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Morphological changes and genome evolution in Raphidiopsis raciborskii CS-506
after 23 years in living culture
Anusuya Willis a, Stephen J. Bentb and Ian D. Jameson a

aAustralian National Algae Culture Collection, CSIRO, Hobart, Australia; bData61, CSIRO, Ecosciences Precinct, Dutton Park, Australia

ABSTRACT
Microscopic organisms maintained in long-term living monocultures undergo evolution, adapting
to the stable laboratory environment. Culture adaptation can result in isolates no longer being
representative of their native environmental niche. This study characterized the morphology and
compared the full genomes of four daughter cultures of the toxic cyanobacterium Raphidiopsis
raciborskii CS-506 maintained in living culture for 23 years. The four daughter cultures were split
from the parent culture between 2 and 10 years ago. The morphotypes of two cultures had
changed from coiled to straight (CS-506A, B), while CS-506C, D had smaller cells and shorter coiled
trichomes. The toxin cell quota had increased for cultures CS-506A-C but decreased in CS-506D
compared to 2012 measurements. Culture CS-506C was unable to produce heterocysts or fix
atmospheric nitrogen. The core genome, comprising 78% of all genes and all primary metabolic
functions, was unchanged. The variable genome, ~12%, showed difference in gene presence/
absence, and ~1% of each genome was unique proteins, with evidence of horizontal gene transfer
from contaminating bacteria and multiple gene loss events, and an overall strategy of genome
reduction. The changes in morphology, nitrogen fixation and toxin cell quota were not supported
by identifiable genome changes, with 100% synteny across nifHDK and cyr gene clusters. The
results suggest that R. raciborskii CS-506 has a stable core genome, heritable phenotypes, and
a variable genome generated through horizontal gene transfer and gene loss.
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Introduction

‘Rapid genetic alteration at the whole genome level dur-
ing culturing is of particular concern when selecting
laboratory-maintained isolates or clones for physiologi-
cal, biochemical, molecular or whole genome sequencing
studies’ (Lakeman, von Dassow, & Cattolico, 2009).

Microscopic organisms, including bacteria, cyanobac-
teria and algae, are a highly diverse group, inhabiting
environmental niches across the Earth’s habitats. Their
breadth of habitats stems from an incredible ability to
adapt to their environment, through flexible physiology
and rapid adaptation to environmental changes. To effec-
tively study the physiology of microorganisms they are
isolated as single cells, these divide asexually into mono-
cultures and are then maintained under laboratory condi-
tions. These cultures are essential for research and industry
andmany species have beenmaintained in long-term living
cultures under static laboratory conditions for many years.
Although the conditions are static the microorganisms
themselves are not and continue to adapt to their environ-
ment (Lakeman et al., 2009). Culture adaptation and evolu-
tion is an important consideration for researchers, as
changes that occur in the laboratory can result in these

isolates no longer being representative of their native envir-
onmental niche (Murphy, 1978).

Culture adaptation arises from phenotypic plasticity,
spontaneous random mutations and selection, mechan-
isms that are important for environmental adaptation.
In the absence of changing environmental selection
pressures, due to the stable laboratory conditions,
genetic drift can result in rare mutations that affect the
phenotype becoming dominant in the culture (Lakeman
et al., 2009). Measuring the effects of culture adaptation
can be difficult as it requires periodic assessment of
cultures, archiving genetic material or maintaining mul-
tiple daughter cultures in parallel. To have a greater
understanding of how genetic drift and genome evolu-
tion occurs it may even be required to maintain multiple
daughter cultures in parallel under different conditions.

Phenotypic changes have been found to occur within
weeks of species being cultured (Lakeman & Cattolico,
2007; Costas et al., 1998), although most changes are the
result of years in culture and are heritable genetic muta-
tions. For example, the green alga Oocystis had reduced
grazing defences and increased growth rate after 3 years in
culture (Demott &McKinney, 2015). Cultures of the dino-
flagellate Heterocapsa triquetra have been found to have
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increased pH tolerance and decreased growth rate in cul-
tures maintained from 10 to 51 years (Berge, Daugbjerg, &
Hansen, 2012). Intraspecific diversity can also arise within
monocultures: isolates from a ~ 50-year old monoculture
of Heterosigma akashiwo CCMP452 demonstrated herita-
ble diversity in stress tolerance (Lakeman & Cattolico,
2007). However, these studies did not investigate the
underlying genetic changes causing these physiological
differences. Studies with bacteria, which are more amen-
able to evolution research, because of their smaller genome
size and short generation time, have provided more
insights into culture adaption. For example, the long-
term evolution experiment with Escherichia coli has
described extensively the potential of genetic drift to influ-
ence genome evolution (for a review see Lenski, 2017).
These experiments have shown an increase in improve-
ment, i.e. growth rate, of the cultures over thousands of
generations, and the rate of fitness improvement and fixa-
tion of beneficial mutations decreasing over time (Good,
McDonald, Barrick, Lenski, & Desai, 2017).

Cyanobacteria are important in many environments
and research on their physiology is facilitated through
isolates maintained in algal culture collections. Because of
their bacterial characteristics, e.g. binary fission, homolo-
gous recombination, and horizontal gene transfer (HGT),
cyanobacteria may undergo rapid culture evolution, thus
they are an interesting model for investigating culture
adaptation. Their small genome size also facilitates full
genome characterization. In this study we analysed the
genome evolution and morphological differences of four
daughter cultures of Raphidiopsis raciborskii CS-506 that
were split from the original progenitor clone culture and
maintained independently. Raphidiopsis raciborskii (basio-
nymCylindrospermopsis raciborskii) is a toxic cyanobacter-
ium with global occurrence in freshwater habitats.
R. raciborskii has been of particular research interest as it
forms harmful algal blooms and has multiple co-occurring
strains, or ecotypes, that differ in their morphology, phy-
siology, toxin type and toxin cell quota (for a review see
Burford et al., 2016). The ecophysiological differences
among the strains are supported by genetic differences
(Piccini et al., 2011), with co-occurring and spatially dis-
parate strains having a core genome of approximately 62
−85% (Abreu et al., 2018; Sinha et al., 2014; Willis et al.,
2018). Intraspecific variation, both physiological and
genetic, appears to be an important aspect of the biology
of R. raciborskii (Burford, Willis, Chuang, Man, & Orr,
2018), probably supporting a highly adaptive population
able to quickly respond to environmental drivers. The
environmental impact of this species, its high phenotypic
plasticity and small genome size have meant that
R. raciborskii has become a model species for research.
Two strains have been widely used in laboratory studies.

The strains CS-505 and CS-506 were both isolated from
Palm Island in 1996 by Martin Saker, accessioned into the
Australian National Algae Culture Collection (ANACC) in
1999, and have become the model strains for laboratory
research.

This study investigated the morphological and genetic
differences among four daughter cultures and compared
them to characterizations of the original 1996 culture and
a 2010–2012 culture. Full genomes were sequenced and
compared to the genome sequenced in 2010 as a reference.
This analysis was instigated by the observation of the loss
of heterocysts and the ability to fix atmospheric N2 in one
culture (Willis et al., 2015), and a change in the predomi-
nant morphotype from the original coiled (Saker, Neilan,
& Griffiths, 1999) to straight trichomes in another. Thus,
morphology, growth rates, toxin cell quotas and genomes
were characterized to gain an understanding of the extent
of adaptation undergone by these cultures.

Methods and methods

Cultures

Four daughter cultures of Raphidiopsis raciborskiiCS-506
were obtained from ANACC and Griffith University in
March 2018 and maintained in modified Jaworskii’s
Medium (Thompson, Rhodes, & Pettman, 1988; 1/4
phosphate concentration, according to Willis et al.,
2015) at 28°C, under 12 h:12 h light:dark cycle of 20
µmol photons m−2 s−1. The four daughter cultures were
designatedA–D (Fig 1), where Awas received byANACC
in 1999 fromMartin Saker. In 2009 a daughter culturewas
supplied toGriffithUniversity (cultureC), whichwas split
and supplied to UNSW and Monash University (culture
D). In 2013 the culture maintained at Griffith University
was observed to no longer produce heterocysts or fix
atmospheric N2 (Willis et al., 2015). In 2016 a second
CS-506 culture (B) was supplied to Griffith University.
These cultures were non-axenic at the time of this study,
and probably contained heterotrophic bacteria through-
out their time in culture. Prior to this study CS-506A was
maintained at 20°C, CS-506B–C at 28°C, and CS-506D at
25°C; all weremaintained under 12 h:12 h light:dark cycle
of 10–20µmol photonsm−2 s−1. CS-506Awas subcultured
every 12 weeks, while CS-506B-D were subcultured every
3–4 weeks.

Growth experiment

In May 2018, cultures of CS-506A-D were grown in tripli-
cate 250 ml cultures in modified JM under the conditions
described above. The cell density was determined by opti-
cal density absorbance at 750 nm (OD750) with
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a spectrophotometer (DU530, Beckman Coulter,
California, USA). The initial cell density was OD750 =
0.02, and four weekly OD750 measurements were made
for 25 days. Specific growth rates were measured during
exponential phase using the standard growth equation
µ = ln(c2/c1)/t2-t1, where c is the optical density and t is
the time (Andersen, 2005)

Cell enumeration

On day 10 of the growth experiment, a 2 ml subsample was
preserved with ~1% final volume Lugol’s solution. The num-
ber of trichomes ml−1 was counted using a Sedgewick Rafter
at 40x magnification using a Leitz microscope. The number
of trichomes per square counted until the average and stan-
dard deviation for trichomes ml−1 stabilized. Under 100x
magnification the trichome length, cell length and cell width
were measured using the Leica Application Suite (v.4.10.0)
software. Measurements were made until the average and
standard deviation stabilized (Woelkerling, Kowal, &
Gough, 1976). The average cells ml−1, cells trichome−1, and
cell volume (µm3) were calculated from the average of the
measurements of the three replicates.

Toxin analysis

A 5 ml subsample of each triplicate culture was taken
on day 10 of the growth experiment. The whole water
samples were lyophilized and the cylindrospermopsin

(CYN)/deoxy-cylindrospermopsin (d-CYN) extracted
in 1 ml 50 mol l−1 acetic acid with 3 × 30 s probe
sonication on ice, as previously described (Willis et al.,
2015). The CYN and d-CYN content were analysed at
the Queensland Forensic Health Services by HPLC-MS
/MS (Eaglesham et al., 1999). The toxin cell quota was
calculated from the average cells ml−1 and cell volume.

Statistical analysis

Growth rates and toxin cell quotas between cultures were
compared by ANOVA in R studio using easyanova pack-
age (R Core Team, 2017). A Euclidean distance plot using
the morphology measurements, growth rate and toxin
content was calculated in R studio (R Core Team, 2017).

DNA isolation and sequencing

Total genomicDNAwas isolated from50ml of exponentially
growing cell culture with a modified phenol:chloroform
method. Briefly, cells were collected with centrifugation,
5 min at 4,000 rpm, washed twice with 15 mmol l−1 NaCl,
and resuspended in 500 µl lysis buffer (10mmol l−1 Tris-HCl,
0.1 mmol l−1 EDTA, 1% SDS) with glass beads. Cell mixtures
were vortexed for 30 sec, RNAse A added and incubated at
37°C for 20 min. Proteinase K (250 µg) and SDS (0.5%) were
then added and the mixture incubated at 50°C for 2 h.
Phenol:chloroform:isoamyl alcohol (25:24:1, Sigma) was
added to the cell lysis mixture (1:1 volume), the solution

Figure 1. Historical time line of Raphidiopsis raciborskii CS-506 A-D cultures.
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mixed and centrifuged 10 min, 10,000 rpm. The DNA-
containing supernatant was washed once with 1:1 volume
chloroform:isoamyl alcohol (24:1, Sigma), centrifuged
10 min, 10,000rpm. The DNA was precipitated with 100%
ethanol v2.3.4 and 0.03 µM sodiumacetate at−20°C, followed
by centrifugation at 4°C, 14,000 rpm, 20 min. Isolated DNA
was washed using a salt:chloroformwash (Pacific Biosciences,
California, USA) and Ampure XP beads (Agencourt
Bioscience, Massachusetts, USA) as per the manufacturers’
instructions. Quality and quantity of DNA were assessed
using a Nanodrop and Qubit assay.

Genomic libraries were prepared with Nextera DNA
Flex library preparation kit and 2 × 150 bp sequencing
was performed on the Illumina Miseq instrument at the
Ramaciotti Centre for Genomics.

Sequence processing and assembly

Sequences were quality trimmed using BBDuk then
mapped to the reference genome CS-506i (Sinha et al.,
2014) using Bowtie and gene prediction and annotation
were performed using the Prokka package v2.3.4
(Langmead et al., 2009; Seemann, 2014).

Comparative genomics

Genome comparison of the five genomes, CS-506i, A–D,
was conducted using Blast Atlas analysis in GView Server
(Petkau, Stuart-Edwards, Stothard, & Domselaar, 2010).
OrthoVenn2 server was used for the analysis of ortholo-
gous clusters and unique protein identification (Xu et al.,
2019). Geneious was used to search and identify anno-
tated genes within each genome and compare synteny
and SNPs between genomes. Contigs of each of the five
genomes were concatenated and aligned using MAFFT,
and a tree built using the Neighbour-joining method with
the Tamura-Nei Genetic Distance Model. Subsystem
analysis was performed with RAST server (Aziz et al.,
2008) and SEED tool (Overbeek et al., 2014). Unique
protein sequences were BLASTp searched against the
NCBI UniProtKB/Swiss-Prot database.

16S biodiversity

Geneious was used to perform de novo assemblies from
each of the four CS-506A–D sequence data, and assem-
bles were BLAST searched against a 16S database to
identify co-occurring bacteria.

Results

Morphology

The morphological characteristics of the four R. raciborskii
cultures, CS-506A–D, differed between cultures. CS-506A
and CS-506B had straight trichome morphology, more cells
trichome−1, and larger cell volumes (Table 1). Cultures CS-
506C and CS-506D had coiled morphology, fewer cells per
trichome and smaller cell volumes, in comparison to CS-
506A and CS-506B. The growth rates of each of the four
cultures, CS-506A–D,were not significantly different between
cultures. The toxin cell quota (QCYN) was significantly higher
in culture CS-506A, and significantly lower in culture CS-
506D, but therewas no significant difference between cultures
CS-506B and CS-506C, where the QCYN was lower than CS-
506A and higher than CS-506D (Table 1).

The Euclidean distance plot (Fig 2) shows that culture
CS-506B is the most similar to the initial CS-506 culture
characteristics, CS-506D the most similar to CS-506i, and
CS-506A is the most different from all other cultures.

Genome assembly

The four genomes, CS-506A–D, were assembled via
mapping to the genome of CS-506i (Table 2). The four
genomes, CS-506A–D, were slightly smaller than the
genome of CS-506i, and CS-506C had the smallest gen-
ome. The %GC had also decreased slightly, from 41.9%
in CS-506i, to 40.5% in the CS-506A–D genomes.

Unique proteins were identified in each genome,
with 20 in CS-506i, 10 in CS-506A, 4 in CS-506B, 2 in
CS-506C and 13 in CS-506D (Table 2, Fig 3).

All sequences have been submitted to Genbank, with
accession numbers: CS-506A (VDFG00000000); CS-

Table 1. Morphology and physiological measurements of the four living R. raciborskii cultures CS-506A–D, and data from the initial
characterization of CS-506 (Saker et al., 1999) and the 2012 characterization (Willis et al., 2015).
Culture Morphology Cells trichome−1 Cell volume (µm3) Growth rate (day−1) QCYN (fg cell−1)

CS-506 (1996)* Coiled 23.5 44.7 − 2.1†

CS-506i (2012)ǂ Coiled 10 41.3 − 18.2 ± 0.5
CS-506A Straight 60.9 ± 10.3 a 52.6 ± 8.5 ab 0.12 ± 0.0 2a 173.9 ± 4.0 a

CS-506B Straight 26.5 ± 3.6 b 86.6 ± 35.0 a 0.15 ± 0.04 a 89.7 ± 40.1 ab

CS-506C Coiled 10.1 ± 2.4 a 22.0 ± 7.5 b 0.10 ± 0.01 a 63.2 ± 32.9 ab

CS-506D Coiled 6.4 ± 1.3 a 27.8 ± 8.1 b 0.12 ± 0.01 a 9.1 ± 2.8 b

*Saker et al. (1999); †calculated from dry weight in Saker et al. (1999), ǂWillis et al. (2015).
aANOVA with Tukey’s test, p < 0.05, different superscript letter denote significant difference between measurements of CS-506A-D cultures.
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506B (VDFF00000000); CS-506C (VDFE00000000);
CS-506D (VDFD00000000).

Comparative genomics

The pangenome of the five cultures, CS-506i, A-D,
contained 3665 proteins, the core genome without
SNPs comprised 2865 proteins, which was 78% of
the pangenome, and genes with SNPs comprised an
additional 314 genes, or 9% of the pangenome. The
variable genome, those proteins occurring in two to
four genomes, was 327 without SNPs, and 110 with
SNPs, comprising 9 and 3% of the pangenome,
respectively. Approximately 1% of the pangenome
comprised unique proteins, occurring in only one
genome (Fig 3). The number of unique proteins iden-
tified in each genome was 20 in CS-506i, 10 in CS-
506A, 4 in CS-506B, 2 in CS-506C and 13 in CS-506D
(Table 2, Fig 3). BLASTp results (Table 3) showed that
the unique proteins are typically bacterial in origin.

The whole genome MAFFT alignment and neigh-
bour-joining tree (Fig 4) showed cultures CS-506A and
D to be the most similar, and CS-506i the most different.
Comparison of the CS-506A–D genomes with CS-506i as
reference (Fig 5) showed that genome modifications have
occurred throughout the genome. Comparison of the
cylindrospermopsin biosynthesis cluster (cyr) and nitro-
gen fixation (nifHDK) cluster found 100% synteny
between genomes.

Identification of contaminating bacteria

Classification of the 16S sequences in the full sequence data
for each culture CS-506A–D identified Alphaproteo
bacteria, Betaproteobacteria, Cytophagia and Chitino
phagia as present in each culture (Fig 6). Bacterial families
identified with high frequency of occurrence were
Alsobacter (CS-506A), Acetobacteraceae (CS-506B),
Chitinophagaceae (CS-506B, C, D), Comamonadaceae
(CS-506B, C), Hyphomicrobiaceae (CS-506C), Methylo
philaceae (CS-506A), Rhodobacteraceae (CS-506B, C, D),
Rhodospirillaceae (CS-506A) and Sphingomonadaceae (CS-
506B, D).

Discussion

R. raciborskii CS-506 has undergone significant mor-
phological and physiological changes during the
23 years it has been in continuous living culture
under laboratory conditions. The four daughter cul-
tures, split between 10 and 2 years apart, have also
changed significantly from each other. Interestingly,
the changes in morphology, nitrogen fixation and
toxin content were not supported by identifiable
genome changes. The core genome, comprising 78%
of all genes and all primary metabolic functions, was
unchanged. These results suggest that R. raciborskii
CS-506 has a stable core genome, heritable pheno-
types and a flexible variable genome.

Characterization of the four daughter cultures gives
insight into the morphological, physiological and gen-
ome changes that have occurred. There were no general
trends in the morphological changes. Cultures A and
B have changed from coiled to straight with nearly three
times the number of cells trichome−1 in culture A and

Figure 2. Euclidean distance plot showing the relationship of the
four living cultures of R. raciborskii CS-506A-D, the initial char-
acterization of CS-506 (Saker et al., 1999) and the 2012 char-
acterization (Willis et al., 2015) based on morphological
measurements.

Table 2. Characteristics of assembled genomes CS506i, A–D.

Culture Genome size (bp) CDS tRNA % GC Unique proteins

SNPs

Deletions Insertions Substitutions

CS-506i 4,183,928 3848 43 41.9 20 − − −
CS-506A 3,828,513 3652 42 40.5 10 4 23 853
CS-506B 3,788,355 3641 42 40.6 4 3 15 833
CS-506C 3,768,587 3611 44 40.5 2 5 17 833
CS-506D 3,810,673 3619 42 40.3 13 3 29 720
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larger cell volumes. Cultures C and D have maintained
their coiled morphology and lower number of cells
trichome−1, but now have smaller cells. While these

morphological and physiological traits are reported
here at discrete time intervals they have been observed
over time as graded changes from one state to another,

Figure 3. Comparative genomics of the five R. raciborskii CS-506i, A-D genomes, with a Venn diagram of shared and unique proteins
(OrthoVenn2), and pie-chart of pangenome with proportion of genes in the core genome, variable genome, and genes with SNPs.

Table 3. Identification of unique proteins with BLASTp hits from each of the five Raphidiopsis raciborskii cultures CS-506i, A–D.
R. raciborskii
strain Contig Description Species E value

Pre.
Ident Accession Coverage GC%

CS-506i LDHIKKOG_814 DUF3387 domain-containing
protein

Candidatus Bipolaricaulis
anaerobius

2.00E-66 56.25 WP_122030634.1 NA

LDHIKKOG_82 Hypothetical protein Phycisphaerae bacterium 3.00E-67 98.17 GDX99571.1 NA
LDHIKKOG_536 DEAD/DEAH box helicase Cyanobacteria 3.00E-76 96 KAA0213570.1 NA
LDHIKKOG_1267 Type I restriction

endonuclease subunit R
Corallococcus sp. CA040B 0 76 WP_120624853.1 NA

LDHIKKOG_1401 Hypothetical protein Phycisphaerae bacterium 1.00E-34 83.54 GDX99571.1 NA
LDHIKKOG_1444 DEAD/DEAH box helicase Cyanobacteria 2.00E-51 5829 KAA0213570.1 NA

CS-506A C6951 Splicing factor 3A subunit 2 Mizuhopecten yessoensis 0.48 42.55 OWF41851.1 47.9 45.1
C5635 AAA family ATPase Raphidiopsis raciborskii 8.00E-09 100 WP_102939281.1 244.759 35.8
C5183 Hypothetical protein Moorea producens 0.007 50 WP_137985264.1 138.644 39.5
C7011 FAD-dependent

oxidoreductase
Raphidiopsis raciborskii 1.00E-08 100 WP_141304000.1 36 31.6

CS-506B C6839 ABC transporter permease Kocuria indica 5.1 38.0% WP_145003595.1 25 40.8
CS-506C C6265 Hypothetical protein Microcystis viridis 0.093 50.0% TRU69801.1 52.521 46

C5959 Mg2+ transporter protein Basidiobolus
meristosporus

0.89 39.2 ORY02791.1 15.45 44

CS-506D C6159 Type 1 polyketide synthase Actinomyces sp. 1.1 34.52 WP_144238269.1 380.571 48.5
C18837 Proton extrusion protein

PcxA
Raphidiopsis raciborskii 2.00E-137 100 WP_071242005.1 73.377 35.7

C5689 PD-(D/E)XK nuclease family
protein

Raphidiopsis raciborskii 2.00E-05 95.65 WP_102947705.1 256 32.1

C6269 PD-(D/E)XK nuclease family
protein

Raphidiopsis raciborskii 1.00E-04 91.3 WP_115538673.1 230 39.7
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e.g. coiled to straight. Significantly, CS-506C has lost the
ability to produce heterocysts and fix nitrogen, as pre-
viously observed in Willis et al. (2015). However, 100%
synteny occurs between the nifHDK gene cluster, nitro-
gen regulation genes and heterocyst differentiation
genes of all five CS-506 genomes, providing no clues
to the cause of this loss of metabolic function.

The genome of R. raciborskii is the smallest of the
Nostocales and is generally accepted to be undergoing
genome reduction (Larsson, Nylander, & Bergman,
2011), with loss of nitrogen fixation predicted, as the
genome contains fewer genes involved in nitrogen fixation
compared to other cyanobacteria (Stucken et al., 2010).
This hypothesis is supported by the existence of R. medi-
terranea, which often co-occurs with R. raciborskii but is

characterized by the inability to produce heterocysts and
the lack of the nifHDK gene cluster (Stucken et al., 2010). It
has been suggested that the loss of nitrogen fixation in CS-
506C, as previously observed (Willis et al., 2015), is evi-
dence supporting this hypothesis (Aguilera, Gómez,
Kaśtovsky, Echenique, & Salerno, 2018). The full genome
sequencing in this study and the complete nifHDK gene
cluster suggest that secondary control and suppression of
nitrogen fixation has occurred, and analysis of the epigen-
ome is needed to elucidate this. This genetic study high-
lights how care is needed when using physiological
observations to support genetic hypotheses.

Of particular interest is the change in toxin cell quota:
all four daughter cultures produce CYN and deoxy-CYN
in similar proportions (2.5 ± 0.4% deoxy-CYN), but the
cell quota (QCYN) had increased significantly in cultures
A–C and decreased in culture D compared to the QCYN

measured in CS-506i in Willis et al. (2015). Previous
research into the drivers of cylindrospermopsin produc-
tion rates using short-term laboratory experiments estab-
lished that the QCYN of cells was stable under a range of
conditions, and thus the toxin is constitutively produced
(Davis, Orr, Boyer, & Burford, 2014; Orr, Willis, &
Burford, 2018; Pierangelini et al., 2015; Willis et al.,
2015). The QCYN changes measured in the four daughter
cultures show that over a longer time period, years rather
than weeks, the CYN production rate can change and
appears to be typically increasing under culture conditions.
There were no changes in the cyr biosynthesis gene cluster
between cultures, with 100% synteny, strengthening the
previous suggestion that cell quota is regulated through
post-translational controls, such as the rate of enzymatic

Figure 4. Relationship of the five R. raciborskii CS-506i,
A-D genomes through whole genome MAFFT alignment and
neighbour-joining tree.

Figure 5. Blast ATLAS analysis of the five Raphidiopsis raciborskii CS-560i, A-D genomes, with CS-506i as reference. The nitrogen
fixation (nifHDK) and cylindrospermopsin (cyr) gene clusters are shown; 100% synteny occurred in these clusters across the five
genomes.
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synthesis or molecular degradation (Sinha et al., 2014;
Willis et al., 2018).

Genetic changes between the four cultures occurred via
gene loss, gene gain and SNPs, taking place across 22% of
the genome. The genome modifications appear to have
occurred throughout the genome, and no clear genomic
islands were identified (Pantůček et al., 2018). Only 9% of
genes in the core genome contained SNPs, suggesting that
gene loss/gain appears is the principal mechanism driving
culture adaptation and supporting the existence of
a plasmid. Approximately 1% of the pangenome com-
prised unique proteins, either of bacterial origin, suggest-
ing HGT events, or proteins specific to R. raciborskii
suggesting recent parallel gene loss events across the four
living cultures. TheR. raciborskii specific proteins occurred
in the genomes of CS-506A and CS-506D, suggesting they
have been recently lost independently from CS-506B and
CS-506C. In the case of CS-506B this loss has occurred in
the last two years, as well as one gene gain event. The
variable portion of the genome is apparently unstable,
with frequent gene changes occurring.

Genes gained are bacterial in origin and presumably
come from co-occurring heterotrophic bacteria. The
cultures were not axenic, and each culture was contami-
nated with heterotrophic bacteria, principally domi-
nated by an Alphaproteobacteria with fewer numbers
of Betaproteobacteria and Chitinophagaceae. The

dominant bacterium in each culture was different:
Alsobacter in CS-506A, Roseomonas in CS-506B and
CS-506D, and a Rhodobacterales in CS-506C. The
genes gained were not closely related to the dominant
contaminating bacteria, suggesting the genes may not
have been recent HGT events, or came from bacteria
occurring in low frequency or previously dominant.
Whether the dominant bacterial type has been stable
over time, has progressively shifted or shows variations
or cycles in dominance in one or more of CS-506A-D
was not within the scope of this study.

The relationship of the genomes, by MAFFT
alignment, did not correspond to the time since
separation from the parent culture, suggesting that
rates of genetic drift fluctuate, potentially corre-
sponding to changes in laboratory conditions.
Typically, genetic drift promotes genome reduction
(Kuo, Moran, & Ochman, 2009), and the genomes of
the four current cultures, CS-506A–D, are smaller
than the culture sequenced in 2010, CS-506i. The
genome tree also did not match the morphology/
physiology tree, further indicating that physiological
changes are not the result of genetic mutations, but
rather arise from changes in regulation. The fact that
these changes are hereditary and become dominant
in the culture further suggests that changes at the
epigenome level are occurring.

Figure 6. Identification of co-occurring heterotrophic bacteria in Raphidiopsis raciborskii CS-506A-D cultures by 16S biodiversity of
metagenomes.
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Approximately 45% of the variable genes are
hypothetical proteins: the characterized proteins
encompass transporters, DNA repair and transcrip-
tional regulation, photosynthesis, and some nitrogen
regulation. These are similar to the functions described
in the variable genome of closely related R. raciborskii
strains (Willis et al., 2018), suggesting that the core and
variable genomes are defined. The variable genome was
~ 10% of the pangenome, showing that gene loss has
occurred frequently. This suggests that the large amount
of intraspecific genome diversity and flexible pangen-
ome of the species are a result of HGT events, probably
via a plasmid shared between cells. There is some evi-
dence of the presence of a plasmid in R. raciborskii, but
it has not been conclusively identified (Fuentes-Valdés,
Plominsky, Allen, Tamames, & Vásquez, 2016). This
indicates that HGT may be a mechanism that allows
R. raciborskii to maintain intraspecific diversity to con-
fer adaptation in a genome undergoing reduction.

Laboratory experiments designed to understand the
environmental niche of R. raciborskii are complicated
by comparing data from a single isolated strain with the
response of a native population that contains intraspe-
cific diversity. This means that any laboratory experi-
ment lacks the diversity of response of the species. The
physiological changes of the four daughter cultures
characterized in this study and compared to the 2006
and 2012 cultures show that these current cultures are
no longer representative of the exact niche that this cell
occupied when first isolated. However, the changes that
have occurred are not beyond the breadth of variation
found across ecotypes of R. raciborskii, when compared
to other studies (e.g. Xiao, Willis, & Burford, 2017).
Therefore, careful interpretation of results is always
required when using laboratory cultures for ecological
questions: it is necessary to recall that the ecophysiolo-
gical plasticity of R. raciborskii populations means that
there is greater adaptive potential within a population
compared to an isolated culture.

Cryopreservation is frequently and rightly advocated
to limit genetic drift in long term algal culture curation,
and is suitable for many freshwater cyanobacteria, but in
this study, we used strains that have yet to be cryopre-
served. This serendipitously allowed the long-term gen-
ome evolution over 23 years to be studied providing
insights into pangenome–phenotype interactions.
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