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ABSTRACT Achlorophyllous unicellular microalgae of the genus Prototheca (Trebouxiophy-
ceae, Chlorophyta) are the only known plants that cause infections in both hu-
mans and animals, collectively referred to as protothecosis. Human prototheco-
sis, most commonly manifested as cutaneous, articular, and disseminated
disease, is primarily caused by Prototheca wickerhamii, followed by Prototheca zo-
pfii and, sporadically, by Prototheca cutis and Prototheca miyajii. In veterinary
medicine, however, P. zopfii is a major pathogen responsible for bovine mastitis,
which is a predominant form of protothecal disease in animals. Historically, iden-
tification of Prototheca spp. has relied upon phenotypic criteria; these were later
replaced by molecular typing schemes, including DNA sequencing. However, the
molecular markers interrogated so far, mostly located in the ribosomal DNA
(rDNA) cluster, do not provide sufficient discriminatory power to distinguish
among all Prototheca spp. currently recognized. Our study is the first attempt to
develop a fast, reliable, and specific molecular method allowing identification of
all Prototheca spp. We propose the mitochondrial cytb gene as a new and robust
marker for diagnostics and phylogenetic studies of the Prototheca algae. The cytb
gene displayed important advantages over the rDNA markers. Not only did the
cytb gene have the highest discriminatory capacity for resolving all Prototheca
species, but it also performed best in terms of technical feasibility, understood
as ease of amplification, sequencing, and multiple alignment analysis. Based on
the species-specific polymorphisms in the partial cytb gene, we developed a fast
and straightforward PCR-restriction fragment length polymorphism (RFLP) assay
for identification and differentiation of all Prototheca species described so far.
The newly proposed method is advocated to be a new gold standard in diagnos-
tics of protothecal infections in human and animal populations.
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he genus Prototheca (Trebouxiophyceae, Chlorophyta), originally established by

Kriiger in 1894, includes unicellular, achlorophyllous microalgae, phylogenetically
related to Chlorella spp. (1). So far, eight species have been accommodated within the
genus, namely, P. wickerhamii, P. zopfii (classified into genotypes 1 and 2), P. blaschkeae,
P. cutis, P. miyajii, P. stagnora, P. ulmea, and, very recently, P. tumulicola (2-6); all but the
last three are implicated in human and animal pathologies, collectively referred to as
protothecosis. Human protothecosis, most commonly manifested as cutaneous, artic-
ular, and disseminated disease, is primarily caused by P. wickerhamii, followed by P.
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zopfii and, sporadically, by P. cutis, and P. miyajii (7), whereas in veterinary medicine P.
zopfii is a major pathogen and responsible for a disproportionate number of cases of
bovine mastitis, which is a predominant form of protothecal disease in animals.
Occasionally, P. blaschkeae and P. wickerhamii have been involved in bovine mammary
protothecosis (8, 9). The latter species has also been the main cause of infections, very
rarely reported, in small animals, such as dogs, cats, goats, and fish (10-13). Prototheca
spp. are emerging pathogens whose incidence has been on the rise worldwide. For
instance, until 2012, the total number of cases of human protothecosis was 160, up
from 76 before 1996 and 22 before 1980 (7). This accelerating trend is a product of an
expanding population of senile and immunocompromised patients, as well as of
increasing clinical awareness and technological improvements in diagnostic instrumen-
tation.

Historically, identification of Prototheca spp. has relied upon phenotypic criteria,
including gross colonial morphology, micromorphology in histopathological sections
or culture, and biochemical activity, typically assessed by auxanographic carbohydrate
assimilation assays. However, these conventional, phenotype-based methods are labo-
rious, time-consuming, and expertise demanding, and, above all, the results delivered
are often ambiguous and poorly reproducible. The phenotypic typing methods, al-
though still in use, are now increasingly being superseded by molecular, DNA-based
modalities, a large battery of which has been developed over the last 2 decades,
rendering the identification of Prototheca spp. faster and more accurate (3, 14-25). Yet
none of these methods are exempt from limitations. One of the earliest and most
popular typing systems for Prototheca isolates has been genotype-specific PCR and
restriction fragment length polymorphism (RFLP) analysis targeted on a 450-bp region
of the 18S rRNA gene (3, 25). Both of these approaches have successfully been used to
identify bovine mastitis-related Prototheca pathogens, that is, P. zopfii genotypes 1 and
2 and P. blaschkeae (25-32). No other species can be differentiated with these methods.
Moreover, to achieve a definite result, sometimes three PCR or PCR-RFLP assays need
to be performed. In an effort to streamline and simplify the molecular identification of
the Prototheca algae, several other PCR-based protocols have been developed, with
some aimed at improving specifically the diagnosis of protothecal mastitis and others
aimed at covering the widest possible spectrum of Prototheca spp. Among the former
are nested-PCR (22) and duplex PCR (14), both targeting the 18S ribosomal RNA (rDNA)
region, applicable directly in milk samples, and allowing identification of P. zopfii and
P. zopfii genotype 2, respectively. With the same molecular targets, two real-time PCR
assays were designed to detect P. zopfii, with discrimination between genotypes 1 and
2 (20, 21). A combination of two assays based on PCR amplification of the ribosomal
internal transcribed spacer (ITS) region, encompassing ITS1, the 5.8S rRNA gene, and
ITS2, was proposed to detect and identify P. zopfii genotype 2 and P. blaschkeae in
bovine mastitic milk (19).

Of the methods conceived as pan-generic molecular identification schemes, worthy
of note are the following three: first, a two-step, 18S rDNA-based reverse transcription-
PCR (RT-PCR) followed by DNA resolution melting analysis (RMA), providing differenti-
ation between P. zopfii genotypes 1 and 2 and P. blaschkeae in the first assay and
between P. wickerhamii, P. stagnora, and P. ulmea in the second assay (15); second, a
two-step PCR single-strand conformation polymorphism (SSCP) analysis directed to-
ward two regions of the 18S rDNA, distinguishing P. zopfii genotypes 1 and 2 and P.
blaschkeae, as well as P. stagnora and P. ulmea (16); third, a single multiplex PCR, with
primers amplifying extranuclear 18S and 23S rRNA-coding partial sequences, separating
P. zopfii genotype 2, P. blaschkeae, P. wickerhamii, and, as a group, P. zopfii genotype 1,
P. stagnora, and P. ulmea (17). From this brief overview, it is clear that none of the
methods allow identification of all of the currently accepted Prototheca species. They all
lack P. cutis, P. miyajii, and P. tumulicola, albeit the last two could not be included due
to the recency of their discoveries. Moreover, the two most discriminatory techniques,
that is, quantitative PCR/high-resolution melting (QPCR/HRM) and PCR-SSCP, suffer
from certain disadvantages. The success of qPCR/HRM depends largely on not only the
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quality of the obtained amplimer but also the dye chemistry, instrument resolution, and
data analysis or software used (33). Each of these elements may affect reproducibility
and reliability of the results. An important limitation of PCR-SSCP is a tendency of
single-stranded DNA to adopt several conformational forms under different physical
conditions, such as temperature and ionic environment. Furthermore, the mobility of
single-stranded DNA conformers may vary considerably in the context of the applied
electrophoretic parameters (34). All of this may alter the PCR-SSCP patterns, posing
interpretative difficulties or even precluding identification.

For the identification of Prototheca spp., an alternative to all methods mentioned
above is DNA sequencing, most commonly performed within the ribosomal operon.
Indeed, PCR amplification followed by sequencing of the small-subunit (SSU) rRNA
gene (18S rRNA), ITS region, and/or large-subunit (LSU) rRNA gene (28S rRNA) portions
has been a common strategy for species delineation also in the clinical setting (4,
35-41) and for inference of phylogenetic and evolutionary relationships within and
beyond the Prototheca genus (18, 19, 23, 24, 42, 43). What hampers this approach from
becoming a routine diagnostic tool are mainly time and financial constraints, especially
for large-scale investigations.

Sequencing procedures, along with preparatory activities and postsequencing data
analyses, cannot be performed in less than 24 h. Moreover, the intragenomic sequence
divergences in the protothecal rRNA genes and ITS loci (23, 43) necessitate cloning the
PCR-amplified DNA fragment prior to sequencing to avoid potential chimeric se-
quences from direct PCR product, which further prolongs the identification process.

Finally, matrix-assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS) has recently been adapted for the identification of Prototheca spp.
(44). Apart from several experimental variables influencing the quality and reproduc-
ibility of the MALDI-TOF profiling results, a key limitation of this technology is that it
requires a high degree of technical training and proprietary equipment, which are
hardly available in most molecular diagnostic laboratories.

Overall, a fast, reliable, easy-to-perform, and cost-effective method for detection and
species delimitation of Prototheca algae is still needed.

In this study, we propose a new typing system for Prototheca spp. based on the
mitochondrion-encoded cytochrome b (cytb) gene partial sequence. The resolving
power of the new marker was compared with that of SSU, partial LSU, and ITS markers.

MATERIALS AND METHODS

Strains. A total of 21 strains of Prototheca spp. were included in the study (Table 1). Within this
number were nine Prototheca type strains representing eight species and genotypes (Table 1) and 12
additional strains retrieved from an in-house strain depository, purchased from international culture
collections or kindly provided by collaborating laboratories (Table 1). The strains were stored in Viabank
cryopreservation vials (Medical Wire and Equipment Co., Ltd., Corsham, United Kingdom) at —70°C and
were revived by streaking a loopful (10 ul) of the frozen culture onto yeast-peptone-dextrose (YPD)
(Difco, Franklin Lakes, NJ) agar plates and incubation at either 30°C (P. stagnora, P. ulmea, and P.
tumulicola) or 37°C (all remaining species) aerobically for 72 h. Subcultures were maintained on the same
medium and under the same conditions as described above.

Apart from the well-described strains, a panel of 70 Prototheca isolates cultured from mastitis milk
and environmental samples were used for validation purposes (see Table S1 in the supplemental
material). For the species- or genotype-level identification of Prototheca isolates, genotype-specific PCR
(3) was used as a reference method.

DNA extraction. A loopful of Prototheca sp. cells from a single colony grown on YPD agar was used
for a DNA extraction procedure. This was performed with a GeneMATRIX Environmental DNA & RNA
purification kit (EURx, Gdansk, Poland) and involved mechanical cell disruption by vigorous shaking with
glass beads in a detergent-rich environment and combined action of lysozyme and proteinase K. All
steps, including additional treatment with lyticase (100 ug/ml) (Sigma, Saint Louis, MO, USA) and
B-mercaptoethanol (1 wl/ml) (Sigma, Saint Louis, MO, USA) were performed strictly according to the
manufacturer’s instructions. The purified DNA, dissolved in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH
8.0), was quantified with a NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, Waltham,
USA) and stored at —20°C until used.

In silico analysis. The whole-genome sequences (WGS) of nine reference Prototheca sp. strains,
generated with the MiSeq platform (lllumina, San Diego, CA, USA) (data not published) were searched
using blastn software (www.ncbi.nlm.nih.gov/BLAST) (45) for the presence of six single-locus mitochon-
drial genes involved in the respiratory functions of the mitochondrion, i.e., atp6, coding for subunit 6 of
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the mitochondrial ATPase complex, coxT to cox3, encoding subunits 1, 2, and 3 of the cytochrome
oxidase, nadl, encoding subunit 1 of the NADH dehydrogenase, and cytB, which encodes apocyto-
chrome B. The corresponding genes from the mitochondrial genome sequence of the Prototheca
wickerhamii strain (SAG 263-11) published by Wolff et al. (46) and available under GenBank accession
number NC_001613.1 served as a reference for all BLAST searches. Once mapped, nucleotide sequences
of the six target genes were extracted from the WGS data set and subjected to multiple alignments
performed in AliView (47) using the Muscle algorithm (48). Each single gene alignment was analyzed
individually and was composed of DNA sequences representing nine Prototheca species (genotypes).
Based on different conserved regions identified upon sequence cross-matching, primer design was
attempted with primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) (49) with the prereg-
uisite that the primers amplify a product ranging in size from 300 to 700 bp, with a GC content of 45 to
65% and devoid of long (>9 bp) homopolymer tracts or tandem repeats.

PCR amplification and sequencing. The cytb partial gene was amplified in 20-ul reaction mixtures
containing 2 ul (ca. 10 ng) of template DNA, 0.1 ul (5 U/ul) of OptiTag DNA polymerase (Pol) (EURX,
Gdansk Poland), 2 ul of 10X Pol buffer C with MgCl, (1.5 mM), 0.8 ul of deoxynucleoside triphosphates
(dNTPs) (0.2 mM each), and 0.4 ul (0.2 wM) of primer cytb-F1 and cytb-R1 (Table S2). The PCR conditions
were the following: 3 min of initial denaturation at 95°C, followed by 35 cycles of 30 s at 95°C, 30 s at
50°C, and 30 s at 72°C, with a final extension period of 5 min at 72°C. The amplified products were
visualized by agarose gel electrophoresis (1%, wt/vol) and ethidium bromide staining. The amplicons
were purified using an EPPIC Fast kit (A&A Biotechnology, Gdansk, Poland) and directly sequenced with
the same primers used for PCR amplification.

In addition to the cytb gene, three loci from the rDNA cluster were analyzed, i.e., the 18S small-
subunit (SSU) rRNA gene, the D1/D2 region of the 28S large-subunit (LSU) rRNA gene, and the internal
transcribed spacer (ITS) locus. The complete ITS region, including the two spacers (ITS1 and ITS2) and the
5.85 rRNA gene, was amplified with the universal primers ITS4 and ITS5, anchoring at the 5" end of the
28S rDNA and 3’ end of the 18S rDNA, respectively. PCRs were carried out in 50-ul volumes containing
2 ul (ca. 10 ng) of template DNA, 0.25 ul (5 U/ul) of OptiTaq DNA polymerase (EURx, Gdansk Poland), 5
ul of 10X Pol buffer B with MgCl, (1.5 mM), 2 ul of dNTPs (0.2 mM each), 3% (vol/vol) dimethyl sulfoxide
(DMSO0), and 1 wl (0.2 uM) of each primer. The thermal cycling profile was 96°C for 3 min, 30 cycles of
95°C for 15 s, 55°C for 15 s, and 72°C for 1 min, with a final step at 72°C for 7 min. The full-length SSU
gene and the D1/D2 domain of the LSU rRNA gene were amplified in 50-ul mixtures whose composition
was identical to that for ITS amplification, except that primers SSU-F1 and SSU-F2 (SSU) or NL1 and NL4
(LSU) were used (Table S2). The thermocycling conditions for SSU were as previously described (50). The
thermal profile for LSU was 95°C for 5 min, followed by 30 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C
for 45 s and a final step at 72°C for 7 min. The amplicons of SSU and ITS were electrophoresed in 1%
(wt/vol) agarose gels, purified with an ExtractMe Gel-Out kit (Blirt, Gdansk, Poland), and cloned into a
plasmid vector using a pCR-Script Amp SK(+) cloning kit (Promega, Madison, WI, USA), according to the
vendor’s protocol. At least two positive clones from each cloning experiment were selected for sequenc-
ing with primers listed in Table S2. For LSU amplicons, direct sequencing was performed.

All PCR assays were carried out on an ABI 9700 thermal cycler (Applied Biosystems, Foster City, CA,
USA). All sequencing reactions were run on an Applied Biosystems 3730x| genetic analyzer, using BigDye,
version 3.1, chemistry (Applied Biosystems, Foster City, CA, USA). GC-rich PCR templates were sequenced
with addition of 1 M betaine (Sigma, Saint Louis, MO, USA) and dGTP BigDye, version 3.0, chemistry
(Applied Biosystems, Foster City, CA USA). Sequence data were analyzed using FinchTV, version 1.4.0
(Geospiza, Akron, OH, USA). Consensus sequences were obtained with Segman Pro, version 9.1, software
(DNAStar, Madison, WI, USA).

Multiple sequence alignments to visualize locations of primers used to amplify the SSU, LSU, and ITS
loci were performed in MAFFT, version 7310. The SSU, LSU, or ITS sequence representative for a single
species was sequenced from different clones, merged into consensus sequences in AliView (47), and
visualized with the help of ESPript (http://espript.ibcp.fr) (51).

Phylogenetic analyses. The Prototheca sp. sequences from four genetic loci (SSU, LSU, ITS, and cytB)
were aligned with respective sequences from other Chlorophyta genera (Auxenochlorella, Chlamydomo-
nas, Chlorella, and Helicosporidium), retrieved from the GenBank database, in MAFFT, version 7.310 (52),
with default settings. Poorly aligned regions were automatically removed with trimAl, version 1.3 (53),
using a gap threshold of 0.3 (settings: —gt 0.3 —st 0.001). Phylogenetic trees were inferred through the
maximum likelihood (ML) analysis using randomized accelerated maximum likelihood (RAXML, version
8.2.9) software (54), under the general time-reversible categorical (GTRCAT) model of evolution. The
bootstrap option was used with 100 replicates to infer statistical support of branching patterns. Pairwise
identity matrices were generated in MEGA, version 7.0.26, based on a simple number of differences
model, based on alignments with poorly aligned regions removed (55).

PCR-RFLP. To develop a PCR-RFLP assay for species- or genotype-specific identification of Prototheca
algae, single nucleotide polymorphisms (SNPs) were detected upon alignment of the cytb gene partial
sequences generated from each Prototheca species (genotype), as described above. To check if the SNPs
located within the restriction enzyme recognition sites that would produce an RFLP, the sequences were
screened with Clone Manager software, version 9.0 (Sci-Ed Software, Denver, CO, USA). In silico restriction
digestions were carried out, and predicted restriction patterns were determined for each species
(genotype). Of several enzyme systems designed, only those yielding distinct, easily resolved patterns for
each species (genotype) and recruiting the fewest, readily available, and inexpensive enzymes were
sought. A combination of Rsal and Tail restriction enzymes was selected for PCR-RFLP assays. Experi-
mentally, 644-bp amplimers of the partial cytb gene, produced with the PCR mixture and cycling
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conditions identical to those described above, were doubly digested with FastDigest Rsal and Tail
(Thermo Fisher Scientific, Waltham, MA, USA). Restriction reaction mixtures consisted of 1 ul of each
enzyme, 3 ul of 10X restriction enzyme buffer, 10 ul (ca. 0.2 ng) of PCR product, and 17 ul of Milli-Q
water to make a final volume of 30 ul. Digestions were performed at 37°C for 5 min (Rsal) followed by
5 min at 65°C (Tail), as recommended by the supplier. The restriction products were fractionated on 4%
agarose gels and visualized by ethidium bromide staining and exposure to UV light. Analysis of the
electropherograms was done with a UVP BioDoc-IT imaging system (Analityk Jena, Jena, Germany).

To further distinguish species (P. miyajii versus P. tumulicola) that yielded identical Rsal and Tail
double-digestion patterns, the 644-bp cytb PCR fragment was restricted with Mbol FastDigest enzyme
(Thermo Fisher Scientific, Waltham, MA, USA) under conditions recommended by the manufacturer using
1 ul of enzyme, 3 wl of 10X restriction enzyme buffer, 10 ul (ca. 0.2 ug) of PCR product, and 17 ul of
Milli-Q water to a final volume of 30 ul. DNA fragments were electrophoresed on 2% agarose gels and
visualized as described above.

Accession number(s). The SSU, LSU, ITS, and cytb gene sequences obtained in this study were
deposited in the GenBank database under the accession numbers provided in Table 1.

RESULTS

Of the six mitochondrial genes (atp6, cox1, cox2, cox3, ndh1, and cytb), primer design
was feasible only for atp6 and cytb. Failure in the development of the primers for the
cox and ndh genes was due to either lack of conserved primer binding sites, inadequate
sequence length, sequence variability, or a combination of these factors. The optimal
primers for amplifying partial atp6 and cytb genes were selected among a set of
candidate primer pairs through a series of in silico PCR simulations. Primers atp6_F2 and
atp6_R2 were designed to generate a product of 527 bp, corresponding to positions
802 to 1328 in the P. wickerhamii SAG 263-11 ATPase subunit 6 coding sequence
(GenBank accession no. U02970), whereas primers cytb_F1 and cytb_R2 were designed
to amplify a 644-bp product spanning coordinates 197 and 840 of the cytb gene in the
P. wickerhamii SAG 263-11 mitochondrial genome (GenBank accession no. U02970) (see
Table S2 in the supplemental material).

For each Prototheca species (genotype) reference strain, primers cytb_F1 and
cytb_R2 resulted in amplification products of the predicted size (Fig. 1). This was
achieved by applying an optimized PCR protocol, as described in Materials and Meth-
ods. In contrast, the PCR results for the atp6 partial gene were consistently negative for
all Prototheca species (genotype) reference strains. Despite several optimization at-
tempts, amplification of the atp6 gene segment was unsuccessful, and consequently
further exploration of this gene was abandoned.

The in silico analysis split the analyzed Prototheca cytb sequences into eight distinct
patterns on the basis of double digestion with Rsal and Tail, as shown in Table 2. The
RFLPs obtained for the Prototheca sp. type strains showed perfect matches with those
expected to be seen upon gel electrophoresis, i.e., directly derived from in silico
predictions and corrected for low-molecular-weight bands (=25 bp) or comigrating
bands (e.g., 247- and 257-bp fragments for P. stagnora), precluding their detection on
standard-resolution agarose gels (Fig. 1).

All species (genotypes) were clearly identified upon the digestion, except that P.
miyajii and P. tumulicola could not be distinguished from each other as they yielded a
single band of the same size on a gel. According to in silico analysis, both of these
species produce nearly identical restriction patterns (Table 2). The two species, how-
ever, could be easily separated when the cytb PCR fragment was restricted with Mbol
enzyme. Expectedly, three fragments were shown for P. miyajii, while the amplicon of
P. tumulicola was not digested (Fig. 2).

The cytb PCR-RFLP assay was evaluated on 12 strains of confirmed species (geno-
type) identity (Table 1). All strains belonging to the same species (genotype), i.e., either
P. zopfii genotypes 1 and 2, P. blaschkeae, or P. wickerhamii, showed identical patterns
easily distinguishable from those of other species (genotypes) (Fig. 3). The assay was
further used for species (genotype) identification of 70 Prototheca isolates cultured
from mastitis milk and environmental samples, yielding 2 profiles specific for P. zopfii
genotype 1, 65 profiles specific for P. zopfii genotype 2, and 3 profiles specific for P.
blaschkeae (Table S1). As all of these isolates were also identified to the species
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FIG 1 PCR products of the partial cytb gene (above) and restriction patterns of these products (below)
produced upon Rsal/Tail double digestion for nine Prototheca species (genotypes) type strains. Lane 1,
P. zopfii genotype 1; lane 2, P. zopfii genotype 2; lane 3, P. blaschkeae; lane 4, P. cutis; lane 5, P. ulmea;
lane 6, P. stagnora; lane 7, P. wickerhamii; lane 8, P. miyajii; lane 9, P. tumulicola; lanes M, size marker (Gene
Ruler Low Range; Thermo Fisher Scientific, Waltham, MA, USA).

(genotype) level with the genotype-specific PCR (3), a full agreement between the two
analyses was observed.

Sequencing of the partial cytb gene was performed for all 21 Prototheca strains
under study, and the resulting sequences were submitted to the GenBank under the
accession numbers provided in Table 1. A total of 335 variable nucleotide sites were

Journal of Clinical Microbiology

TABLE 2 Molecular differentiation of Prototheca species/genotypes by PCR-RFLP analysis with Rsal and Tail and with Mbol of the cytb

gene fragment

Length of fragment(s) (bp)®

Enzyme(s) and species/genotype Determined in silico Expected upon gel electrophoresis
Rsal/Tail
P. zopfii genotype 1 25, 47, 253, 319 50, 250, 320
P. zopfii genotype 2 25, 47, 161, 411 50, 160, 410
P. blaschkeae 22, 25, 25, 61, 68, 93, 128, 222 60, 70, 90, 130, 220
P. cutis 25, 25, 129, 183, 282 130, 180, 280
P. ulmea 140, 247, 257 140, 250
P. stagnora 25, 140, 479 140, 480
P. wickerhamii 25, 25, 89, 94, 411 90, 400
P. miyajii 25, 619 620
P. tumulicola 15, 629 620
Mbol
P. miyajii 151, 221, 272 150, 220, 270
P. tumulicola 644 640

aThe sizes were rounded to the nearest 10. Fragments of ca. 20 bp in length were excluded since they are hardly visible even in high-percentage (4%) agarose gels.
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FIG 2 Restriction patterns of the partial cytb gene produced upon Mbol digestion for two Prototheca
species indistinguishable by Rsal/Tail double digestion. Lane 1, P. miyajii; lane 2, P. tumulicola; lane M, size
marker (Gene Ruler Low Range; Thermo Fisher Scientific, Waltham, MA, USA).

detected, which comprised 55.9% (335/599 bp) of the length of a multiple, 21-sequence
alignment. For species (genotypes) represented by more than two strains, the cytb gene
sequences differed at most in 14 (P. zopfii genotype 1), 3 (P. blaschkeae and P.
wickerhamii), or 1 (P. zopfii genotype 2) nucleotide position, translating into 97.7%,
99.5%, and 99.8% sequence similarity, respectively. Pairwise sequence comparison
showed that individual Prototheca species (genotypes) shared no more than 94.5%
identity (range, 78.6% to 94.5%) (Table S3).

The reliability of cytb as a molecular marker for Prototheca species (genotype)
identification was compared with that of SSU, LSU, and ITS. For this purpose, sequenc-
ing of the three loci for nine Prototheca sp. type strains was performed. Since previous
observations clearly indicated the intragenomic heterogeneity of the rDNA repeat units

9 10 11 12 M

FIG 3 Evaluation of the cytb PCR restriction enzyme analysis profiling for selected Prototheca sp. strains.
Lanes 1 to 3, P. zopfii genotype 1; lanes 4 to 6, P. zopfii genotype 2; lanes 7 to 9, P. blaschkeae; lanes 10
to 12 - P. wickerhamii; lanes M, size marker (Gene Ruler Low Range; Thermo Fisher Scientific, Waltham,
MA, USA).
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in Prototheca spp., a strategy of cloning the SSU and ITS PCR products was employed
with sequence determination for individual (at least two) clones. The assembled
sequences were deposited in the GenBank under the accession numbers provided in
Table 1. Altogether, 26 SSU and 33 ITS clone-specific sequences were available for
comparative analyses. Given the intrastrain homogeneity of the LSU sequences, one
LSU sequence per strain was analyzed. A total of 463 variable nucleotide sites were
detected for the SSU, equivalent to 28.8% (463/1,610 bp) of the alignment length. The
clonal (i.e., derived from a single strain) SSU sequences were either identical (P. cutis, P.
tumulicola, and P. ulmea) or differed at most in 71 (P. wickerhamii), 5 (P. miyajii), 3 (P.
zopfii genotype 1), or 2 (P. zopfii genotype 2, P. blaschkeae, and P. stagnora) nucleotide
positions, translating into 95.6%, 99.7%, 99.8%, and 99.9% sequence similarity, respec-
tively. Pairwise sequence comparison showed an interspecies identity range of 77.8% to
99.8% (Table S4). The highest sequence identity was observed between P. zopfii
genotypes 1 and 2 (up to 99.8%) and between P. cutis and P. miyajii (up to 98.6%).

A total of 317 variable nucleotide sites were identified among the ITS sequences,
which comprised 61.2% (317/518 bp) of the alignment length. The intrastrain variation
between the sequences was observed for P. wickerhamii, P. cutis, and P. blaschkeae, with
a maximum number of nucleotide differences of 61 (sequence similarity, 87.6%), 5
(99.1%), and 2 (99.5%), respectively. There were no two Prototheca species (or geno-
types) that shared more than 96.8% sequence similarity in their ITS loci (range, 69.6 to
96.8%). For P. wickerhamii, however, the sequence similarity spanned a wide range of
87.6 to 100% (Table S5).

A total of 428 variable nucleotide sites were identified among the LSU sequences,
comprising 59.8% (428/716 bp) of the alignment length. Pairwise sequence comparison
showed an interspecies identity range of 79.7% to 99.2% (Table S6). The highest
sequence identity was observed between P. zopfii genotypes 1 and 2 (up to 99.16%)

A phylogenetic tree constructed based on the partial cytb gene sequences (599 bp)
clearly separated all Prototheca species (genotypes) (Fig. 4). All strains belonging to the
same species (genotype) formed distinct clusters, supported by high bootstrap values
(up to 100%). More specifically, all Prototheca species grouped in three separate clades.
P. miyajii and P. cutis grouped together with Auxenochlorella, with low bootstrap
support (59%), as a sister group to P. wickerhamii (bootstrap value, 70%). P. blaschkeae
and P. zopfii of both genotypes formed a second well-supported clade (bootstrap value,
91%). The last three species, namely, P. ulmea, P. stagnora, and P. tumulicola, repre-
sented by single strains, formed the third monophyletic group (bootstrap value, 61%).
At a more general level, P. miyajii, P. cutis, and P. wickerhamii grouped together with the
genera Auxenochlorella, Chlorella, and Helicosporidium (bootstrap value, 86%), indicat-
ing paraphyly of the genus Prototheca.

Phylogenetic analysis of Prototheca sp. type strains, inferred from the SSU sequences
(1,610 bp), positioned P. zopfii genotypes 1 and 2 in the same cluster, as was the case
for P. cutis and P. miyajii (Fig. 5). Both of these topologies were highly supported
(bootstrap values of =97%).

All Prototheca species (genotypes) could be discriminated in the phylogenetic tree
generated from alignment of the ITS sequences (518 bp), yet P. wickerhamii was spread
into two clusters, one specific for P. wickerhamii strain ATCC 16529 and the other
specific for P. wickerhamii strain A (Fig. 6). These two groupings had different statistical
confidence levels (bootstrap values of 60% and 100%, respectively).

Based on the LSU-derived phylogram, clustering of the Prototheca species (geno-
types) was quite similar to that developed from the cytb gene. Still, LSU sequences of
the P. wickerhamii strains were more diverse, classified as two subclusters. Also, LSU
sequence clusters of P. zopfii genotypes 1 and 2 were less clearly separated than the
respective cytb gene clusters (Fig. 7).

DISCUSSION
The nuclear rRNA gene (rDNA) cluster has been the most extensively scrutinized
region for taxonomic and phylogenetic studies across the entire tree of life. The
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FIG 4 Phylogenetic tree constructed through maximum likelihood analysis based on cytb sequences. The bootstrap values obtained by the analysis are marked

at the nodes.

small-subunit (SSU; 16S or 18S) and large-subunit (LSU; 23S, 26S, or 28S) rRNA genes
and the internal transcribed spacer (ITS) regions 1 and 2, including the 5.8S rRNA gene,
are the backbone of bacterial, fungal, and plant identification and systematics (56-58).
While the ITS has recently been declared the primary barcode for fungi, it has not
received such status in plants. Here, a multilocus marker system, including the ITS along
with plastid-encoded maturase K (matK) and ribulose-1,5-bisphosphate carboxylase
(rbcl) genes, has been recommended for species delineation and phylogenetic analyses
(57, 58). So far, studies investigating the phylogeny and taxonomy of the Prototheca
algae have relied exclusively on rDNA sequence data. Consequently, any identification
or typing schemes developed for Prototheca spp. target sequences from the rDNA
cluster (14, 15, 19-22, 24). (Primers used in all PCR-based assays so far developed for the
identification of Prototheca spp. are shown in Fig. 8, 9, and 10 and are listed in Table S7
in the supplemental material). However, as evidenced in this study, none of the three
rDNA (SSU, LSU, and ITS) loci provided adequate resolution to define all Prototheca
species (genotypes). For instance, sequence divergence for the SSU locus between P.
cutis and P. miyajii ranged from 1.4% to 1.7%, which is well below a 3% threshold,
commonly used for species delimitation (59). Even lower (0.8 to 1.4%) was the mini-
mum genetic distance between P. zopfii genotypes 1 and 2 at the D1/D2 LSU locus. Still,
both genotypes could be easily separated from each other. Conversely, the genetic
distance was much too high to link all P. wickerhamii ITS clones with the same species
category.

Interestingly, in the case of SSU and ITS loci, this conspecificity between certain
Prototheca species might have been overlooked if the multiclone sequencing strategy
had not been undertaken. In fact, this strategy was necessitated by a number of
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FIG 5 Phylogenetic tree constructed through maximum likelihood analysis based on SSU rDNA sequences. The bootstrap values obtained by the analysis are

marked at the nodes.

ambiguities produced upon direct sequencing of the PCR-amplified rDNA products.
This relates to the phenomenon of intragenomic, also referred to as intrastrain or
intraindividual, variability of the rDNA units.

It is generally assumed that all copies of rRNA genes within an organism are identical
or nearly identical in their nucleotide sequences. The homogeneity of rRNA gene copies
has been explained by a concerted evolution model, under which the repeated genes
are subject to sequence homogenization through either unequal crossing over or gene
conversion (60). However, there have been a number of reports describing considerable
differences in nucleotide sequences between copies of rRNA genes in a single organ-
ism. This phenomenon has been documented in both prokaryotes and eukaryotes,
including fungi, animals, and plants (61-64). The origins of intragenomic rRNA gene
polymorphisms are poorly understood. In prokaryotes, the variation of rRNA gene copy
numbers has been attributed to horizontal gene transfer (65), whereas in eukaryotes, it
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FIG 6 Phylogenetic tree constructed through maximum likelihood analysis based on ITS sequences. The bootstrap values obtained by the analysis are marked

at the nodes.

has been speculated to occur via birth-and-death evolution, which involves repeated
genetic duplications with strong purifying selection. The intragenomic ITS sequence
polymorphisms in a strain of the yeast species Pichia membranifaciens have been
shown to be a product of intergenomic rDNA recombination of different strains
harboring significantly different ITS sequences. Intragenomic recombinations between
the polymorphic ITS repeats were also demonstrated (62). Moreover, a defect in the
gene conversion mechanisms required for concerted evolution of rRNA genes has been
proposed for explaining the maintenance of the polymorphic repeats (62).
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FIG 7 Phylogenetic tree constructed through maximum likelihood analysis based on D1/D2 LSU sequences. The bootstrap values obtained by the analysis are

marked at the nodes.

Prototheca algae seem to be particularly notorious for displaying high levels of
intrastrain rDNA polymorphism. Previous studies, similar to the present one, revealed
an important degree of sequence heterogeneity between different copies of the SSU
rRNA gene and the ITS locus within a single Prototheca strain (19, 43, 66). Although not
seen in this study, the intrastrain sequence heterogeneity had also been reported
among copies of the protothecal LSU rRNA gene (23, 66).

Even though the amount of intragenomic variation for each of the rDNA loci has not
been well quantified in Prototheca spp., it might be as high as in P. wickerhamii, with
17 different SSU haplotypes demonstrated in a single strain (43). Given that the SSU is
the slowest evolving rDNA marker, the variations in the LSU and ITS loci are expected
to be much higher.

Mitochondrial genes were among the first markers used for molecular phylogenetic
investigations. Compared with nuclear DNA, mitochondrial DNA offers certain advan-
tageous characteristics, including a high rate of evolution, limited proneness to recom-
bination, haploidy (single-locus genes), and high copy number per cell (59, 67). Among
many different mitochondrion-based markers, the cytb gene, coding for cytochrome b,
a transmembrane protein forming the core of the mitochondrial cytochrome bc17
complex of the respiratory chain, has been one of the most widely exploited and has
been successfully used in resolving phylogenetic relationships across the broad spec-
trum of eukaryotic lineages at a variety of taxonomic levels (68-71). This is because the
cytb gene is variable enough to allow discrimination between even very closely related
species and conservative enough to define relationships above the species level.

Despite these attractive features, the cytb gene has very rarely been employed in
studies on the phylogeny of microalgae. This reluctance may be attributed to the
prevailing notion that plant mitochondrial genes have low mutation rates, which
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Alingment positions:
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SSU-F1 (#1) O18SF1 (#9) 18 PZF1 (#3) Fw_1 (#14)

AACCTGGTTGATCCTGCCAGTAGTC. TACCACATCCMGAAAGGCA. ACAATACGTAGCGATGCCGAACT. TGCTGCAGTTAAAAAGCTCGT
SAG 2064 1 CTACCACATCCAAGGAAGGCAG] T ECECRIIECG LT 497..612 TTGCTGCAGTTAAAAGCTCGTA
ATCC PRA-338 1 ICTACCACATCCAAGGAAGGCAG] A LMVl T TGCTGCAGT T[EAAAAGCTCG TA|
IFM 53848 1 CTACCACATCCAAGGAAGGCAG cacaaga ¥ T ANCHA Tfic e cllaae I M cCTCCAGT T AAAAGCTCGTA
ATCC 16528 1 CTACCACATCCAAGGAAGGCAG) cGacaagalelerafdclea Tldc c cleese - M P XMl T T GC TGCAGT TIAAAAGCTCGTA
JCM 31123 1 CTACCACATCCAAGGAAGGCAG GacaAl CGGGGGGCC MVl T GCTGCAGT TRIAAAAGCTCGTA
ATCC 50112 1 CTACCACATCCAAGGAAGGCAG IcacaamadleT aleclea Tl c c cldlelele iR M [MlT TGCTGCAGT TIAAAAGCTCGTA
ATTC 16529 1 [CTACCACATCCAAGGAAGGCAG] GACAAARVAT AJNCEAA TIAC C GLNeley LTSN T(IlT TGC TGCAGT TEAAAAGCTCGTA
SAG 2063 1 CTACCACATCCAAGGAAGGCAG cacaafiallerafdclea Tfdc c Gl I M IIlT T GCTGCAGT TRAAAAGCTCGTA
SAG 2021 1 CTACCACATCCAAGGAAGGCAG cacaaialderaldcéa Tiiic c ch NI NI IMlT TGC TGCAGT TIAAAAGCTCGTA

18 PZR1 (#4)

‘TTCGGCGTCCTCTGG-CTGGC

Rw_1 (#15)

1140 ... .. 1162

O18SR1 (#10)

Fw_2 (#16)

‘TGTCAGAGETGAAATTCTTGGA

'TGCGAAAGCATTTGCCAAGG

GCCTGCGGCTTAATTTGAC

P. blaschkeae  SAG 2064 692 TccEGGCaT .[CTGGCq 713..907 CHEIININIFIISSNETETIITIN 930..949 (SFITIFVNNIFCLTITIFY GAGCCTGCGGCTAATTTGACT
P. cutis ATCC PRA-338 697 clcGeTGCC|C JCTGTCG 718..816 ThdehderNehNelehdel V0N debddelel By 939..958 (ehulelefch.V.V-Nclel &k & felolel GAGCCTGCGGCTHAATTTGACT|
P. miyajii IFM 53848 1160 c|cGl¥TGCC|C HickNehyelei i KT I TG TCAGAGGTGAAATTCTTGGATRENIMEVANC TGCGAAAGCATTTGCCA. GAGCCTGCGGCTHMAATTTGACT)
P. stagnora ATCC 16528 698 GGCleGCCAC) yielefofe i/ IN-TVANe T G T CAGAGGTGAAATTCTTGGA TIEIMCLEIC TGCGAAAGCATTTGCCA. GAGCCTGCGGCTEAATTTGACT)
P. tumulicola JCM 31123 695 ClCT[@GCCGC] JTTGGCG 716..912 CpdeyderNepNelehdep V.00 ek pdelel Wy 935..9054 (epieleleh.V.V-Neclep &k fecloled ¥ GAGCCTGCGGCTH@AATTTGACT|
P. ulmea ATCC 50112 698 GICC[8GGGG(C] GGCG| 720..916 ChdehyerNe NelehJe).0.0.Chdobddeled Ny 939..058 [ohulelofel.V.V.Velod &bk fclofer.V GAGCCTGCGGCTHMAATTTGACT)
P. wickerhamii  ATTC 16529 794 ATC[ACTTT (oF:\ ek - ST I T Ml T G TCAGAGGTGAAAT TCTTGGA TR ENELIC TGCGAAAGCATTTGCCA. GAGCCTGCGGCT[@AATTTGACT)
P. zopfii gen. 1 SAG 2063 685 C|TT[$GGCGT CTGGCG 706..900 ThdekqerNeyNelebdel V.0.Sbdehgdele ¥y 023 . 042 ohulelefer.V.V.-Nelod Wk ik felofer .V GAGCCTGCGGCTHAATTTGACT|
P. zopfii gen. 2 SAG 2021 687 CITT®GGCGT GGCGl 708..902 Teyekyed.NeyNefeh Je). 0.V % ol deler ¥y YYSlCTGCGAAAGCATTTGCCA. GAGCCTGCGGCTHMAATTTGACT)
Alingment positions: 1261 1495 ... 1537 ...
SP1 (#12)
CGCTTCTTAGAGGGACTGCTG
protol8S-4f (#5) PP1 (#11) PZGT2/r (#6) PP2 (#13)
CCTTGTCAGGTTGATTCC

GACATGGCGAGGATTGACAGA' 4 GC. TTTTGCCC CGCCGAC ‘CTTCTTAGAGGGACTGCT

P. blaschkeae SAG 2064 1230  EXFXFNAC[EIC CIXITNETTNFNFY 1249 .. 1311 CTTGTCAGGTTATTCCG 1330.. GCTCGTCCCCC Jelcee(erNefeiC T T C T TAGAGGGAC TEISHGIEREPI)
P. cutis ATCC PRA-338 ..1322 G ClegbdelfebNeleh by GrNkdelele] 1341 .. -[-[- €lg [gc 1419
P. miyajii IFM 53848 ..2258 G C{ehiblebdeb Neleh by 1 bdelelel 2277 2356
P, stagnora ATCC 16528 IR PeleC T TGT CAGGT T{ElAT T CCGREVA R ISTE S s SIS BRSNS C T 7 C T T A G A G G G AC T(EloRi G MY
P. tumulicola JCM 31123 B EICRElSC TTGTCAGGT T[@ATTCCG COTCGEECSE . - GTTACTCARKEICREENENGENCC TEC 1415
P. ulmea ATCC 50112 Ik IeleC T TGTCAGGT TfgATTCCG 1421
P. wickerhamii  ATTC 16529 RIS CTTGTCAGGT TIATTCCG 1620
P. zopfii gen. 1 SAG 2063 KWV NEC TTGTCAGGTT[@ATTCCG] 1400
P. zopfiigen.2  SAG 2021 [P7I Rl A GACATIEGMEAGGAT TGACAGARPY VLN HEJ8C T TG TCAGG T TIEAT TCCG| G 1402
Alingment positions: .. 1887 2473 .. 2577

protol8S-4R-1 (#8) Rw_2 (#17) protol8S-4r (#7)

‘TCCTACCGATTGGGTGTGCT

SSU-R1 (#2)

‘CGTAGGTGAACCTGCAGAAGGATCA

P. blaschkeae ~ SAG 2064 NCTGTGRTGCCCTTAGATGTTCTGGGCCGC CESC TACCGAT T GG[eHi G eIl G| CCGTAGGTGAACCTGCAGAAGGENNSRVMEREIT
P. cutis ATCC PRA-338 NCTGTGRTGCCCTTAGATGTTCTGGGCCGC CENSCTACCGAT T GGk Gaelehs G BTV YAC CG TAGGTGAACCTGCAGAAGGHNNNNNR 1818
P. miyajii IFM 53848 CENSIC TACCGAT T GG[elGjMElei G CCGTAGGTGAACCTGCAGAAGGHENIINEETYVE
P, stagnora ATCC 16528 McTeTGlTGCCCTTAGATGTTCTGGGCCGE CENSICTACCGAT T GGkl Geleln G| CCGTAGGTGAACCTGCAGAAGGHENCIINERTHL)
P. tumulicola JCM 31123 NCTGTGITGCCCTTAGATGTTCTGGGCCGC Cj¥eiC TACCGATTGGlekiGpNeleln G| CCGTAGGTGAACCTGCAGAAGGEENCFINEETI]
P. ulmea ATCC 50112 BCTGTGRITGCCCTTAGATGTTCTGGGCCGC CEIC TACCGAT TG G{epGyelel G [CCGTAGGTGAACCTGCAGAAGGENNe)\NEET-EV]
P. wickerhamii ~ ATTC 16529 NCTGTGITGCCCTTAGATGTTCTGGGCCGE CEBICTACCGATTGGINSGENEeG! CCGTAGGTGAACCTGCAGAAGGELENCTIIEP N
P zopfiigen. 1 SAG 2063 NCTGTGITGCCCTTAGATGTTCTGGGCCGC CI{8IC TACCGAT TG Gleh Gileleln G| CCGTAGGTGAACCTGCAGAAGGHENGFI R
P. zopfiigen.2  SAG 2021 BCTGTGETGCCCTTAGATGTTCTGGGCCGC 5 (&7 ClEFNASF NG TlET G C Tld 4 CCGTAGGTGAACCTGCAGAAGCENNSINIRTN
Alingment positions: 3911 3937

FIG 8 Multiple alignment of the SSU sequences of the Prototheca sp. type strains. Nucleotides identical across all displayed species are shaded in red, and those
present in at least six sequences are boxed in blue. Blue and orange arrows indicate forward and reverse primers, respectively. Alignment positions boxed in
gray are nucleotide coordinates for the adjacent alignment block. Additional black lines indicate sequences based on which species-specific primers were
designed. Primer names are given above the arrows, and numbers in brackets correspond to numbers provided in Table S7 in the supplemental material. Dots
in the alignment represent the intersequence gaps, while an ellipsis beneath the proto18S-4r-1 (#8) primer in the P. miyajii IFM 53848 SSU sequence indicates
a large insert in that region.

translates into their low intra- and interspecies discriminatory powers, precluding their
use as plant barcodes (72). However, there has been a growing amount of evidence that
the low polymorphism of the mitochondrial genome does not apply across all plant
taxa (72, 73). Nevertheless, the potential of the cytb gene for identification and
phylogenetic sorting of the Prototheca microalgae had never been explored. To our
knowledge, this is the first study in which the sequences of the partial cytb gene were
used to investigate the geno-taxonomic relations within the Prototheca genus. The
study is also the first attempt to develop a fast, reliable, and specific molecular method
to identify all Prototheca spp., based on polymorphisms in the cytb gene.

ITS-5 (#22) ITS-1 (#18) Pb-ITS-F (#23) Pz-ITS-F (#25)

GGMGTAAMGTCGT-AACAAGG. TCCGTAGGTGAACCTGCGG. AA( TTCTT
P. blaschkeae SAG 2064 il [GGAAGTAAAAGTCGTH | GAAGGCCCTGCGTTCTTCGCAGAG 253“
P cutis ATCCPRA-338 1  [JFONLTEEONLLALY . GATCAGTCGGTAGTTTTCG 21,1
P miyajii IFM 53848 1 TGTCCGTCGGCGACGGTGG
P stagnora  ATCC 16528 ABNGGAAGTAAAAGTCGTHAACAAGGTTTCGTAGGTGAACCTGCEGA A T I
P tumulicola  JCM 31123 1 GCCTGCACGGCAGCATTTGGCCGA 164
P ulmea ATCC 50112 1 TTTGGCCCCGGGATCCTCGTCGGC 191..
P wickerhamii ATTC 16529 il GSTTGSBSKTKGGYTGC. . 412,
P zopfiigen. 1 SAG 2063 1 N i C|GAATGGTTAGTATGAACGT. ..AAACG..ARA 475
P zopfiigen. 2 SAG 2021 43 -K6cMesM . daaedganlce, L. L L AAACG..AAA 351

Alingment positions: 468 1198
ITS-2 (#19) / ITS-3 (#20) Pb-ITS-R (#24) Pz-ITS-R (#26) ITS-4 (#21)

‘GCATCGATGAAGMCGCAGC. ‘TCTCTCGGTCGGGMCACGC ‘TGTCGCCAATGCCAGGAATT ‘GCATATCAATAAGCGGAGGA
P. blaschkeae SAG 2064 (BN CEEATCGATGAAGAACGCAGC 1060 GTTCTP«,CCCCCCCGCGCGAGC =
P. cutis PG L Tl C[SNA T CGAT GAAGAACGCAGCG 701 cccjgelcclc L
P. miyajii IFM 53848 Pl Il ClEA T CGATGAAGAACGCAGCG 722 ccclcalc i
P stagnora  ATCC 16528 321 [8GCINIITENTINTCNLITVELLE 342 1653 GGCGCCAARCCTCAGGAACCC 674..
P tumulicola  JCM 31123 B CI8A T CGAT GAAGAACGCAGCG 701 GAT|CIGTCAT. . £
P. ulmea ATCC 50112 508 4 1102 cccldelcclcT Lo
P. wickerhamii ATTC 16520 1420 [ CRURMEPCITNNSTONSIIINELL 1441 2701 GO T T GRTY(RTTKDDTKWTKKY 27223042 RKBWDISMK SBKKY Y VVARBRAY 3063..3180 LTS NITRCT PR LR
P. zopfiigen. 1 SAG 2063 584 (oS CLANMFNAF VATV NIl Nelele 605.. 102 SMWTGKKY|[GGTYSYGTCTGCGT 1023..1062 GT T|C|GIC C[CAATGCCAGGAAAAC 1083..1141 LIRSSty RE P XCIACI LS
P. zopfii gen. 2 SAG 2021 449 [¢G CLYII N deI FNF I NfefeF Nelele) 470..772 TCGCGGGCGGTCGC. 5..807 GIGTICIGCICAATGCCAGGAATTC 828..876 LYCIS)$9:%yeh;V;9y.V Nefofele):\ele):}

Alingment positions: 1484 .. ....1505 2780 ... 2801 3181 3202 3321

FIG 9 Multiple alignment of the ITS sequences of the Prototheca sp. type strains. Nucleotides identical across all displayed species are shaded in red, and those
present in at least six sequences are boxed in blue. Blue and orange arrows indicate forward and reverse primers, respectively. Alignment positions boxed in
gray are nucleotide coordinates for the adjacent alignment block. Additional black lines indicate specific strains for which identification primers were designed.
Primer names are given above the arrows, and numbers in brackets correspond to numbers provided in Table S7 in the supplemental material. Dots in the
alignment represent the intersequence gaps.
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28S-F1 (#27)
AAGCATATCAATAAGCGGAGG

NL1 (#29) NL4/653 (#28)
GCATATCAATAAGCGGAGGAAAAG CCGTCTTGAAACACGGACC
P. blaschkeae SAG 2064 1 .TGCATAHYCAAWAAGCGGAGGAAAAGARL |2 T. 46..610 AGAC|GACCITCGpY®GGCCGTCTTGAAMAMSGGACM . M 652
P. cutis ATCC PRA-338 I T AAGAGAA} A A\ TTCC| . 25..558 C 582
P. miyajii IFM 53848 1 AAGCAT.ATCAATAAGCGGAGGAAGAGAAL IAAC C] T|. 25..579 620
P. stagnora ATCC 16528 1 P T T T A 46..564 586
P. tumulicola  JCM 31123 i A 20..560 582
P. ulmea ATCC 50112 1 T T 20..558 580
P. wickerhamii ATTC 16529 1 ..GCAT.ATCAATAAGCGGARGAAAAGAL 45..696 738
P. zopfiigen. 1 SAG 2063 1 I.TGCATAWYCAAWAAGCGGAGGAAAAGAEA 46..586 A C 627
P. zopfii gen. 2 SAG 2021 1 IITTKCATWICMAAAAAGCGGAGGAAAAGEIAACSAACMAGGATT 47..597 AGA[C|GACC|ITCGYMGG[MCCGTCTTGARAMMAMSRRMCCA 640
Alingment positions: 1 762

FIG 10 Multiple alignment of the D1/D2 LSU sequences of the Prototheca spp. type strains. Nucleotides identical across all displayed species are shaded in red,
and those present in at least six sequences are boxed in blue. Blue and orange arrows indicate forward and reverse primers, respectively. Alignment positions
boxed in gray are nucleotide coordinates for the adjacent alignment block. Primer names are given above the arrows, and numbers in brackets correspond
to numbers provided in Table S7 in the supplemental material. Dots in the alignment represent the intersequence gaps.

The intraspecies (intragenotype) sequence similarities calculated for the SSU, ITS,
LSU, and cytb loci fell within the ranges of 95.6 to 100%, 87.6 to 100%, 97.5 to 100%,
and 97.7 to 100%, respectively, while the interspecies (intergenotype) similarities for the
same loci were of 77.9 to 99.8%, 69.6 to 96.8%, 79.7 to 99.2%, and 78.6 to 94.5%,
respectively. These values show that the cytb gene provides higher taxonomic resolu-
tion than the three other markers. The SSU marker could not accurately discriminate
between P. zopfii genotypes 1 and 2 or between P. cutis and P. miyajii, whereas the ITS
failed to maintain P. wickerhamii as an integral species. Inasmuch as the high level of
the SSU sequence identity (98.3 to 98.6%) between P. cutis and P. miyadjii leads to
obliteration of their species-level differences, the high intraspecies variation of the
ITS sequences (87.6 to 100%) resulted in a breakdown of species boundaries for P.
wickerhamii. Interestingly, unlike all other species, but most notably P. miyajii and
P. wickerhamii, nonpathogenic Prototheca species (i.e., P. stagnora, P. tumulicola,
and P. ulmea) showed, at both rDNA loci, no intraspecific variation at all. It may be
speculated that whereas saprotrophy as the sole lifestyle strategy favors sequence
homogenization, the alternative trophic mode and pathogenic specialization, forcing
an interplay with the animal host, may trigger accelerations of rDNA evolution.

The increased accumulation of nucleotide substitutions in the ribosomal genes in
certain heterotrophic (parasitic) plant species compared to that in their autotrophic
relatives has been well documented in the literature (74).

The partial cytb gene displayed important advantages over the rDNA markers. Not
only did it show the highest discriminatory power resolving all Prototheca species with
strong statistical support, but it also performed best in terms of technical feasibility,
understood as ease of amplification, sequencing, and multialignment analysis (Fig. 11).
Based on the species-specific polymorphisms in the partial cytb gene, we developed a
fast and simple PCR-RFLP method for identification and differentiation of all nine
currently recognized Prototheca species (genotypes). The method involves two RFLP
assays on the same, 644-bp-long PCR product: first, a double enzyme digestion,
producing seven species- or genotype-specific profiles and one shared by P. miyajii and
P. tumulicola and, second, a one-enzyme reaction separating these two species. The
method was evaluated by analyzing 12 strains of confirmed species (genotype) identity
and an additional 70 Prototheca isolates cultured from mastitis milk and environmental
samples, in every case providing a positive and unambiguous species (genotype)
assignment.

The reagent costs for the basic PCR-RFLP assay, distinguishing all Prototheca spp.
except P. miyajii and P. tumulicola, were estimated at $3.00 per sample. The cost of the
complete, two-assay algorithm, which differentiates between P. miyajii and P. tumuli-
cola, was calculated to be $5.00 per sample. Although the overall cost for the com-
monly used genotype-specific PCR is lower, it allows identification of only two Prototh-
eca species (P. zopfii genotypes 1 and 2 and P. blaschkeae).

Altogether, the system proposed allows accurate and robust identification of Pro-
totheca spp. in a short time (<3 h), with low costs and technical requirements. The
limitation of the method is its culture dependency, which extends the total time of
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FIG 11 Multiple alignment of the partial sequences of the cytb gene of the Prototheca sp. type strains. Nucleotides identical across all displayed species are shaded
in red, and positions with a maximum of two different nucleotides are boxed in blue. The blue-, green-, and black-shaded nucleotides indicate recognition sites for
Rsal (GT/\AQ), Tail (ACGT/\), and Mbol (/AGATC) restriction enzymes, respectively. The caret represents where the enzyme cuts the sequence.

analysis by ca. 48 to 72 h. The potential of the method to be applied on clinical material
directly is now under investigation. Still, the PCR-RFLP analysis described herein, along
with PCR sequencing, a more lengthy and more expensive option, is the only approach
currently available capable of identifying all known Prototheca species (genotypes).
Certain attention has to be given to the general phylogeny of the Prototheca genus,
as inferred from the partial cytb gene analysis. Upon inspection of the phylogram, four
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major observations were made. First, the genus Prototheca appeared to be paraphyletic
with not only Auxenochlorella and Helicosporidium but also Chlorella, thus expanding
the previously proposed AHP (for Auxenochlorella, Helicosporidium, and Prototheca)
lineage (2, 41). Second, P. zopfii genotype 1, P. zopfii genotype 2, and P. blaschkeae were
clearly monophyletic, with P. zopfii genotypes 1 and 2 sharing a particularly close
relationship, supporting their conspecificity (3, 28). Third, P. wickerhamii, but more
pronouncedly P. cutis and P. miyajii, were more closely related to Auxenochlorella
protothecoides than to other Prototheca species. The monophyly of P. wickerhamii and
A. protothecoides had been suggested earlier, according to SSU-based phylogenies (2).
Fourth, the strictly saprotrophic (nonpathogenic) species of P. stagnora, P. ulmea, and
the very recently described P. tumulicola formed a group of sister lineages separated
from other Prototheca species much more distinctly, as with the SSU- and ITS-derived
phylogenies from this and past studies (2, 41).
In conclusion, this is the first report to investigate the mitochondrial cytb gene as a
molecular marker for identification and phylogenetic analysis of the Prototheca microal-
gae. The 644-bp fragment of the cytb gene examined in this study has proved effective
for discrimination and phylogenetic studies of Prototheca spp. The PCR-RFLP assay
targeting the partial cytb gene was developed and, unlike any other method, allowed
fast and reliable identification of all Prototheca species described so far. We would
advocate the use of this technique and suggest that it could replace ribotyping as the
gold standard for identification and taxonomic classification of the Prototheca algae.
Since only one available strain for each of five Prototheca species (P. cutis, P. miyajii, P.
stagnora, P. ulmea, and P. tumulicola) was examined in this study, the method will
require further validation with the recovery of other strains representing these species.
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