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Sequence-based approaches, such as analyses of ribosome DNA (rDNA) clone libraries and high-throughput amplicon se-
quencing, have been used extensively to infer evolutionary relationships and elucidate the biodiversity in microbial communities.
However, recent studies demonstrate both rDNA copy number variation and intra-individual (intra-genomic) sequence variation
in many organisms, which challenges the application of the rDNA-based surveys. In ciliates, an ecologically important clade of
microbial eukaryotes, rDNA copy number and sequence variation are rarely studied. In the present study, we estimate the intra-
individual small subunit rDNA (SSU rDNA) copy number and sequence variation in a wide range of taxa covering nine classes
and 18 orders of the phylum Ciliophora. Our studies reveal that: (i) intra-individual sequence variation of SSU rDNA is
ubiquitous in all groups of ciliates detected and the polymorphic level varies among taxa; (ii) there is a most common version of
SSU rDNA sequence in each cell that is highly predominant and may represent the germline micronuclear template; (iii)
compared with the most common version, other variant sequences differ in only 1–3 nucleotides, likely generated during
macronuclear (somatic) amplification; (iv) the intra-cell sequence variation is unlikely to impact phylogenetic analyses; (v) the
rDNA copy number in ciliates is highly variable, ranging from 103 to 106, with the highest record in Stentor roeselii. Overall,
these analyses indicate the need for careful consideration of SSU rDNAvariation in analyses of the role of ciliates in ecosystems.
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INTRODUCTION

Culture-independent molecular techniques have been used in
ecological research on microbial eukaryotes in a wide range
of ecosystems, including terrestrial, aquatic, anoxic and deep
sea habitats (Bass and Cavalier-Smith, 2004; Stock et al.,
2013; Stoeck et al., 2010; Zhao F et al., 2017). These tech-

niques rely on either PCR-based (e.g. PCR, clone library and
Sanger sequencing, Stoeck et al., 2010) or high-throughput
sequencing (HTS) analyses (Zhao F et al., 2017). The re-
sulting data are interpreted by defining microbial operational
taxonomic units (OTUs) and subsequently estimating the
community composition and structure (Grattepanche et al.,
2016a; Grattepanche et al., 2016b; Jones et al., 2017; Mahé
et al., 2017; Tucker et al., 2017).
The variation in evolutionary rates between highly con-

served and variable regions and the concerted evolution
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among different copies make ribosomal DNA (rDNA) an
important molecular marker for ecological research, phylo-
genetic inference, and species identification (Gao et al.,
2016; Wylezich et al., 2010; Zhao et al., 2016). However,
both intraspecific and intra-individual (intra-genomic) var-
iation of rDNA have been reported in different organisms,
including some ciliates (Alverson and Kolnick, 2005; Ganley
and Kobayashi, 2007; Gong et al., 2013; Gribble and An-
derson, 2005; Pillet et al., 2012; Simon and Weiss, 2008;
Wang C et al., 2017). Considering the importance of rDNA,
it is essential to assess how intraspecific and intra-individual
polymorphisms influence studies of ecology and evolution.
Moreover, the copy number of the rDNA locus varies by
lineages, and has been estimated in microalga, diatoms, di-
noflagellates, fungi, animals, plants and ciliates (Galluzzi et
al., 2004; Godhe et al., 2008; Gong et al., 2013; Heyse et al.,
2010; Kapler, 1993; Prescott, 1994; Prokopowich et al.,
2003; Simon et al., 2005; Taniguchi et al., 2011; Wang C et
al., 2017; Yao et al., 1974; Zhu et al., 2005). The highly
varied rDNA copy numbers among different organisms
would introduce bias in research about community compo-
sition and species abundance (Fu and Gong, 2017).
Ciliates are a large group of predominantly-unicellular

eukaryotes that have been used as model organisms in a wide
range of biological studies (Chen et al., 2016; Gao et al.,
2017; Gao et al., 2013; Huang et al., 2016; Luo et al., 2017;
Wancura et al., 2018; Wang P et al., 2017; Wang et al.,
2017a; Wang et al., 2017b; Wang et al., 2017c; Yan et al.,
2017; Zhao X et al., 2017), mainly due to their unique bio-
logical features (e.g., nuclear dimorphism and extensively

genome rearrangements). Ciliates are very diverse and play
central roles in nutrient cycling among different trophic le-
vels in microbial food loop (Kathol et al., 2009; Xu et al.,
2014). More and more papers are emerging every year using
ciliates as models to investigate issue of modern ecology and
biogeography (e.g., Petz et al., 2007; Stoeck et al., 2010).
However, interpreting patterns from molecular data from this
clade is complicated as ciliates have extremely high rDNA
copy number (highest record is ~570,000 per cell) and both
intraspecific and intra-individual (intra-genomic) variability
in rDNA sequences (Gong et al., 2013; Wang C et al., 2017).
The question arises whether the copy number and sequence
variation will impact species identification, phylogenetic
analyses, and ultimately the estimation of microbial biodi-
versity.
Previous studies about the polymorphisms of ciliates fo-

cused on only a few taxa and/or tended to use the error-prone
Taq DNA polymerase to amplify rDNA sequences (Gong et
al., 2013; Wang C et al., 2017). In order to investigate the
single nucleotide polymorphism of SSU rDNA in most
ciliate classes, we used the high-fidelity polymerase Pfu-
Turbo DNA polymerase to amplify the SSU rDNA sequence
from 20 species belonging to nine classes and 18 orders of
phylum Ciliophora (Figure 1). Then we analyzed whether the
SSU rDNA sequence variation influences the topology of
phylogenetic trees. We also measured the rDNA copy
numbers of these species using single-cell quantitative PCR
approach. The impact of sequence polymorphisms and copy
number variation on molecular ecological studies were also
discussed.

Figure 1 (Color online) Relationships among the 20 species analyzed in the present study. Topology based on Gao et al. (2016).
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RESULTS

Single nucleotide polymorphisms (SNPs) of rDNA

We choose 20 species from nine classes and 18 orders of
ciliates to investigate intraspecific and intra-individual SNPs
in SSU rDNA. For each species, we amplify the SSU rDNA
of three individuals using PfuTurbo DNA polymerase and
sequenced 10 clones per individual. We find that there is a
common sequence that occurred at the highest frequency
within individual and species (Table 1, Table S1 in Sup-
porting Information). The number of common sequences
differs from 5–10 of the 10 clones among individuals within
a species (Table S1 in Supporting Information) and the total
number of common sequences within species varies from
18–30 of 30 clones (Table 1). As shown in Figure 2A and
Table 1, the lower portion (<70%) of common sequences is
detected in Deviata sp., Favella ehrenbergii, Plagiopyla sp.
and Tetrahymena thermophila. The common sequences
among the three individuals per species generally are the
same, exceptDeviata sp. and Favella ehrenbergii. InDeviata
sp. and F. ehrenbergii, the common sequences of the first two
individuals are the same, but have one base pair divergence
with that of the third one.
Among the 10 clones within an individual, 1–3 poly-

morphic sites are found when compared with the most
common sequence (Figure 2B, Table S2 in Supporting In-
formation). The highest total number of intra-individual

polymorphic sites is 10 (0.65%), existing in Loxodes sp.-2
(Figure 3, Table 1). Total number of polymorphic sites within
a species ranges from 0 to 13 among the 20 species with the
lowest and the highest record in Vorticella sp. and Loxodes
sp., respectively. Individual nucleotide diversity (π) varies
from 0 to 0.130% with the highest number being in Loxodes
sp. Besides, the levels of SSU rDNA polymorphism are also
varied among the three individuals within a species (Table 1,
Table S2 in Supporting Information). For instance, the hap-
lotype diversity (Hd) of Loxodes sp. varies from 0.200% to
0.778%, and the nucleotide diversity (π) varies from 0.013%
to 0.130% (Table S2 in Supporting Information).
The polymorphic sites of each species distribute randomly

throughout the whole region of SSU rDNA (Figure 2B). The
highest intraspecific pairwise distance of V2 region is de-
tected in Loxodes sp. with 1.71% (2 bp). The numbers of
OTUs for V2 region of the detected 20 species are 24, 20 and
20 when we choose 99%, 98% and 97% as cutoff respec-
tively. The intraspecific pairwise distance of V4 region in
Uronychia binucleata is the highest record in all detected
species with 0.88% (2 bp). For the detected 20 species, the
OTUs number of V4 region stabilizes at 20 when the cutoff
value is not higher than 99%. The highest intraspecific
pairwise distance of V9 region (2.33% in E. vannus, 2 bp) is
remarkably higher than that in V2 and V4 region. 34 OTUs
for V9 region of the 20 species are found when using 99%
cutoff as threshold. This number declines to 21 and 20 when

Table 1 SSU rDNA polymorphisms and rDNA copy numbers of the 20 species

Species SNP sites of each
individual

Haplotypes
of each individual

Common sequence of each
species

Copy numbers of each
species

Oxytricha trifallax 1 2 27/30 1.1×105±5.7×104

Deviata sp. 1–2 2–3 18/30 4.6×104±2.5×104

Favella ehrenbergii 0–2 1–3 19/30 4.9×105±2.7×105

Strombidium stylifer 1 2 27/30 3.6×104±1.4×103

Uronychia binucleata 0–2 1–3 26/30 6.2×104±1.9×104

Diophrys scutum 0–1 1–2 29/30 4.7×104±1.6×104

Euplotes vannus 1 2 27/30 1.0×105±7.2×104

Litonotus sp. 1–3 2–4 24/30 2.3×104±9.7×103

Apodileptus visscheri 2–4 2–3 22/30 4.1×104±3.7×104

Chilodontopsis depressa 1 2 27/30 1.8×104±8.4×103

Trithigmostoma sp. 0–1 1–2 29/30 1.7×104±8.3×103

Pseudocohnilembus persalinus 0–3 1–3 26/30 1.1×104±1.0×103

Vorticella sp. 0 1 30/30 4.6×104±2.9×104

Paramecium caudatum 1–3 2–4 25/30 1.7×105±1.3×105

Tetrahymena thermophila 2–5 3–6 20/30 1.5×104±7.1×103

Coleps sp. 0–2 1–3 27/30 5.8×103±2.1×103

Plagiopyla sp. 3 4 13/20 8.4×104±1.5×103

Caenomorpha medusula 0–1 1–2 28/30 2.5×104±1.0×104

Stentor roeselii 1–2 2–3 25/30 3.5×106±1.1×105

Loxodes sp. 1–10 2–6 22/30 7.3×103±6.5×102
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the cutoff falling to 98% and 97%, respectively (Table 2).

Phylogenetic analyses based on SSU rDNA sequences

To investigate whether the polymorphism of SSU rDNA
would influence the topology of phylogenetic tree in ciliates,
we combined all haplotypes (sequences with the same nu-
cleotides are classified as one haplotype) of the 20 species
with 161 sequences downloaded from the National Center
for Biotechnology Information (NCBI) to build maximum
likelihood (ML) and bayesian inference (BI) trees (accession
numbers are shown in Figure 4). The topologies of the ML
and BI trees inferred from SSU rDNA sequences are con-

gruent though with variable support values; therefore, only
the topology of ML tree (with support values from both
methods) is shown (Figure 4). The phylogenetic analyses
show that except F. ehrenbergii, all haplotypes within the
same species formmonophyletic groups. The 5 haplotypes of
present F. ehrenbergii and previous population of F. ehren-

Figure 2 (Color online) The proportion of clones with single nucleotide sites and the distribution of single nucleotide polymorphisms (SNPs) in small
subunit rDNA in the 20 species. A, The 20 species cover nine classes in Ciliphora, which are shown in A–I in figure respectively. B, Polymorphic sites are
indicated by red solid circles. The dark blue, yellow and light blue segments indicate the variable regions 2, 4 and 9 respectively. Lengths of sequences are
drawn to scale.

Table 2 The number of defined OTUs for V2, V4 and V9 regions of the
20 species when 97% to 99% cutoffs are used

Cutoff V2 V4 V9

99% 24 20 34

98% 20 20 21

97% 20 20 20
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bergii (GU574769) do not form monophyletic groups but are
interdigitated with F. panamensis (AY143572) and F. mar-
kusovszkyi (JN871725) with high support (90%ML, 1.00BI),
which may due to the existence of cryptic species or junior
synonym (Bachvaroff et al., 2012; Kim et al., 2010).

rDNA copy numbers of each species

The cycle threshold (Ct) and the logarithms of rDNA copy
number of standards in all the qPCR reactions form linear
relationship, indicating the amplification efficiency is from
90% to 110% and R2 is greater than 0.99 (Figure S1 in Sup-
porting Information). The rDNA copy number of each cell
was determined based on its own Ct value and corresponding
standard curve (Table S1 in Supporting Information).
The results indicate that: (ⅰ) rDNA copy numbers vary

among ciliate species and classes. The highest rDNA copy
number is found in the class Heterotrichea (Stentor roeselii)
with the value 3.5×106±1.1×105 while the lowest one is de-
tected in the class Prostomatea (Coleps sp., 5.8×102

±2.1×102). The class Spirotrichea, with the highest number
of species included, has an average of 1.3×105 rDNA copy
number per cell, which is the second highest record among
the nine classes. (ⅱ) Even in the same class, rDNA copy
number varies between different species. These classes,
Spirotrichea, Litostomatea, Phyllopharyngea, and Oligohy-
menophorea, include more than one species in the present
study. Spirotrichea has highest standard deviation (1.5×105)
among these four classes. The second and third ones are
6.3×104 and 8.6×103, detected in Oligohymenophorea and
Litostomatea, respectively. The rDNA copy numbers in two
species of the class Phyllopharyngea, Chilodontopsis de-

Figure 3 (Color online) The position of polymorphic sites compared with common sequence (com). For the numbers x-y behind the species name, x means
the individual number while y means the clone number of this individual. A, Diophrys scutum; B, Deviata sp.; C, Caenomorpha medusula; D, Oxytricha
trifallx; E, Euplotes vannus; F, Trithigmostoma sp.; G, Chilodontopsis depressa; H, Coleps sp.; I, Apodileptus visscheri; J, Favella ehrenbergii; K,
Strombidium stylifer; L, Tetrahymena thermophila; M, Stentor roeselii; N, Paramecium caudatum; O, Uronychia binucleata; P, Pseudocohnilembus per-
salinus; Q, Loxodes sp.; R, Plagiopyla sp.; S, Litonotus sp.

207Wang, Y., et al. Sci China Life Sci February (2019) Vol.62 No.2



pressa and Trithigmostoma sp., are nearly the same (1.8×104

±8.4×103 and 1.7×104±8.3×103). (ⅲ) The intraspecific copy
number variation is taxon-dependent. For example, the
rDNA copy numbers in the three individuals of Strombidium
stylifer are nearly the same, whereas the copies in the three
individuals of Paramecium caudatum differ over 40-fold.

DISCUSSION

Single nucleotide polymorphisms in ciliates

Single nucleotide polymorphisms (SNPs) of rDNA have

been detected in a wide range of organisms (Alverson and
Kolnick, 2005; Ganley and Kobayashi, 2007; Gong et al.,
2013; Gribble and Anderson, 2005; Pillet et al., 2012; Simon
and Weiss, 2008; Wang C et al., 2017). For example, the
proportion of the intraspecific polymorphic sites in the LSU
region of some heterotrophic dinoflagellates can be 0.80%
(Dinophysis species), 1.00% (Preperidinium meunerii),
3.50% (Diplopsalis lenticular) or as high as 22.00% (Pro-
toperidinium depressum) (Gribble and Anderson, 2005;
Rehnstam-Holm et al., 2002). Intraspecific SSU rDNA
polymorphism has been reported in a few ciliates (Gong et
al., 2013; Wang C et al., 2017), but only three were verified

Figure 4 (Color online) The ML tree based on the small subunit ribosomal DNA (SSU rDNA) sequences showing phylogenetic positions of all haplotypes
of the newly sequenced 20 species (in red and bold). Numbers near the branches denote bootstrap values for ML and posterior probability value for BI.
Asterisk indicates the disagreement in topology between ML and BI trees. Fully supported (100%/1.00) nodes are represented by solid circles. Red triangles
represent all haplotypes of the species can form a monophyly while red rectangle shows that all haplotypes of this species group with other species. All
branches are drawn to scale. Scale bar corresponds to 5 substitutions per 100 nucleotide positions.
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using high-fidelity DNA polymerase, with the highest pro-
portion 1.68% in Halteria grandinella (Wang C et al., 2017).
In this study, we expand the taxa sampling to 20 species,
covering nine classes and 18 orders of the phylum Cilio-
phora. Our results indicate that SNPs exist in the SSU rDNA
sequences in most ciliates, with varied levels in different
species (Figures 2 and 3, Table 1). The highest proportion of
the intraspecific polymorphic sites in this study is 0.84%
(Loxodes sp.), which is likely an underestimate as only a
small number of copies are sequenced (Table 1).
Additionally, not only the intraspecific but also the intra-

individual (intra-genomic) polymorphic sites in the rDNA
are detected (Figure 3, Table 1). In the present study, the
highest proportion of intra-individual polymorphic sites of
SSU rDNA is found in Loxodes sp.-2 (10, 0.65%, Figure 3,
Table S2 in Supporting Information). It is also reported in
other organisms. For example, about 1% intra-individual
nucleotide polymorphism in the SSU rDNA sequence is
observed in the diatom genus Skeletonema (Alverson and
Kolnick, 2005). These data are a little higher in four plant
pathogenic fungi, which is 2.00%–3.70% in the SSU rDNA
region, 2.20%–3.60% in ITS region and 1.70%–3.60% in the
LSU region, respectively (Simon and Weiss, 2008).
Despite the sequence variation in rDNA, one most com-

mon version of the SSU rDNA sequence exists among the 10
clones of each individual, with frequencies varying from
60%–100%. The common sequences are usually the same
among different individuals in the same species. Compared
with the most common sequence, usually less than three
polymorphic sites are detected in other sequences. Con-
sidering that ciliates contain both the diploid micronucleus
and the polyploid macronucleus within each cell, and the
macronucleus rDNA are amplified from the zygotic template
after conjugation (e.g., Prescott, 1994). The most common
version may represent the micronuclear template SSU
rDNA. The polymorphic sites found in other sequences
could be generated through DNA amplification during
macronuclear development, amitosis of macronuclei (e.g.,
Prescott, 1994) and/or represent sequencing error. A few
shared polymorphisms within species can be found, sug-
gesting these might represent allelic variation.
The sequence variation is unlikely to impact phylogenetic

analyses as revealed from the phylogenetic analyses that all
the haplotypes in the same species can group in mono-
phyletic clade. This is because one is most likely to obtain
the most common version of the SSU rDNA sequence when
performing PCR amplification and direct sequencing, and
also when cloning before sequencing. Even if the minor
versions of the sequence are picked, they differ by less than
three nucleotides compared to the common one, which will
not alter the topology. However, using high-fidelity DNA
polymerase is essential to avoid experimental errors (Wang C
et al., 2017).

rDNA copy numbers in ciliates

Ciliates are reported to have extremely high rDNA copy
numbers per cell. Before this study, the rDNA copy number
of ciliates is ranging from 3,300 (Zoothamnium sp. 2) to
570,000 (Halteria grandinella), estimated from 15 species
covering four classes, including Oligohymenophorea, Spir-
otrichea, Prostomatea and Heterotrichea (Gong et al., 2013;
Heyse et al., 2010; Kapler, 1993; Prescott, 1994; Taniguchi et
al., 2011; Wang C et al., 2017; Yao et al., 1974). We quan-
tified the rDNA copy number of another 20 species in this
study, covering nine classes and 18 orders of ciliates. Com-
bined with previous studies, the rDNA copy number in
ciliates varies even more greatly among species (Figure 5,
Gong et al., 2013; Huang and Katz, 2014;Wang C et al.,
2017). The rDNA copy number in Stentor roeselii (3.5×106

±1.1×105) is about 1,000 fold of that in the lowest record of
Zoothamnium sp. 2 (3.4×103±3.9×102) (Gong et al., 2013).
Even among the three individuals of the same species, the
difference is sometimes significant. For example, it differs
over 40-fold in Paramecium caudatum-1 and P. caudatum-2.
The copy number variation among individuals within the

same species may be explained by that: (ⅰ) they may be in
different stages of macronucleus endoreplication after con-
jugation, during which the rDNA would replicate via extra-
chromosomal amplification (Torres-Machorro et al., 2010);
(ⅱ) during asexual propagation, the progeny macronuclei
undergo random distribution, which may result in the copy
number variation in different cells (e.g., Huang et al., 2017;
Orias and Flacks, 1975); (ⅲ) they may be under different
nutritional conditions (Engberg and Pearlman, 1972), as
most of the cells were isolated directly from the environ-
mental samples; (ⅳ) the copy number of each macronuclear
chromosome may be individually regulated in order to up- or
down-regulate gene expressions (Xu et al., 2012).
Based on analyses of other lineages, there are additional

explanations for the rDNA copy number variation among
different species. In diatoms and dinoflagellates, the rDNA
copy number has a positive correlation with biovolume
(Godhe et al., 2008; Zhu et al., 2005). Prokopowich et al.
(2003) revealed that a strong positive relationship between
rDNA copy number and genome size (referred to C-value)
using the data from 162 species of plants and animals. The
rDNA copy number observed in some plants and protists are
related to environmental effects (e.g., temperature, fire-re-
lated stress, Bobola et al., 1992; Fu and Gong, 2017; Go-
vindaraju and Cullis, 1992; Strauss and Tsai, 1988). Some
studies found that rDNA copy number is associated with
genome stability in yeast (Ide et al., 2010). Studies in Dro-
sophila indicated that rDNA copy number is related to
genome-wide gene expression and subtle changes to rDNA
copy number between individuals may contribute to biolo-
gically relevant phenotypic variation (Paredes et al., 2011).
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Studies in human also reveal rDNA copy number is coupled
with gene expression variation but negatively associated
with mtDNA abundance (Gibbons et al., 2014).

Ecological significance and suggested cutoffs

As an important marker gene, rDNA is widely used to assess
the environmental biodiversity and species abundance,
especially for microorganisms (Godhe et al., 2008; Liu and
Gong, 2012; Taniguchi et al., 2011; Zhu et al., 2005). Pre-
vious studies proposed that rDNA sequences, including SSU
rDNA, LSU rDNA and ITS-5.8S rDNA, are candidate
marker genes for ciliated species delimitation, while the most
suitable marker genes are group-dependent (Dunthorn et al.,
2012; Santoferrara et al., 2013; Stoeck et al., 2014; Zhao et
al., 2016; Zhao et al., 2018). For instance, Dunthorn et al.
(2012) indicated that, compared to V9 region of SSU rDNA,
V4 region is more phylogenetically informative and more
suitable for accessing ciliate environmental diversity. The
D1-D2 region of LSU rDNA was proved to be the most
useful potential barcoding tool for Paramecium species and
tintinnids (Santoferrara et al., 2013; Stoeck et al., 2014) and
Zhao et al. (2018) found that the V4 region of SSU rDNA

and the D1-D2 region of LSU rDNA are the promising
candidates to distinguish the Euplotes species. Besides, the
mitochondrial cytochrome c oxidase subunit I (cox1) could
discriminate among and below species level in particular
genera, however, it is difficult to design universal cox1 pri-
mers for all groups of ciliates (Zhao et al., 2016).
However, the interspecific sequence variation of rDNA

would cause overestimation of the biodiversity (Medinger et
al., 2010; Zhu et al., 2005). As high-throughput sequencing
is being widely used in studies of microbial biodiversity, it is
critical to consider rDNA variability when determining op-
erational taxonomic units (OTUs) (Caron et al., 2009). Dif-
ferent cutoff values (e.g., 95%–100%) have been used in
different lineages or even in the same lineages (e.g., Grat-
tepanche et al., 2016a; Izhaki et al., 2013; Santoferrara et al.,
2016; Stackebrandt and Ebers, 2006). A cutoff value of 97%
has been widely used in bacteria (e.g., Izhaki et al., 2013) but
some researchers suggested that cutoff value should be ele-
vated to about 99% (Stackebrandt and Ebers, 2006). For
microbial eukaryotes, it is even more difficult to determine
the cutoff value. A cutoff value between 97% and 99% or
even 100% was used (Santoferrara et al., 2016). Gong et al.
(2013) and Wang C et al., (2017) both proposed that 99%

Figure 5 (Color online) Estimated rDNA copy numbers in different ciliates according to present and previous studies (Gong et al., 2013; Huang and Katz,
2014; Wang C et al., 2017).
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cutoff for full length of SSU rDNA can exclude the influence
of interspecific sequence variation, even though sometimes it
might be too stringent for some species.
Appropriate cutoff values will also depend on the region

sequenced (e.g., V2 or V4 region). For example, a cutoff
value of 98% for V4 region whereas 97% cutoff for V9
region could eliminate the interspecific sequence variation in
the maximum extent (Wang C et al., 2017). Based on the data
collected here, we use 97% to 99% cutoff to define ciliate
OTUs for V2, V4 and V9 regions respectively (Table 2).
99% cutoff defines the real number for V4 region but over-
estimate the OTUs for V2 and V9 regions while 98% and
97% cutoffs are suitable for V2 region and V9 region, re-
spectively. As the cutoff value could be taxon-dependent,
researchers should explore the impact of changing cutoff
values on inferences.
The great variation of rDNA copy number within and

among species also increases the difficulty in estimating the
species abundance in ecological research (Terrado et al.,
2011). As we discussed above, the rDNA copy number can
vary over 1000-fold among different species. Even within
the same ciliate species, rDNA copy number is dynamic
during life cycles and under varying environmental condi-
tions. Therefore, caution is needed when interpreting data
derived from rDNA-based surveys to infer abundance in
microbial ecology.

MATERIAL AND METHODS

Specimens collection and identification

We analyzed 20 ciliate species chosen to capture diversity
across the ciliate tree of life. Detailed information, including
its systematic classification (based on Gao et al., 2016), body
size and sampling sites, is shown in Table S1 in Supporting
Information. We isolated cells from populations for either
molecular work or identification by detailed observation in
vivo and protargol impregnation (Wilbert, 1975).

DNA extraction, PCR amplification and sequencing

Ciliates were washed five times with filtered and sterilized
water to remove potential contamination. Then each cell was
transferred to a 1.5 mL microfuge tube with a minimum
volume of water (about 0.5 μL). Single-cell genomic DNA
was extracted using REDExtract-N-Amp Tissue PCR Kit
(Sigma, St. Louis, USA) according to the modified manu-
facturer’s protocol (1/10 of suggested volume for each so-
lution). Then we amplified the full length of SSU rDNA
(1,546–1,764 bp) of three individuals (isolated from the
same sample) for each species with universal primers 18SF
(5′-AACCTGGTTGATCCTGCCAGT-3′) or 82F (5′-GAA-
ACTGCGAATGGCTC-3′) and 18SR (5′-TGATCCTTCT-

GCAGGTTCACCTAC-3′) (Jerome et al., 1996; Medlin et
al., 1988) using PfuTurbo DNA polymerase (Cat. #600250,
Agilent Technologies, USA), which has high fidelity (Cline
et al., 1996; Wang C et al., 2017). The PCR products were
purified by EasyPure PCR Purification Kit (TransGen Bio-
tech, China) and then cloned by pClone007 Blunt Simple
Vector Kit (Tsingke, China). For each individual, 10 clones
were selected randomly and sequenced in Shanghai Personal
Biotechnology Company (Qingdao, China).

Intra-individual DNA polymorphism and nucleotide
diversity

The contigs were assembled with SeqMan v.7.1.0 (DNAStar,
Anson and Myers, 1997). Then the 10 sequences of each
individual were aligned using BioEdit v.7.0.1 (Hall, 1999).
We excluded the primers and counted the numbers of poly-
morphic sites manually. Gaps were considered as poly-
morphic sites. Pairwise genetic distance was calculated with
MEGA v.6.06 (Tamura et al., 2007) and the haplotype
numbers and nucleotide diversity were calculated using
DnaSP v.5.10 (Librado and Rozas, 2009). The OTUs were
assigned using the QIIME v.1.9.0 (Caporaso et al., 2010),
with threshold from 97% to 99% pair-wise nucleotide se-
quence identity.

Phylogenetic analyses

All haplotypes of SSU rDNA sequences of 20 species and
other 161 sequences downloaded from NCBI database were
aligned using the GUIDANCE2 Server with default para-
meters (Sela et al., 2015). Resulting alignments were mod-
ified manually using BioEdit v.7.0.1 (Hall, 1999). The ML
tree, with 1,000 bootstrap replicates, was constructed using
RAxML-HPC2 on XSEDE v.8.2.10 (Stamatakis, 2014) in
CIPRES Science Gateway with GTR+I+G model. Bayesian
inference (BI) analysis was performed using MrBayes on
XSEDE v.3.2.6 in CIPRES Science Gateway with GTR+I+G
model which was selected by MrModeltest v.2.0 (Ronquist et
al., 2012) and PAUP (Nylander, 2004). Markov chain Monte
Carlo (MCMC) simulations were run for 10,000,000 gen-
erations with a frequency of 100 generations and a burn-in of
10,000 trees. A majority rule consensus tree with posterior
probabilities (PP) was constructed by all remaining trees.
The clades with values higher than 80% ML and 0.90 BI
were viewed as well supported. Tree topologies were vi-
sualized with MEGA v.6.06 (Tamura et al., 2007).

Quantitative real-time PCR assays

We extracted the whole DNA of each cell to measure its
rDNA copy number. Before carrying out quantitative real-
time PCR (qPCR), we amplified the partial sequence of SSU
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rDNA of every individual with designed qPCR primers
1474F (5′-GTTGGTGGAGTGATTTGTCTGG-3′) and
1633R (5′-AGACCTGTTATTGCCTTAAACTTCC-3′) to
test the applicability of the primers. The primers are suitable
for most species, except Coleps sp., so we designed a pair of
specific primers 705F (5′-GTCGGTATGGGAATCAGG-3′)
and 857R (5′-CCCAACTGTCCCTGTTAA-3′) for it. We
constructed a plasmid containing the SSU rDNA of Coleps
as standard for its own qPCR while a plasmid containing the
SSU rDNA of Stentor roeselii was used for the others as
standard. Subsequently, we measured the concentrations of
plasmids by Qubit 3.0 (Invitrogen, USA) and calculated their
copy numbers online (http://cels.uri.edu/gsc/cndna.html).
Plasmids were serially diluted ten-fold (10−1–10−8) to obtain
standard curves. The quantitative real-time PCR reactions
were performed using EvaGreen qPCRMasterMix-Low Rox
Kit (Applied Biological Materials Inc., Canada) with an ABI
7500 Fast Real-Time PCR System (Applied Biosystems).
The qPCR was performed according to Wang C et al. (2017).
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