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Small subunit ribosomal DNA (SSU rDNA) is widely used for phylogenetic

inference, barcoding and other taxonomy-based analyses. Recent studies

indicate that SSU rDNA of ciliates may have a high level of sequence vari-

ation within a single cell, which impacts the interpretation of rDNA-based

surveys. However, sequence variation can come from a variety of sources

including experimental errors, especially the mutations generated by DNA

polymerase in PCR. In the present study, we explore the impact of four

DNA polymerases on sequence variation and find that low-fidelity poly-

merases exaggerate the estimates of single-cell sequence variation.

Therefore, using a polymerase with high fidelity is essential for surveys of

sequence variation. Another source of variation results from errors during

amplification of SSU rDNA within the polyploidy somatic macronuclei of

ciliates. To investigate further the impact of SSU rDNA copy number vari-

ation, we use a high-fidelity polymerase to examine the intra-individual

SSU rDNA polymorphism in ciliates with varying levels of macronuclear

amplification: Halteria grandinella, Blepharisma americanum and Strombidium
stylifer. We estimate the rDNA copy numbers of these three species by

single-cell quantitative PCR. The results indicate that: (i) sequence variation

of SSU rDNA within a single cell is authentic in ciliates, but the level of intra-

individual SSU rDNA polymorphism varies greatly among species;

(ii) rDNA copy numbers vary greatly among species, even those within

the same class; (iii) the average rDNA copy number of Halteria grandinella
is about 567 893 (s.d. ¼ 165 481), which is the highest record of rDNA

copy number in ciliates to date; and (iv) based on our data and the records

from previous studies, it is not always true in ciliates that rDNA copy

numbers are positively correlated with cell or genome size.
1. Introduction
The nuclear ribosomal DNA (rDNA) locus, which includes the small subunit

(SSU) rDNA, the large subunit (LSU) rDNA, the 5.8S rDNA and the internal

transcribed spacers (ITS1 and ITS2), is a useful marker for comparisons of

organisms from a range of taxonomic levels [1,2]. It has been widely used for

phylogenetic inference and barcoding technology of eukaryotic microbes [3–9].

In particular, the SSU rDNA is a universal marker for phylogenetic analyses,

as well as identifications and classifications of microbes [10–12]. Moreover,

rDNA-based barcoding and high-throughput environmental sequencing have
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become the mainstream approaches to address fundamental

questions of microbial diversity, ecology and biogeography

[13–15].

The rDNA copy number of a broad range of eukaryotes is

highly variable, and extrachromosomal copies are often gen-

erated in eukaryotic species [16]. In animals and plants, the

rDNA copy number ranges are 39–19 300 and 150–26 048,

respectively [17], while in fungi estimates are from 60 to

220 [18]. In eukaryotic microbes, rDNA copy numbers

range from 61 to 36 896 in dinoflagellates, and 200 to 12 812

in diatoms [19,20]. Ciliates’ extensive processing of the germ-

line rDNA locus yields many extrachromosomal copies in

somatic macronuclei [21]. In the class Spirotrichea, estimates

are 100 000 rDNA copies per macronucleus in Oxytricha nova
and 200 000 in Stylonychia lemnae [21,22]. Other estimates are

approximately 316 000 rDNA copies in Vorticella sp. (CI: Oli-

gohymenophorea) [23] and 59 000 to 80 000 in Chilodonella
uncinata (CI: Phyllopharyngea) [24].

Numerous studies indicate both intra-specific (among the

individuals of a given species) and intra-individual (among

the copies of a given individual) variability in rDNA

sequences [25–28]. Intra-specific variability of rDNA is docu-

mented in a range of organisms, including pinyon pine [29],

dinoflagellates [30–32] and diatoms [33]. Intra-individual

variation has been detected in some fungal species [34] and

dinoflagellates [35] using PCR amplification, cloning and

sequencing approaches. Ciliates have also been argued to

have intra-specific and intra-individual rDNA variation

[23,36–38]. For example, the intra-specific SSU rDNA vari-

ation can reach up to 1.6% in Gastrostyla pulchra (CI:

Spirotrichea) between the marine and estuarine strains [37],

and the intra-individual ITS variation is estimated to be as

high as 0.96% in a Vorticella species [23]. However, sequence

variation can be biological (i.e. generated through DNA

amplification and replication during the life cycle of the

organism) or experimental errors (i.e. mutations introduced

by polymerase during PCR amplification).

To explore the sources of high intra-individual polymorph-

ism in ciliates, we assess the impacts of four polymerases on the

sequence variation. Based on these findings, we then use a

high-fidelity polymerase to investigate the intra-individual

polymorphism of three ciliate species: Blepharisma americanum
(CI: Heterotrichea), Halteria grandinella and Strombidium stylifer
(CI: Spirotrichea; figure 1). We also assess the rDNA copy

number within a single cell of these species using quantitative

PCR (qPCR) to examine the relationship between polymorphism

and rDNA copy number.
2. Material and methods
(a) Ciliate culture and identification
In October 2014, we collected Halteria grandinella and Strombidium
stylifer from a pond of Baihuayuan Park (368040 N, 1208220 E) and

from Golden Beach (358580 N, 1208150 E) in Qingdao, China,

respectively. We isolated Blepharisma americanum from Yangtze

River in Chongqing, China (298360 N, 1068590 E) in September

2014. All the three species were picked up with a micropipette

from water samples and cultured at room temperature (258C)

in filtered and autoclaved water taken from each site, with rice

grains added to enrich bacterial food. We determined species

identity by observation of living morphology and protargol

impregnation method [39].
(b) DNA extraction
We washed a mid-sized single cell with filtered and autoclaved

water five times and then transferred it to a 1.5 ml Eppendorf

tube with about 0.5 ml water. Genomic DNA was isolated

using Extraction Solution, Tissue Preparation Solution, and Neu-

tralization Solution B in REDExtract-N-Amp Tissue PCR Kit

(Sigma, St. Louis, MO) following the manufacturer’s protocol,

which we modified by using only 1/10 of suggested volume

for each solution. The final volume of the solution was about

23 ml. We sampled three cells for each morphospecies.

(c) Fidelity verification test of four DNA polymerases
We amplified the full length SSU rDNA of B. americanum with

universal primers [40] using PfuTurbo DNA polymerase (Agilent

Technologies, USA). PCR products were purified by EasyPure

PCR Purification Kit (Transgen Biotech, China), and then

cloned using pEASY-T1 Cloning Kit (Transgen Biotech, China).

One clone was picked randomly and cultured in LB broth

medium for 15 h to extract the plasmid using Sanprep Plasmid

Miniprep Kit (Sangon Biotech, Shanghai). Afterwards, PfuTurbo
DNA polymerase (Cat. #600250, Agilent Technologies, USA),

Q5 Hot Start High-Fidelity DNA Polymerase (Cat. #M0493 L,

New England Biolabs, USA), ExTaq DNA polymerase (Cat.

#RR001A & #RR003A, TaKaRa, Japan) and Taq DNA Polymerase

(Cat. #EP0402, Thermo Fisher Scientific, USA) were used to

amplify the SSU rDNA in the plasmid with universal primers

[40]. PCR and cloning were performed as described above. The

SSU rDNA in the plasmid was sequenced bidirectionally both

in GENEWIZ Incorporated Company (Beijing, China) and

Shanghai Sunny Biotechnology Company (Shanghai, China) to

reduce the impact of errors caused by sequencing. For each poly-

merase, we sequenced 20 clones at the Shanghai Sunny

Biotechnology Company and also sequenced four of these at

the GENEWIZ Incorporated Company. The sequencing data

from the two companies are identical, which indicates that no

error was introduced by sequencing.

(d) DNA polymorphism and nucleotide diversity
The full length SSU rDNA of B. americanum was amplified by

Q5 and ExTaq DNA polymerases. The SSU rDNA of H. grandinella
and S. stylifer was amplified using Q5 DNA polymerase. PCR and

cloning were performed as described above. For each individual

and polymerase, 20 to 25 clones were sequenced at the GENEWIZ

Incorporated Company.

Contigs were assembled by SeqMan (DNAStar) and chromato-

grams were inspected individually to confirm that polymorphisms

were indeed real. Sequences were aligned using BIOEDIT v. 7.0.1 to

identify the polymorphic sites [41]. MEGA v. 6.06 was used to

calculate pairwise distance [42]. We calculated the number of poly-

morphic sites, haplotype diversity (Hd) and nucleotide diversity

(p) using DNASP v. 5.10 [43]. Pearson’s correlation analyses were

calculated by SPSS v. 18.0 with default parameters [44].

(e) Quantitative real-time PCR assays
The plasmids containing the SSU rDNA of B. americanum,

H. grandinella and S. stylifer were constructed according to the

procedures described above and used as standards for qPCR

assays, respectively. We used serial 10-fold dilutions (1021 to

1027) to obtain standard curves. The concentrations of plasmids

were measured by QUBIT 3.0 (Invitrogen, USA). In order to avoid

contaminations, specific primers were designed in variable

regions of SSU rDNA for each species (electronic supplementary

material, table S2).

Reactions were performed using EvaGreen qPCR Master-

Mix–Low Rox (Applied Biological Materials Inc., Canada) in a

final volume of 25 ml containing 12.5 ml 2 � qPCR mix, 0.5 mM
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Figure 1. Phylogeny and morphology of ciliates, highlighting target taxa Blepharisma americanum (a,b), Strombidium stylifer (c – g) and Halteria grandinella (h,i).
The phylogenetic tree based on small subunit ribosomal RNA gene sequences shows the positions of the three focal taxa: B. americanum, S. stylifer and H. grand-
inella. Asterisk indicates the disagreement in topology of BI and ML trees. The scale bar corresponds to five substitutions per 100 nucleotide positions. (a) ventral
view of a representative of B. americanum; arrows mark the food vacuoles and arrowhead points out the contractile vacuole. (b) Photograph of a bending
B. americanum, to show the flexibility of the body. (c – g) Photographs of S. stylifer; arrowheads in (c) and (d ) indicate the apparent tail, and arrows in ( f )
and (g) indicate the extrusomes of ventral and dorsal sides, respectively. (h,i) Pictures of H. grandinella; arrow and arrowhead in (i) mark the contractile vacuole
and micronucleus, respectively. Scale bars, 70 mm (a,b); 15 mm (c – g); and 10 mm (h,i). (Online version in colour.)
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of each primer, 1 ml of total genomic DNA and 6.5 ml of tri-

distilled and autoclaved water. All reactions were performed in

triplicate with an ABI 7500 Fast Real-Time PCR System (Applied

Biosystems). The PCR programme started with an initial soaking

step at 508C for 2 min and 988C for 2 min; followed by 40 cycles

of denaturation at 988C for 10 s, annealing at 558C for 10 s, and

extension at 688C for 30 s; and finally a melting curve stage (pre-

programed in system as following: 958C for 15 s, 608C for 1 min,

958C for 30 s and 608C for 15 s). The number of molecules in the

standards was calculated using the website http://cels.uri.edu/

gsc/cndna.html [45]. The efficiency of amplification (E) was cal-

culated as E ¼ (1021/k 2 1) � 100%, where k is the slope of

standard curve. As we used only 1 ml out of 23 ml total genomic

DNA in the qPCR, the final copy number for each individual was

multiplied by 23.
( f ) Phylogenetic analyses
Phylogenetic analyses include three most common SSU rDNA

sequences of H. grandinella, B. americanum and S. stylifer, and

50 sequences downloaded from NCBI GenBank database (acces-

sion numbers as shown in figure 1). All sequences were aligned

using the GUIDANCE2 Server [46] with default settings and

further modified manually using BIOEDIT v. 7.0.1 [41]. Maxi-

mum-likelihood (ML) analyses were performed in CIPRES
Science Gateway using RAxML-HPC2 on XSEDE v. 8.1.24 [47]

with the model of GTRGAMMA þ I. The reliability of internal

branches was assessed using a non-parametric bootstrap method

with 1000 replicates. Bayesian inference (BI) analysis was carried

out using MRBAYES on XSEDE v. 3.2.6 with the model GTR þ I þ
G (selected by MRMODELTEST v. 2.0 [48]) in CIPRES Science Gate-

way. Markov chain Monte Carlo simulations were run with two

sets of four chains for 6 000 000 generations with a frequency of

100 generations, and 25% were discarded as burn-in. MEGA

v. 6.06 [42] was used to visualize tree topologies.

The SSU rRNA sequence of H. grandinella was selected as an

example to predict the secondary structure following the previous

model of Tetrahymena canadensis (M26359, http://rrna.uia.ac.be)

using MFOLD (http://unafold.rna.albany.edu/?q=mfold) with

default parameters [49]. RNAVIZ v. 2.0.0 was used for aesthetic

adjustment [50].
3. Results
(a) The impact of varying polymerases on estimates of

sequence variation
In order to test the impact of varying DNA polymerases on

estimates of rDNA diversity, we used four DNA polymerases

http://cels.uri.edu/gsc/cndna.html
http://cels.uri.edu/gsc/cndna.html
http://cels.uri.edu/gsc/cndna.html
http://rrna.uia.ac.be
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Table 1. Genetic distances and polymorphic sites of SSU rDNA from 20 clones generated in PCRs using four DNA polymerases. p, nucleotide diversity;
Hd, haplotype diversity; max and min, the maximum and minimum value of pairwise genetic distances; n, range of polymorphic sites per sequence compared
with template; p, numbers of polymorphic sites in relation to SSU rDNA length in %; s.d., standard deviation.

polymerase

pairwise genetic distance (31022)

no. polymorphic
sites ( p)

no.
haplotypes Hd p (31022) nmean max min s.d.

ExTaq 0.280 0.538 0.119 0.099 46 (2.73) 20 1.000 0.279 1 – 5

Taq 0.466 0.962 0.119 0.198 76 (4.52) 20 1.000 0.463 1 – 8

Q5 0.006 0.059 0 0.018 1 (0.06) 2 0.100 0.006 0 – 1

PfuTurbo 0 0 0 0 0 (0) 1 0 0 0

Table 2. Analyses of significant difference about the four DNA polymerases.
The numbers in lower left diagonal are p values. In upper right diagonal, *
means a significant difference at 95% level; ** means an extremely
significant difference at 99% level.

p-value PfuTurbo Q5 ExTaq Taq

PfuTurbo — ** **

Q5 0.330 — ** **

ExTaq 6.0 � 1028 2.33 � 1028 — *

Taq 9.18 � 1027 1.29 � 1026 0.02 —

rspb.royalsocietypublishing.org
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(PfuTurbo DNA polymerase, Q5 Hot Start High-Fidelity DNA

polymerase, ExTaq DNA polymerase and Taq DNA poly-

merase) to amplify the plasmid containing the SSU rDNA

sequence of B. americanum. We sequenced 20 clones for

each polymerase and found substantial variation in exper-

imental error rates as estimated by SSU rDNA sequence

variation (table 1). None of the sequences generated by the

Taq and ExTaq DNA polymerases is identical to the template

DNA. Compared with the template DNA, as many as eight

and five substitutions per sequence are generated by Taq

and ExTaq polymerase, respectively (table 1). The sequences

amplified by Taq polymerase have the highest average pair-

wise distance of 0.466% and the most polymorphic sites of

76 (4.52% of the full length). The sequences amplified by

ExTaq polymerase have an average pairwise difference of

0.280% and 46 polymorphic sites among the 20 clones

(2.73%; table 1). PfuTurbo polymerase has the highest fidelity

as all 20 clones generated with this polymerase are identical

to the template DNA (table 1). For the Q5 polymerase,

there is only one polymorphic site in one clone that differs

from the template DNA (table 1).

We also used ExTaq and Q5 polymerases to amplify the

SSU rDNA from the three individuals of B. americanum (elec-

tronic supplementary material, table S1). The results show a

substantial difference between the two polymerases as the

mean pairwise genetic distance of sequences amplified by

ExTaq is two to eight times higher than that amplified

by Q5 polymerase (electronic supplementary material,

table S1). The comparison between ExTaq and Q5 further

demonstrates that the low-fidelity DNA polymerase dramati-

cally increases the level of sequence variation by generating

errors during amplification.

A t-test for equality of means of pairwise genetic distance

indicates that the differences between each pair of the four

DNA polymerases except for the pair of Q5 and PfuTurbo
are significant (table 2). Even though PfuTurbo has high fide-

lity, it is more expensive and has low efficiency in PCR

amplifications. Given that the fidelity of Q5 is comparable

with PfuTurbo, we selected Q5 to perform the subsequent

research.
(b) Sequence variation among the three individuals of
each species

To assess variation among individuals, we amplified the SSU

rDNA locus of H. grandinella, B. americanum and S. stylifer
using Q5 Hot Start High-Fidelity DNA polymerase and

sequenced at least 30 clones per individual (table 3).

Among the clones of each individual, there is one most

common version of the SSU rDNA sequence, which may rep-

resent the germline micronuclear template SSU rDNA.

Compared with the most common sequence, 1–5 and 1–3

polymorphic sites are detected in H. grandinella and B. amer-
icanum, respectively. Pairwise sequence comparisons within

individuals reveal 0–8 and 0–4 polymorphic sites in

H. grandinella and B. americanum, respectively.

We also counted the number of polymorphic sites in our

data to estimate variation within and among species. Only

one polymorphic site is present among the three S. stylifer
cells, while we observed 14 polymorphic sites in B. ameri-
canum and 41 polymorphic sites in H. grandinella. In the cell

Hal-1, we found 29 polymorphic sites (1.68%), representing

the highest level of polymorphism among all the examined

individuals. The numbers of polymorphic sites vary among

cells of H. grandinella, ranging from 2 (0.12%) to 29 (1.68%).

For example, we find 21 unique sequences among 30 clones

in Hal-1, with the haplotype diversity of 0.915; this number

is about seven times higher than that in Hal-2, which has

three unique sequences among 30 clones with the haplotype

diversity of 0.185.

Variation among cloned rDNA sequences is primarily

due to single nucleotide polymorphisms (SNPs) (figure 2).

In total, 57 polymorphic sites are detected in all the nine

individuals, caused by transitions, transversions or insertions

(figure 3a). We detect a total of six common polymorphic

sites in H. grandinella and B. americanum that are shared by

more than one individual (two in H. grandinella and four in

B. americanum). Taking H. grandinella as an example,



Table 3. Genetic distances, polymorphic sites and copy numbers of SSU rDNA amplified from three different cells of three species. p, nucleotide diversity; Hd,
haplotype diversity; max and min, the maximum and minimum value of pairwise genetic distances; n, ranges of polymorphic sites compared with the most
common sequences of each individual; p, numbers of polymorphic sites in relation to SSU rDNA length in %; s.d., standard deviation. The rDNA copy number of
each individual is the mean value of three estimates.

DNA polymerase Q5 Hot Start High-Fidelity

species B. americanum (1683 bp) H. grandinella (1730 bp) S. stylifer (1729 bp)

individual 1 2 3 1 2 3 1 2 3

clones 30 30 30 30 31 35 34 33 33

pairwise genetic

distance

(�1022)

mean 0.062 0.025 0.061 0.123 0.014 0.059 0.003 0 0

max 0.238 0.119 0.179 0.446 0.116 0.289 0.003 0 0

min 0 0 0 0 0 0 0 0 0

s.d. 0.062 0.032 0.055 0.085 0.032 0.065 0.014 0 0

no. polymorphic sites ( p) 7 (0.42) 2 (0.12) 6 (0.30) 29 (1.68) 2 (0.12) 10 (0.58) 1 (0.06) 0 (0) 0 (0)

no. of haplotypes 8 3 6 21 3 7 2 1 1

Hd 0.623 0.393 0.669 0.915 0.185 0.605 0.059 0 0

p (�1022) 0.062 0.025 0.061 0.129 0.014 0.059 0.003 0 0

n 1 – 3 1 1 – 2 1 – 5 1 – 2 1 – 4 1 0 0

no. common

sequences (%)

18 (60.0) 23 (76.7) 15 (50.0) 9 (30.0) 28 (90.3) 20 (57.1) 33 (97.1) 33 (100.0) 33 (100.0)

rDNA copy number 134 852 105 313 9984 705 287 335 128 663 265 4596 1082 16 995

s.d. of rDNA copies 23 042 6787 4884 35 116 14 089 20 920 334 31 267
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polymorphic sites from the three individuals are mapped in

the predicted secondary structure, which shows that poly-

morphisms are found in both stems and loops (figure 4).

(c) rDNA copy number per cell
We estimated rDNA copy number per cell using qPCR ana-

lyses of genomic DNA extracted from single cell. For the

DNA extraction kit, there is no washing or filtering step

involved in the procedure, so it can be assumed that there

is no loss of genomic DNA. The linear relationships obtained

between the cycle threshold and rDNA copy number are

shown in electronic supplementary material, figure S1.

Based on the standard curves and the CT values of each

single cell, we estimated the rDNA copies per cell and

found that rDNA copies vary greatly among species

(table 3). The rDNA copy number in H. grandinella is extre-

mely high, with an average of 567 893 (s.d. ¼ 165 482),

while it is 83 383 (s.d. ¼ 53 284) in B. americanum and only

7558 (s.d. ¼ 6826) in S. stylifer. The highest copy number is

found in Hal-1, with 705 287+35 116 copies per cell, and

the lowest is found in Str-2 (1082+ 31). Within species,

rDNA copy numbers vary among individuals. For example,

the rDNA copies among the three individuals differ by

approximately 13-fold in B. americanum and approximately

15-fold in S. stylifer.

(d) Correlations between rDNA copy number and SSU
rDNA polymorphism

We used Pearson’s correlation analysis to access the relation-

ship between SSU rDNA sequence variation and copy

number. The results indicate that both nucleotide diversity
(r ¼ 0.708, p ¼ 0.033) and polymorphic site number (r ¼
0.799, p ¼ 0.010) are positively correlated with rDNA copy

number, and the correlations are significant ( p , 0.05;

figure 3b; electronic supplementary material, figure S2).
4. Discussion
(a) The fidelity of polymerase influences estimates of

sequence variation
Understanding the sources of sequence variation is critical to

biological research. For example, evolutionary relationships

between different species are estimated in phylogenetic

trees based on sequence variation [51], and variation is the

basis for interpreting results of high-throughput environ-

mental sequencing approaches used to estimate biodiversity

[52]. However, sequence variation can be generated by both

the biology of the system and experimental errors. Consistent

with previous studies, we find that levels of sequence vari-

ation in PCR amplifications are impacted by the fidelity of

DNA polymerase [53–55], with Taq polymerase leading to

a higher level of variation than Q5 and PfuTurbo polymerases

(table 1). The substantial differences in variation estimated

from SSU rDNA sequences amplified by Q5 and ExTaq poly-

merases in B. americanum further confirm that the polymerase

with high fidelity is essential in studies of genetic variation

to avoid inaccurate taxon identification (barcoding) and

phylogenetic reconstruction.

(b) Intra-individual rDNA polymorphism in ciliates
Intra-individual rDNA polymorphism exists in a wide range

of organisms [34,35,56–59]. In oligotrichous (CI: Spirotrichea)
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and peritrichous ciliates (CI: Oligohymenophorea), high

intra-individual polymorphisms of rDNA were reported

with the highest pairwise genetic distance of 0.96% in the

ITS region of a Vorticella species [23]. However, the
polymerase used in their research is Taq polymerase,

which could generate an amount of misreading sites in

PCR and exaggerate the sequence variation. Using Q5 Hot

Start High-Fidelity polymerase, our results reveal the



Halteria grandinella
SSU rRNA V6

V5

V7

V8

V9

V1

V2

V3

V4

G U 22

C A 14

U A 1

C
common polymorphic site

U 1

Figure 4. Position of polymorphic sites in secondary structure of SSU rRNA of Halteria grandinella. The polymorphic sites of the three individuals are shown in four
different colours and shapes. The star indicate the positions of shared polymorphic sites among the individuals. (Online version in colour.)

rspb.royalsocietypublishing.org
Proc.R.Soc.B

284:20170425

7

existence of intra-individual SSU rDNA polymorphism in

ciliates, but the level of SSU rDNA polymorphism is lower

(table 3).

The level of intra-individual SSU rDNA polymorphism

varies greatly among the three ciliate species we studied and

is positively correlated with the rDNA copy number, which

is consistent with previous studies [23]. The high rDNA

copy number increases the probability of mutations as DNA

is replicated during the life cycle of the organisms. The

rDNA copy number of H. grandinella is about seven times

higher than that of B. americanum and 75 times higher than

that of S. stylifer, increasing the probability of mutation immen-

sely. The varying levels of intra-individual polymorphism may

also reflect the age of macronucleus. Following sexual conju-

gation, macronucleus rDNA are amplified from the zygotic

template during macronuclear development [60,61]. In vegeta-

tive growth, the macronucleus divides through amitosis,

which can allow the accumulation of mutations [21]. There-

fore, more polymorphic sites may reflect the age, or time

since conjugation, of a macronucleus.
(c) rDNA copy number in ciliates
The rDNA copy number can be extremely high in ciliates.

Before this study, the highest record of rDNA copy number
in ciliates is about 316 000 in Vorticella sp. [23]. In the present

study, the average rDNA copy number of H. grandinella is 567

893 (n ¼ 3, s.d. ¼ 165 482), higher than any data reported pre-

viously in ciliates. However, rDNA copy numbers vary

greatly within and between species, even when they fall

within the same class (figure 1). For example, the peritrichs

(e.g. Vorticella, Epistylis, Zoothamnium, etc.) have rDNA

copies ranging from 3385 to 315 786, and the rDNA copy

numbers in oligotrichs (CI: Spirotrichea) range from 30 247

to 172 889 [23]. In this study, both H. grandinella and S. stylifer
are assigned as oligotrichs based on morphological data, but

their rDNA copy numbers are 567 893 (s.d. ¼ 165 482) and

7558 (s.d. ¼ 6826), respectively.

The rDNA copy numbers vary greatly not only among

species, but also among individuals within species. For

example, the rDNA copy numbers among the three individ-

uals of B. americanum differ over 13-fold, and they differ over

15-fold in S. stylifer. The high level of divergence may reflect

that individuals are in different stages of growth or under

different nutritional conditions, as reported in T. pyriformis
[10,21]. Other explanations include the accumulation of

mutations in ageing somatic macronuclei and the presence

of unidentified cryptic species. The imprecise distribution of

chromosomes following amitosis of macronuclei may also

influence copy number [16,62]. The substantial variation of
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rDNA copy number among individuals of the same mor-

phospecies may also reveal the presence of unidentified

cryptic species. In C. uncinata, different cryptic species have

59 000 to 80 000 copies of rDNA [24].

Copy number of rDNA is suggested to be positively

correlated with cell size and biovolume [20,63]. However, it

is not always true in ciliates based on the data we generated

combined with previously published estimates. For example,

the rDNA copy number of H. grandinella is about seven times

higher than that of B. americanum even though cells of B.
americanum are much bigger than H. grandinella (180–260 �
60–130 mm versus 24–36 � 22–32 mm) [64,65]. Furthermore,

even though the cell size and biovolume of S. stylifer (40–70�
20–45 mm) are comparable with that of H. grandinella, the rDNA

copy number of H. grandinella is about 80 times higher than

that of S. stylifer (table 3) [66].

The rDNA copy number is positively correlated with

genome size in eukaryotes but not in ciliates [17]. Ciliates

have two distinct nuclei within each cell: the germline micro-

nucleus and the highly processed (i.e. chromosomal

fragmentation, DNA elimination, and DNA amplification)

somatic macronucleus [21]. Therefore, the genome size of

the micronucleus and macronucleus could be largely differ-

ent, not only within but also among species [21,67–69]. As

macronuclei are transcriptionally active, contributing

virtually all expression during vegetative growth, one may

argue that the macronucleus genome size should be counted.

However, the macronucleus genome size of Tetrahymena ther-
mophila is about 100 MB, with the rDNA copy number about

9000, while Oxytricha and Stylonychia have much higher

rDNA copy numbers, but their macronucleus genome sizes

are only about 50 MB [70–72]. Even though macronucleus

genome sizes of ciliates range from 50 MB to 105 MB,

which are smaller than most animals and plants [17,73,74],

rDNA copy number in ciliates is much higher than that in

animals and plants [23]. The extremely high copy number

of rDNA in ciliates might be an advantage that allows

rapid adaptation to changing environments through fast syn-

thesis of proteins [23]. On the other hand, the gene copy

number does not always correlate with its expression level,

which means that DNA with high copy number may be

expressed at low level [24,75,76]. Further studies of single

cells isolated under varying conditions will allow these

issues to be disentangled.

(d) Ecological implications
High-throughput sequencing has been applied to investigate

the microbial diversity in a wide variety of systems, including
deep marine waters, lakes, soils and marine sediments

[77–79]. SSU rDNA is a universal marker for environ-

mental surveys, especially the variable regions V4 and V9

[13,80]. However, the number of predicted operational

taxonomic units (OTUs) can increase due to the existence

of rDNA copy number variation, pseudogenes and intra-

cellular polymorphisms, then resulting in an overestimate

of the community complexity [63,81]. The high rDNA

copy number and the considerable variation within and

between ciliate species highlight the difficulty of using

rDNA variation to estimate the abundance of microbial

eukaryotes in environmental samples [81,82]. The highest

level of interspecific polymorphism for the full-length

SSU rDNA among the three ciliate species we studied is 8

base pairs (0.46%) in H. grandinella, whereas the lowest

level is 0 in S. stylifer. The highest levels of interspecific

polymorphism in V4 and V9 regions among the three

species are 3 (1.34%) and 2 (2.25%) base pairs in B. ameri-
canum, respectively. The substantial variation in patterns

between species creates difficulty in setting cut-off to

account for intra-individual polymorphism. Considering

the existing data, different levels of cut-off (1% for the

full length SSU rDNA, 2% for V4 region and 3% for V9

region) should be used to exclude the interspecific

sequence variation. However, it may be too strict for

some groups and results in underestimate of the biodiver-

sity. A relatively complete database of intra-individual

polymorphism and copy number variation among ciliates

would help in estimating diversity from high-throughput

sequencing based environmental researches.
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