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Both cyanobacterial bloom and antibiotic resistance have aggravated worldwide and posed a global threat to
public health in recent years. Cyanobacteria can exhibit discrepancy between their resistance genotype and
susceptible phenotype due to antibiotic heteroresistance, which leads to difficulties in unambiguously classifying
cyanobacterial strains as susceptible or resistant. Here we profiled the prevalence and mechanisms of antibiotic
heteroresistance in cyanobacterial strains isolated from 50 sites across four eutrophicated lakes in China. Among
300 cyanobacterial isolates tested against 19 different antibiotics, over 90% of cyanobacterial isolates exhibited
HR to multiple antibiotics and 19.5% of isolate/antibiotic interactions classified as susceptible by traditional
minimum inhibitory concentration (MIC) estimates were designated heteroresistant. Over 97% of these mono
clonal HR cases were unstable, with an increased resistance of subpopulations due to amplification of known
resistance genes with high fitness cost. Wide-type cyanobacterial isolates of Synechococcus, Synechocystis, Ana
baena and Microcystis aeruginosa exposed to sub-MIC level of four antibiotics evolved high-level resistance with
little fitness cost, resulting in stable polyclonal HR. Both stable polyclonal HR and unstable monoclonal HR
observed in different cyanobacterial strains can be promoted under environmental levels of antibiotic pressure.
The highly prevalent and unstable monoclonal HR with the potential for susceptibility misclassification high
lighted underestimation of cyanobacteria-derived antibiotic resistance. Cost-effective strategies should be
developed to identify heteroresistance in cyanobacteria and to avoid false positive or negative results in tradi
tional susceptibility testing.

1. Introduction
The emergence and spread of antibiotic resistance has become a
global threat to public health, particularly as a collateral COVID-19
pandemic effect, with one estimate predicting that it will cause 10
million worldwide deaths per year by 2050 and surpass deaths due to
cancer (O’Neill, 2016). The extensive use of antibiotics and their sub
sequent release into treated and untreated sewage, hospital wastewater,
aquaculture discharges, and agricultural runoff has led to the wide
spread occurrence, evolution and dissemination of antibiotic resistance
genes (ARGs) in aquatic environments, especially in China (Liu et al.,
2018; Qiao et al., 2018; Yang et al., 2018). The presence of various
aquatic resistome elements potentially complicates the analysis of

sources and sinks of ARGs under antibiotic pressure (Zhu et al., 2017). In
recent years, accelerated eutrophication has increased the frequency,
magnitude and duration of cyanobacterial blooms in freshwater and
marine ecosystems worldwide (Huisman et al., 2018). Cyanobacteria, as
the ubiquitous group of gram-negative photosynthetic prokaryotes with
bacteria-like structure and adaptation ability to environmental pres
sures, are considered as a significant reservoir and source for the
acquisition and propagation of ARGs (Wang et al., 2020). Because of
their ubiquity in aquatic environment, cyanobacteria are exposed to
antibiotic pollution and in straight contact with native bacteria har
bouring multiple ARGs and related mobile genetic elements (MGEs)
(Dias et al., 2019).
Cyanobacteria-derived antibiotic resistance depends on genes
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located on chromosomes and on extrachromosomal mobile genetic el
ements (plasmids, transposons or integrons) which carries multiple
antibiotic resistance genes (Guo et al., 2018). ARGs disseminate through
two pathways, vertical transfer (bacterial reproduction) and horizontal
transfer including conjugation (transfer of mobile genetic elements),
transformation (uptake of naked DNA) and transduction (use of bacte
riophages as transporters of genetic information) (Perry et al., 2014).
Conjugation, mainly mediated by mobile genetic elements, is considered
as the principle mode for the dissemination of ARGs among environ
mental bacteria (Sørensen et al., 2005). As the main vector carrying
multiple ARGs, mobile genetic units such as transposable elements or
plasmids play a critical role in mediating the horizontal transfer of DNA
into a wide range of gram-negative bacteria and contributing to the
bacterial dissemination of ARGs among human or other animal patho
gens (Wang et al., 2015). Cyanobacteria can acquire this type of genetic
element harbouring ARGs from other bacterial species cooccurring in
their habitat, further disseminating it to other microorganisms (Dias
et al., 2019). Meanwhile, approximately 90 bacterial species (mostly
human pathogens) have been identified as naturally transformable
(Johnsborg et al., 2007). Natural transformation for naked DNA uptake
and ARG propagation occurs broadly for not only pathogenic bacteria
but also resident bacteria in various environmental media (Over
balle-Petersen et al., 2013).
Both phenotypic and genotypic antibiotic resistance deciphering the
role of cyanobacteria in water resistome have been explored by field
works and laboratory experiments (Dias et al., 2019; Zhang et al., 2020).
Freshwater cyanobacteria may be naturally (constitutively)
non-susceptible to antibiotics or may acquire antibiotic
non-susceptibility due to environmental selection pressure by antibiotic
exposure or to the transference of antibiotic resistance genes from bac
teria (Dias et al., 2015). Some cyanobacterial strains exhibit low sus
ceptibility to the majority of antibiotics due to their intrinsic resistance,
evolved resistance through spontaneous mutations under constant
antibiotic selection, or acquisition of ARGs from cooccurring bacteria
(Dias et al., 2015). The presence of ARGs and resistance mutations can
result in phenotypic resistance, generally predicting a correlation be
tween bacterial genotype and phenotype (Lin et al., 2020). Surprisingly,
several cyanobacterial strains demonstrated apparent discrepancies
between their susceptible phenotype and resistance genotype for spe
cific antibiotics. It is difficult to explain this seemingly contradictory fact
that cyanobacterial strains deemed susceptible to antibiotics by evalu
ating minimum inhibitory concentrations (MICs) using microdilution
methodology may, even in the absence of inherited resistance, confer
genotypic resistance to specific antibiotics (Dias et al., 2019). These
divergent observations complicate the analysis of genotyping results
from PCR amplification and suggest a necessity to further understand
the limitation of traditional antibiotic sensitivity testing (AST) ap
proaches for cyanobacteria.
A potential reason for the limitation of using current MIC estimates
as the unique criterion for the susceptibility of bacteria to antibiotics is
heteroresistance (HR) (El-Halfawy and Valvano, 2015). Identical bac
terial cells in one population can exhibit antibiotic HR, which is a
phenotype in which a bacterial isolate contains subpopulations with
reduced antibiotic susceptibility compared with that of the main pop
ulation (Band et al., 2019). The resistant subpopulations of cyanobac
teria may have different origins that are the result of different genetic
mechanisms underlying heterogeneity in antibiotic resistance pheno
types. Heteroresistance can be detected in populations that result from
mixed infections of two genetically distinct populations (susceptible and
resistant) or from rare spontaneous resistant mutants that slowly in
crease in proportion under antibiotic pressure in a population of sus
ceptible cells (polyclonal heteroresistance) (Andersson et al., 2019). In
the case of polyclonal heteroresistance, antibiotic susceptibility tests
performed on pure clones would result in detection of a fully susceptible
or fully resistant phenotype depending on which of the two populations
(resistant or susceptible) the purified clone originated from (El-Halfawy

and Valvano, 2015). Alternatively, heterogeneity in resistance could
also be generated from a single clone that differentiates into two pop
ulations (susceptible and resistant) at high frequency in the absence of
antibiotic pressure (monoclonal heteroresistance) (Andersson et al.,
2019). In the case of monoclonal heteroresistance, pure clones contain
frequent spontaneous subpopulations of resistant cells and a pure cul
ture from a purified clone displays a heteroresistance phenotype. Such
heteroresistant populations lead to difficulties in unambiguously clas
sifying bacteria as susceptible or resistant and eventually an underesti
mation of antibiotic resistance through traditional AST approaches
using microdilution methodology (Van Hal et al., 2011). The HR prev
alence for most antibiotics and its contribution to antibiotic treatment
failure have been known in clinical bacteria (Mascellino et al., 2017;
Nicoloff et al., 2019). We hypothesize that heteroresistance (HR) within
cyanobacterial isolates may lead to the misdiagnosis of cyanobacterial
strains with a resistant subpopulation as fully susceptible. However, the
prevalence and mechanism of HR in cyanobacteria for different classes
of antibiotics are still largely unclear.
To address these issues, we presented evidence for the high preva
lence of HR among environmental cyanobacteria samples detected with
diverse and abundant ARGs. We comprehensively investigated the ge
netic mechanism responsible for monoclonal and polyclonal HR in
different cyanobacterial strains, and demonstrated that most detected
monoclonal HR cases could be attributed to unstable gene amplification
of known ARGs. This study alerted the risk of this unstable and transient
HR phenotype resulting in rapid reversion to susceptibility prior to
laboratory test for potential resistance, and thus underestimation of
cyanobacteria-derived resistome. Understanding the prevalence and
mechanism of HR in cyanobacteria contributes to accurately evaluate
the ecological risk of antibiotic resistance in the aquatic environment by
using cyanobacteria as a model organism in view of ecotoxicology. Our
findings explained the false negatives of resistant cyanobacterial cells
influencing AST results reported by previous studies and emphasized the
need to develop a cost-efficient clinical laboratory strategy for HR
identification to replace traditional MIC estimates.
2. Materials and methods
2.1. Study sites and sample collection
A total of 50 sampling sites were carefully selected in Taihu Lake,
Hongze Lake, Chaohu Lake and Dianchi Lake, which are the four most
eutrophic freshwater lakes with serious cyanobacterial blooms in China
(introduction of the study area and sampling sites is shown in Text S1,
Fig. S1 and Table S1). Intensive discharges of antibiotic residues due to
anthropogenic activities led to the prevalence of multiple ARGs at the
basin scale in these four lakes (previously reported antibiotic concen
trations and ARG abundances in surface water and sediment of the study
area are listed in Tables S2-S6). Cyanobacteria samples were collected in
triplicate at a 0.5-m depth below the surface during the bloom and
nonbloom seasons of 2019. Samples were sieved through a 1-mm mesh
to remove fine roots, coarse-grained particles and macro debris. Each
cyanobacteria sample was partitioned into three subsamples for micro
scopic analysis, DNA extraction (ARG analysis), and stock culturing
(AST and PAPs). The cyanobacterial cells were collected from the pre
filtered water samples by glass-fiber filters (Whatman GF/C 0.45-μm
pore size, Maidstone, United Kingdom) and transported to the labora
tory in sterile containers at –20◦ C.
Triplicate 200 mL subsamples for microscopic analysis were pre
served in 5% acid Lugol’s solution and concentrated in settling chambers
(< 10 mL) to determine the abundance and taxonomic composition.
Cyanobacterial cells were enumerated by microscopic counting at 400
× ~ 1000 × magnification (Axioskop 40 Pol, Carl Zeiss, Göttingen,
Germany). Taxonomic composition was identified at least to the genus
and to the species whenever possible, according to Hu’s standard pro
tocol (Hu and Wei, 2006).
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2.2. DNA extraction and quantitative PCR for ARG analysis

2.4. Antibiotic sensitivity test

For DNA extraction, the filtered cyanobacterial subsamples har
vested from the water samples were gently rinsed three times in sterile
water and centrifuged to suspensions in 50 mL of sterile BG11 medium
(4 000 rpm, 4◦ C, 5 min). The composition of the BG11 culture medium is
shown in Table S7. The elimination of bacterial impurities in cyano
bacterial samples by lysozyme-sodium dodecyl sulfate treatment was
described in our previous work (Wang et al., 2020). The purified cya
nobacterial cells were lyophilized for dry weight measurement and
stored at –20◦ C for genomic DNA extraction. Total DNA of approxi
mately 100-mg lyophilized cyanobacterial samples was extracted by a
combination of physical and chemical cell-lysing techniques using a MO
BIO Power Biofilm DNA isolation kit (MoBio Laboratories, Carlsbad, CA,
USA), with an extraction efficiency from 72.3% to 91.5% in this study.
The lysing buffer provided with the kit was used to resuspend pellets,
and samples were then bead-beaten with a vortex plate (Vortex Genie 2
and Vortex Adapter, Bohemia, NY, USA). The crude extracts were
further processed following the manufacturer’s instructions. DNA
extraction yield and quality were checked via agarose gel electropho
resis and ultraviolet absorbance (NanoDrop ND2000, Thermo Fisher
Scientific, Waltham, MA, USA) and quantified using a QuantiFluor
dsDNA kit (Promega) in a 96-well microplate reader (SpectraMax M5,
Molecular Devices). DNA was diluted to 50 ng/μL using sterile water and
stored at –20◦ C until further analysis.
Six major classes of ARGs, transposase gene (tnpA), class 1 integronintegrase gene (intI1), and 16S rRNA gene, were detected in technical
triplicates by qPCR using the SYBR Green approach. Target ARGs
included sulfonamide resistance genes (sul1, sul2, sul3), tetracycline
resistance genes (tetA, tetB, tetD, tetE, tetJ, tetK, tetM, tetO, tetQ, tetS,
tetW), macrolide resistance genes (ermB, ermC, ereA, ereB, mphA, mphB),
quinolone resistance genes (qnrB, qnrS), β-lactam resistance genes
(blaTEM, blaOXA, blaOXY, blaSHV, blaCTX-M), aminoglycoside resistance
genes (strA, aph(2’)-Id, aac(6’)-Ib, aadA), and multidrug resistance
genes (acrA, ceoA, oprJ, floR, qacH). The classification and resistance
mechanism of ARGs are listed in Table S8. The ARG amplification pro
cedure and specific primers for PCR and qPCR are detailed in Text S2
and Table S9.

An AST for each parent and all presumptive mutants was conducted
as described previously (Dias et al., 2015), with minor modification
(detailed in Text S3). Cyanobacterial cells from the stock cultures were
plated, and single colonies were randomly picked. These colonies were
organized by broth microdilutions in 96-well plates and were grown in a
range of different antibiotic concentrations for 14 days, each in tripli
cate. The MIC of single colonies from each population was considered
the lowest antibiotic concentration that totally inhibited cyanobacterial
cell growth. The putative MIC value was determined by visible growth in
relation to controls, the absence of undamaged cells, and, in some cases,
the inviability of the remaining cells after reinoculation. The mainte
nance of antibiotic activity was verified by performing a quality control
stability assay of using the bacterial standard strain E. coli K12 (E. coli
ATCC 47076).
2.5. Population analysis profile test
A total of 300 cyanobacterial isolates (14 Anabaena, 25 Aphanizo
menon, 9 Cyanobium, 182 Microcystis, 16 Oscillatoria, 7 Planktothrix, 13
Raphidiopsis, 19 Synechococcus and 15 Synechocystis) to be tested were
incubated in sterile BG11 medium from single colonies isolated from the
stock cultures. PAP tests for HR detection, in which serial dilutions of
parallel growing cyanobacterial isolates were inoculated in 96-well
plates supplemented with or without doubling dilutions of respective
antibiotics, were conducted as described previously (Band et al., 2016),
with minor modifications. Briefly, BG11 broth media were made for
each antibiotic at eight specific concentrations at 0, 0.125, 0.25, 0.5, 1.0,
2.0, 4.0, and 8.0 times the resistance level of the main population, each
in triplicate. Dual PAPs were prepared similarly with both drugs at the
same seven concentrations of their respective antibiotics in each me
dium. The frequency of cells growing eightfold above the highest con
centration that did not affect the growth of the dominant population was
defined as the HR frequency and calculated by dividing the cyano
bacterial population growing in the presence of antibiotics by the total
cell population without antibiotic selection (schematic diagram shown
in Fig. S2). HR prevalence is defined as the percentage of heteroresistant
isolates among the tested isolates by PAPs. An isolate was classified as
resistant if the number of colonies that grew at the resistance level of the
main population was at least 50% of the number that grew in the
antibiotic-free group. A nonresistant isolate was classified as hetero
resistant if the number of colonies that grew eightfold above the resis
tance level of the main population was at least 0.0001% (1 in 106) of the
number that grew in the antibiotic-free group. An isolate was classified
as susceptible if it was classified as neither resistant nor heteroresistant.

2.3. Preparation of antibiotics and axenic cyanobacterial isolates
Antibiotic standards were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Six classes of antibiotics were used: aminoglycosides, β-lac
tams, macrolides, quinolones, sulfonamides and tetracyclines. Most
antibiotics tested for resistance and their quantities were available for
purchase without prescription from community pharmacies, drug stores,
healthcare facilities in the study area or online (Table S10). Their modes
of action and physio-chemical properties are listed in Tables S10 and
S11. Concentrated stock solutions of antibiotic standards were prepared
in HPLC-grade methanol and stored at –25◦ C. Different concentrations
of working solutions were prepared by diluting the stock solutions prior
to use. Ultrapure water (ρ>18 MΩ/cm) was provided by a Millipore
Synergy UV ultrapure water purification system (Bedford, MA, USA).
Cyanobacterial strains from distinct genera were isolated from
blooming areas, and subjected to AST for resistance phenotype identi
fication and population analysis profile (PAP) test for heteroresistance
examination, respectively. The cyanobacterial samples were subjected
to successive rounds of serial dilution and streaked across BG11 agar
plates. The native isolates were successfully maintained in a laboratory
culture chamber as stock cultures of axenic monostrains. The stock
cultures were incubated at 25.0 ± 0.5◦ C under a 14/10 h light/dark
photoperiod with a light intensity of 50 ± 5 μE/m/s. The following wildtype isolates were used as controls for PAPs and inocula for mutant se
lection: Synechococcus sp. PCC 7942, Synechocystis sp. PCC 6803, Ana
baena sp. PCC 7120, and Microcystis aeruginosa PCC 7806.

2.6. Selection of resistant mutants at sub-minimal inhibitory
concentrations of antibiotics
The procedure for mutant selection experiments has been described
previously (Wistrand-Yuen et al., 2018). The evolution of the resistance
level in response to the antibiotic selection ratio and subculturing pas
sages was investigated by a central-composite experimental design
combined with response surface modeling (the experimental and
modeling methodology are described in Texts S4 and S5,
Tables S12-S15, and Fig. S3). The antibiotic selection ratio (defined as
the ratio between the antibiotic selection concentration and parental
strain MIC) ranged at five discrete levels between 0.001 and 0.5. A total
of 25 subculturing passages were performed for all treatments, each in
five replicates. The wild-type cyanobacterial isolates used as inocula
were prepared by diluting stock cultures and incubated in sterile BG11
broth medium without antibiotics. Aliquots (1 mL) of exponentially
growing cyanobacterial cultures at an initial density of (1.15 ± 0.15) ×
106 cells/mL were transferred to 50 mL of fresh BG11 broth medium
containing erythromycin, ciprofloxacin, amoxicillin or tetracycline at
3
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designed sub-MIC concentrations. After 72 h of incubation, 1 mL of the
test medium with cyanobacterial cells was collected and subcultured in
50 mL of fresh BG11 medium containing the same concentrations of
antibiotics for another 72 h. E. coli ATCC 47076 was used as a quality
control organism. At each passage, the cultures were examined for
resistance development by AST. After 25 successive passages, pre
sumptive resistant mutants (at least four resistant colonies from each
lineage) were isolated using broth microdilution and cultured for PAPs
and stability testing. The proportion of confirmed resistant mutants is
defined as the fraction of mutants present at the resistance level of the
main population. For each culture, at least a 10-mL aliquot was pelleted
and stored at –20◦ C for DNA extraction.

antibiotics. The MICs were examined for resistance development at each
passage, and the resistance was deemed unstable if the MIC clearly
decreased or reverted to that of the parental isolate in at least one of the
cultures in the absence of antibiotics. For fitness cost measurements, the
relative growth rates were followed and normalized to that of the
parental HR isolate. Aliquots from each culture were collected for DNA
extraction as described above. Gene amplification levels (amplification
copy number per plasmid × plasmid copy numbers) were verified by
qPCR.
2.8. Statistical analysis
Heatmaps were generated with qPCR data of ARG absolute abun
dance expressed in copies per gram dry weight of cyanobacterial cells.
The relative abundance of ARGs was calculated by normalizing ARG
gene copies to 16S rRNA gene copies (ARGs/16S rRNA). The interaction
network was constructed by using Cytoscape 3.6.1 (https://cytoscape.
org/) to visualize the cooccurrence patterns between cyanobacterial
taxa and ARGs. All possible pairwise Spearman’s rank correlations be
tween cyanobacterial biomass and ARG relative abundances were
calculated. The study area was plotted using ArcGIS 10.2 (Esri, New
York, NY, USA). PCA and Ward’s hierarchical agglomerative clustering
were performed by using Statistica for Windows 10.0 (StatSoft, Inc.,
Tulsa, OK, USA). Heatmaps and pie and bar charts were generated by
OriginPro 2019 (OriginLab Corporation, Northampton, MA, USA).
Analysis of variance (ANOVA) and t-tests were conducted using SPSS
17.0 (SPSS Inc., Chicago, IL, USA). Response surface modeling and
graphical optimization were performed using Design Expert 8.0 (StatEase Inc., Minneapolis, MN, USA).

2.7. Stability testing of antibiotic resistance
Antibiotic-resistant colonies selected from PAP test medium or
mutant selection test medium were reisolated on similar antibioticselective plates and grown in sterile BG11 medium supplemented with
the same antibiotic selection pressure as the plate from which the
resistant colonies originated. For each test, two to four colonies isolated
from the subpopulation with decreased susceptibility were used. MICs
were determined after 72 h of incubation of the selected colonies. For
each culture, a 10-mL aliquot was collected, centrifuged and stored at
–20◦ C for DNA extraction. To test the stability of resistance, the cultures
were then grown for 50 successive passages (1 mL inoculated into 50 mL
of BG11 broth medium for each passage) without antibiotic selection
(schematic diagram shown in Fig. S4). Parental strains were grown in
the absence of antibiotics as a control to confirm that amplifications
were present before antibiotic selection and not induced by the

Fig. 1. Antibiotic resistance genes (ARGs)
are widely distributed and positively related
to mobile genetic elements (MGEs) in cya
nobacteria samples from the four most
eutrophic freshwater lakes of China. a,
Heatmap of absolute abundances of 16S rRNA
and seven classes of ARGs, plotted with color
intensity on a log scale. Abbreviations for lakes:
TH (Taihu Lake), CH (Chaohu Lake), HZ
(Hongze Lake), DC (Dianchi Lake). b, Compar
ison of the relative abundances of ARGs (ARGs/
16S rRNA) in bloom and nonbloom seasons. c,
Principal component analysis ordination dia
gram of the ARG distribution profile. d, e,
Correlation of the relative abundances of major
ARGs with those of class 1 integron integrases
and transposases. Each dot indicates a sampling
site where those genes were detected in the
bloom season and nonbloom season.
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3. Results

tetracycline residues detected in the study area (Fig. S6).
The cell density and the relative abundance of ARGs in cyanobacteria
samples were significantly higher in the bloom season than in the non
bloom season (p < 0.05) (Fig. 1b and Fig. S7). The diversity of ARGs
detected in samples from the nonbloom area was higher than that in
samples from the bloom area (Table S16). Network analysis showed that
Synechococcus, Synechocystis, Anabaena and Microcystis from the cyano
bacterial families were most significantly correlated with ARG and MGE
groups (p < 0.05) (Fig. S8). Principal component analysis (PCA) of the
ARG distribution profile revealed that samples obtained from bloom and
nonbloom areas clustered distinctly during the bloom season but did not
differentiate during the nonbloom season (Fig. 1c). The relative abun
dances of ARGs were significantly correlated with those of both the
transposase and integron-integrase genes (p < 0.05) (Fig. 1d and e).

3.1. Distribution of antibiotic resistance genes in cyanobacteria
A total of 39 target genes (16S rRNA, transposase gene, class 1
integron-integrase gene, and 36 ARGs) were detected in the cyano
bacterial samples from 50 sites of four lakes (Fig. 1a). These ARGs,
conferring resistance to almost all major classes of antibiotics commonly
administered to humans and animals, represented all major resistance
mechanisms: antibiotic inactivation (36%), efflux pumps (31%), target
protection (19%), target replacement (8%) and target alteration (6%)
(Fig. S5). Heatmap analysis showed that the ARGs detected in these
cyanobacteria samples were highly abundant, ranging from 1.15 × 105
to 3.58 × 108 copies per gram of dry weight of cyanobacterial cells.
These ARGs were commonly detected with lower abundance in surface
water and sediments sampled from the four lakes (Table S2). Major
sulfonamide resistance genes (sul1, sul2), tetracycline resistance genes
(tetA, tetB), quinolone resistance genes (qnrB) and multidrug resistance
genes (oprJ, qacH) were consistently detected with relatively high
abundances (> 106 copies per gram dry weight of cyanobacterial cells)
in the cyanobacterial samples. The abundance of major ARGs was
significantly correlated with the concentration of sulfonamide and

3.2. Prevalence of monoclonal heteroresistance in cyanobacterial isolates
The interrogation of a collection of 300 isolates (six isolates from
each sampling site) for their antibiotic susceptibility and HR using MIC
estimates and PAPs is shown in Fig. 2. Among 39 900 conditions (300
isolates × 19 antibiotics × 7 antibiotic concentrations) for the propor
tion of surviving cyanobacterial cells, HR was observed for each tested
Fig. 2. Multiple heteroresistance is common
in cyanobacterial strains. a, Percentages of
isolates heteroresistant to each antibiotic
(highest in red and lowest in green, n=300). b,
Isolates classified by the number of antibiotics
to which they were heteroresistant out of the 19
tested antibiotics. The percentage of isolates
heteroresistant to more than one antibiotic is
indicated by the central gray ring. c, Repre
sentation of all the PAPs of 300 isolates on 19
antibiotics, with lines indicating average cya
nobacterial survival at each concentration for
all drug-isolate interactions, when segregated
into four groups: those classified as resistant by
AST and PAP (resistant (R) in red), resistant by
AST and heteroresistant by PAP (heteroresistant
(R) in yellow), susceptible by AST and hetero
resistant by PAP (heteroresistant (S) in blue),
and susceptible by AST and PAP (susceptible (S)
in green). Data are presented as the mean ±
standard deviation. d, Percentage of AST results
for 300 isolates and 19 antibiotics classified as
resistant (black) or susceptible (gray). Those
designated heteroresistant by PAP are indicated
by the inner blue ring. e, Isolates classified as
susceptible or resistant by AST and designated
by PAP as susceptible (S × S), resistant (R × R)
or heteroresistant (HR × HR) to dual antibiotic
combinations (n=171).
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antibiotic, and the proportion of isolates exhibiting HR varied widely for
different antibiotics, ranging from 0.8% for ampicillin to 67.8% for
nalidixic acid (Fig. 2a). Notably, 99% of the tested isolates were heter
oresistant to at least one antibiotic, and approximately 90% exhibited
HR to at least two antibiotics (Fig. 2b). The average of the PAP curves for
isolate/antibiotic interactions classified as susceptible or resistant by
AST were plotted (Fig. 2c). The average PAP curve for isolates classified
as susceptible by AST but heteroresistant by PAP exhibited an average of
five logs of killing at the resistance level of the main population, while
those classified as susceptible by both AST and PAP demonstrated six
logs of killing. Those designated resistant by AST but heteroresistant by
PAP had at least two logs of killing at the resistance level of the main
population. A total of 78.3% of the isolate/antibiotic interactions were
classified as resistant by AST, and 21.7% were classified as susceptible
(Fig. 2d). However, 20% of the interactions classified as resistant by
AST, and 19.5% of those classified as susceptible by AST were actually
heteroresistant (Fig. 2c). Overall, PAPs revealed that cyanobacterial
samples exhibited HR in 19.9% of the interactions (Fig. 2d).
The investigation of all 171 dual antibiotic combinations of 19 an
tibiotics through a total of 1 368 tests with a subset of eight isolates
exhibiting multiple HR to the variety of antibiotics is given in Fig. 2e.
Targeting HR classified as susceptible by AST (HR × HR (S)) resulted in
greater killing than targeting HR classified as resistant by AST (HR × HR
(R)). Antibiotic combinations to which an isolate was classified as sus
ceptible by AST were highly effective in reducing cyanobacterial levels
(99.4% killed by six logs). When the combination classified as suscep
tible by AST was segregated into those involving two antibiotics to
which the given isolate was designated heteroresistant by PAP (HR ×
HR), the reduction in cyanobacterial levels was higher than the reduc
tion observed using only the single antibiotic to which the given isolate
was heteroresistant (HR alone) (Table S17). However, only 86.9% of HR

× HR combinations killed six logs of cyanobacteria cells when the
combination classified as susceptible by AST involved two antibiotics to
which a given isolate was designated heteroresistant by PAP (HR × HR).
3.3. Evolution of polyclonal heteroresistance in wild-type cyanobacterial
strains
A resistance selection experiment, in which antibiotic-sensitive
cyanobacterial strains were separately exposed to sub-MIC levels of
four antibiotics, showed that the resistance level increased dramatically
in a stepwise fashion over time, with all parallel populations showing
strikingly similar qualitative and quantitative evolutionary pathways
(Fig. 3a). Ciprofloxacin resistance in Anabaena and Synechocystis and
tetracycline resistance in Synechococcus and Synechocystis emerged
consistently between six and eight passages, while other resistant vari
ants were generated before the fifth passage in all four tested strains. At
the end of 25 serial subculturing passages, the MIC values of the evolved
strains for the antibiotics (erythromycin, ciprofloxacin, amoxicillin and
tetracycline) to which they evolved resistance (MICres) increased by ~1
280-, ~1 600-, ~8 000-, and ~640-fold compared to the MICs of their
parental susceptible strains (MICsusc), respectively. Further analyses of
the resistance levels of the selected 0.008~5.38% mutant clones with
increased resistance through single-colony isolation and purification
from five independent lineages are shown in Fig. 3b. HR was observed
with a prevalence of 88~100% in all 16 cyanobacteria-antibiotic com
binations. In most lineages, the populations were stably heterogeneous
with regard to resistance, containing heteroresistant subpopulations
with frequencies varying from 2.9 × 10− 8 to 6 × 10− 2 at the antibiotic
concentration corresponding to eightfold above the resistance level of
the main population. We investigated the interactive effect of the anti
biotic selection ratio and subculturing passages on the development of
Fig. 3. Evolution of stable resistance in
wild-type cyanobacterial strains during subMIC levels of antibiotic selective pressure. a,
Time-resolved resistance levels (MICs) of five
replicates over 25 passages for parallel pop
ulations evolving in similar adaptive trajec
tories.
b,
Characteristics
of
evolved
heteroresistance to antibiotics. c, Contour plot
and response surface model plots for the
maximum value of evolved heteroresistance
frequency as a function of selection ratio and
subculturing passages.
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HR in these cyanobacterial strains. The HR frequency had a significant
positive relation with the antibiotic selection ratio and subculturing
passage number (p < 0.05) (Fig. 3c). With the selection ratio ranging
from 0.001 to 0.5, the passage at which HR emerged shifted from 19 to
3, and the maximum value of evolved HR frequency increased from 5.7
× 10− 4 to 6.45 × 10− 2.

units varied from 2.9 × (Synechococcus) to 61.8 × (Anabaena). In the
absence of antibiotic selection, the upper amplification level of re
vertants decreased by 1.3~47.6-fold compared to that of resistant
clones. The resistance level (MIC) partially or completely reverted back
to the level of parental isolates in the absence of antibiotic selection. As
the summary schema describing HR mechanisms shows in Fig. 4d, the
monoclonal HR phenotype in cyanobacterial strains is usually accom
panied by the highly unstable amplification of known resistance genes
and a high fitness cost, while polyclonal HR related to mutations
improving resistance and having little-to-no effect on fitness is geneti
cally stable.

3.4. Stability of monoclonal heteroresistance in the absence of antibiotic
selection
The assays of 50 randomly resistant colonies with decreased sus
ceptibility isolated from the subpopulations of confirmed HR cases in
PAPs for HR stability are shown in Fig. 4. Among 171 antibiotic-isolate
HR combinations, the resistance level of the subpopulations was stable
only in four cases (2.3%) after 50 successive passages in the absence of
antibiotics, while the resistance of the remaining 167 cases (97.7%) was
unstable (Fig. 4a). To assess the growth rate of parental heteroresistant
isolates, resistant clones selected after growth were compared with an
tibiotics and revertants selected in the absence of antibiotics to deter
mine whether reversion of a fitness cost is important for instability in HR
cases (Fig. 4b). Among nine cyanobacterial strains, the resistant clones
had a high fitness cost (23~62%) that was partially compensated in the
revertants (18~51% faster growth than the resistant clones from which
they evolved). To determine the genetic mechanism behind the most
common unstable HR phenotype, we performed qPCR of known resis
tance genes on the parental heteroresistant strain, resistant clones with
decreased susceptibility and revertants (Fig. 4c). Amplification of
known resistance genes with antibiotic selection was recorded in all nine
cyanobacterial genera, and the upper copy number level of the amplified

4. Discussion
The traditional AST method assays the growth of the entire cyano
bacterial population in the presence of different antibiotics by per
forming liquid media-based diagnostics and classifies isolate/antibiotic
pairs as only resistant or susceptible. Difficult to diagnose with standard
estimates of MIC, HR is likely to cause common misdiagnosis of strains
with a resistant subpopulation as fully susceptible by AST. It is therefore
important to reveal the prevalence and mechanism of HR in cyanobac
teria for different classes of antibiotics, and to explore the reason behind
the discrepancy of phenotypic and genotypic resistance of cyanobac
teria. By using a strict definition of HR and a systematic approach of
PAPs, our study indicated that HR was widespread and applicable to
most available antibiotics and a large proportion of cyanobacteria. A
significant proportion of the isolate/antibiotic interactions designated
resistant by AST should be attributed to HR. Although ARGs and MGEs
were found to be highly prevalent in the tested cyanobacteria samples,
Fig. 4. Gene amplification is responsible for
the molecular mechanism of unstable het
eroresistance in cyanobacteria. a, Stability of
heteroresistant subpopulations. b, Comparison
of relative growth rates. The parental hetero
resistant isolates, resistant isolates selected
after growth in the presence of antibiotics (with
antibiotic selection), and isolates selected
following growth of the resistant colonies in the
absence of antibiotics (without antibiotic se
lection) were tested for the determination of
fitness cost reversion. ANB: Anabaena, APZ:
Aphanizomenon, CYB: Cyanobium, MCY: Micro
cystis, OST: Oscillatoria, PLT: Planktothrix, RPD:
Raphidiopsis, SCO: Synechococcus, SCY: Syn
echocystis. c, Gene amplification. The upper and
lower levels of amplification compared to the
parental heteroresistant strain with and without
antibiotic selection are marked, respectively.
The putative antibiotic resistance genes poten
tially involved in confirmed heteroresistance
are recorded. d, Molecular mechanisms of het
eroresistance. Unstable heteroresistance is
linked to genetic amplification. Stable hetero
resistance is linked to undetermined mutations
increasing resistance with no measurable effect
on fitness or with little fitness cost.
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over 20% of isolate/antibiotic pairs were designated susceptible by AST.
The detected HR was associated with higher frequency resistant sub
populations (1 in 100 cells), whereas the undetected HR was associated
with lower frequency resistant subpopulations (1 in 10 000 cells). Pre
vious studies have discussed the synergistic effect of antibiotic combi
nations on cyanobacteria and found that their logs of killing were
greater than what would be predicted using the MIC for each antibiotic
alone (González-Pleiter et al., 2013; Wang et al., 2019). In this study,
combination therapy with two antibiotics targeting HR (HR × HR)
resulted in significantly greater killing than monotherapy with a single
antibiotic to which an isolate was heteroresistant (HR alone), which
could be described as synergism. Antibiotic combinations classified as
susceptible by AST targeting multiple HR (HR × HR (S) interactions) led
to decreased logs of killing of cyanobacterial cells compared to that of
combinations targeting homogenous susceptibility (S × S (S) in
teractions). Our results indicated that the synergistic efficacy of the
antibiotic combination in reducing cyanobacterial levels and preventing
subsequent growth might depend on multiple HR. Instead of designating
HR instances as homogenous susceptibility, the quantification of the
frequency of the resistant subpopulation in HR would be essential when
evaluating the synergism of antibiotic combination regimens.
We exposed susceptible wild-type cyanobacteria to constant sub-MIC
levels of antibiotics for 25 passages and found that high-level resistance
(up to 8000-fold MICsusc) evolved in several independent lineages. Our
study revealed that cyanobacteria could also evolve with high-level
resistance under very weak and constant antibiotic selective pressure
with selection ratios lower than 1. Since the possibility of preexisting HR
in these tested wild-type isolates or horizontal gene transfer during the
selection experiment has been ruled out, de novo selected gene muta
tions were most likely the single route contributing to HR development
in a subpopulation of cells for mutants of a single strain generated under
our experimental design in the enclosed system. The fraction of evolved
HR at sub-MIC concentrations was found to be positively correlated with
the strength of selection pressure (selection ratio), which was in line
with a previous hypothesis (Ge et al., 2017). The selective effect for HR
differed among strains and genera, which could be partially explained
by the different genetic backgrounds, resistance characteristics, types of
mutations conferring resistance, and fitness costs (defined as reduced
competitiveness in the absence of antibiotics) associated with the mu
tations. At low levels of antibiotic pressure, the main driving force of
resistance selection shifts from the resistance to fitness cost of mutations.
In the present study, the lowest selection ratios among these tested
strains that still generated resistant mutants were in the range of 1 ×
10− 3~1.25 × 10− 3, which were lower than those reported in E. coli for
ciprofloxacin selection (4.35 × 10− 3) and in Salmonella typhimurium for
tetracycline (1 × 10− 2) (Gullberg et al., 2011). The minimal selective
concentration (MSC) defines the antibiotic concentration needed to
overcome the fitness cost of each resistance determinant and is
expressed as a fraction of the MICsusc. The lower anticipated MSC is
associated with a smaller fitness cost that favors the accumulation of
mutants at sub-MIC concentrations (Andersson and Hughes, 2014),
explaining why the given selection concentration showed a higher
preference for cyanobacterial strains with a lower MICsusc (i.e., higher
selection ratio). Taking into consideration both the MICsusc and MSC, the
higher selection ratio is therefore a significant parameter for the stron
ger selective effects of resistance mutations at sub-MIC concentrations of
antibiotics.
The stability of the polyclonal HR was tested to verify that the
resistance phenotype of clones isolated from the resistant subpopulation
did not decrease following growth for 50 successive subculturing pas
sages in the absence of antibiotics. Generally, frequent mutation and
gene amplification are two types of mutation mechanism that lead to the
generation of antibiotic heteroresistance. The frequent mutations that
confer resistance with low or no fitness cost are genetically stable (point
mutations, insertion sequence insertions and small deletions) (Ander
sson et al., 2019). The stable polyclonal HR could be attributed to

low-fitness-cost mutations, which accumulated and evolved over many
generations through the selection process. The cost of resistance has to
be compensated by the reduction in growth of the susceptible strains
induced by the antibiotic. Except for the two cases detected with un
stable HR (Microcystis mutants selected by amoxicillin and tetracycline),
mutant growth rate reduction in comparison to the parent varied in the
range of 0.2% to 4.1% among the tested cyanobacterial strains. Previous
studies have pointed out that the variation in fitness cost incurred by
different types of mutations is one of the critical factors for resistance
selection at sub-MIC concentrations of antibiotics (Andersson and
Hughes, 2014; Gullberg et al., 2011). The fitness costs of various resis
tant mutants ranged from 0.2% to 3% among E. coli and S. typhimurium
mutants selected by ciprofloxacin and tetracycline (Sandegren, 2014),
which were slightly higher than the fitness cost of stable resistant mu
tants detected in our tested cyanobacterial strains. At sub-MIC levels,
resistant mutants conferring fitness costs lower than the growth reduc
tion in susceptible populations are competitive (Gullberg et al., 2011). It
is interesting to note that despite the low antibiotic concentrations used,
only those mutants exhibiting increasing resistance levels but very low
fitness costs were enriched. Antibiotic concentrations chosen for the
mutant selection experiment were the same as the MSC determined in
the competitions between wild-type and mutant isolates, and the
enriched resistant cyanobacteria likely carried resistance mutations with
a fitness cost that was significantly lower than that of the previously
studied mutations. Since the resulting resistance selected for higher
fitness is less likely to reverse in the absence of antibiotics (Andersson
and Hughes, 2010), it could be therefore predicted that
sub-MIC-selected resistant mutants in cyanobacterial populations pos
sessing little fitness cost or mutations that compensate for the fitness cost
and do not affect the resistant phenotype would be more stable than
those selected by high concentrations of antibiotics.
In contrast to polyclonal HR, monoclonal HR observed with pure
cyanobacterial isolates generating frequent spontaneous subpopulations
of susceptible and resistant cells when grown in the absence of antibi
otics due to the reversibility of the resistance phenotype can be attrib
uted to the unstable genetic mechanism. Our results demonstrate that
over 97% of the HR cases observed in these environmental isolates
selected from PAPs are unstable. Unstable heteroresistance involving an
intrinsic instability of the resistance mutation caused by spontaneous
unstable tandem amplification of resistance genes is the most common
mechanism underlying heteroresistance in gram-negative species such
as cyanobacteria (Nicoloff et al., 2019). In the presence of antibiotic
selection, resistant cells with gene amplification of resistance genes on
either plasmids or chromosomes were selected and enriched, while the
absence of antibiotic favors the growth of susceptible revertants with
reduced gene copy number. The reduction in copy number and resis
tance level could be explained by the fitness costs associated with gene
amplification, where cyanobacterial revertants lacking gene amplifica
tions grew faster in the absence of antibiotic selection than resistant
mutants with amplifications. Spontaneous unstable gene amplification
of resistance genes has been reported as the most common mechanism
responsible for unstable HR in gram-negative species, such as E. coli
(Schechter et al., 2018), Salmonella enterica (Hjort et al., 2016), Acine
tobacter baumannii (Anderson et al., 2018) and Klebsiella pneumonia
(Nicoloff et al., 2019). Genetic amplifications confer a fitness cost, and
they readily segregate to lower copy numbers in the absence of selective
pressure (Adler et al., 2014). Our data indicate that the mutations
causing resistance in unstable HR cases are both costly and unstable and
that fitness costs associated with gene amplification act as drivers for the
population to revert to susceptibility in the absence of antibiotic selec
tion. The possibility of evolution from resistant mutants initially car
rying unstable amplifications to stable mutants with little fitness cost
during growth with antibiotic selection should be considered. Other
types of mutations linked to point mutations, insertion sequence in
sertions or small deletions conferring a high fitness cost have been
proposed as possible mechanisms for non-amplification-driven unstable
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HR (Andersson et al., 2019) but are unlikely to be the main mechanism
for the detected unstable HR in this study. The risk of reversion to a
susceptible phenotype depends on the number of generations grown
under non-antibiotic selective conditions, and the rate of amplification
loss, which in turn depends on the intrinsic loss rate and the fitness costs
associated with the amplification, has been described (Andersson et al.,
2019). Amplification-driven unstable HR in cyanobacteria may result in
rapid reversion to the original genotype and phenotype in the absence of
antibiotic pressure before the standard AST.
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