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Abstract

A strain of an achlorophyllic alga, named PR24", was isolated from cow milk samples from the state of Minas Gerais, Brazil.
Based on 18S rDNA, 28S rRNA, D1/D2 region of the LSU rDNA and SSU rRNA gene sequence similarities, this strain was
found to be a member of the genus Prototheca and closely related to Prototheca blaschkeae SAG2064". However, the novel
strain could easily be distinguished from recognized Prototheca species by internal transcribed spacer, species-specific PCR,
single-strand conformation polymorphism-PCR analysis and phenotypic characteristics. The inability to grow in Sabouraud
broth at pH 4.0 and the different cellular fatty acid composition clearly distinguished PR24T from the reference strain of
P. blaschkeae. The combination of genotypic and phenotypic data indicates that strain PR24" represents a subspecies of
P. blaschkeae, for which the name Prototheca blaschkeae subsp. brasiliensis subsp. nov. is proposed. The respective type

strain is PR24" (=DSM 103592T=IHEM 269587).

Prototheca are unicellular achlorophyllous yeast-like micro-
algae, ubiquitous in nature. They are spherical, oval or even
kidney-shaped and closely related to green algae of the
genus Chlorella [1]. To date, seven species have been well-
described into the genus Prototheca: Prototheca zopfii, Pro-
totheca wickerhamii, Prototheca stagnora, Prototheca ulmea,
Prototheca blaschkeae, Prototheca cutis and Prototheca
miyajii [2-5].

Some protothecal species, such as P. zopfii and P. wicherha-
mii, are pathogenic in natural conditions and can cause a
variety of infections in cattle, dogs, cats and humans.
Although P. wickerhamii, P. cutis and P. miyajii have been
mostly related to human infections [3, 5], in cows protothe-
cal bovine mastitis is usually caused by P. zopfii, P. wicker-
hamii or P. blaschkeae [6-9]. Prototheca was first linked to
mastitis in dairy cows in 1952, but its first description as an
agent of bovine mastitis dates from 1969 [10]. At present,
the frequency of bovine protothecal mastitis is increasing
worldwide [9, 11].

During a study of milk samples collected from cows affected
by clinical and subclinical mastitis, atypical strains that
appeared to represent a novel Prototheca species were iso-
lated [12].

Strain PR24" was isolated from bovine milk samples col-
lected in a dairy farm located in the state of Minas Gerais
(Brazil) using Sabouraud (SB) agar (Biolife) plates. It was
routinely maintained at 4°C after growth at 37°C for 48 h
in SB broth (Biolife). Morphological characteristics of the
cells were determined by light microscopy. Growth at differ-
ent temperatures was observed in SB agar incubated at 10,
25, 30, 37 and 45°C for 7 days. The influence of pH (4.0,
5.0, 6.0 and 7.0) on Prototheca growth was examined in SB
broth after 7days incubation at 37°C. Initial pH was
obtained by adjusting the pH of SB medium with the addi-
tion of 1 N HCI or NaOH. Salt tolerance was determined in
SB broth containing 2.5, 5, 10 or 20 % (w/v) NaCl. Salt con-
centrations were chosen according to Marques et al. [13].
Biochemical tests were performed using the API ID32A,
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API ID32 Staph and API 20 AUX C systems (bioMérieux),
according to the manufacturer’s instructions. All assays
(growth temperature, pH and salt tolerance, and biochemi-
cal tests) were performed in triplicate. The following refer-
ence strains of the key Prototheca species were included in
the study: P. stagnora ATCC16528", P. wickerhamii
ATCC30395, P. ulmea ATCC50112" (deposited in the
American Type Culture Collection, ATCC, USA); P. zopfii
genotype 2 SAG2021”, P. zopfii genotype 1 SAG2063" and
P. blaschkeae SAG2064" (deposited in the Culture Collec-
tion of Algae (SAG) at the University of Géttingen,
Germany).

DNA was isolated and purified by using the method of Cre-
monesi et al. [14]. Based on the published 18S rDNA Proto-
theca sequences available in GenBank database, primer
pairs were designed using the Primer3 program (http://bio-
info.ut.ee/primer3-0.4.0/primer3/, December 2015). All the
primers used in this study, ranging from 17 to 22 mers, are
shown in Table 1 and were designed in order to have similar
melting temperatures.

The primers were synthesized by Thermo Fisher Scientific
and resuspended to a final concentration of 100 pmol pl
in sterile double-distilled water. For PCR amplification of
18S rDNA in a total volume of 25ul, each reaction con-
tained 12.5pul of 1x HotStarTaq Master Mix (Qiagen
GmbH), 0.2 pl of each primer pair and ~30 ng of DNA. The

amplification protocol was 95 °C for 15 min, followed by 30
cycles at 94°C for 1 min, annealing at 56°C for 1 min and
extension at 72 °C for 1 min, with a final extension step at
72°C for 7 min. All PCRs were performed in singleplex on
previously extracted DNA, and PCR products were analysed
by agarose gel electrophoresis. Unique single bands of the
expected size were purified with a commercial kit (Wizard
SV Gel and PCR Clean-up System, Promega). PCR amplifi-
cation of 28S rRNA, D1/D2 region of the LSU rDNA and
SSU rRNA were performed as described by Masuda et al.
[5], Shahid et al. [15] and Xiao et al. [16] by using primers
listed in Table 1.

Sequencing of the 18S rDNA, 28S rRNA, D1/D2 region and
SSU rRNA genes was provided by the sequencing service of
GATC Biotech AG (Cologne, Germany). Sequence similar-
ity searches were performed using BLAST in the GenBank
database, and the sequence information was then imported
into cLUSTAL 12.1 for assembly and alignment (www.ebi.ac.
uk/Tools/msa/clustalo/). The 18S rRNA, 28S rRNA, D1/D2
region and SSU rRNA genes sequences of strain PR24" were
compared with those of Prototheca species retrieved from
GenBank. Phylogenetic analysis was performed using the
BioNumerics 5.0 software package (Applied Maths) [17].
The aligned sequences were subjected to genetic distance
calculation using the neighbour-joining (NJ) method [18].
Data consistency was tested by bootstrapping the

Table 1. List of primers used in the present study

Target Primer name Sequence Amplicon Reference

18S rRNA Fragment 1-FOR GCGAATGGCTCATTACATCA 340bp This study
Fragment 1-REV GCCTTCCTTGGATGTGGTAG
Fragment 2-FOR TTCTGCCCTATCAACTTTGGA 294 bp This study
Fragment 2-REV TACGCTCTTGGAGCTGGAAT
Fragment 3-FOR AGGAAGGCAGCAGGCGC 460 bp This study
Fragment 3-REV TTCATCATTACTCCGGTCCTG
Fragment 4-FOR TAGCATGGAATAACGGCACA 334bp This study
Fragment 4-REV TTCAGCCTTGCGACCATACT
Fragment 5-FOR GTAAACGATGCCGACTAGGG 290 bp This study
Fragment 5-REV ATCAACCTGACAAGGCAACC
Fragment 6-FOR CATGGCCGTTCTTAGTTGGT 335bp This study
Fragment 6-REV AGCTGATGACTTGCGCCTAC

28S rDNA 28S rDNA (F) GCTATCAATAAGCGGAGGAAAAG 600 bp [15]
28S rDNA (R) GGTCCGTGTTTCAAGACG

D1/D2 of LSU 28SF1 AAGCATATCAATAAGCGGAGG 550 bp (5]
635 GGTCCGTGTTTCAAGACGG

SSU rRNA SSU-F1 AACCTGGTTGATCCTGCCAGTAGTC [16]
SSU-R2 TGATCCTTCTGCAGGTTCACCTACG

ITS-1 ITS5 GGAAGTAAAAGTCGTAACAAGG [19]
ITS2 GCTGCGTTCTTCATCGATGC

ssPCR Pz-ITS-F TTCGACCGAACGAAACGA [11]
Pz-ITS-R AATTCCTGGCATTGGCGACA
Pb-ITS-F AAGGCCCTGCGTTCTTCGCA [11]
Pb-ITS-R GCGTGTTCCCGACCGAGAGA
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alignments 1000 times with corrections for multiple substi-
tutions [3].

The ribosomal internal transcribed spacer (ITS) and the
species-specific (ss) differences of the 18S and 28S rDNA
intergenic transcribed spacer were used to highlight geno-
typic differences among Prototheca species. The ITS-1 and
ssPCR analysis were performed as reported by White et al.
[19] and Marques et al. [11], all strains were tested using
the primer pairs described in Table 1. PCR products were
quantified using a BioAnalyzer 2100 applied to the DNA
7500 LabChip kit (Agilent Technologies). DNA from P.
stagnora ATCC16528" and P. ulmea ATCC50112" were
included in the study.

To highlight the differences among PR24" and other proto-
thecal species, different strains were subjected to single-
strand conformation polymorphism (SSCP)-PCR analysis
as previously described by Cremonesi et al. [14]. Cellular
fatty acid composition was determined in duplicate accord-
ing to the procedure described by Morandi et al. [20].

Microscopically, P. blaschkeae subsp. brasiliensis cells are
spherical and measure 8.6-24 um in diameter (Fig. 1). Mor-
phologically, cells of PR24", P. zopfii (SAG2021" and 2063
strains) and P. blaschkeae (SAG2064T) looked similar to
each other with spherical shape.

Formation of sporangia, which contained two, four, eight or
a larger number of sporangiospores, was commonly
observed in all three species. The sporangiospores appeared
to be arranged in a morula-like shape [1].

Similar results were reported by Masuda et al [5], who
showed that the morphology of P. miyajii IFM53848" was
indistinguishable from that of P. wickerhamii or P. cutis. On
SB agar at 25, 30 and 37 °C, PR24" formed white round colo-
nies, smaller than those of P. zopfii genotype 2 SAG2021", P.

Fig. 1. Culture of PR24" strain photographed after an incubation of
period of 48 h at 37°C in Sabouraud broth. Bar, 10 um.

zopfii genotype 1 SAG2063" and P. blaschkeae SAG2064".
Growth of PR24" was not observed at 10 and 45 °C, tempera-
tures at which neither P. zopfii nor P. blaschkeae strains grew
at a detectable level. Differently from the other Prototheca spe-
cies considered, PR24" strain was not able to grow at pH 4.0
and could not tolerate NaCl concentrations higher than 2.5 %
(Table 2). Optimum growth of PR247 strain occurred at neu-
tral pH and 30-37°C.

The biochemical tests used to differentiate the novel isolate
from other Prototheca species are shown in Table 2. Three
kits were utilized and 55 different nutrient sources in total
were tested for protothecal strains. API 20C AUX testing
revealed that PR24", like P. blaschkeae, assimilated glucose,
glycerol (after 120h), galactose and fructose, but not

Table 2. Biochemical tests useful for the differentiation of P. blaschkeae subsp. brasiliensis from other Prototheca species

Strains: 1, P. stagnora ATCC16528"; 2, P. wickerhamii ATCC30395; 3, P. zopfii genotype 1 SAG2063"; 4, P. zopfii genotype 2 SAG20217; 5, P. ulmea
ATCC50112", 6, P. blaschkeae SAG2064"; 7, P. blaschkeae subsp. brasiliensis PR24'. Nutrient utilization is scored as: +, utilization; —, no utilization;

(=), utilization after 120 h.

Characteristic 1 2 3 4 5 6 7
Growth with:
pH 4,0 + + + _
5% NaCl - + — — —
Nutrient utilization:
Glucose + + + + +
Galactose (-) + — — _ + N
Glycerol + + + + (=) (=) (=)
Fructose + + + + — + +
Trehalose — + — — _ _ _
Arginine + + + + + (=) _
Enzymatic activity:
Arginine Di-hydrolase + + - + + + _
B-Galactosidase - + + + _ + _
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trehalose and arginine. The API ID32A kit indicated that Table 3. Comparison of cellular fatty acid contents (%) of P. blaschkeae
strain PR24T was negative for arginine Di-hydrolase and for subsp. brasiliensis from other Prototheca species (cells grown on SB
B-galactosidase, whereas P. blaschkeae SAG2064" was posi- agar, 48, 37°C)

tive for them (Table 2). A detailed explanation of other Strains 1, P. zopfii genotype 1 SAG2063"; 2, P. zopfii genotype 2

T T. 1
characteristics is presented in the species description. SAG20217 3, P. blaschkeae SAG2064" 4, P. blaschkeae subsp. brasi-
liensis subsp. nov PR24".

Fatty acid composition of strain PR24" was analysed from

cells grown on SB agar at 37°C for 48 h and was compared Fatty acids (%) ! 2 } *
with that of P. blaschkeae and P. zopfii genotype 1 and 2 Ciso 0.2 04 03 05
type strains (Table 3). Since the analyses were carried out in Ciseo 0.8 22 11 19
duplicate, no statistical evaluation was performed. Never- Cis.o 07 03 07 05
theless, looking at the fatty acid composition, some observa- Cic.o 305 304 24.8 20.1
tions can be made. The main fatty acids in all the strains Ciont 06 07 30 25
were Cyg.0, Cig.1 and Cyg.,, followed by Cy4.0, Cis.1> C17.05 Ch 25 04 11 0.9
Cy7.1 and Cyg.o. PR24" is characterized by a very high per- Corr 12 01 24 21
centage of unsaturated fatty acids compared with the refer- Cus 32 6.7 23 28
ence strains. In particular, the amount of C,g.; is about 1.5 Cion 27 269 263 445
times that found in P. blaschkeae and P. zopfii. As regards to Cion 326 292 377 241
fatty acids present in low amounts, Cys.1, Ci7.1, Cy7.0 and c 06 06 04 02
Cis.o, similarities were observed between PR24" and P. 20

blaschkeae SAG2064".

C. protothecoides var. acidicola 124 (AJ439399.2)
I C. mirabilis Andreyeva 748-1 (X74000.1)
C. mirabilis SAG211-11r (KF673393.1)

C. thermophila HTA1-65 (KF661334.1)
o« C. vulgaris IAM C-536 (AB080308.1)
wOC. sorokiniana Prag A14 (X74001.1)
C. ellipsoidea SAG 211-1a (X63520.1)
A. protothecoides SAG211-7a (X56101.1)
o7

lmoP' wickerhamii SAG263-11 (X74003.1)
P. wickerhamii Pore 1283 (X56099.1)

’ P. cutis IFM54820 (KP898386.1)
100
P. cutis JCM15793" (AB470468.1)

P. wickerhamii (AB244739.1)
” 100 P. wickerhamii ATCC16529 BT (AB251598.2)
‘,E P. wickerhamii ATCC16529 AT (AB251597.1)
P wickerhamii ATCC16529_CT (AB251599.1)

100 P. stagnora ATCC16528" (AB096930.2)
P. ulmea ATCC50112" (AB096929.1)

P. blaschkeae SAG2064" (KX499483)
100 4|-‘|;P. blaschkeae subsp. brasiliensis PR24T (KX499482)
P. blaschkeae SAG2064" (AY973041.1)

P. zopfii genotype 2 SAG2001 (AY940456.1)
- P. zopfii Kruger ATCC16527 (JN869302.1)
P. moriformis ATCC50081" (AB077048.1)
P. zopfii var. hydrocarbonea UP-PT-P1 (EU439263.1)
P. zopfii genotype 1 SAG2063" (AY973040.1)
P. zopfii genotype 1 SAG2063T (KX499484)
P. zopfii var. hydrocarbonea ATCC30253 (AB077049.1)

100

Fig. 2. Phylogenetic relationships of Prototheca blaschkeae subsp. brasiliensis and other closely related species, based on 18S rRNA
gene sequences. The trees were reconstructed using the NJ method. Numbers at nodes are percentage bootstrap frequencies derived
from 1000 resamplings. GenBank accession numbers are shown in parentheses. Bar, genetic distance between the strains analysed.
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The almost-complete 185 rDNA gene sequence of PR24"
obtained in this study (1452bp) indicated that the strain
belonged to the genus Prototheca. Phylogenetic analysis
with the NJ method revealed that the novel strain clustered
with P. blaschkeae and was related to P. zopfii (Fig. 2). Fur-
thermore, the PR24" strain showed 98.8, 98.4, 96.6 and
96.4% 18S rDNA gene sequence similarity with the type
strains of P. blaschkeae SAG2024" (GenBank accession no.
AY973041.1 and KX499483), P. zopfii genotype 2
SAG2001" (X63519.2) and P. zopfii genotype 1 SAG2063"
(KX499484), respectively. Low sequence similarities
(<93.0 %) were found with other recognized species such as:
P. ulmea ATCC501127 (92.1% - AB096929.1), P. stagnora
ATCC16528" (91.6% - AB096930.2), P. wicherhamii 263-
11 (83.0% — X74003.1) and P. cutis JCM15793" (81.7% -
AB470468.1). The 18S rDNA gene sequences of PR24",
SAG2063" and SAG2064" are available in the online Sup-
plementary Material.

Sequence analysis of the 285 rRNA and D1/D2 region of the
LSU rDNA restated that PR24T strain (KY593250) was

closely related to P. blaschkeae (Fig. 3). In particular, the
D1/D2 region of PR24" showed 99.3 % similarity P. blasch-
keae UP-PT-P2 (HG515045.1). Moreover, the result of SSU
rDNA gene sequence of this strain (KY593251) indicated
97.4 % similarity to P. blaschkeae SAG2024T (AY973041.1).

As previously described by Hirose et al. [21], ITS-PCR analy-
sis is a useful tool for protothecal species identification, since
the sizes of ITS amplicons are variable among the Prototheca
species (P. wickerhamii>P. blaschkeae>P. zopfii>P. cutis).
Moreover, Wang et al. [19] used the ITS methods in order to
distinguish eukaryotic species that are very close genetically.

In our study, the ITS-1 of PR24" (629 bp) was found to be
smaller than that of P. blaschkeae SAG2064" (640 bp) (Fig.
S1, available with the online Supplementary Material);
moreover, the ssPCR [11] confirmed the separation of strain
PR24" from other protothecal species. Using primer pair
Pb-ITS, no differences were detected between PR24" and
P. blaschkeae SAG2064" (PCR products of about 716 bp),
but with primers Pz-ITS the novel isolate produced a

P. zopfii genotype 2 SAG2021T (KY654531)
P. blaschkeae SAG2064" (KY654532)
_ﬁP. blaschkeae UP-PT-P2 (HG515045.1)

P. blaschkeae subsp. brasiliensis PR24T (KY593250)
_[P. zopfii genotype 1 SAG2063" (KY654530)
P. moriformis ATCC50081T (AB097093.1)

_|:P. stagnora ATCC16528" (AB097091.1)
P. ulmea ATCC50112" (AB097094.1)

P. cutis JCM15793" (KP898389.1)
I:P. miyajii IFM538487 (KP898385.1)

C. variabilis KGE28 (HE974916.1)

C. vulgaris YSR023 (FR751202.1)

C. vulgaris KNUA027 (KU306725.1)

] — P. zopfii var. hydrocarbonea UP-PT-P74A (HG515043.1)
— P. zopfii var. hydrocarbonea AUMC10268 (KX015912.1)
P. zopfii var. hydrocarbonea UP-PT-P63 (HG515044.1)
P. zopfii var. hydrocarbonea UP-PT-P9 (HG515033.1)
L P. zopfii var. hydrocarbonea UP-PT-P96 (HG515039.1)
P. zopfii var. hydrocarbonea UP-PT-P3 (HG515030.1)

0.05 P. zopfii var. hydrocarbonea UP-PT-P78 (HG515032.1)

P. wickerhamii PWPL1 (JX256253.1)

P. wickerhamii FL11-0001_5 (KC412221.1)
] —| P. wickerhamii FL11-0001_3 (KC412219.1)
P. wickerhamii FL11-0001_1 (KC412217.1)
P. wickerhamii FL11-0001_6 (KC412222.1)

P. wickerhamii FL11-0001_4 (KC412220.1)
P. wickerhamii FL11-0001_2 (KC412218.1)

Fig. 3. Phylogenetic relationships of Prototheca blaschkeae subsp. brasiliensis and other closely related species, based on 28S rRNA
gene sequences. The phylogenetic tree was reconstructed and drawn as described in the legend of Fig. 2. GenBank accession num-
bers are shown in parentheses. Bar, genetic distance between the strains analysed.
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Fig. 4. ssPCR analysis of P. blaschkeae subsp. brasiliensis and other protothecal species. Lanes: 1, DNA ladder (DNA 500 LabChip Kit;
Agilent Technologies); 2, P. blaschkeae subsp. brasiliensis PR24"; 3, P. zopfii genotype 2 SAG2021"; 4, P. zopfii genotype 1 SAG2063";
5, P. blaschkeae SAG2064"; 6, P. stagnora ATCC16528"; 7, P. ulmea ATCC50112".

characteristic pattern (seven bands of 1229, 809, 726, 656, stagnora, P. ulmea and P. wickerhamii reference strains
495, 390 and 96 bp) that confirms the subspecies status of (Fig. 5). Moreover, randomly amplified polymorphic DNA-
PR24" (Fig. 4). These findings were also confirmed by PCR analysis conducted with three different primers (M13,
SSCP-PCR analysis, an accurate method for Prototheca OPA-4 and OPA-18) showed that the potential new subspe-
identification [14], which highlighted that PR24" strain had cies was clearly separated from other protothecal species
a different SSCP pattern from P. blaschkeae, P. zopfii, P. [12].

Fig. 5. Polymerase chain reaction-single strand conformation polymorphism (SSCP-PCR) analysis of the two 18S ribosomal DNA frag-
ments amplified. Lanes: 1 and 8 P. ulmea ATCC50112"; 2 and 9 P. wickerhamii strain; 3 and 10 P. stagnora ATCC16528"; 4 and 11
P. blaschkeae subsp. brasiliensis PR24"; 5 and 12 P. zopfii genotype 2 SAG20217; 6 and 13 P. zopfii genotype 1 SAG2063™; 7 and 14
P. blaschkeae SAG2064 .
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Usually, Prototheca isolates are classified based on pheno-
typic characteristics, such as macroscopic and microscopic
morphologies and carbon assimilation profiles. Although
genotypic characterization of the rDNA has been explored
in addition to these traditional methods, systematic criteria
for classification of species of the genus Prototheca have not
been established yet [5].

In conclusion, this study shows that strain PR24", isolated
from cow milk samples, has phenotypic and genotypic dif-
ferences from P. blaschkeae SAG2064" despite sharing high
18S rDNA, 28S rRNA and D1/D2 region of the LSU rDNA
gene sequence similarity. On the evidence presented, we
consider that strain PR24" merits separate subspecies status,
and for which the name Prototheca blaschkeae subsp. brasi-
liensis subsp. nov. is proposed.

DESCRIPTION OF PROTOTHECA BLASCHKEAE
SUBSP. BRASILIENSIS SUBSP. NOV.

Prototheca blaschkeae subsp. brasiliensis (bra.sili.en’sis. N.L.
fem. adj. brasiliensis of or pertaining to Brazil, where the
type strain was isolated).

After 48 h at 37 °C in Sabouraud broth, P. blaschkeae subsp.
brasiliensis cells are arranged in a morula-like shape mea-
suring 8.6-24 pm in diameter.

After 3 days on Sabouraud agar at 37 °C, the streak culture
is white to ivory, smooth and glistening with an entire mar-
gin. It grows from 25 to 37°C, at 2.5% NaCl, pH 5-7, but
not at 10 and 45°C, with 5% NaCl or at pH 4. Adequate
growth occurs at 30 and 37 °C.

The following carbon compounds are assimilated: glucose,
D-galactose, D-fructose, glycerol and mannose. The follow-
ing elements are not assimilated: D-adonitol, L-arabinose,
cellobiose, lactose, maltose, D-mannitol, melezitose, raffi-
nose, D-ribose, D-sucrose, D-sorbitol, trehalose, turanose, D-
xylose, inositol, xylitol, methyl a-D-glucopyranoside, N-ace-
tylglucosamine and 2-keto-D-gluconate. Aesculin, arginine,
ornithine and urea are not hydrolysed and arginine Di-
hydrolase and - galactosidase are not produced. The pre-
dominant cellular fatty acids are C;3.,, C15., and Cyg.. The
type strain, PR24" (=DSM 103592"=IHEM 26958"), was
isolated from cow milk sample in the state of Minas Gerais,
Brazil. PR24" is also deposited in the collections of Istituto
Zooprofilattico Sperimentale della Lombardia e del’Emilia
Romagna (IZSLER, Brescia; www.ibvr.org) and the Institute
of Sciences of Food Production (CNR ISPA, Milan).
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