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Abstract

A fragment of the Helicosporidium sp. (Chlorophyta: Trebouxiophyceae) plastid genome has been sequenced. The genome ar-

chitecture was compared to that of both a non-photosynthetic relative (Prototheca wickerhamii) and a photosynthetic relative

(Chlorella vulgaris). Comparative genomic analysis indicated that Helicosporidium and Prototheca are closely related genera. The

analyses also revealed that the Helicosporidium sp. plastid genome has been rearranged. In particular, two ribosomal protein-en-

coding genes (rpl19 and rps23) appeared to have been transposed, or lost from the Helicosporidium sp. plastid genome. RT-PCR

reactions demonstrated that the retained plastid genes were transcribed, suggesting that, despite rearrangement(s), the Helicospo-

ridium sp. plastid genome has remained functional. The modified plastid genome architecture is a novel apomorphy that indicates

that the Helicosporidia are highly derived green algae, more so than Prototheca spp. As such, they represent a promising model to

study organellar genome reorganizations in parasitic protists.

� 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The Helicosporidia are obscure pathogenic protists

that have been reported in a wide range of invertebrate

hosts [1]. They are characterized by the formation of a

highly resistant cyst that encloses three ovoid cells and a

diagnostic filamentous cell [2]. To date, it remains un-

clear whether the Helicosporidia possess a free-living

stage or are obligate pathogens that exist outside their
hosts only as cysts. A new Helicosporidium sp. was re-

cently isolated in Florida [1]. Morphological and mo-

lecular data compiled on this organism have

demonstrated that the Helicosporidia are non-photo-

synthetic green algae, and they are related to Prototheca,

another non-photosynthetic, parasitic algal genus [1,3–

5]. Furthermore, sequencing of a chloroplast gene [4]

provided evidence that Helicosporidium spp., as proto-
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thecans [6,7], have retained a modified chloroplast
(plastid) and chloroplast genome.

Cryptic, modified chloroplasts (and their genomes)

have been reported in a variety of non-photosynthetic

protists, including the green algae Prototheca wickerh-

amii [6], the euglenoid Astasia longa [8], the strameno-

piles Pteridomonas danica and Ciliophrys infusionum [9]

and the apicomplexan parasites Plasmodium falciparum

and Toxoplasma gondii [10]. Sequence information on
secondary non-photosynthetic plastid genomes is accu-

mulating, showing that these genomes are much smaller

than that of photosynthetic relatives, but they have re-

mained functional. A widely accepted hypothesis is that

the reduction in size can be explained by the loss of most

of the genes involved in photosynthesis. The remaining

genes have been selectively retained because they are

involved in other essential plastid function(s). However,
the number of retained plastid genes varies depending

on the species, suggesting that secondary non-photo-

synthetic plastids have been retained for different rea-

sons. As reviewed by Williams and Keeling [11], the
. Published by Elsevier B.V. All rights reserved.
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plastid genomes of parasitic organisms (P. falciparum,

P. wickerhamii) tend to be more reduced.

The Helicosporidium sp. plastid genome is expected to

be similar to that of P. wickerhamii (estimated at 54 kb,

[6]). However, its exact size has yet to be determined.
Pulse field electrophoresis techniques did not allow for

visualization and size estimation of this genome because,

as it was previously reported for Chlorella vulgaris [12],

organellar, circular DNA molecules failed to enter the

gel [13]. In an effort to better characterize the Helicos-

poridium vestigial chloroplast, sequencing of the genome

has been initiated. Here, we report the sequencing of a

portion of the plastid genome, as well as comparative
genomic analysis using two close relatives: the P. wick-

erhamii plastid genome [6] and the C. vulgaris chloro-

plast genome [14].
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2. Materials and methods

2.1. Helicosporidium isolate and culture conditions

The Helicosporidium sp. was originally isolated from

a black fly larvae [1]. It was maintained in vitro in

Sabouraud Maltose agar supplemented with 2% Yeast

extract (SMY) at 25 �C. Helicosporidial cells produced

on these plates were inoculated into flasks containing

SMY broth and shaken at 23 �C on a rotary shaker (250

rpm) for 3–4 days. Cells were collected by centrifugation
and used for DNA extraction.

2.2. DNA extraction and PCR amplification

Cellular DNA was extracted as previously described

[3,4], using the MasterPure Yeast DNA purification kit

(Epicentre). The Helicosporidium sp. elongation factor

gene tufA was amplified using the degenerate primers
TufAf and TufAr (Table 1). The resulting amplification

product was gel-extracted and sequenced. Gene-specific

primers (GSPs) were designed from the Helicosporidium

sp. tufA sequence and used in combination with primers

designed from genes predicted to be located on a locus

close to tufA within the chloroplast genome. The use of

the fMET and rpl2R primers (Table 1) allowed for the

amplification and subsequent sequencing of the 50 and 30

flanking regions, respectively.
Table 1

Primer names and sequences

Primer name Sequences

TufAf AAYATGATTACAGGTGCTGC

TufAr ACGTAAACTTGTGCTTCAAA

fMET GGGTAGAGCAGTCTGGTAGC

rpl2R CCTTCACCACCACCATGCG
2.3. RNA extraction and RT-PCR

Helicosporidium sp. cells were frozen under liquid ni-

trogen and ground into a fine powder. Total RNA was

isolated using TriReagent, according to the manufac-
turer’s protocol. To prevent any DNA contamination,

Helicosporidium RNA was treated with RNase free

DNase before being resuspended in formamide and

stored at )70 �C. Prior to storage, an aliquot of the RNA

suspension was used to spectrophotometrically estimate

the final concentration. Upon utilization, stored RNA

was reprecipitated in 4 volumes of 100% ethanol and 0.2

M sodium acetate (pH 5.2) and suspended in distilled
water. First-strand cDNA synthesis was performed using

1 lg of total RNA, a tufA gene specific primer and the

Thermoscript RT-PCR system from Life Technologies,

following the manufacturer’s directions. The tufA primer

was then combined with a rps12 and a rps7 gene-specific

primers in two separate reactions (Fig. 2(b)) that were

performed under the same conditions: 30 cycles of 94 �C
for 30 s, 50 �C for 30 s, and 72 �C for 3 min.
3. Results

3.1. Analysis of the plastid genome sequence

Portions of the plastid genome were readily PCR-am-

plified from Helicosporidium sp. total genomic DNA. A
similar technique, based on the PCR amplification of

overlapping sequences, was recently used to sequence the

entire Eimeria tenella apicoplast genome [15]. A 3348 bp

fragment was amplified and sequenced from Helicospo-

ridium sp. (GenBank Accession No. AY498714). Se-

quence comparison analyses demonstrated that the

fragment contains four open reading frames (ORFs),

corresponding to the elongation factor tufA and the
ribosomal proteins rps12, rps7 and rpl2. In addition, the 50

end of the sequenced ptDNA fragment includes a portion

of the proline tRNA (tRNA-P) gene. All five Helicospo-

ridium sp. plastid genes are similar to homologous genes

sequenced from both P. wickerhamii and C. vulgaris

chloroplast genomes. Furthermore, phylogenies recon-

structed from a tufA alignment identifiedHelicosporidium

sp. as a sister taxon to P. wickerhamii (data not shown).
The overall organization of the sequencedHelicospori-

dium sp. ptDNA fragment is presented in Fig. 1. The tufA,

rps7 and rps12 genes are known as the str-(streptomycin)

cluster. This cluster is conserved across archeabacteria and

eubacteria, including chloroplasts as intracellular descen-

dants of the latter [16]. Not surprisingly, the str-cluster is

also conserved in Helicosporidium sp. plastid genome

(Fig. 1). The Helicosporidium sp. ptDNA has an organi-
zation that is very similar to thatP. wickerhamii, especially

in regard to the location of the rpl2 gene. In both Heli-

cosporidium sp. and P. wickerhamii ptDNA, this gene is

http://femsle.oxfordjournals.org/
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Fig. 1. Comparison of theHelicosporidium sp. plastid genome fragment with that of non-photosynthetic (Prototheca wickerhamii) and photosynthetic

(Chlorella vulgaris) close relatives. The sequenced regions are in black. The direction of transcription is from left to right for genes depicted above the

lines and from right to left for those shown below the line.
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located close to the 30 end of the str-cluster. This common

organization differs from that of C. vulgaris and other

photosynthetic green algae (such as the ancestralNephro-

selmis olivacea [17]), suggesting that the common ancestor

of Helicosporidium sp. and P. wickerhamii possessed a re-

arranged chloroplast genome. Rearrangements included

the fusion of the rpl2 cluster and str-cluster and may have
been associated with the loss of photosynthesis.

Despite these similarities, the Helicosporidium sp.

ptDNA fragment is also remarkably different from that

of P. wickerhamii (Fig. 1). First, two genes, corre-

sponding to the ribosomal proteins rpl19 and rps23, have

yet to be been found in Helicosporidium sp. These genes

are not at their expected loci, suggesting that they may

have been transposed within the plastid genome, or lost.
As noted by Stoebe and Kowallik [16], modifications in

chloroplast genomes occur mainly in form of gene losses.

Therefore, even if only a portion of the ptDNA has been

sequenced, a likely hypothesis is that both rpl19 and

rps23 have been lost from theHelicosporidium sp. plastid

genome. In addition to the absence of the rpl19 and rps23

genes, the orientation of the str-cluster in relation to the

tRNA-P gene is different in Helicosporidium sp.: the
tRNA-P gene is located on the same strand as the str-

cluster and is transcribed in the same direction (Fig. 1).

In contrast, the Prototheca tRNA-P orientation is similar

to photosynthetic relatives such as C. vulgaris and N.

olivacea, suggesting that it represents an ancestral type

among green algae. Overall, theHelicosporidium ptDNA

fragment (Fig. 1) is characterized by a unique, derived

organization, which differs from that of P. wickerhamii.

Fig. 2. RT-PCR amplification of theHelicosporidium sp. str-cluster. (a)

RT-PCR products run on a 1% agarose gel, and viewed under UV

light. The product in lane 2 was obtained using a combination of gene

specific primers corresponding to the rps7 (forward) and tufA (reverse)

genes. The product in lane 3 was obtained with rps12 (forward) and

tufA (reverse) gene specific primers. DNA markers (pGEM) are shown

in lane 1. (b) Schematic illustration of RT-PCR reactions.
3.2. RT-PCR reactions

As presented in Fig. 2, the str-cluster was successfully
amplified fromHelicosporidium sp. cDNA,demonstrating

http://femsle.oxfordjournals.org/


156 A. Tartar, D.G. Boucias / FEMS Microbiology Letters 233 (2004) 153–157
that the ptDNA genes are expressed. Nuclear gene

primers failed to amplify any products (not shown), in-

dicating that the cDNA synthesis was specific and that

the amplification of the str-cluster was not due to DNA

contamination. The RT-PCR products showed that the
str-cluster genes are transcribed on the same mRNA

molecule in an operon-like manner reminiscent of the

chloroplast bacterial origin [16]. Importantly, the fact

that plastid genes are expressed suggests that the Heli-

cosporidium sp. plastid genome has remained functional.
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4. Discussion

Previous phylogenetic analyses [3–5] have demon-

strated that the Helicosporidia are close relatives of the

non-photosynthetic algae Prototheca spp. (Chlorophyta;
Trebouxiophyceae). In accordance with these analyses,

Helicosporidium spp. are believed to possess a Proto-

theca-like plastid and a plastid genome [4]. Although the

Helicosporidium sp. plastid has yet to be observed in

microscopic examination, the combined PCR and RT-

PCR amplifications presented in this study showed that

Helicosporidium sp., as P. wickerhamii, has retained

plastid genes, including the conserved str-cluster, that
are expressed in helicosporidial cells. The presence of a

transcribed ptDNA in P. wickerhamii has been demon-

strated by Northern Blot analysis [6]. To date, the

function of these vestigial organelles remains unclear.

A fragment of the Helicosporidium sp. ptDNA was

sequenced and its architecture was compared to that of

similar chloroplast genome fragments previously se-

quenced from both non-photosynthetic and photosyn-
thetic relatives. These comparative genomic analyses

revealed that the Helicosporidium sp. ptDNA is most

similar to that of P. wickerhamii, confirming that these

two organisms arose from a common, most recent an-

cestor [3,4]. However, a number of dissimilarities were

also identified, suggesting that the Helicosporidia pos-

sess a unique, more derived plastid genome that has

experienced additional reorganization events. One hy-
pothesis that may explain these differences in genome

architecture involves gene losses, and the possibility that

the Helicosporidium sp. plastid genome may be more

reduced than the 54 kb P. wickerhamii ptDNA.

Concordant with the hypothesis that the helicospo-

ridial ptDNA has been reduced in size is the fact that the

nuclear genome appeared reduced as well. Karyotyping

analyses showed that this genome is composed of nine
chromosomes, ranging from 700 to 2000 kb [13]. Sum-

ming up the sizes of individual chromosomes gave a 10.5

Mb estimate for the Helicosporidium sp. nuclear ge-

nome, three times smaller than the genome of one of

Helicosporidium sp. closest relatives, C. vulgaris (38.8

Mb) [12]. Genome reduction is a common pattern ob-
served for both pathogenic prokaryotes [18] and eu-

karyotes [19], and it is associated with the evolution

toward pathogenicity and an obligate, host-dependent,

minimalist lifestyle. Interestingly, biological observa-

tions that include the existence of a very specific infec-
tious cyst stage [1] and the ability to replicate

intracellularly within insect hemocytes [20] have shown

that the Helicosporidia possess characteristics that have

not been reported for Prototheca spp. and that suggest

that Helicosporidium spp. are more derived toward an

obligate pathogenic lifestyle. Such observations concur

with the hypothesis that the Helicosporidium sp. plastid

genome may be smaller than that of P. wickerhamii.
The generation of the complete sequence of the He-

licosporidium sp. plastid genome will provide informa-

tion on the extent of the genome reduction and

rearrangement event(s). It is interesting to note that,

besides Apicomplexa, the Helicosporidia are the only

known plastid-containing, intracellular pathogens. The

Apicomplexa are a group of intracellular parasites that

includes the malaria causative agent P. falciparum. Re-
cent evidence showed that these parasites arose from a

photosynthetic ancestor and have retained a modified

chloroplast (named apicoplast) [10]. To date, it is un-

clear if the Helicosporidium sp. plastid genome is similar

to the 35-kb apicoplast genome but, as noted by Wil-

liams and Keeling [11], the Helicosporidia represent a

remarkable opportunity to compare the evolution of

non-photosynthetic plastids in two unrelated groups of
intracellular pathogens. They may also prove to be a

better model to study the transition from a free-living,

autotrophic stage to a parasitic, heterotrophic stage and

the impact of this transition on both nuclear and plastid

genomes (gene losses and transfers) because the phylo-

genetic affinity of Helicosporidium spp. and its

relationships to both non-photosynthetic and photo-

synthetic relatives have been well established [3,4], in
contrast to the situation for Apicomplexa.
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