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Summary. To date, no genes have been characterized from mitochondrial DNA of hypotrichous ciliates. Here we present the complete
sequence of the gene (cyb) encoding cytochrome b in the hypotrichous ciliate Pseudourostyla cristata. Analysis of nucleotide and deduced
amino acids sequences predicts a protein of 393 amino acids encoded by cyb. CYB amino acid similarity and phylogenetic tree analyses
strongly support a close evolutionary relationship between Paramecium, Tetrahymena and Pseudourostyla. The heat stress-dependent
expression pattern of CY B was verified by semi-quantitative real-time reverse transcriptase polymerase chain reaction (RT-PCR) analysis.
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INTRODUCTION

Ciliates comprise a large and structuraly diverse
group of unicellular eukaryotes (protists). Phylogenetic
reconstructions, inferred from the small subunit rRNA
gene and protein-encoding gene sequences demon-
stratethat ciliatesrepresent arelatively evolved lineage
among the protists (Greenwood et al. 1991, Bernhard et
al. 1995, Bernhard and Schlegel 1998, Budin and
Philippe 1998, Tourancheau et al. 1998). Unlike other
eukaryotes, ciliates possess two types of nuclei: polyp-
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loidy macronuclei (for protein synthesis) and diploid
micronuclel (for heritability). Additionally, they contain
numerous mitochondria. It is known that the protozoan
mitochondrial genomesdiverged extremely from all other
genomes (Gray et al. 2004). This reflects an early
branching event and a rapid evolution at the primary
sequence level and at the levels of genome content and
organization. Furthermore, it represents an evolution of
genetic codon usage (Gray et al. 2004). The ciliates
have among the most rapidly evolving mitochondrial
genomes as evidenced by the large number of putative
proteins for which function cannot be readily assigned
(Brunk et al. 2003). Oligohymenophoreaand Hypotrichea
are distant classes within the Ciliophora phylum. Mito-
chondrial DNA (mtDNA) data from the ciliates is only
limited in Tetrahymena and Paramecium species (in the
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class Oligohymenophorea) (Pritchard et al. 1990a, Burger
et al. 2000, Brunk et al. 2003), and mtDNA investiga-
tions on the thousands of Hypotrichea organisms have
not been conducted. Mitochondrial genes are attractive
markers for inferring phylogenies of closely related
species because of their rapid evolutionary rates com-
pared to those of nuclear DNA (Saccone et al. 2000).
In particular, among the protein coding genes
of mtDNA, cytochrome b (cyb) can be used for resolv-
ing phylogenetic rel ationshipswithin agenusand among
higher orders, covering a divergence time of roughly
70 million years (Myr) (Irwin et al. 1991, Johns and
Avise 1998, Callgas and Ochando 2000). Until now, in
al ciliate groups, the cyb gene has been characterized
only in Paramecium and Tetrahymena (Pritchard et al.
1990b, Burger et al. 2000, Brunk et al. 2003).

The hypotrichous ciliate Pseudourostyla cristata is
afreeliving ciliated protozoan that is characterized by
a highly differentiated pattern of the vegetative cell.
Recently, we unexpectedly isolated a full-length mt
cyb cDNA from heat stress-induced phase mRNA of
the P. cristata. Thisstudy representsthefirst description
of CYB in hypotrichous ciliates, so it has allowed us to
initiate a molecular phylogenetic comparison with the
CY B sequences available from the other species. CYB
is an indispensable component of the cytochrome
bc, respiratory complex, which is responsible for
ubiquinol -cytochrome ¢ reductase activity in the mito-
chondrion (Esposti et al. 1993). It has never been
reported as an up-regulated gene when responding to
heat stress. Thus, our finding isrelevant for elucidating
the stress signal response role of the bc, complex.

MATERIALS AND METHODS

Cell culture and heat stress

Pseudourostyla cristata wasoriginally isolated from afresh water
pond outside Shanghai, China. The cellswereculturedin Pringsheim’s
solution with wheat grains and the food organism Chilomonas para-
mecium at 25-27°C, as described previously (Jin and Ng 1989).
The C. parameciumwasisolated with three cycles of gentle centrifu-
gation (1000 rpm for 1 min.). For the heat stress treatment, the
culture dishes containing approximately 10* cellswereincubated for
30 min at 42°C.

RNA Isolation and smart cDNA synthesis

Total RNA samples from those cells with two hours post-heat
stress were extracted using reagents and protocols described

previoudy (Liu et al. 2004). Smart cDNA was synthesized from
the 500 ng total RNA samples using the SMART PCR cDNA
synthesisKit (Clontech) with minor modification: Reversetranscrip-
tion was conducted in a 10 pl reaction volume at 42°C for 1 h
with the 3 BD SMART CDS Primer 1l A (A modified oligo(dT)
primer: 5’ -AGCAGTGGTATCAACGCAGAGTACT[30]VN-3’,
and ignoring the BD SMART Il A oligonucleotide
(5-AGCAGTGGTATCAACGCAGAGTACGCGGG-3') required
in manufacture's protocol (Clontech SMART PCR cDNA synthesis
Kit User manual PT3041-1). 2.5 pl of this diluted first
strand synthesis reaction mixture was added to 98 pl of the
Master mix containing 2 pl of the 5 PCR Primer Il A
(5-AAGCAGTGGTATCAACGCA GAGT-3'). The mixture was
PCR amplified in aPTC-100 thermal cycler (MJ Research, USA) as
follow: 95°C, 1 min; 21 x [95°C, 15 s; 65°C, 30 s; 68°C, 6 min].
In order to demonstrate that the template for the LD-PCR product
was cDNA and not genomic DNA, a minus-reverse transcriptase
control was performed.

Gel €electrophoresis, cloning and sequencing

The resulting cDNA products were analyzed in a 1.2% agarose
gel. The predominant bandswere excised fromthegel, and DNA was
extracted from the gel dlices using the QIAquick Gel Extraction Kit
(Qiagen), cloned into the TA cloning vector pMD-T-18 (Takrara) and
transformed into E. coli, DH5a cells. Plasmid DNA samples were
prepared from the confirmed recombinant transformants using the
EZNA Plasmid Miniprep Kit | (Omega). Both strands of the DNA
inserts were sequenced using the 370 DNA Sequencer (Applied
Biosystem). Theacquired sequenceswereanalyzed withthe DNA Star
software.

Determination of open reading frames (ORFs) and
characteristics of the cloned cDNA

Using the ORF finder at http://www.ncbi.nlm.nih.gov/gorf/
gorf.html, the cloned cDNA seguence was trand ated with the proto-
zoan mitochondrial genetic code (Aldritt et al. 1989). Similarity
searcheswere performed with theBasic Local Alignment Search Tool
X (BLASTX). The protein propertieswere predicted using ProtParam
(Appel et al. 1994). The transmembrane (TM) domain of the CYB
protein was predicted using TMHMM version 2 software
(Sonnhammer et al. 1998). The 3D structure of the inferred CYB
protein wasmodel ed by the 3D-Pssm Program (Version 2.6.0) (Kelley
et al. 2000).

Semi-quantitative real time reverse transcriptase
(RT)-PCR analysis

Total RNA from the non-heat stress and the 0, 1, 2 and 3 h post-
heat stress cells were extracted as described above. cDNA was syn-
thesized from 500 ng of total RNA of each sample using the
Omniscript-RT Kit (Qiagen) according to the manufacturer’sinstruc-
tions. Real-time fluorescence signals were measured with SYBR
Green | (Roche) inthe ABT PRISM 7700 (PE Applied Biosystem).
The 17srRNA (GenBank Accession Number: AY 940212) was used
astheinterna control, and the RT-PCR CYB and 17srRNA primers
were designed with Primer Premier 5.0 software.

All RT-PCR reactionsand the minus-reverse transcriptase control
were performed in triplicate. The AC, value was determined by



subtracting thetarget C._of each samplefromitsrespective 17srRNA
C,value. The AAC, was calculated as the difference between AC, of
each sample and AC, of the non-heat stress sample. Fold expression
differencesfor CY B weredetermined by 224C_(Livak and Schmittgen
2001). All statistical analyses were performed with SPSS version
12.0 software (SPSSInc, IL, USA).

Data and phylogenetic analysis

The amino acid sequence data of CY B were obtained from the
Entrez Protein program (http://ncbi.nim.nih.gov/entrez/index.htm).
All amino acid sequenceswere manually optimized and aligned using
a computer-assisted procedure, ClustalW, version 1.80 (Thompson
et al. 1997). The phylogenetic trees were constructed using several
members of each major taxon to accurately gauge the CYB global
topology rooted with Rickettsia prowazekii and Paracoccus
denitrificans, and the CY B phylogenetic trees were generated with
the neighbor-joining (NJ) method implemented in the PHY LI P soft-
ware package, version 3.6 (Felsenstein 2002). For the NJ analysis,
the NEIGHBOR program was used, and the bootstrap proportions
were calculated by analyzing 1,000 replications. The distance matrix
was computed with PROTDIST; 1,000 bootstrap replications were
obtained by the SEQBOOT program.

RESULTS AND DISCUSSION

Isolation and sequence of the cytochrome b gene

Agarose gel eectrophoresis of the RT-PCR products
illuminates a strong band at approximately 1.65 kb for
the two hours post-heat stressed RNA samples (Fig. 1A:
Lane 1). 3BD SMART CDS primer Il A primers
sequences was found inthe 5 and 3' ends. The minus-
reverse transcriptase control (Fig. 1B: Lane 2) demon-
strated that the RT-PCR template for the product was
cDNA and not genomic DNA. The unexpected result
was a surprise and was reconfirmed, but when we used
the two hour post-heat stress sample for RT-PCR per
Clontech’'s SMART system instructions with 3 BD
SMART CDS primer 1l A. and BD SMART Il A
oligonucleotide, the above result can not be repeated and
asmear of cDNA without the characteristic bright band
was found (Fig. 1B: Lane 1). Brunk et al. (2003) found
that the Tetrahymena thermophila mitochondrial ge-
nome appears to have two transcriptional units, tran-
scribed from anearly central bi-directional promoter set.
Therefore, we hypothesized that this product may be
up-regulated under heat stress, and that it may be a
bidirectional transcription. It will be very interesting to
investigate whether a similar phenomenon occurs in
other ciliates, for example, among Tetrahymena and
Paramecium species. Furthermore, constructing a heat-
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Fig 1. Agarose gel electrophoresis of RT-PCR products. RT-PCR
products of RNA from 2 h post-heat stress were analyzed by
electrophoresisinal.2 % agarosegel. A - laneM: Marker (DL 2000,
Takrara); lane 1: cDNA was synthesized as described in the material
and method. The arrow indicatesastrong band at 1.65kb. B - lane M:
Marker (DL 2000, Takrara); lane 1: cDNA was synthesized as
described in Clontech SMART PCR cDNA synthesis Kit User
manual; lane 3: A minus-reverse transi ptase control.
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Fig. 2. CYB expression patternsin Pseudourostyla cristata under the
condition of heat stress. Therelative CY B mRNA expressionlevel in
the non-heat stress control was regarded as 1.000. Relative to the
non-heat stress control, a6.37-fold increasein the CY B mRNA was
found immediately (0 h) post-heat stress treatment. One and two
hours post-heat stress treatment, 3.58 and 7.76-fold increases were
observed, respectively. Even at three hours post- heat stress treat-
ment, a2.53-fold increaseremained.

inducible gene expression system in these simple organ-
isms is recommended.

After deleting the BD SMART CDS Primer 11 A
sequence, the sequence was 1538 bp long and encom-
passed afull-length ORF with a protein sequence of 393
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Table 1. Codon usage in Pseudourostyla cristata cyb gene

a Codon # % a Codon # % a  Condon # % aa Condon # %

Phe TTT 37 881 S TCT 3 15.8 Tyr TAT 29 906 Cys TGT 4 66.7
TTC 5 11.9 TCC 3 15.8 TAC 3 9.4 TGC 2 333

Leu TTA 38 84.4 TCA 7 36.8 Ter TAA * 100 Trp TGA 14 933
TTG 3 6.7 TCG 6 31.6 TAG 0 0 TGG 1 6.7
CTT 2 4.4 Pro CCT 5 385 His CAT 14 875 Arg CGT 3 50
CTC 1 2.2 CcC 0 0 CAC 2 125 CGC 1 167
CTA 1 2.2 CCA 5 385 GIn CAA 6 100 CGA 2 333
CTG ©0 0 CCG 3 231 CAG 0 0 CGG 0 0

lle ATT 28 778  Thr ACT 8 40 Asn AAT 17 85 Ser AGT 2 40
ATC 3 8.3 ACC 0 0 AAC 3 15 AGC 3 50
ATA 5 13.9 ACA 5 25 Lys AAA 7 875 Arg AGA 4 100

Met ATG 11 100 ACG 7 35 AAG 1 125 AGG 0 0

Ve GTT 14 609 Ala GCT 5 41.7 Asp GAT 9 75 Gly GGT 8 36.4
GTC 3 13.0 GCC 0 0 GAC 3 25 GGC 0 0
GTA 6 26.1 GCA 1 8.3 Glu GAA 16 889 GGA 10 454
GTG O 0 GCG 6 50 GAG 2 111 GGG 4 18.2

Percentage (%) indicates the proportion of codons used for each amino acid. Asterisk (*) denote stop codon, excluding ATT as initiation

codon.

amino acids (GenBank accession Number: AY 940211).
AUU isused as the initiation codon, and the first AUG
codon is 114 nt downstream. The termination codon is
UAA. This codon usage is consistent with that of
Tetrahymena pyriforms mtDNA (Edqvist et al. 2000).
Continuity of the ORF and normal-length protein se-
guence rule out the presence of introns. BLASTX search
shows the protein sequences with the highest homolo-
gies or similarities were the CY B sequences.

Expression pattern of CYB under heat stress

To determine the CYB mMRNA expression levelsin
the heat stress-induced P. cristata, a semi-quantitative
real-time RT-PCR anaysis was performed (Fig. 2).
Relative to the non-heat stress control, a six-fold in-
crease in the CY B mRNA immediately (0 h) post heat-
treatment for 30 min was observed. Following oneh and
two h post-heat stress, the cells exhibited four-and
seven-fold differences respectively. Even at three h
post-heat stress, a near two half-fold increase was
maintained (Fig. 2). We hypothesized that the dynamic
expression pattern may adapt to the heat stress re-
sponse. The high level of cellular CY B expression may
reflect a high demand for mitochondrial electron trans-
port and respiratory activities to compensate for the
imposed heat stress. However, because the mitochon-
drial complex was not isolated from the organism, it is
impossible to establish an experimental link between

respiration and hest stress. Since similar findingsin other
unicellular organisms have not been reported, we only
can speculate CY B protein as the locus of regulation of
electron transport in P. cristata mitochondria under the
conditions of heat stress. Thus the heat stress-induced
up-regulation of CYB mRNA may reflect a concurrent
increase in CYB protein levels, which could increase
respiratory rates and thus ATP synthesisfor survival and
ciliary movement.

Analysis and Comparison of CYB amino acid se-
guence

The deduced amino acid sequence is a 47-kDa
protein with an isoelectric point of 5.68. The total
number of negatively charged residues (Asp + Glu) is30,
and thetotal number of positively charged residues (Arg
+ Lys) is18. Theratio of negativeto positive residuesis
1.76. The grand average of hydropathicity (GRAVY) is
0.419. The diphatic index is 100.41. The deduced pro-
tein contains ten putative TM domains, and thus the
TM profileis similar to that of the Paramecium aurelia
CYB (Brunk et al. 2003). The results of 3D structure
prediction is most similar to that of the Gallus gallus
cytochromebcl transmembrane subunit (PSSM E-value
of: 1.66e-08, = 95% certainty).

Fig. 3 shows an aignment of CYB sequences from
CYB amino acid sequences from P. cristata, Tetrahy-
mena pyroformis, Paramecium tetraurelia, Plasmo-
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Fig. 3. CYB amino acid sequence alignment from various organisms. CY B amino acid sequences from Pseudourostyla cristata (Pseu. cri),
Tetrahymena pyroformis (Tetr. pyr), Paramecium tetraurelia (Para. tet), Plasmodium falciparum (Plas. fal), Naegleria gruberi (Naeg, gru),
Arabidopsis thaliana (Arab, tha), and Saccharomyces cerevisae (Sacc. cer) were aligned by CLUSTALW. Identical amino acids are darkly
shaded and similar amino acids are lightly shaded. Positions with the highest consensus, i.e. identical amino acid sequences, are denoted by
asterisks (*) along the bottom line (consensus line). Other positions with consensus are denoted by dots (.). Gaps were introduced to improve
alignment and these are marked with dashes (-) along the individual sequences.
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acid sequence alignment. Bootstrap support, calculated from 1,000

replicates, is shown at each branch (in %, only values > 50% are listed). The sequences used in this study are available from the GenBank/
EMBL databases with the following accession numbers: Pseudourostyla cristata (AY 940211), Paramecium aurelia (NP_059398), Parame-
ciumtetraurelia (P15585), Tetrahymena thermophila (NP_149395), Tetrahymena pyriformis (NP_049598), Naegleriagruberi (AAG17790),

Monoblepharella sp. (NP_803529), Hydromantes brunus (Y P_097270),

Daniorerio (NP_059343), Saccharomyces cerevisiae (CAA58861),

Drosophila melanogaster (NP_008288), Arabidopsis thaliana (NP_178804), Plasmodium fal ciparum (AAT 00449), Oryctolagus cuniculus
(AAS54913), Susscrofa (AAUD4561), Zea mays (CAA25367), Rickettsia prowazekii (CAA14733), Paracoccus denitrificans (AAA25572),
Homo sapiens(AAB58955), Pichiacanadensis(BAA06572), Allomycesmacrogynus(AA C49221), Triticumaestivum(P07747), Cyanidioschyzon
merolae (BAA34655). Rickettsia prowazekii and Paracoccus denitrificans are selected as the outgroup species.

dium falciparum, Naegleria gruberi, Arabidopsis
thaliana, and Saccharomyces cerevisae. CYB from
theciliates T. pyroformis and P. tetraurelia show higher
amino acid similarity (41.5 % and 43.7 % respectively)
to P. cristata CYB. Notably, CYB from the more
distantly related organisms Sachhromyces cerevisae,
Arabidopsis thaliana, Plasmodium falciparum, and
Naegleria gruberi show lower level of smilarity (31.0%,
27.7%, 30.7% and 26.1% respectively) to P. cristata
CYB. These results are consistent with the idea that
ciliate mt DNA sequence branched from other groups
early in evolution and evolved very rapidly (Brunk et
al. 2003).

The protein alignment also reveals a conserved pep-
tide (VAPHWYFRP) among three ciliate taxa. Four
invariant histidine residues (Fig. 4: Asterisks (*) indi-
cated H86, H100, H187 and H 201) proposed as the

heme-binding sites in CYB (Edgvist et al. 2000) were
present in the P. cristata CYB sequence.

Codon usage

The overal deduced codon usage for cyb gene of
P. cristataissummarized in Table 1. Like T. pyrjiformis,
TGA isused preferentially to encode Trp. TheP. cristata
cyb (72% A+T) also exhibits a preferencefor A or T in
the third position of codons (80% A+T), whereas first
(excluding Trp and Met) and second position A+T biases
are lower (60% and 68%, respectively). First position
preferences for A or T in Leu codons contribute to the
high A+T content of the gene. Of 40 Leu residues,
33 are specified by TTA, whereas TTG, CTA and CTC,
CTT together account for only 7 codons, and CTG is not
used at all. Changesin mitochondrial codon frequencies
can occur as a result of AT selection pressure. Such



pressureis manifested by anincreaseinthe A+T content
of spacer regions or the third positions relative to first.
Table 1 shows that 12 of 13 Trp residues are encoded
using the TGA codon (auniversal stop codon). Only one
Trp residues was encoded using the universal TGG
codon. Asin P. aurelia mtDNA, TGA and TGG appear
with almost equal frequency, but T. pyriformis mt DNA
uses TGA amost exclusively (Brunk et al. 2003). The
variant assignment of TGA among threekinds of ciliates
further illustrates the point that codon usage is highly
variable and basically uninformative with respect to
understanding global phylogenetic relationship (Lang
et al.1987, Paquin and Lang 1996).

Phylogenetic reconstruction based on CYB
sequence comparisons

A CYB phylogeny based on neighbor-joining (NJ)
analyses (Fig. 4) shows four mgor clades. protozoa,
plants, fungi and animals with moderate to very high
bootstrap support. Animals and fungi are each robustly
monophyletic. Regarding CY B evolutionary trends, pro-
tozoan CYB was closest to plant CYB. Within the
protozoan clade, the apicomplexan species (Plasmo-
dium falciparum) and the ciliate species (Paramecium,
Tetrahymena and Pseudourostyla) form a well-sup-
ported (100% bootstrap) monophyletic group, in agree-
ment with nuclear rRNA trees, although overall support
for the protozoan clade is low (bootstrap value 63%).
Within the class Oligohymenophorea of ciliates,
Paramecium and Tetrahymena are sister species, form-
ing a monophyletic grouping with long branches. Since
P. cristata belongs to the class Hypotrochea, the tree
shows Oligohymenophorea and Hypotrochea branching
together to form a basal clade with 100% bootstrap
support. Thisis in agreement with morphological data
and other protein coding gene tress (Tourancheau et
al.1998). The long branches indicate that the common
ancestor of ciliates must have possessed a highly diver-
gent cyb gene; moreover their cyb genes are obviously
evolving at an accelerated and unequal rate. The ex-
treme divergence in ciliates complicates phylogenetic
reconstruction and assessment of relationships. It also
highlightstheimportance of isolating and characterizing
other ciliate mitochondrial genes, which should provide
additional information into codon usage and insights
about the evolution of protozoan.
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