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A B S T R A C T

Ribosomal RNA (rRNA) genes serve as foundational markers for microbial eukaryotic diversity assessment, yet 
their responses to environmental stressors remain underexplored. This study examined the effects of sublethal 
oxytetracycline and CuCl2 on phenotypic and ribotypic traits in the ciliated protists Paramecium bursaria and 
Euplotes vannus using single-cell quantitative PCR and high-throughput sequencing of 18S rDNA/rRNA. We found 
that both pollutants inhibited growth, enlarged cell volume, and elevated per-cell rDNA and rRNA copy numbers, 
but oxytetracycline selectively elevated rRNA: rDNA ratios. These effects increased the variance around estab
lished allometric scaling relationships between rDNA copy number and cell volume, without significantly 
altering the scaling slope. Intragenomic polymorphisms also increased, with the amplicon sequence variant 
(ASV) number of rRNA transcripts exceeding that of rDNA, and these elevated polymorphisms persisted post- 
stress relief. Re-analysis of field 18S metabarcoding data from CuCl2-polluted marine biofilms revealed dose- 
dependent increases in the number of ASVs per operational taxonomic unit (OTU, defined at a cutoff of 97% 
sequence identity) in many protistan groups, suggesting that copper-induced mutagenic pressure on ribosomal 
RNA genes may prevail across diverse protistan taxa. Our findings imply that: (1) when interpreting ASV-based 
microbial diversity patterns, the potential for ASV richness inflation and elevated per-cell rDNA and rRNA 
abundances should be recognized as a likely consequence of exposure to environmental pollutants; (2) there is a 
potential for using the ASV-to-OTU number ratio in assessing environmental stress; and (3) metabarcoding of 
rRNA likely introduces more artificial ASVs than targeting rDNA. A combination of double metabarcoding of 
both rDNA and rRNA to identify active microbial members is recommended.

Introduction

Ribosomal RNA (rRNA) genes (or rDNA) are of evolutionary signif
icance and have been the most popular molecular biomarkers for 
investigating the diversity and ecology of microbes in environmental 
samples (Pawlowski et al., 2012; Weider et al., 2005). These genes are 
present in hundreds to hundreds of thousands of copies in a eukaryotic 
genome (Gong et al., 2013) and are usually expressed to produce 
thousands to millions of rRNA transcripts in a vegetative cell (Zou et al., 
2021). The rRNAs bind to many ribosomal proteins to form ribosomes, 
the molecular machines that are key to protein synthesis and cell pro
liferation. Recent single-cell analyses of ciliated protists (unicellular 
eukaryotes) have shown that several ribotypic traits (e.g., rDNA and 

rRNA copy number per cell, ratio of rRNA to rDNA copy numbers, and 
cellular rDNA or rRNA copy number per unit volume) are temperature- 
and life-cycle stage-dependent, but generally form scaling relationships 
with cellular or physiological traits, such as cell volume and growth rate 
(Fu and Gong, 2017; Zou et al., 2021). Furthermore, intragenomic rDNA 
and rRNA sequences are known to have many single-nucleotide poly
morphisms (SNPs), with a dominant haplotype and multiple 
low-abundance variants (amplicon sequence variants, ASVs) in protists, 
such as ciliates (Gong et al., 2013; Zou et al., 2021), foraminifera (Weber 
and Pawlowski, 2013; Weber and Pawlowski, 2014), radiolarians 
(Decelle et al., 2014), and amoebae (Kudryavtsev and Gladkikh, 2017). 
However, all these previous findings on ribotypes of microbial eukary
otes were obtained under pollutant-free conditions, and the effects of 
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environmental contaminants on these ribotypic attributes in protists 
remain largely unknown.

Antibiotics are among the most extensively produced and environ
mentally dispersed pharmaceutical compounds worldwide (Hutchings 
et al., 2019). Tetracyclines, including oxytetracycline (OTC), are 
broad-spectrum antimicrobial agents widely applied in human medi
cine, livestock husbandry, and aquaculture (Daghrir and Drogui, 2013). 
Concentrations of OTC detected in surface waters typically range from 
nanograms to a few micrograms per liter, though values exceeding 
hundreds of micrograms per liter have been recorded in aquaculture 
effluents and receiving water bodies (Nivedhita et al., 2022). At 
sub-lethal concentrations, OTC impairs eukaryotic cellular physiology 
through inhibition of organellar translation, disruption of protein ho
meostasis, induction of oxidative stress via reactive oxygen species 
(ROS) accumulation, collectively manifesting as reduced growth rates, 
cell enlargement, and altered gene expression in protists (Wang et al., 
2017; Wang et al., 2020) and microalgae (Guo et al., 2016; Siedlewicz 
et al., 2020; Wang et al., 2022; Zhong et al., 2021).

Copper (Cu) is a naturally occurring heavy metal that becomes an 
environmental contaminant through industrial discharge, mining oper
ations, urban stormwater runoff, and the widespread use of Cu-based 
antifouling paints and pesticides (Flemming and Trevors, 1989). 
Although Cu is an essential micronutrient at trace concentrations, it 
functions as a potent toxicant when present in excess (Festa and Thiele, 
2011). Dissolved Cu concentrations in unpolluted waters typically range 
from 0.1 to 10 µg L− 1, but can reach hundreds of micrograms per liter in 
mining-impacted waterways and harbor environments (Falfushynska 
et al., 2024; Liu et al., 2023). The principal toxic mechanism of Cu in
volves the generation of hydroxyl radicals via Fenton-like reactions, 
leading to oxidative damage to lipid membranes, proteins, and nucleic 
acids (Kim et al., 2011; Somasundaram et al., 2018; Somasundaram 
et al., 2019). In protists and microalgae, Cu exposure disrupts mito
chondrial electron transport, impairs photosynthetic efficiency, in
terferes with metalloenzyme function, and can trigger programmed cell 
death (Cid et al., 1996; Hamed et al., 2017; Mu et al., 2017; Shakya 
et al., 2022).

Sub-lethal exposure of antibiotics or heavy metals is known to 
elevate mutation rates in bacterial genomes, including rRNA genes, 
probably due to elevated endogenous oxidative stress, enhanced 
expression of error-prone DNA polymerases, and a balance with the DNA 
repair capacity of the bacterial cell (Li et al., 2019; Long et al., 2016; 
Revitt-Mills and Robinson, 2020; Sigmund et al., 1984; Zhang et al., 
2020). Recent studies have suggested that ROS also attack RNA mole
cules (including rRNA in bacteria and higher organisms) even in a severe 
manner, causing strand breaks, indels, and mutagenic modification in 
the nucleobases (Seixas et al., 2022). The most common oxidative 
modification induced by oxidative stress is the oxidation of nucleobase 
guanosine into 8-hydroxyguanosine (8-oxo-G), which leads to mispair
ing with adenine, thus forming G to T (and C to A in reverse comple
ments) transversions during DNA replication and gene transcription 
(Delaney et al., 2012; Poetsch, 2020). However, little is known about 
whether the exposure to antibiotics or heavy metals affects the muta
tions or polymorphisms in nuclear rDNA and rRNA of unicellular eu
karyotes (Slaveykova et al., 2016), and to what extent the damaged 
nucleic acids can be repaired or recovered after stress relief.

In this study, we investigated the effects of sub-lethal OTC and CuCl2 
exposure on phenotypic and ribotypic traits of two ciliated protists: the 
marine heterotrophic species Euplotes vannus and the green algae- 
bearing freshwater species Paramecium bursaria. This symbiont-bearing 
species was selected because, analogous to the sea anemone Antho
pleura elegantissima harboring symbiotic dinoflagellates (Dykens and 
Shick, 1982), it possesses an extraordinary capability to quench ROS 
through its intracellular algal symbionts (Slaveykova et al., 2016), 
providing a mechanistically informative contrast with the non-symbiotic 
E. vannus. We hypothesized that, after long-term sub-lethal stresses of 
OTC and CuCl2: (1) the cellular copy numbers of rDNA and rRNA 

increased with their enlarged cell size and slower growth rate; and (2) 
more point mutations were induced, resulting in more rDNA and rRNA 
variants, but to a lesser extent for P. bursaria.

Following this research line, we further expected that the effects of 
copper on intraspecific polymorphisms of 18S rDNA could also apply to 
the species of broader taxa of eukaryotes. To test the third hypothesis, 
we leveraged the published data of a recent study using metabarcoding 
18S rRNA genes (Corcoll et al., 2019), which showed that CuCl2 stresses 
decreased the richness of OTU0.97 (the operational taxonomic units 
defined at a 97% sequence identity cutoff) and altered the community 
structure of microbial eukaryotes in marine biofilms. We calculated the 
numbers of ASVs per OTU0.97 as proxies of rDNA and rRNA sequence 
diversity per species in the field study, and examined whether they were 
affected by CuCl2 stress. Our results largely validated these hypotheses, 
which have important implications for better understanding the mo
lecular microdiversity and distribution of protists along pollutant 
gradients.

Materials and methods

Cultivation and treatments

P. bursaria strain YD-2010 (GenBank accession No. KC495068.1) was 
originally isolated from a freshwater pond at the campus of Yantai 
University, and E. vannus isolate WS052 (GenBank accession No. 
MG603648.1) was collected from the coast of Qingdao, Shandong, 
China. Both species were identified by light microscopic morphological 
characterization combined with 18S rRNA gene sequencing, and their 
identities are further validated from our previous publications (Fu and 
Gong, 2017; Gong et al., 2014; Zou et al., 2020). Stock cultures of 
both species were maintained in Petri dishes with sterile freshwater 
(P. bursaria) or artificial seawater (E. vannus), supplemented with 
several rice grains to enrich bacterial prey. To set up growth experi
ments, ten individual cells were picked from stock culture using a glass 
micropipette, washed 5 times in sterile medium to minimize contami
nation, and transferred into Petri dishes each containing 20 mL of 
sterilized water and 1 mL of heat-killed Escherichia coli DH5α suspension 
(OD600 = 0.851). The DH5α strain was selected as a standardized bac
terial prey source consistent with protocols established in our previous 
work (Fu and Gong, 2017; Zou et al., 2020).

The cell cultures of two ciliate species were treated under different 
levels of antibiotic and heavy metal stresses. Stock solutions of oxytet
racycline hydrochloride (OTC⋅HCl; purity ≥ 99%; Sigma, MO, USA) and 
cupric chloride (CuCl2; purity ≥ 99%; Sigma, MO, USA) were prepared 
by dissolving the compound in ultrapure water and added into culture 
solutions to reach final concentrations at 1, 10, and 20 µg mL− 1 OTC 
(equivalent to 2.17, 21.72, 43.44 µM, MW = 460.43 g mol− 1) for both 
two ciliate species; 0.05, 0.1 and 0.2 µg mL− 1 (equivalent to 0.023, 
0.047, and 0.094 µg mL− 1 Cu, or approximately 0.372, 0.744, and 1.487 
µM Cu) CuCl2 for E. vannus; and 0.01, 0.02 and 0.05 µg mL− 1 CuCl2 
(equivalent to 0.005, 0.009, and 0.023 µg mL− 1 Cu, or approximately 
0.074, 0.149, and 0.372 µM Cu) for P. bursaria. The treatments without 
adding any of these pollutants were taken as the negative control. In 
addition, we transferred a few cells from the 30-day treatments at the 
highest doses of OTC and CuCl2 to fresh media without any pollutants, 
allowing them to grow and maintain for another month (hereafter 
referred to as the recovery treatments, or “R0”). For all control and stress 
treatments, triplicates were set up at a temperature of 21◦C in chemo
stats. An overview of the experimental design is provided in Table S1.

Determination of population growth rate, cell size, and effective 
concentration

The population growth rate and measurements of cell size were 
characterized as previously described (Fu and Gong, 2017). Briefly, the 
population abundance of these ciliates was monitored every 24 h. A 100 
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μL of cell culture solution was transferred onto a glass slide and fixed 
with Lugol’s solution at a final concentration of 2%. The fixed cells were 
counted under a stereoscope (XLT-400, Guiguang, China). The natural 
log cell abundance was plotted against time to generate a growth curve. 
A linear regression formula for each treatment was derived from the data 
collected during the logarithmic growth phase, and the slope was taken 
as the growth rate. The exponentially growing cells were subsampled 
and fixed, among which 24 individuals were randomly selected to 
measure the cell width and length under a microscope (Olympus BX51, 
Tokyo, Japan). The cell volume was calculated assuming an elliptic 
cylinder shape with a body width to thickness ratio of 3:2 using the 
following formula: V = 2πab2/3, where V is the cell size (µm3), a and b 
are the half of the cell length and width (µm), respectively.

The observed growth rates in the control and stressed treatments 
were plotted against the tested concentrations of OTC and CuCl2. The 
effective concentrations required to inhibit growth rate by 10% (EC10) 
and 50% (EC50) were calculated by regression with the best fits.

Single-cell DNA extraction and cDNA synthesis

Single-cell lysis, DNA extraction, and complementary DNA (cDNA) 
synthesis were performed following an established single-cell protocol 
(Zou et al., 2021). In brief, sixteen individual intact cells per treatment 
were each transferred into a nuclease-free 0.2 mL PCR tube (Axygen 
Scientific, CA, USA) containing 1 mL of distilled water. Cell membranes 
were disrupted by adding 2 mL of a lysis solution composed of 0.2% 
Triton X-100 (Solarbio, Beijing, China) and a recombinant RNase in
hibitor (TaKaRa Biomedicals, Japan) at a 19:1 (v/v) ratio. Tubes were 
gently mixed by flicking, briefly centrifuged, and incubated at room 
temperature for 10 min. The resulting lysate was partitioned into two 
fractions: 1 µL for genomic DNA extraction and 2 µL for RNA-based 
cDNA synthesis. Genomic DNA was isolated using a 
REDExtract-N-Amp tissue PCR kit (Sigma, St. Louis, MO), with all re
agent volumes scaled to 1/50 of the manufacturer’s recommended 
amounts as previously described (Zou et al., 2020).

For cDNA synthesis, residual genomic DNA in the 2 µL RNA fraction 
was eliminated using the TURBO DNA-free Reagent Kit (Invitrogen). 
Complete DNA removal was confirmed by PCR amplification of 18S 
rRNA gene fragments using the eukaryote-specific primers Euk82F (5́- 
GAADTCGYGAAYGGCTC -3́) and Euk516R (5́- ACCAGACTTGCCCTCC 
-3́) (Dawson and Pace, 2002; Dıéz et al., 2001). The DNA-free RNA 
fraction was then combined with 1 µL random hexamers primers 
(10mM; Sangon, China) and 1 µL of dNTP mix (10 mM), denatured at 
72◦C for 3 min, and immediately chilled on ice. Reverse transcription 
was carried out in a total volume of 12.42 µL containing 4 µL RNA 
template, 3 µL first-strand buffer, 0.3 µL SuperScript™ III Reverse 
Transcriptase (Invitrogen), 1 µL dithiothreitol (DTT; 0.1 M), 2 µL betaine 
(Sigma-Aldrich), 0.12 µL MgCl2 (0.5 M), 1 µL RNase inhibitor (Roche, 
Mannheim, Germany), and 1 µL DEPC-treated water. Reverse tran
scription was performed on a thermal cycler (Biometra, Göttingen, 
Germany) using the following program: 50◦C for 90 min, followed by 10 
cycles of 55◦C for 2 min, and a final inactivation step at 70◦C for 15 min. 
Both purified genomic DNA and synthesized cDNA were stored at -80◦C 
for downstream qPCR quantification and amplicon library preparation.

Quantitative PCR (qPCR)

For quantifying 18S rDNA and cDNA, single cells (n = 16) were 
subjected to qPCR analysis. The species-specific primers EvQ-F/R (5́- 
CACTTCTACGGAAGGCAGCA -3́; 5́- TGCCCTCCAATTGTTCCTCG -3́) 
and PbQ-F/R (5́- AATCCCGACTTACGAAGGGG -3́; 5́- 
TGTGGTAGCCGTTTCTCAGG -3́) were newly designed to amplify a 144- 
bp and a 211-bp fragment of the 18S rRNA gene fragments of E. vannus 
and P. bursaria, respectively. A series of 10-fold dilutions (10− 1 to 10− 10) 
of linear DNA fragments was used to generate the standard curves (Gong 
et al., 2013). A 20-µL reaction solution contained 1 µL of 10 µM primers, 

1 µL ROX Reference Dye II, 7 µL SYBR Premix Ex Taq II (Takara, Dalian, 
China), 10 µL milli-Q water, and 1 µL template. All the qPCR reactions 
were performed on a 7500 Fast Real-Time PCR System (Applied Bio
systems) with the following program: 95◦C for 7 min, followed by 45 
cycles of 95◦C for 30 s, 60◦C for 30 s, the data were retrieved at 72◦C for 
both ciliates species; all reactions ended with a melt curve from 60◦C to 
95◦C, with gradually increasing by 0.3◦C. The standard curves were 
generated using log10 copy numbers vs. threshold cycle (Ct). The linear 
correlation efficiencies (R2 values) for all assays were greater than 
0.998. The amplification efficiency (E) ranged from 81.6% to 90.0%, 
which was calculated using the formula: E = (10− 1/k -1) × 100, where k 
is the slope.

High-throughput sequencing and analysis

Genomic DNA and cDNA obtained from single cells of both ciliate 
species were used to construct amplicon libraries targeting the V1-V4 
hypervariable regions of the 18S rDNA and cDNA gene, using the 
primers Euk82F and Euk516R. A unique 6-bp barcode was incorporated 
into each primer to enable sample demultiplexing. For each treatment, 
amplicon libraries prepared from 16 individual single cells were pooled 
in equimolar ratios prior to sequencing to achieve adequate read depth 
per treatment. PCR amplification was conducted in a 30 µL reaction 
volume containing 10 ng of DNA or cDNA, 0.2 µM each primer, and 15 
µL of 2 × Phusion high-fidelity PCR master mix (New England BioLabs). 
Thermal cycling was performed on a T100 thermocycler (Bio-Rad) 
under the following conditions: initial denaturation at 98◦C for 1 min; 
30 cycles of denaturation at 98◦C for 10 s, annealing at 55◦C for 30 s, and 
extension at 72◦C for 30 s, and a final extension at 72◦C for 5 min. 
Amplicon libraries were prepared using the NEBNext Ultra DNA library 
prep kit according to the manufacturer's instructions. Paired-end 
sequencing with a read length of 300 bp was performed on MiSeq 
platforms (Illumina, USA) at Novogene Company (Beijing, China). In 
total, 36 pooled amplicon libraries comprising rDNA and cDNA-derived 
pools from both ciliate species across all treatments were sequenced in a 
single run.

A total of 833,763 and 831,828 raw reads were obtained for the 
P. bursaria and E. vannus, respectively (Table S2). To infer amplicon 
sequence variants, demultiplexed, quality-filtered reads were processed 
through the DADA2 pipeline (v1.10.1) in R software (v.4.4.0) (Bolyen 
et al., 2019; Callahan et al., 2016). The primers were trimmed using 
Cutadapt v1.18 (Martin, 2011), and filtered using filterAndTrim of 
DADA2 with the following parameters: minLen=180, maxEE = c(2,2), 
maxN = 0, truncQ = 2, rm.phix = TRUE, multithread = TRUE. The 
filtered sequences were dereplicated using derepFastq to generate a 
unique dataset. The error models were trained using learnErrors. After
ward, paired-end reads were merged using the command mergePairs, and 
chimeras and singletons (ASVs contain only one sequence) were elimi
nated. Finally, 795,547 and 578,633 clean reads remained for E. vannus 
and P. bursaria (Table S2).

Taxonomy was assigned against the SILVA_SSU_v138 training set 
using the IdTaxa command of the package DECIPHER v2.14.0 (Murali 
et al., 2018). The reads assigned to each species were extracted using 
the software seqtk. For treatments of each species, the redundant ASVs 
were recovered using deunique.seqs function of Mothur, based on ASV 
fasta and sequence count file, then clustered at a series of similarity 
thresholds (90% to 100%) using UCLUST, and the ribotypic poly
morphisms between rDNA and rRNA sequences and across treatments 
were assessed.

Identification of ribotypic nucleotide polymorphisms

Nucleotide polymorphisms were identified by aligning all rDNA and 
rRNA (cDNA) reads against the dominant haplotype of each species, 
which was implemented using Burrows-Wheeler Aligner v.0.7.17 with 
default parameters (Li and Durbin, 2009). The alignments were 
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converted into BAM format, sorted, and indexed using SAMtools 
v.0.1.19 (Li et al., 2009). The ribotypic nucleotide polymorphisms of 
each species were then called using the mpileup function and summa
rized using an in-house perl script (printBasesBwa2.pl).

Re-examination of the effect of CuCl2 on ASV richness in a field study

To examine whether the pollutant-induced increases in intragenomic 
rDNA polymorphism observed in our laboratory cultures could be 
detected in natural eukaryotic communities, we reanalyzed a publicly 
available 18S rRNA gene metabarcoding dataset (NCBI BioProject 
PRJNA496374) from Corcoll et al. (2019). In that study, marine biofilm 
communities were established on artificial substrata submerged in 
mesocosms maintained at six CuCl2 concentrations spanning 0 to 10 µM, 
with three biological replicates per treatment level. Copper was the sole 
experimentally manipulated variable, though background trace metal 
and organic contaminant levels in the source seawater were not re
ported. However, a comparable reanalysis for OTC was not undertaken 
because no analogous publicly available 18S metabarcoding dataset 
with a defined OTC concentration gradient in environmental commu
nities was identified.

Microbiome bioinformatics analyses were performed using the 
DADA2 pipelines (https://benjjneb.github.io/dada2/tutorial.html), 
with minor modifications. Briefly, adapter and primer sequences were 
trimmed using Cutadapt v1.18 (Martin, 2011). After a series of data 
processing steps, including quality filtering, denoising, merging, and 
removal of chimera and singletons, ASVs were generated using DADA2 
(v1.18) (Bolyen et al., 2019). A redundant sequence dataset was 
recovered based on the FASTA and sequence count file of ASVs using the 
deunique.seqs command in Mothur (v1.46.0). OTUs were clustered at 
97% sequence similarity using UCLUST, and the OTU table was rarefied 
to 41,000 reads per sample to standardize sequencing depth across 
treatments. Taxonomy was assigned using the Protist Ribosomal Refer
ence database (PR2) (Guillou et al., 2013). The 15 most abundant pro
tistan OTUs were selected, and their sequences were extracted 
separately for downstream analysis. OTU0.97 and ASV tables were 
generated at a 97% and 100% similarity thresholds, respectively. 
OTU0.97 does not correspond to a biological species, but may be com
parable to morphospecies-level variation in small subunit RNA genes, as 
commonly assumed in traditional microbial community profiling 
studies. We therefore used the number of ASVs per OTU0.97 as an 
analogous indicator of intraspecific rDNA polymorphism. ASV richness 
per OTU0.97 was estimated by repeated subsampling (50 iterations; 
Table S3) to enable robust comparisons among CuCl2 treatments. The 
same approach was applied at the kingdom and phylum levels to assess 
the taxonomic generality of pollutant-induced ASV richness increases.

Statistical analysis

Differences in growth rate, cell size, rDNA, and rRNA copy number 
among different OTC and CuCl2 treatments were assessed by One-way 
ANOVA (with LSD post hoc test). Differences in ASV number per 
OTU0.97 among CuCl2 concentration groups were evaluated by the same 
approach, with Student’s t-test used for pairwise comparisons between 
two groups. Normality and homogeneity of variances were verified 
using the Shapiro-Wilk and Levene's tests, respectively. Pearson’s cor
relation analysis and linear regression analysis were performed to 
explore the relationships among growth rate, cell size, and rDNA and 
rRNA copy numbers. Differences in scaling slopes of the allometric 
relationship between cell volume and cellular rDNA copy number, with 
and without the pollutant-stressed dataset, were tested by analysis of 
covariance (ANCOVA). All statistical analyses were executed using SPSS 
v.20.0 (SPSS, Chicago, IL, USA). All figures were generated with ggplot2 
(v. 4.0.0) in R.

Results

Variations in growth rate and cell size with OTC and CuCl2 concentrations

In general, both OTC and CuCl2 showed an inhibitory effect on the 
growth of the tested ciliates (Fig. 1A-D, Fig. S1). The two ciliates showed 
different tolerance to OTC and CuCl2, since the EC10 and EC50 of OTC for 
E. vannus were 0.13 and 8.35 µg mL− 1, which were lower than those for 
P. bursaria (0.40 and 55.26 µg mL− 1). Nevertheless, the EC10 and EC50 of 
CuCl2 were higher for E. vannus (0.02 and 0.15 µg mL− 1) than for 
P. bursaria (0.003 and 0.026 µg mL− 1). Relative to the control, the 
growth rate of both E. vannus and P. bursaria gradually decreased with 
the increasing dose of OTC and CuCl2 (Fig. 1A-D). Following re- 
inoculating the high-dose-treated cells into an OTC-free medium and 
maintained for another month (i.e., the R0 treatment), E. vannus and 
P. bursaria grew still more slowly than the control, with only 79% and 
83% of the growth rate being recovered relative to the control (Fig. 1A- 
B). So were the populations recovered from CuCl2 treatments, which 
reached 80% and 60% growth rate of the control (Fig. 1C-D).

The cell volume of two ciliate species tended to increase with the 
concentrations of OTC and CuCl2 (ANOVA, P < 0.001; Fig. 1E-H). In 
addition, the cells of both species in the recovered treatments remained 
consistently and significantly larger than those in the control (P < 0.05; 
Fig. 1E-H), demonstrating that there was a lasting effect of pollutants on 
cell size.

Responses of cellular rDNA and rRNA copy numbers to stresses

The qPCR assays showed that both rDNA and rRNA (cDNA) copy 
numbers per cell increased with the dose of OTC and CuCl2 in most cases 
(Fig. 2). Under no stress, E. vannus and P. bursaria had (2.25 ± 0.07) ×
105 and (3.47 ± 0.12) × 105 rDNA copies cell− 1, which were about 4.8% 
and 3.8% of their per-cell rRNA transcript abundances, respectively. In 
both OTC and CuCl2 treatments of P. bursaria, the per-cell rDNA and 
rRNA copy numbers consistently peaked at the highest doses, exhibiting 
an increase of about 30% and 35% (in the OTC treatment) and 82% and 
104% (in the CuCl2 treatment) (Fig. 2B, D). Similar patterns occurred in 
the CuCl2 treatments (Fig. 2C), but not in the OTC treatments, of 
E. vannus (Fig. 2A), in which the per-cell rDNA copy number was 
exceptionally lowered at both medium and high doses (P < 0.05), 
whereas the per-cell rRNA transcript abundance remained at much 
higher levels (Fig. 2A). Re-inoculation in pollutant-free media usually 
led to recovery of rDNA copy numbers in single cells (Fig. 2A-C), but not 
for the CuCl2-treated P. bursaria (Fig. 2D). In contrast, the rRNA tran
script copies in the recovery treatments of these two species remained at 
higher levels, relative to those in the control (Fig. 2A-D).

The cellular concentration of both rDNA and rRNA copies was 
significantly affected under the pollutant stresses (ANOVA, P < 0.001; 
Fig. 2E-L). The cellular concentrations of rDNA were consistently the 
lowest at the highest doses of the pollutants, and never recovered to 
comparable levels observed in the control after recovery treatments 
(Fig. 2E-H). Nevertheless, the cellular concentrations of rRNA tran
scripts were the highest at low or medium doses (Fig. 2I-K), except for 
that in the control treatment of CuCl2 for P. bursaria (Fig. 2L). Likewise, 
recovery treatments failed to bring the altered rRNA concentrations to 
the levels of the control (Fig. 2I-L).

The ratio of rRNA to rDNA copy numbers in both species was highly 
and significantly affected by OTC (ANOVA, P < 0.001), but not signif
icantly affected by CuCl2 treatments (P > 0.30), suggesting a differential 
effect of these two pollutants on the expression level of rRNA genes 
(Fig. 2M-P). The rRNA: rDNA ratio at a single-cell level ranged from 9 to 
107 in E. vannus, and from 12 to 58 in P. bursaria across all the treat
ments. Compared with the control, higher ratios were often identified in 
an OTC treatment (P < 0.05; Fig. 2M-P). However, the ratios remained 
higher in the recovery treatments than in the control (Fig. 2M-O), except 
for CuCl2-treated P. bursaria, which had a similar rRNA: rDNA copy 
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Fig. 1. Phenotypic changes of Euplotes vannus and Paramecium bursaria under oxytetracycline (OTC) and CuCl2 treatments. (A-D) Maximum growth rates. (E-H) Cell 
volume. Group differences were analyzed using one-way ANOVA. Treatments not sharing any lowercase letters are significantly different (P < 0.05). "R0" denotes the 
recovery treatment, in which a few cells were transferred from the highest concentration of OTC or CuCl2 treatments and re-cultured in pollutant-free medium.

Fig. 2. Genotypic variations in Euplotes vannus and Paramecium bursaria along oxytetracycline (OTC) and CuCl2 gradients. (A-D) 18S rDNA and rRNA transcript copy 
numbers per cell. (E-H) 18S rDNA copy numbers per unit cell volume. (I-L) 18S rRNA transcript copy numbers per unit cell volume. (M-P) rRNA-to-rDNA copy 
number ratio. "R0" indicates the recovery treatments. Treatments not sharing any lowercase or uppercase letters are significantly different (P < 0.05).
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number ratio in the control and the recovery treatment (Fig. 2P).

Relationships between cell volume, per-cell rDNA and rRNA copy numbers, 
and growth rate

Linear regression analysis revealed no relationships between per-cell 
rDNA, rRNA copy numbers, and cell volume (CV) of E. vannus and 
P. bursaria across all treatments (R2 < 0.06; P > 0.33; n = 20; Fig. 3A, 
insert). In combination with previous data of several ciliate species (Fu 
and Gong, 2017; Zou et al., 2021), the power-law scaling relationships 
between cell volume and cellular rRNA transcript abundance were well 
established, regardless of the pollutant-stressed data being taken into 
account (R2 = 0.98, P < 0.001, n = 45) or not (R2 = 0.98, P < 0.001, n =
29; Fig. 3A). However, the allometric relationship between CV and 
cellular rDNA copy number remained statistically significant regardless 
of whether pollutant-stressed data were excluded (R2 = 0.53, P = 0.008, 

slope = 0.452, 95% CI: 0.151-0.753, n = 12) or included (R2 = 0.34, P =
0.001, slope = 0.564, 95% CI: 0.247-0.879, n = 28; Fig. 3A; Table S4). 
ANCOVA confirmed that the two datasets did not differ significantly in 
scaling slope (F = 0.479, P = 0.495), indicating that pollutant stress did 
not fundamentally alter the form of the allometric relationship.

In combination with temperature, CV, and ribotypic traits (rDNA and 
rRNA copy number per cell, and rRNA: rDNA ratio) obtained in previous 
and this study, were used for fitting growth rate (Fig. 3B, C; Table S4). 
Overall, per-cell rDNA CN turned out to be the best variable (adj. R2 ≥

0.85; Fig. 3B, C), followed by rRNA: rDNA ratio (0.80 ≥ adj. R2 ≥ 0.60), 
and CV or rRNA copy number per cell the least (0.15 ≥ adj. R2 ≥ 0.45; 
Table S4). Excluding the pollutant-stressed data of E. vannus and 
P. bursaria from the regression model slightly improved predictive per
formance (adj. R2 = 0.90, n = 16) compared with including them (adj. 
R2 = 0.85, n = 32), and the slope of growth rate versus rDNA content 
became marginally less steep (-0.488 vs. -0.528) (Fig. 3B, C).

Fig. 3. Allometric relationships among ribotypic traits, growth rates, and cellular features. (A) rDNA (red) and rRNA (blue) copy numbers in two ciliates exposed to 
oxytetracycline (OTC) and CuCl2 showed no significant correlation with cell volume (inset). However, strong scaling relationships emerged when data from diverse 
sources were incorporated: two Colpoda species across life stages [1], Euplotes vannus and Strombidium sulcatum reared at different temperatures [2], and five 
prokaryotic species [3-6]. (B) Maximum growth rates (r) of P. bursaria, E. vannus, C. steinii, C. inflata, E. vannus, and S. sulcatum are well predicted by rDNA copy 
number per cell (CNPC) and temperature (t). (C) Prediction accuracy declines when stressed treatments are included.
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Intra-individual sequence polymorphism of rRNA genes and transcripts

Across all the treatments, there was a single dominant ASV in 
E. vannus and P. bursaria, accounting for a generally high percentage 
ranging from 75% to 100% and 96% to 100%, respectively (Fig. S2). 

Other ASVs were mostly rare, with the SNP sites almost randomly 
distributed in the amplified fragments of 18S rRNA gene of E. vannus, 
and relatively clustered in several sub-regions in those of P. bursaria 
(Fig. 4A). In contrast, the rRNA (cDNA) sequences had more SNP sites 
than the genes, which was especially true for P. bursaria (Fig. 4A). By 

Fig. 4. Genotypic variations in Paramecium bursaria and Euplotes vannus under oxytetracycline (OTC) and CuCl2 exposure. (A) Intra-individual rDNA and rRNA 
sequence polymorphisms. (B-E) Number of ASVs per OTU. OTUs were defined at a 97% sequence identity cutoff. "R0" indicates the recovery treatment. Treatments 
not sharing any lowercase letters are significantly different (P < 0.05).
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randomly subsampling 7800 reads for 50 times, the numbers of ASVs 
were estimated to be 2 to 5 in the OTC and CuCl2 treatments of both 
E. vannus and P. bursaria, which were significantly higher than those (1 
ASV) in the controls (P < 0.05; Fig. 4B-E). Stress relieving did not lead to 
a reduction of ASV richness of both rRNA genes and transcripts, but 
mostly remained higher in the recovery treatments than the control, 
except for the rDNA of E. vannus treated with CuCl2 (Fig. 4B).

We observed small but statistically significant shifts in GC content of 
18S rDNA and rRNA sequences in E. vannus and P. bursaria following 
sublethal exposure to OTC and CuCl2 (Fig. 5). In rDNA, OTC significantly 
reduced GC content relative to controls in both species (P < 0.05), 
whereas CuCl2 induced the opposite response, increasing GC content 
most notably at intermediate concentrations (0.1 µg mL− 1). In recovery 
(R0) treatments, rDNA GC content remained significantly lower than in 
controls for both species (P < 0.05; Fig. 5). For rRNA transcripts, OTC 
increased GC content in E. vannus but decreased it in P. bursaria, while 
CuCl2 exerted negligible effects on E. vannus rRNA GC content yet 
markedly reduced it in P. bursaria (Fig. 5). These divergent patterns 
suggest stressor-specific and species-dependent influences on ribosomal 
sequence composition under sublethal chemical stress.

Variations in ASV number per OTU in microbial eukaryotic communities 
under CuCl2 exposure

We re-analyzed the metabarcoding data of 18S rRNA genes of 
eukaryotic communities in marine biofilms and soils along CuCl2 and 
antibiotic gradients (Corcoll et al., 2019). Of the most abundant 15 
protistan OTUs in the biofilm communities, the number of ASV per OTU 
varied significantly across the CuCl2 gradient (from 0 to 10 μM) or be
tween two concentrations (ANOVA or t-test, P < 0.01; Fig. 6), with 
usually 1 ASV per OTU in the control, and a comparable or higher (e.g., 
up to 5 or 6 ASVs in the OTUs closely related to a diatom species, 
Phaeodactylum tricornutum) number of ASV per OTU in a stressed 
treatment, except for three OTUs (Fig. 6). Of protistan OTUs in general 
and within a (16 out of 20) major protistan taxa (e.g., Bacillariophyta, 
Cercozoa, Chlorophyta, Ciliophora, Dinoflagellata, and Haptophyta; see 
Table S3), the average number of ASVs per OTU was dependent on the 
applied dose of CuCl2 (ANOVA, P < 0.05), and tended to increase with 

the dose of CuCl2, or peaked at an intermediate dose of the pollutant 
(Fig. 7A; Table S3). However, metazoan and fungal OTUs usually had 
fewer ASVs under highly stressed conditions (Fig. 7B, C). Exposure to 
CuCl2 generally increased ribosomal GC content across lineages (P ≤
0.037; Fig. S3). Protists and metazoa showed higher GC content in 
polluted versus unpolluted conditions, with exceptions at 1.78 µM and 
0.06µM CuCl2, respectively (Fig. S3AB). Fungi exhibited pronounced GC 
elevation at 10 μM relative to 1.78 μM CuCl2 (Fig. S3C).

Discussion

Sublethal exposure to toxic pollutants has been intensively studied 
through phenotypic and genotypic responses in eukaryotes, with 
emphasis typically placed on functional genes involved in detoxifica
tion, repair, and metabolism. In contrast, the quantitative traits of 18S 
rRNA genes were more or less overlooked in previous toxicological 
research, probably because they are highly redundant in eukaryotic 
genomes and their expressions are often considered stable (house
keeping). Our single-cell analyses of E. vannus and P. bursaria demon
strate for the first time that the sublethal doses of an antibiotic and a 
heavy metal significantly alter cellular contents, expression, and 
nucleotide polymorphisms of 18S rRNA genes of protists, which sheds 
new light on the biological response and adaptation of single-celled 
eukaryotes to toxic stresses.

The changes in rDNA and rRNA cellular contents under sublethal exposure 
were not solely accounted for by cell size variation

Our study demonstrates that cellular contents of rDNA and rRNA in 
the ciliates E. vannus and P. bursaria vary with antibiotic and heavy 
metal stresses, providing additional evidence for the dynamic nature of 
these biomolecules in single-celled eukaryotes (Fu and Gong, 2017; Zou 
et al., 2021). The observed increase in cellular rDNA and rRNA contents 
(Fig. 2A-D) are consistent with the phenotypic responses to pollutant 
stresses of these two species (growth inhibition and cell enlargement), 
which were consistent with the previously documented for a range of 
protistan species (Kim et al., 2018; Wang et al., 2017; Wang et al., 2020; 
Zhong et al., 2021). Given that copy numbers scale negatively with 

Fig. 5. GC content variations in of 18S rDNA and rRNA transcripts in single cells of Euplotes vannus and Paramecium bursaria under oxytetracycline (OTC) and CuCl2 
treatments. "R0" indicates the recovery treatment. Treatments not sharing any lowercase letters are significantly different (P < 0.05).
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growth rate and positively with cell volume (Fu and Gong, 2017; Zou et al., 2021), it is not surprising that both stressors increased per-cell 

Fig. 6. Variations in amplicon sequence variant (ASV) number per operational taxonomic unit (OTU) among the top 15 dominant protistan OTUs in marine biofilms 
across CuCl2 gradients (0-10 μM) [7]. One-way ANOVA with LSD post hoc test was used to assess differences in ASV number per OTU among CuCl2 concentration 
groups, and Student’s t-test was applied for pairwise comparisons. (A-F) Six diatom OTUs affiliated with Phaeodactylum tricomutum. (G) A diatom OTU affiliated with 
Nitzschia sp. (H) A Raphid-pennate OTU (diatom). (I) A Paraflabellula hoguae OTU (Lobosa). (J-O) Six OTUs of Labyrinthula diatomea (Labyrinthulomycetes). OTUs 
were defined at a 97% sequence identity cutoff. Treatments not sharing any lowercase letters are significantly different (P < 0.05). Comparisons were based on even 
sampling effort of sequence numbers (n).

Fig. 7. Changes in amplicon sequence variant (ASV) number per operational taxonomic unit (OTU) of eukaryotic groups in marine biofilms in response to CuCl2 
stress [7]. (A) Protists. (B) Metazoa. (C) Fungi. OTUs were defined at a 97% sequence identity cutoff. One-way ANOVA with LSD post hoc test was applied to assess 
differences, and Student’s t-test was used for pairwise comparisons. Treatments not sharing any lowercase letters are significantly different (P < 0.05).
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rDNA and rRNA copy numbers in E. vannus and P. bursaria in the present 
study.

What was unexpected was that there were disproportionately higher 
cellular rRNA concentrations (rRNA copies per unit volume) when the 
cells were facing OTC and CuCl2 stress, compared with the control 
(Fig. 2I–K), suggesting that changes in cell size alone are insufficient to 
account for the unusually high rRNA concentrations. We interpret this 
“extra” ribosomal output as a stress-specific compensatory response: 
oxidative damage to existing ribosomes and ribosomal proteins, known 
to impair translation efficiency and fidelity (Shcherbik and Pestov, 
2019; Simms and Zaher, 2016), triggers upregulation of ribosomal 
biogenesis to maintain adequate protein synthesis capacity. The excess 
rRNA likely supports not only replacement of damaged components but 
also elevated production of stress-response proteins (e.g., antioxidants 
and repair enzymes) needed to counteract ROS-mediated damage.

Divergent toxicological effects of OTC and CuCl2 on ribotypic variation

Although both stressors increased per-cell rDNA and rRNA copy 
numbers in E. vannus and P. bursaria, they elicited markedly different 
effects on the rRNA: rDNA ratio (Fig. 2M-P). OTC produced a substantial 
elevation in this ratio, whereas CuCl2 had minimal impact. The diver
gence may reflect distinct mechanistic pathways of toxicity. The tetra
cycline antibiotic inhibits protein synthesis by binding the 30S 
ribosomal subunit (albeit weakly in eukaryotes) and can disrupt 
organellar translation in protists, triggering compensatory upregulation 
of rRNA transcription to restore translational capacity (Chopra et al., 
1992). In contrast, copper primarily induces mitochondrial dysfunc
tion and cuproptosis via ROS generation and TCA cycle disruption 
(Hosseini et al., 2014; Tsvetkov et al., 2022), leading to proportional 
increases in both rDNA amplification and rRNA synthesis without 
preferential transcriptional upregulation. Both stressors, however, likely 
converge on oxidative stress as a common driver, with ROS-mediated 
damage to existing ribosomes necessitating excess rRNA production 
for repair, assembly, or replacement (Shcherbik and Pestov, 2019; 
Simms and Zaher, 2016; Willi et al., 2018). Evidence from model sys
tems further supports this view: rDNA copy-number variation buffers 
translational demand under stress in yeast (Thornton et al., 2024), while 
oxidative stress induces rDNA instability and amplification in human 
and plant cells exposed to pollutants (e.g., PAHs and metals) (Wang 
et al., 2023). In protists, our results suggest analogous adaptive plas
ticity, where elevated ribosomal content may mitigate translation de
fects and support the synthesis of stress-response proteins, though at the 
cost of persistent cellular enlargement and reduced growth even after 
stressor removal.

Pollutant-induced intragenomic divergence in ribosomal RNA gene and 
rRNA transcripts

Although antibiotic-induced mutagenesis has been well documented 
for ribosomal RNA genes or whole genomes of bacteria and for 
eukaryotic plastid and mitochondrial organelles of bacterial origin (e.g., 
Brain et al., 2008; Prezant et al., 1993), the effects of antibiotics on 
nuclear rRNA genes of eukaryotes remain poorly understood. Likewise, 
few studies have focused on heavy metal effects on rRNA genes. Our 
single-cell sequencing revealed significantly elevated ASV richness in 
both rDNA and rRNA under OTC and CuCl2 exposure, providing evi
dence that antibiotics and heavy metals may induce mutagenesis of 
eukaryotic ribosomes. Systemic oxidative stress (SOS) responses and 
DNA repair inhibition may be involved in this pollutant-induced muta
genesis (Morales et al., 2016; Zhang et al., 2020), with oxidative stress 
amplifying transcriptional or post-transcriptional errors beyond 
genomic mutations (Poetsch, 2020).

Furthermore, regarding the origin of high intragenomic poly
morphism of rDNA in eukaryotes (Gong et al., 2013; Weber and 
Pawlowski, 2014), which are known as multi-copy gene clusters 

subject to concerted evolution (Dover, 1982), many hypotheses (e.g., 
transition stage, pseudogenes, interspecific hybridization, and genomic 
organization) have been discussed (Weber and Pawlowski, 2014). Our 
experiments showed for the first time elevated sequence polymorphisms 
and altered copy numbers of rDNA and their transcripts, which did not 
fully recover after stress relieving. A possible explanation is residual 
pollutant carryover (even after one month) and persistent physiological 
damage. These scenarios may occur in macro-organisms (e.g., fish, 
mollusks) with relatively long lifespans (several years), but they are less 
likely for unicellular ciliated protists. According to the growth rates we 
calculated for the recovery treatments (0.27 d− 1 to 0.4 d− 1; Fig. 1A-D), 
each cell divides every 2.5 - 3.7 days. This means that inoculation of a 
single cell in pollutant-free medium will produce approximately 8.1 - 
12.0 generations over one month, ideally yielding a population of 276 - 
4096 cells. Even if the pollutants were carried over from generation to 
generation and never released from the cells, their intracellular con
centration would be diluted 276- to 4096-fold. Additionally, we picked 
single cells rather than whole populations for sequencing, which pre
vents interpreting the higher polymorphism levels as an accumulative 
result from all individuals within the population. The same argument 
applies to physiological damage. Therefore, it is unlikely that an almost 
pollutant-free culture would remain toxic for approximately 10 gener
ations, and our results on recovery treatment suggest a genetic imprint 
on rRNA genes by sublethal stress, the molecular and genetic mecha
nisms of which remain to be elucidated.

Sublethal exposure to OTC and CuCl2 induced small but significant, 
dose-dependent shifts in 18S rDNA and rRNA GC content in E. vannus 
and P. bursaria at the single-cell level (Fig. 5), paralleling field obser
vations of generally elevated ribosomal GC content across protistan, 
metazoan, and fungal lineages under CuCl2 exposure (Fig. S3). However, 
the two stressors drove GC content in opposite directions: OTC reduced 
rDNA GC content, consistent with 8-oxo-dG-driven G-to-T transversions 
that represent the canonical oxidative mutagenic signature (Hahm et al., 
2022), whereas CuCl2 elevated GC content, suggesting distinct lesion 
spectra or differential DNA repair pathway activation. These opposing 
shifts indicate that OTC and CuCl2 do not act solely through a shared 
ROS-mediated mutagenic pathway, despite both inducing oxidative 
stress. Nonetheless, the general trend toward elevated GC content under 
pollutant stress aligns with broader environmental selection for GC-rich 
genomes in prokaryotes and eukaryotes, which enhances DNA thermal 
stability, transcriptional robustness, and resistance to oxidative damage 
(Basak and Ghosh, 2005; Matallana-Surget et al., 2008; Reichenberger 
et al., 2015). Elevated GC content may thus represent an adaptive 
mechanism to maintain genome integrity and transcriptional fidelity 
under chronic antibiotic exposure (Weissman et al., 2019), particularly 
in symbiont-bearing species such as P. bursaria that possess inherent 
ROS-quenching capacity (Summerer et al., 2009).

Our single-cell analysis provides evidence that sublethal pollutant 
stress enhances intragenomic sequence diversity of 18S rRNA genes. 
Although classical genotoxicity essays (e.g., DNA strand break quanti
fication) were not conducted, the dose-dependent, persistent, and cross- 
species increases in rDNA polymorphism are consistent with pollutant- 
induced mutagenic pressure on ribosomal gene loci. By analyzing a 
published dataset, we found the average number of ASVs per OTU97 
increased significantly with CuCl2 concentration across multiple pro
tistan taxa, indicating that the genotoxicity of the copper on rRNA gene 
sequences are exerted not only on ciliates, but likely influences broader 
eukaryotic taxa in the environment. This finding is of ecological and 
toxicological importance.

The pollutant-induced rDNA mutagenesis documented here may 
have lasting evolutionary consequences for ciliate populations. The 
incomplete reversal of elevated ASV richness following stressor removal 
suggests that a proportion of induced rDNA variants may be stably 
inherited across cell generations, potentially contributing to standing 
genetic variation in natural populations. Under repeated or chronic 
pollutant exposure, such variants could serve as raw material for 
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evolutionary adaptation, particularly given the widespread and persis
tent nature of anthropogenic contamination in aquatic environments. 
Environmental contaminants may thus function as ecological filters that 
selectively favor genotypes with enhanced rDNA stability or greater ri
bosomal gene plasticity. Our data further reveal marked interspecific 
differences in pollutant tolerance: P. bursaria was substantially more 
resistant to OTC (EC50 = 55.26 µg mL− 1) than E. vannus (EC50 = 8.35 µg 
mL− 1), an asymmetry that may partly reflect the ROS-quenching ca
pacity of its intracellular algal symbionts. More broadly, differential 
sensitivities among protistan taxa to specific pollutants are likely to 
reshape community composition in contaminated environments, with 
cascading consequences for microbial food web structure and ecosystem 
processes such as nutrient cycling and carbon flux.

Previous studies have typically used mock communities of phylo
genetically diverse species to evaluate the effect of GC content on 
sequencing results, demonstrating PCR bias against GC-rich species 
(Laursen et al., 2017; Qin et al., 2023). The tested species were affiliated 
with diverse bacterial phyla, with GC content ranging widely from 30% 
to 70%. The authors attributed this bias to differences in primer affinity 
and annealing temperatures, leading to variable amplification effi
ciencies (Laursen et al., 2017; Qin et al., 2023). In contrast to these 
experimental settings, our re-analysis of the field data focused on 
sequence variation within a single OTU0.97, which may be comparable to 
a morphospecies level as traditionally assumed in community profiling 
studies. The range of rDNA CG content within an OTU (or a morpho
species) is relatively narrow (for example, up to 0.5% for E. vannus and 
0.01% for P. bursaria; Fig. 5). We therefore believe that these highly 
similar DNA sequences pose minimal problems regarding primer affinity 
and annealing temperature. Our finding that the polymorphisms in
crease under OTC and CuCl2 stress, derived from single-cell analysis of 
E. vannus and P. bursaria in the present study, further supports the results 
of our field data re-analysis.

Nowadays, amplicon sequence variants have been increasingly used 
for characterizing prokaryotes and microeukaryotes in various systems 
(e.g., He et al., 2024; Zou et al., 2024). Our findings in this study indicate 
that many pollutant-induced 18S rRNA gene sequence variants from a 
species, even an individual protistan cell, could be recovered in meta
barcoding studies. When interpreting the ASV-based microbial diversity 
patterns, the potential of ASV richness inflation and increases of per-cell 
rDNA abundance due to genotoxicity of pollutant stress should be borne 
in mind.

Consistently higher intragenomic polymorphisms were observed in 
rRNA transcripts than in rDNA across all treatments, a finding consistent 
with our previous single-cell analysis (Zou et al., 2021). rRNA-based 
metabarcoding is commonly applied to characterize active microbial 
communities. Our single-cell-based finding suggests that rRNA-derived 
libraries may yield higher apparent richness of active microbes than 
rDNA-derived libraries. While this pattern may partly reflect genuine 
transcriptional polymorphisms or post-transcriptional RNA editing, 
contributions from reverse transcription errors, RNA degradation, or 
cDNA synthesis artifacts cannot be excluded. Future studies incorpo
rating spike-in controls of in vitro transcribed RNA with known se
quences, or employing unique molecular identifiers, would estimate the 
percentages of sequencing accuracy. To practically distinguish accurate 
sequences from artifacts, we recommend an integrative approach 
combining both rDNA and rRNA sequencing, enabling cross-referencing 
of the two datasets to identify and exclude artifactual ASVs (Deng et al., 
2024; Yu et al., 2025).
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