, OH) for artificial seawater (S1649; Sigma, St Louis,
MO) and Lipid Mixture (10003x; L5146; Sigma) for Lipid
Concentrate (100x; 21900-014; Gibco, Grand Island, NY).

Sequencing MEP Pathway Genes

Total RNA was extracted from cell pellets using TRI-
zol Reagent (Invitrogen, Carlsbad, CA), and the mRNA
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Fio. 1.—The MEP pathwsy and responsible genes in Perkinsus
marinus, The flowchan on the left shows the compounds and reactions
involved in the MEP pathway, with the name of the gene responsible and
an Enzyme Committee number listed for each reaction. Compounds are
abbreviated as follows: pyr, py GA3JP, glyceraldehyde 3-phosph
DXP, 1-deoxy-D-xylulose 5-phosphate; MEP, 2-C-methyl-D-erythritol 4-
phosphate; CDP-ME, 4-diphosphocytidyl methylerythritol; CDP-ME-2P,
CDP-ME 2- ; ME-cPP, methylerythritol 2.4-cyclodiphosph
HMBPP, 1-hydroxy-2-methyl-2-butenyl 4-diphosphate; IPP, i i

iphosphate: and DMAPP, dimethylallyl diphosphate. On the right ar
b s of the afer e ol

mferred structures of MEP
enzymes in P. marinus, Neterminal extensions that were putatively
mofsr(&wmh)mnmmmlmm
a transmembrane region (filled) were located next to the regions that were
homologous to each enzyme's bacterial counterpart (shaded). The gene for
the third step, an ispD ortholog, is unidentified and indicated by a box with
dotted edges. The scale is indicated st the top of the figure.

was enriched using the PolyATtract mRNA Isolation System
III (Promega, Madison, WI). Complementary DNA was syn-
thesized using the CapFishing Full-length cDNA Premix Kit
(Seegene, Seoul, Korea) with random hexamers or the oligo
dT adapter as a primer. Reverse transcriptase—polymerase
chain reaction and rapid amplification of cDNA ends were
performed using PrimeSTAR HS DNA polymerase (Takara
Bio, Tokyo, Japan) and the primers lisied in supplementary
table S1 (Supplementary Material online). Polymerase chain
reaction products were purified using Wizard SV Gel and
PCR Clean-Up System (Promega) and then cloned with
the ZeroBlunt TOPO PCR Cloning Kit for Sequencing (Invi-
trogen). Inserts were sequenced using vector-specific or gene-
specific (shown in supplementary table S1, Supplementary
Material online) primers. Full-length sequences have been
deposited in DDBJ/EMBL/GenBank under the accession
numbers AB284361-AB284366 (shown in supplementary
table 53, Supplementary Material online). All experiments
described here were performed according to the manufac-
turers’ instructions. The amino acid sequences were inferred
from the most upstream ATG with the universal codon table.

Phylogenetic Analysis

All possible MEP pathway orthologs for bacteria for
which complete genome sequences were available as of 1
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November 2006 were retrieved from the National Center
for Biotechnology Information Refseq database. Very large
multiple sequence alignments were constructed using
MUSCLE 3.6 (Edgar 2004) and then 50 bacteria were cho-
sen (supplementary table 52, Supplementary Material on-
line) based on the alignments to retain at least a single
species for each bacterial phylum and to eliminate species
with organism-specific indels when possible. Amino acid
sequences for 8 eukaryotes were deduced based on the
sequenced genome databases (supplementary table S3,
Supplementary Material online). Data marrices were con-
structed as follows: structure-based alignments were created
for bacterial using the Expresso (Armougom
et al. 2006) Web service (http://www.icoffee.org/), then
eukaryotic sequences were added using ClustalX 1.83
(Thompson et al. 1997), and the results were manually re-
fined and sites chosen for analysis. Although the Expresso
Web service was used, ispG and ispH alignments were con-
structed by conventional methods because no suitable struc-
tural data were available for these genes. First, maximum
likelihood (ML) trees were inferred with a WAG substitu-
tion matrix (Whelan and Goldman 2001) using Phyml 2.4.4
(Guindon and Gascuel 2003) with bootstrap values (100
replications), and distant problematic bacterial sequences
(underlined in supplementary table S2, Supplementary
Material online) were eliminated. Final ML trees were then
inferred within additional operational taxonomic units
(OTUs) for dinoflagellates and haptophytes, which have
been obtained and synthesized from expressed sequence
tags (EST) (source organisms and the original accession
numbers are shown in the supplementary table S3, Supple-
mentary Material online). A]nmmplexan orthologs were ex-
cluded because they contain a vast number of changed or
inserted residues, making it difficult to robustly infer phy-
logeny. In fact, trees drawn to include them resulted in plac-
ing them at deeper branches, disturbing tree topology, or
reducing statistical support to greater or lesser degrees (data
not shown),

Targeting Presequence Analysis

The N-terminal extensions of the translated amino acid
sequences for each MEP pathway gene were examined us-
ing SignalP-HMM (Nielsen and Krogh 1998; Bendtsen
et al. 2004) for SP and SOSUI (Hirokawa et al. 1998)
forthe transmembrane region. The distribution of protein sor-
ing signals was examined using newly developed sliding-
window iteration of TargetP (SWIT) analysis. Amino acid
sequences were inferred from the first in-frame start co-
don, and subcellular localization was predicted by
subminting the first 130 residues to the TargetP server

(http://www.cbs.dw.dk/services/TargetP/) (Nielsen et al.

1997, Emanuelsson et al. 2000); this was then repeated
successively after eliminating the first residue from the
N-terminus of the previously analyzed amino acid
sequence (ie., sliding a 130-residue window with a 1-
residue step), Iterations were performed using the newly
developed Ruby script, facilitated by the BioRuby library
(hutp://www.bioruby.org/) (Goto et al. 2003), TargetP
yields scores for SP, mitochondrial TP (mTP), chroloplast
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TP (cTP), and an other category for each iteration. The
4 scores were plotted with window positions on the ¥
and x axes. Two superoxide dismutase genes, PmSODI
and PmSOD2 (AY095212 and AY095213, respectively),
were used for comparison (Wright et al. 2002).

Antibody

Rabbits were immunized with 2 synthesized pep-
tides, TATVEDALKHPNWS and YTLAYPQRLHHDGS,
which were partial fragments of the deduced ispC peptide
sequence, A fraction of IgG (270 pg/ml) from the sera was
obtained by affinity purification using the peptide cocktail
to capture specific antibody. Recombinant ispC protein (with
an N-terminal 6 x His tag) lacking the predicted bipartite tar-
geting peptide was expressed in Escherichia coli BL21-Al
(Invitrogen) and was purified using HisTrap FF crude
(GE Healthcare, Little Chalfont, Buckinghamshire, UK).
We discovered that the cytosolic fraction of P. marinus
contained a protein that nonspecifically reacted with nor-
mal rabbit IgG (Santa Cruz Biotechnology, Santa Cruz,
CA); therefore, all antibodies were first adsorbed with
proteins from the cytosolic fraction of P. marinus that were
obtained by precipitation with 50-70% saturated ammonium
sulfate,

Centrifugal Fractionation

Cells were collected by centrifugation (200 x g for
5 min at ambient temperature), washed with phosphate-
buffered saline (PBS), resuspended in 50 mM N-2-hydrox-
yethylpiperazine-N'-2-ethanesulfonic acid buffer (pH 7.4)
supplemented with protease inhibitor cocktail (Complete;
F. Hofmann-La Roche, Basel, Switzerland), and disrupted
by sonication on ice. The homogenate was subj to dif-
ferential centrifugal fractionation at 4 °C and divided into
4 fractions: 200 x g sediment (5 min), 2,000 x g sediment
(10 min), 20,000 = g sediment (15 min), and the superna-
tant. The 20,000 x g sediment was incubated for 30 min at
4 °C in buffer containing 0.5% Triton X-100 and was then
centrifuged at 20,000 x g for 15 min. All fractions were
subjected to western blotting performed according to the
following protocol: proteins separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (10% gel) were
transferred to PVDF membrane (Immobilon-P; Millipore,
Billerica, MA), membranes were blocked for 1 h in block-
ing buffer (3% bovine serum albumin and 0.05% Tween
20 in PBS), and primary antibody (1:1000 dilution of
the affinity-purified auubody) was added for | h. Next, al-
kaline ju Goat Anti-Rabbit IgG (Fc)
(Promega S3731) in blocking buffer (1:7500) was added for
1 h and then the blots were developed by addition of BCIP/
NBT Color Development Substrate (Promega S3771).

Immunofluorescent Microscopy
Cells were incubated for 30 min in culture medium

containing 200 nM CMXRos (MitoTracker Red; Invitrogen
M7512), washed for 15 min, and then fixed for 30 min at
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—20 °C with 4% (w/v) paraformaldehyde in 85% (v/v)
methanol. Fixed cells were washed with PBS and then
mounted on Matsunami adhesive silane—coated slides
(Matsunami Glass Industries, Kishiwada, Japan) and air
dried. The slides were blocked for 1 h with BlockAce
(Dainippon Sumitomo Pharma, Osaka, Japan) containing
4 pg/ml normal goat IgG (Santa Cruz Biotechnology), la-
beled for 1 hr with a 1:1000 dilution of affinity-purified an-
tibody, and then incubated for 1 h with 1:400 dilution of
Alexa Fluor 488 Goat Anti-Rabbit IgG (H + L; Invitrogen
A11008) in Can Get Signal immunostain Solution A (Toyo-
bo, Osaka, Japan). After counterstaining with 1 pg/ml
4’ 6-diamidino-2-phenylindole (DAPI), the slides were ob-
served under an epifiuorescence microscope (Olympus
BX60) equipped with cooled digital color camera (Olym-
pus DP70). For negative control experiments, the affinity-
purified antibody was omitted or substituted with the same
concentration of normal rabbit IgG.

Results
MEP Pathway Genes

We first searched for MEP pathway genes using a sim-
ilarity search service at the P. marinus genome database of
TIGR (hup://www.tigr.org/tdb/e2k]/pmg/) using red alga,
green alga, and apicomplexan homologs as queries for each
gene (identifiers are shown in supplementary table 53, Sup-
plementary Material online). Irrespective of species used as
queries, all homologs resulted in the same significant hits:
single contigs for dxs, ispC, ispE, and ispF and 2 contigs for
ispG and ispH. For the lauter genes, the hits were located
at the termini of contigs and were assumed to be single
genes astride contig gaps. Thus, all these genes were
thought to exist only in single copy. In contrast, MVA path-
way genes were not found when we searched for them in
a similar fashion.

Six out of 7 MEP pathway genes (fig. 1) were then
sequenced in their entirety using gene-specific primers de-
signed based on the contig sequences. No homolog of the
gene responsible for the third step, ispD, was found in the
database, and an attempt to amplify the gene using degen-
erate primers failed. Untranslated regions were short, 19-45
and 15-97 nt for the 5’ and 3' ends, respectively.

Evolutionary Origin and Relationships

To investigate the evolutionary origin of the se-
quenced MEP pathway genes, we performed phylogenetic
analyses using PBEs and a wide range of bacteria. The dxs
ortholog of P. marinus clusters with those of PBEs, and
they form a clade with the alpha-proteobacterial counter-
parts with 100% bootstrap support, which is independent
of cyanobacterial orthologs (fig. 2). The ispC orthologs
of P. marinus and PBEs form a clade with the cyanobacte-
rial orthologs with 100% bootstrap support (fig. 3). For the
ispE tree, eukaryotic orthologs, including that of P. marinus
and chlamydial counterparts, form a weakly supported
(76%) clade (fig. 4). The ispF ortholog of P. marinus clus-
ters with those of PBE with weak bootstrap support (58%),
but the clade has failed to show a relationship with specific

Chlamydophila felis
Chlamydophila ebortus

Fig, 2.—Unrooted ML tree for dxs (log likelihood= ~35,861.100656)
constructed using with WAG substitution matrix, based on a matrix
comprising 55 OTUs and 497 sites. OTU names in sans serif indicate they
are eukaryotic orthologs, and the bold arrow denotes the Perkinsus marinus

nolog. Haptophyta OTU is a synthetic seq posed of Emiliania,
Isochrysis, and Pavigva ESTs (supplementary table S3, Supplementary
Material online) and lacks 23% of sites. H psa OTU is alsoa syntheti
sequence derived from ESTs and lacks 6% of sites. Cyanobacterial (Cya)
and alpha-proteobacterial (4-Pro) omhologs are indicated. Numt
adjacent to the nodes indicate b p support (100 replicates), and
values below 50% have been omitted. The scale bar indicates the number of
substitutions per site.

bacteria (fig. 5). This is probably because of the shorter data
matrix (104 sites), corroborated by poor phylogenetic res-
olution of the overall tree. For the ispG tree, the P. marinus
ortholog and eukaryotic orthologs other than those from red
algae form a clade with the chlamydial orthologs with
100% bootstrap support, whereas red algal orthologs form
another clade with the cyanobacterial orthologs (fig. 6). The
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Fi6. 3 —Unrooted ML tree for ispC (log likelihood = —25,588.615193)
constructed Phyml with WAG substitution matrix, based on a marrix
comprising 55 s and 337 sites. Haptophyta and Dinophy OTUs
are syntheti d of Emiliania and Isochrysis ESTs, and
Alexandrium and Cwmmdm.‘um ESTs (supplementary uble 53,

Suppl Y line), and hl:k 13% and 31% of sites,
respectively. Cyanob ial (Cya) orthologs are indicated. See also the
legend of figure 2.

ispH orthologs of P. marinus and PBEs form a clade with
the cyanobacterial orthologs with 100% bootstrap support
(fig. 7). All these results indicate that each of P. marinus
orthologs clusters with the corresponding PBE orthologs;
thus, the P. marinus orthologs are unlikely to have been
independently transferred from bacteria.

Some of the P. marinus orthologs showed weak phy-
logenetic affinity to the dinoflagellate orthologs. The dxs
ortholog formed a highly supported clade with the dinofla-
gellate Heterocapsa (fig. 2). The ispC ortholog formed

A Plastid of Perkinsus marinus 1171

Silicibacter
Sinorhizobi

Fio. 4 —Unrooted ML tree for ispE (log likelihood = - 16,236.630250)
Phyml with WAG substitution matrix, based on & matrix
's and 175 sites. Emiliania and Karlodinium OTUs are
partial sequences derived from ESTs (suppl y table 53, Sup
tary Material online), lack 50% and 54% of sites, respectively, and do not
overwrap; therefore, it could be an anifact that they form a clade although
with a high bootstrap value (B8, as indicated in parentheses). Cyanobacterial
(Cya) and chlamydial (Chl) orthologs are indicated. See also the legend of
figure 2.

a clade with a synthetic dinoflagellate OTU with <50%
bootstrap support (fig. 3). Additionally, when a short se-
quence (105 sites) from the dinoflagellate Amphidinium
ortholog was included in the ispG analysis, it was sister to
the Perkinsus ortholog but with weak support
(54%). However, bootstrap supports for the adjacent nodes
became weak, possibly due 1o the short dinoflagellate se-
quence (data not shown). The statistical weakness seems at-
tributed to missing data derived from using partial ESTs of
the dinoflagellate orthologs. In fact, the dxs tree, which has
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Chlamydomonas
. Oryza
2 Arabidopsis
Galdieria
2 Cyanidicschyzon
Alexandrium
57L__r Thalassiosira
2 Phaeodactylum
Perkinsus  4mm
Thermus
Acidobacteria
Rhodopirellula
Campylobacier
Aquifex
) Helicobacter
Xylells
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wor o

Fio, 5.—Unrooted ML tree for ispF (log likelihood = —7,405,683963)
constructed using Phyml with WAG substitution matrix. based on & matrix
cwrprisinsﬂ)olmund 104 sites. Alexandrium OTU is a partial sequence

FIG. 6 ~Unrooted ML tree for ispG (log
constructed using Phyml with WAG substitution matrix, based on a matrix
comprising 55 OTUs and 344 sites. Emiliania OTU is a synthetic sequence

likelihood = —21,369.78023)

derived from ESTs (supplementary table 53, Suppl y Misterial online)
and lacks 11% sites. Cyanobacterial (Cya) orthologs are indicated. See also
the legend of figure 2.

the strongest support, has the lowest amount of missing data
(6% of sites) in the dinoflagellate ortholog. Therefore,
the strength of this phylogenetic model may improve if
full-length sequences become available. Reliable, relation-
ships for ispE and ispF orthologs of P. marinus were not re-
solved, and this was probably due to long-branch attraction or
the shorter data matrix (figs. 4 and 5). The ispE tree (fig. 4)
shows a highly supported close relationship between ortho-
logs of the haptophyte Emiliania and the dinofiagellate
Karlodinium. Although Karlodinium has a tertiary plastid
derived from haptophytes, the close relationship should
not be interpreted as a result of endosymbiotic gene transfer,

derived from ESTs (supplementary table 53, Supplementary Material

bndad &

online). Amphidinium OTU was it was derived from
2 short EST and lacked 70% of sites; however, it was sister 1o the Perkinsus
oﬂhdoguﬂhweak[ﬂ%]bommppmuhmitmimlndadmme
matrix. Cyanobacterial (Cya) and chlamydial (Chl) onthologs are indicated
See also the legend of figure 2.

but rather as an artifactual grouping of stray OTUs, because
these 2 OTUs are derived from partial ESTs and have no
overwrap on the sequence alignment. To summarize, in total,
the MEP pathway genes of P. marinus have weak phyloge-
netic affinity to those of dinoflagellates, and this likely shows
that the MEP pathway is descended from the common ances-
tor of P. marinus and dinoflagellates.

The present phylogenetic trees indicate that the MEP
pathway genes of PBEs and P. marinus have essentially the
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Fio, 7.—Unrooted ML tree for ispH (log likelihood = —18,623.672548)
construcied osing Phyml with WAG substitution matrix, based on a
mairix comprising 60 OTUs and 230 sites, Haptophyn OTU is a
muhedcu@an‘mcmpmedur&dﬁmhmﬂ?mﬂm ESTs
(supplementary table S3, Supplementary Material online) and lacks
10% of sites. Cyanob ial (Cya) orthologs are indicated. See also
the legend of figure 2.

same pattern of mosaic origins in Cyanobacteria, Proteo-
bacteria, and Chlamydia (table 1). In PBEs, dxs (fig. 2)
and ispE (fig. 4) had a sister relationship with the proteo-
bacterial and chlamydial orthologs, respectively, whereas
ispC and ispH seemed to be derived from Cyanobacteria
(figs. 3 and 7). A chlamydial origin was also observed
for ispD orthologs (supplementary fig. S1, Supplementary
Material online). The evolutionary origin of ispF remains
unclear, probably owing to insufficient informational sites
being used (fig. 5). However, only red algae had cyanobac-
teria-like ispG orthologs, and P. marinus and other PBEs
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Table 1
Shared Maosaic Origins of MEP Pathway Genes
du  gpC  ispD pE  ispF  ispG  ispH

Green plants pro  cys chl chi? # chl cya
Red algae pro  cys chl chl? # cya cya
Diatoms pro  cya chl chl? # chl cya
Haptophytes po cyan chl  ch? — chl cya
Dinoflagellates pro  cya chl chi? # chl? —
Perkinsus po  cya — chi? # chl cya

Nore.—chl, chlsmydis: cya, pro, a-protecbacteria; —, not
found: 7, suppored with weak bootstrap values; and #, monophyletic but showing

no clear relationships.

harbored genes that were closely related to their chlamydial
counterparts (fig. 6). This difference is not a phylogenetic
artifact because there were long and well-aligned insertion
sequences that were shared with PBEs other than red algae
and Chlamydia (supplementary fig. 2, Supplementary Ma-
terial online). The present phylogenetic analyses demon-
strated that P. marinus and all PBEs analyzed here, with
a curious exception of red algae, obtained their MEP path-
way genes from an identical source.

Targeting Presequence and Subcellular Localization

The inferred amino acid sequences of the 6 MEP path-
way genes in P. marinus have obvious N-terminal exten-
sions relative to their bacterial homologs (fig. 1).
N-terminal extensions often function as targeting prese-
quences to deliver the peptide into certain subcellular com-
partments (e.g., ER, mitochondria, and plastids). First,
SignalP predicted that all genes would have SPs (fig. 1;
supplementary fig. S3, Supplementary Material online),
although the probability of cleavage was not very high.
Each predicted SP indicated an abnormally long (10-20
residues) hydrophilic n-region, but h- and c-regions were
normal (supplementary fig. S3, Supplementary Material on-
line). Because elimination of a few residues from the N-ter-
mini of the n-regions greatly improved the cleavage
probability (data not shown), we consider that SPs with mi-
nor modification exist and they are likely cleaved off. The
cleavable SP indicates that the MEP pathway enzymes are
wrafficked via the secretory pathway. However, TargetP pre-
dicted that all MEP pathway orthologs (except dxs) would
be targeted to mitochondria. A lesson learned from the Sig-
nalP result is that simple predictions using full-length se-
quences may yield dubious results if the organism under
question is distantly related to organisms after which the
predictor has been modeled. Therefore, the need exists to
monitor trends and the robustness of results obtained by
TargetP analysis to better understand whether the mito-
chondrial targeting was significant and to further investi-
gate the characteristics of the N-terminal extension.

We developed a new method of exploiting TargetP in
order to robustly examine the distribution of targeting pref-
erences. The method iteratively invoked TargetP with a slid-
ing 130-residue window from the N-terminus; thus, we
named the method SWIT. Figure 8 shows the SWIT results
for the MEP pathway genes and 2 P. marinus superoxide
dismutases, PmSOD1 and 2 (Wright et al. 2002). For
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example, for dxs, a prediction with the first 130 residues
yielded scores of 0.002, 0.062, 0.165, and 0.064 for
¢TP, mTP, SP. and others (y intercepts for green, blue, yel-
low, and gray lines), respectively; this is equivalent to the
simple TargetP prediction using the full-length sequence.
As the window slides downstream, the SP score increases
up to 0.393 and then decreases to near zero. Although the
first result (y intercept) alone, or the simple TargetP predic-
tion, seems rather unreliable, we recognize that the N-
terminal region likely has SP preference (yellow arrow).
As the window slides along, a significant prominence for
cTP appears (green arrow) in the vicinity of the predicted
SP cleavage site (vellow triangle). The MEP pathway genes
shared this characteristic SWIT trend, that is, a peak in the
SP score at the N-terminal region and a subsequent increase
in the TP score. The trends seem to suggest that these en-
zymes are localized 1o secondary plastids because an N-
terminal bipartite (SP + cTP) presequence is a characteristic
feature of proteins of secondary plastids (van Dooren et al.
2001). Thus, we hypothetically considered residues be-
tween the N-terminus and the predicted SP cleavage site
and between the SP cleavage site and the most downstream
predicted site for cTP cleavage (green triangles) as putative
SP and cTP, respectively.

One issue is that all aforementioned genes, except dxs,
have considerable mTP scores at the y intercepts (fig. 8),
which comrespond to the simple TargetP results (see above).
Both PmSODI and 2 also have high mTP scores at their N-
termini, similar to the 5 MEP pathway genes (fig. 8); how-
ever, PmSOD2 localizes to an unknown, nonmitochondrial
compartment, whereas PmSOD]1 localizes to the mitochon-
dria (Schott and Vasta 2003). According to the SWIT result,
the mTP score for PmSOD1 is maintained along the N-ter-
minal extension, and this corresponds to its mitochondrial
localization; however, the score for PmSOD2 rapidly de-
clines and SP and subsequent cTP preferences appear alter-
natively. Given that SP and cTP preferences do not appear
for PmSODI, they can be used to discriminate localization
to a compartment other than the mitochondria; additionally,
a high mTP score art the N-terminus has no biological sig-
nificance when there are significant SP and ¢TP preferen-
ces. The MEP pathway genes share the SP + cTP feature
with PmSOD2; thus, the MEP pathway genes appear to
have protein sorting signals that are characteristic of pro-
teins targeted to secondary plastids and to be localized to
a compartment other than the mitochondria.

The predicted TP regions suggested by SWIT analysis
were further examined in comparison to the TPs of PBEs.
The predicted regions were overall hydrophilic and with
a net positive charge, as in PBEs, resulting from depletion
of acidic residues (5.3% compared with 12.9% in the ho-
mologous region) and accumulation of hydroxylated resi-
dues (especially Ser; 16.2% compared with 6.4%) and
positive-charged residues (especially Arg; 7.1% compared
with 5.2%). All but ispF were shown to possess Phe resi-
dues in a hydrophobic context in proximity to the SP cleav-
age site, and a single ransmembrane helix followed by an
Arg-rich region within the TP region (fig. 1; supplementary
fig. $3, Supplementary Material online). This feature re-
sembles a similar feature in the class I TP of peridinine di-
noflagellates, and no apicomplexans reported so far harbor
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Fic. 8.—SWIT results showing the diswribution of targeting
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analysis; light blue, sites for mitochondrial TP (only for PmSODI1); and
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region is shown in gray on each plot.

the transmembrane helix (Patron et al. 2005). No hydropho-
bic regions were predicted for ispF or PmSOD2, which
makes them similar to the class Il TP on the other hand
(Patron et al. 2005). Collectively, the predicted TP regions
resemble those of the peridinine dinoflagellates with respect
to physicochemical features and class duality.

To examine whether the predicted bipartite targeting
sequence is functional, a polyclonal antibody recognizing
the second step enzyme coded by ispC was prepared.
The affinity-purified antipeptide antibody successfully de-
tected recombinant ispC (fig. 94, lane 1), and it detected
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Fio. 9. —Immunological detection of the second step enzyme ispC. (A) Fractionation experiments for ispC. The size of ispC can be seen in lanes 1
lndZ a His-tagged recombinant ispC protein (1) acts as a positive control, and Perkinsus marinus cell lysate (2) contains native ispC. Lanes 3-6 show

centrifugal fractionation of h

genized cell lysate; equivalent amounts of the 200 x g sediment (3), 2,000 x g sediment (4), 20,000 % g sediment (5),
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3 indicating localization of ispC

amounts of the 20,000 x g sediment (7) and 20,000 x g

(8) were ag

R a

(B-G). Alexa Fluor 488 signals labeling ispC (8), Cmolrﬂp.‘.ﬂl indicating mitochondria (C), and DAPI signals u;;m; DNA (D) were obtained

Eomrhcumevitua.lﬁeld.AnovgrhidMea{hﬂmmmmmmwmcmlouﬁmwwmmmm
MMOIDNAMWEH.WDNAWBPC{G}MMMN hondria definitely in DNA but the putative
plastids do not in detectable of DNA. Bar indicates 10 pm.

a protein of approximately 43 kDa in P. marinus cell lysates
(lane 2). Although smaller in size than predicted molecular
weight of ispC (51 kDa), the size corresponds to an esti-
mated molecular weight of the mature protein after cleavage
of the predicted bipanite targeting peptides (asterisk in fig.
8). Detection at 43 kDa suggests that ispC is transported
using targeting peptides that are subseguently cleaved. SO-
SUI predicted that the mature ispC protein was soluble,
However, centrifugal fractionation showed the ispC protein
specifically in the 20,000 x g sediment (lane 5), indicating
that the protein was not cytosolic. The protein was easily
solubilized by a mild detergent (lane 8), suggesting that
it may be associated with membranes or membrane-
bounded organelles. Finally, immunofiuorescent micros-
copy revealed dotted signals for ispC (fig. 9B8), and these
signals were not associated with mitochondria (fig, 9C)
or DNA (fig. 9D). Cells typically had multiple fluorescent
spots that were frequently located near mitochondria
(fig. 9E). Staining for extranuclear DNA overlapped with
mitochondrial fluorescence (fig. 9F) but not with ispC fluo-
rescence (fig. 9G).

Discussion
Plastids in P. marinus

The presence of 6 MEP pathway genes (fig. 1), to-
gether with the lack of any MVA pathway genes, suggests
that the MEP pathway is responsible for de novo isoprenoid
synthesis in P. marinus. A little possibility cannot be ruled
out that the MEP pathway is not functional because we have
been unable 1o find an ispD ortholog, but it does not impact
on our logic for proving the existence of plastids in P. mar-
inus (see below). Of course, activity of the MEP pathway
still requires characterization in order to further discuss

plastid function; however, this is beyond the scope of
the present study.

The P. marinus genes reported here are very likely rel-
evant to plastids because the MEP pathway is specific to
PBE, all PBEs have obtained the genes from essentially
the same source (table 1), and all MEP pathway genes
of P. marinus consistently group with them (figs. 2-7). Fur-
thermore, the fact that all these genes have the bipartite tar-
geting sequence (figs. 1 and 8), plus the fact that the
predicted targeting sequences are cleaved (fig. 94, lane 2),
supports our idea that these enzymes traffic using machin-
ery homologous to those of secondary PBEs. Finally,
a subcellular fractionation experiment indicated that ispC
is not cytosolic and is associated with membranes or or-
ganelles (fig. 94, lanes 5 and 8), and immunofluorescent
microscopy showed punctate localization of ispC near mi-
tochondria (fig. 9E). Generally said, if a group of proteins
accumulates at a subcellular compartment by means of
machinery reasonably homologous to that of plastids, that
compartment should be identified as a plastid. Although
recent studies have shown the evidence for P. marinus
plastid (Stelter et al. 2007; Teles-Grilo et al. 2007), no
direct evidence that completely fulfills this criterion has
been presented. To our knowledge, we are the first to
use proper evidence in order to demonstrate that P. mar-
inus harbors secondary plastids.

We revealed the existence of P. marinus plastids by
detecting ispC using immunofiuorescent microscopy. How-
ever, our SWIT analysis showed that ispF and PmSOD2
had similar but slightly different bipartite presequences
(figs. 1 and 8). Although PmSOD2 has also shown punctate
localization (Schott and Vasta 2003), it remains to be elu-
cidated whether ispC and PmSOD2 are colocalized. An-
other point to be examined is that the ispC spots do not
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overwrap with DNA signals (fig. 9G). Given that staining of
mitochondrial DNA is definitive (fig. 9F), the putative plas-
tids seem to contain very low quantities of DNA or may
even lack DNA. Our preliminary search of the TIGR ge-
nome database suggests that P. marinus has genes for mi-
tochondrial DNA and RNA polymerases, elongation
factors, and ribosomal proteins but seemingly lacks those
for plastid counterparts (data not shown), There are no ex-
amples in the literature of DNA-lacking plastids; however,
we know of many independent reports that show modified
or degenerated mitochondria that lack DNA (Hackstein
et al. 2006). It is thus worth considering the possibility
of DNA-lacking plastids in P. marinus, although this re-
mains to be confirmed experimentally.

We have shown the presence of secondary plastids in
P. marinus by immunofluorescent microscopy: however,
no corresponding structure has been found in EM speci-
mens sampled from the same culture (Kuroiwa H, unpub-
lished data). Upon conducting a literature review, we found
that 3 candidate ultrastructures have been observed in allied
organisms, One is a “coiled membrane system" near the
mitochondria that was found in the oldest observations
of P. marinus zoosporulation (Perkins and Menzel
1967). Although this structure has been considered a mor-
phological variant of the mitochondria, it could also be in-
terpreted as a multimembrane-bounded plastid resembling
the apicoplast of the malarial parasite Plasmodium falcipa-
rum (Hopkins et al. 1999). Another candidate structure is
the “enigmatic body" found in a related organism, Rastri-
monas subtilis (Brugerolle 2002, 2003), which is limited by
2 or more membranes and is akin to the apicoplast of Toxo-
plasma gondii in spherical ce and juxtanuclear
localization (Matsuzaki et al. 2001; K6hler 2005); however,
the assumed relationship between R. subrilis and Perkinsus
spp. is based only on morphology and is currently unsup-
ported by molecular information. Finally, a putative plastid
bounded by 4 membranes was recently reported in P. olseni
(=P. atlanticus) (Teles-Grilo et al. 2007). If this is the plas-
tid to which the MEP pathway enzymes target, connection
between the TP with a transmembrane helix and a plastid
bounded by 3 membranes should be reconsidered. It is in-
teresting that all 3 candidate structures have been observed
in the respective organisms’ flagellated stage and that no
relevant structures have been reported at the EM level from
nonflagellated cultures, Our results indicate that the nonfla-
gellated cultures contain plastids (fig. 9B). It is possible that
the plastid is in a degenerated form and is therefore over-
looked in the nonflagellated stages at the EM level and
develops during the course of differentiation into the flag-
ellated stages. Note that ultrastructure alone (e.g., number
of membranes) is inadequate to identify plastids (K&hler
2006); immunological labeling of the ultrastructure is re-
quired for confirmation, for which our affinity-purified an-
tibody to ispC would be useful.

That the putative P. marinus plastid and the peridinine
plastids share a common origin was suggested by the phy-
logenetic affinity between some MEP pathway genes and
those of the peridinine dinoflagellates and the predicted fea-
tures of the P. marinus TPs. The P. marinus TPs predict that
the putative plastid is bounded by 3 membranes because TP
with transmembrane helix seems to comespond to plastids

with 3 bounding membranes, such as those found in dino-
flagellates and euglenoids (Patron et al. 2005). Given
that Perkinsus spp. are located basally to dinoflagellates
(Cavalier-Smith and Chao 2004; Leander and Keeling
2004), it is reasonable to suppose that a common ancestor
harbored a plastid that diverged to form the P. marinus and
peridinine plastids. Perkinsus marinus has TPs that are rem-
iniscent of those found in peridinine dinoflagellates (fig. 1),
although unusual TPs have been found in dinoflagellates
containing haptophyte-derived plastids (Paron et al
2006); thus, the result supports the hypothesis that hapto-
phyte-derived plastids are a derived feature (Yoon et al
2005). Study of the MEP pathway genes in other nonpho-
tosynthetic taxa of Dinozoa, such as Oxyrrhis, Syndinium,
and Noctiluca, may reveal the presence of cryptic plastids.
On the other hand, the Perkinsus MEP pathway genes failed
to show a relationship with apicomplexan orthologs (data
not shown) possibly because the apicomplexan OTUs were
a strong source of a long-branch attraction artifact. The re-
lationship between the putative plastid of P. marinus and
the apicoplast is thus still open question. Because the non-
photosynthetic free-living flagellates, Colpodella spp., are
phylogenetically basal to the apicomplexans (Kuvardina et
al, 2002; Cavalier-Smith and 2004; Skovgaard et al.
2005), investigating whether Colpodella contains plastids
would be interesting. The putative plastid in P. marinus will
be a key to verifying the chromalveolate hypothesis and
will partially rebut its critics (Bodyt 2005).

Implications for Plastid Evolution

Our phylogenetic analyses showed that the MEP path-
way of PBEs has an apparently mosaic origin in Cyanobac-
teria, Proteobacteria, and Chlamydia (table 1). Although an
carlier study with limited sampling gave similar results for
5 genes (dxs to ispF) (Lange et al. 2000), the present results
reinforce the evolutionary origins by using a wide range
of bacteria, We also showed that the mosaic pattern was
essentially the same among PBEs, including P. marinus,
as is often the case with other plastid-related mosaic path-
ways, such as the Calvin cycle, heme biosynthesis, and the
shikimate pathway (Martsuzaki et al. 2004; Obornik and
Green 2005; Richards et al. 2006). Thus, we assume that
the mosaic pattern was established before radiation of
a wide variety of plastids, again supporting a single origin
for plastids (Bhanacharya et al. 2004; Matsuzaki et al.
2004). It is natural that the cyanobacterial genes would
be introduced during the primary endosymbiotic event,
but the contribution of chlamydial genes seems rather pe-
culiar. The apparent affinity could be interpreted as an ar-
tifact of interbacterial gene replacement (Lange et al. 2000;
Rujan and Martin 2001); however, we consider that the ob-
served mosaic pattern reflects an actual contribution by
Chlamydia, because Chlamydia-related higher plant genes
are biased toward plastid functions (Brinkman et al. 2002),
and the bias is difficult to explain without assuming a con-
nection between Chlamydia and plastids.

The ispG alignment (supplementary fig. S2, Supple-
mentary Material online) and phylogenetic tree (fig. 6)
show that the origin of the red algal orthologs clearly dif-
fered from that of orthologs from other PBEs. This seems

- 156 -



B Experienced Host

Green plants

T_il- Chromalveolates

M..,.

Fio. 10.—Explanation of the phylogenetic affinity to green plants in
the cyanobacterial genes from chromalveolates, in 2 alternative
phylogenetic trees of the host eukaryotes. (A) The inexperienced host
model. If the ancestral chromalveolate host was inexperienced with
primary plastids, red-type genes (solid arrows) must have been introduced
and used in the chromalveolates at the secondary endosymbiotic event
(unfilled arow). Then, the green-type genes (broken arrows) may have
been introduced vin an unknown lateral gene transfer (LGT) event
(indicated by “7") and replaced the red-type genes. (B) The experienced
host model. Assuming that the ancestral host organism was experienced

with primary plastids, 2 options exist for the secondary endosymbiotic
ﬂmm;umwmmmu&mﬂuma

accepting the red-type genes transferred from the symbiont. In this case,
the discrepancy can be explained without any further LGT event.

unusual, but other genes also show a similar difference be-
tween red algae and other PBEs, for example, enoyl acyl
carrier protein reductase (Matsuzaki M, unpublished data)
and plastid ferrochelatase (Obornik and Green 2005). This
discrepancy in the phylogenetic positions of genes in red
algae and the chromalveolates can be explained by the evo-
lutionary histories of the symbiotic hosts (fig. 10). Two
competing inferences exist for PBE phylogeny: the chro-
malveolates are independent of primary PBEs and are in-
experienced with primary plastids (Rodriguez-Ezpeleta
et al. 2005) (fig. 10A4) and the chromalveolates originate
from an in-group of primary PBEs and are experienced with
primary plastids (Nozaki et al. 2003, 2007) (fig. 10B).
Because it is widely accepted that the plastid progenitor
in the chromalveolates is a kind of, or belongs to a sister
group of, ancestral red algae (Fast et al, 2001; Yoon et
al. 2002, 2005), the former topology predicts that red algae
and the chromalveolates contain genes of the same cyano-
bacterial origin and requires extra loss, gain, or transfer
events to explain the observed differences (fig. 104 shows
a transfer event from the green plant lineage, which is the
simplest). For the latter topology, the chromalveolates have
2 possible sources for plastid genes, the host ancestor and
the symbiont. In this scenario, genes related to those
of green plants can be inherited as constituents of the host
genome and can be retained and used after the secondary
endosymbiotic event. We prefer the latter model
(fig. 10B) because it does not require additional transfer
events other than the 2 widely accepted endosymbiotic
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events. In addition, this scenario can explain the frequently
observed incoherence of the phylogenetic affinity of diatom
genes, for example, the MEP pathway (figs. 2-7), the shi-
kimate pathway (Richards et al. 2006), and the heme bio-
synthesis pathway (Obormnik and Green 2003), in which the
diatom ortholog for each gene has phylogenetic affinities to
either green plants or red algae. Genes with an affinity to
green plants and red algae could be derived from the host
eukaryote and the plastid progenitor at the secondary sym-
biotic event, respectively. Furthermore, this scenario implies
that the host eukaryote of the secondary endosymbiotic
event that forms the chromalveolate ancestor must have re-
tained the primary plastid originating from the ancient pri-
mary endosymbiosis because the MEP pathway seems to be
specific to PBEs; then, it was with the secondary
plastid obtained from the engulfed red alga.

Conclusion

The existence of the plastid and its affinity to those of
dinoflagellates, as suggested in the present study, greatly
changes our view of P. marinus. It was first described as
a pathogenic protist, then subsequently reclassified as a fun-
galor zoan species, and has recently been treated as an
alveolate flagellate (Villalba et al. 2004; Adl et al. 2005);
however, P. marinus is a cryptic alga in terms of plastid
existence. Our identification of a Perkinsus spp. plastid will
make this algal organism key in discussions of plastid evo-
lution. Furthermore, just as discovery of the apicoplast has
revolutionized malaria chemotherapy, the algal nature of
Perkinsus spp. may permit novel approaches for controlling
perkinsosis in fisheries.

Supplementary Material

Supplementary tables S1-S3 and figures $1-S3 are
available at Molecular Biology and Evolution online
(hutp://www.mbe.oxfordjournals.org/).
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