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Anusuya Willis 5 and Dariusz Dziga 1,*

1 Department of Microbiology, Faculty of Biochemistry, Biophysics and Biotechnology, Jagiellonian University,
Gronostajowa 7, 30387 Krakow, Poland; adam.antosiak@student.uj.edu.pl (A.A.);
nada.tokodi@dbe.uns.ac.rs (N.T.); robert.maziarz@student.uj.edu.pl (R.M.)

2 Department of Biology and Ecology, Faculty of Sciences, University of Novi Sad, Trg Dositeja Obradovića 3,
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Abstract: R. raciborskii is known for growing under wide ranges of temperature and light. In temperate
regions, however, low temperature and high light may serve as a stressful condition for invading
tropical populations. The genetic basis of R. raciborskii’s adaptation to this combination of stresses are
unknown. In this study, the growth rate and the expression of genes that may be crucial in the response
to the chill/light stress of two R. raciborskii strains (differing in their climatic origin and toxicity)
exposed to low temperature and high light were examined. Results showed that AMU-DH-30, a non
CYN (cylindrospermopsin) producing strain isolated from the temperate region, exhibited under
stress the upregulation of genes involved in the protein translation (rbp1, nusG, hflX), membrane
fluidity (desA), photosynthetic activity (ccr2 and ftsH), and the accumulation of compatible solutes
(asd). In contrast, a CYN producing Australian strain CS-505 was not able to adapt quickly and to
continue growth during stress conditions. Intriguingly, CS-505 and AMU-DH-30 had a similar ability
to resume growth when the stress conditions subsided. Moreover, in strain CS-505 the cyrB gene was
significantly upregulated under the stress conditions. The presented results shed new light on the
possible mechanisms involved in the response of R. raciborskii to chill/light stress.
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1. Introduction

Increased eutrophication of surface water results in a common occurrence of toxic or potentially
toxic cyanobacterial blooms. Several species originally thought to proliferate only in more tropical
regions of the world are now being detected in temperate climates, suggesting that these cyanobacteria
are highly adaptive, which has important implications for water safety [1]. The best example of
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a cyanobacterium well adapted to different conditions is Raphidiopsis (formerly Cylindrospermopsis)
raciborskii which has considerable flexibility with respect to light and nutrients [2]. The successful
expansion of this taxa from subtropical regions toward colder temperate regions has been explained by
its ability to rapidly adapt to new environments through high intraspecific variability. These so-called
ecotypes vary in their ecophysiology with respect to factors driving their occurrence including
temperature, light, and nutrients. Recent studies have shown high degree of strain variability within
populations of this cyanobacterium originating from different geographic regions [3]. Chemotypes of
R. raciborskii isolated from China, Australia, and New Zealand can synthesize cylindrospermopsins
(CYNs), some isolates from South America produce saxitoxins, while strains from the temperate zone
including North America and Europe are considered, so far, as incapable of producing any of these
toxic compounds [2]. However, several studies have shown R. raciborskii strains isolated from Polish
lakes are capable of producing as-yet unknown metabolites that have in vitro cytotoxicity in human
lymphocytes and neutrophils [4] and evoking neurotoxic effects [5]. Interestingly, the high physiological
or chemical variability of R. raciborskii strains can occur even within one waterbody [3]. There is a
relatively broad knowledge regarding the distribution and toxicity of freshwater cyanobacteria, on the
other hand, the cellular response of cyanobacteria to different abiotic and biotic factors influencing
their growth, abundance, and toxin production is still poorly understood.

Cyanobacteria need to manage several stress conditions generated by different abiotic factors [6].
As a response, some species have developed efficient strategies that allow them to invade and dominate
new habitats. One of the most crucial problems for species that inhabit surface water in the temperate
climate is to survive the cold period and to respond to high light stress. The combination of cold
and high solar radiation may induce photooxidative stress. Moreover, the so-called phenomenon of
low-temperature-induced photoinhibition is well established [7]. The high plasticity of R. raciborskii in
response to key environmental factors—temperature and light intensity [8–10] may explain its gradual
domination in changing environments. Additionally, the formation of akinetes is crucial during the
winter period [11]. Akinetes could serve as a dispersal unit and only those filaments that formed
akinetes are able to hibernate and to establish a new population [12]. However, when populations are
well developed, growth may be continued even at relatively low temperatures combined with high
light intensity. This is probably associated with the occurrence of genetically and ecophysiologically
different ecotypes of R. raciborskii [13] and its greater plasticity in response to environmental factors [8].

Cyanobacteria that do not form akinetes, have developed a capability to overwinter when water
temperatures decrease and then to reinvade the water column. This is called acquired chill-light
tolerance (ACLT) which depends on gene regulation and the accumulation of certain metabolites during
preconditioning. The crucial role of such mechanisms in ACLT has been documented mainly for the
laboratory strain Synechocystis sp. PCC 6803 [14–16] and Microcystis sp. [17]. R. raciborskii has been found
to succeed in all climates and at temperatures as low as 11 ◦C. Therefore, the successful establishment of
populations is not only dependent on akinete production but also on other processes [18]. This species
must have developed physiological mechanisms which has allowed for survival and growth during
cold periods associated with temperate winters.

Many genes regulated during cold or light stress have been identified in various species of
cyanobacteria, although mostly in Synechocystis. In response to cold stress, cyanobacteria regulate the
expression of genes involved in overcoming cold-induced damages and resume growth when favourable
weather conditions occur [19]. Some categories of upregulated genes induced by a low-temperature
have been distinguished in cyanobacteria. Among them are genes encoding: Desaturase, proteins
involved in RNA and DNA metabolism, proteins involved in crucial metabolic pathways, GTP binding
proteins, or high-light inducible proteins [19]. However, despite numerous field and laboratory research
the genetic grounds of the adaptation of R. raciborskii strains to a low temperature and high light
irradiation (chill/light stress) are not known. It is extremely important to understand the mechanisms
which have allowed potentially toxic cyanobacteria to invade and dominate new environments.
In the case of R. raciborskii it seems that its high level of physiological variability may be a key factor
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that contributes to its successful worldwide expansion. The current study aimed to investigate the
expression of key genes involved in the adaptation mechanisms of R. raciborskii strains isolated from
two different habitats: First, the strain was isolated from temperate Lake Bytyńskie (Poland) and the
second from Solomon Dam, Palm Island (Australia). In addition, these two strains differ in their toxicity,
the strain from Poland is non-CYN producing while the strain from Australia is a CYN producer.
The analyzed genes were those that are crucial in the response to the stress of high light and/or low
temperature, involved in: (i) Protein translation (rbp1, nusG, hflX), (ii) membrane fluidity (desA),
(iii) photosynthetic activity (ccr2) including the PSII repair function (ftsH and fabZ), (iv) accumulation
of compatible solutes (asd), and (v) involved in the synthesis of cytotoxic cylindrospermopsin (cyrB
and cyrJ; CYN strain only).

Our hypothesis assumed that gene upregulation has an essential role in adaptation of toxic or
potentially toxic R. raciborskii strains to chill/light stress. For this reason, we compared: (i) The growth
of the two investigated strains during and after chill/light stress and (ii) the expression patterns of
selected genes that could play an important role in response to this stress.

2. Materials and Methods

2.1. Strains

R. raciborskii AMU-DH-30 strain was isolated from Lake Bytyńskie (western Poland). It was
confirmed to be non CYN-producing [20]. Australian R. raciborskii CS-505, with confirmed CYN
production was isolated from Solomon Dam, Palm Island, Queensland and was supplied by the
Australian National Algae Culture Collection. Strains were cultured in a WC medium with reduced
nitrogen concentration (25% of the recommended dose), in 20 ◦C, and light intensity of 40 µmol m−2 s−1 in
POL-EKO thermostatic cabinets equipped with cool white light (Philips, Amsterdam, The Netherlands).

2.2. Experimental Condition

The cultures in the early exponential growth phase (with the initial OD730 about 0.2) were split
into two groups (control and stress) in three independent biological replicates. Cultures were kept in
250 mL glass flasks and incubated for one day in standard conditions (20 ◦C and 40 µmol m−2 s−1).
The next day (time 0) cultures from the stress group were moved to a lower temperature (10 ◦C) and
higher irradiance (100 µmol of photons m−1 s−1) for 10 d (the logarithmic growth of investigated
strains), and then moved back to optimal conditions for five days which allowed observing, if the
strains are able to resume the growth. Cultures from the control group were incubated in the standard
conditions during the whole experiment. Fifteen milliliters of liquid culture for RNA isolation was
collected in time 0 and then in 1, 6, 24, and 120 h (five days) of incubation for the analysis of gene
expression connected to chill/light stress, and time 0, 48, 120 (five days), and 240 h (ten days) for the
analysis of the expression of cyr genes. The growth was controlled by optical density measurement at
730 nm and the specific growth rate has been calculated based on the formula:

Nt = N0 × (1 + r)t

where Nt is the amount of cells at time t, N0 is the amount of cells at time 0, r is the growth rate, and t
is the time passed.

2.3. RNA Isolation and cDNA Synthesis

RNA isolation was carried out using the TRI reagent (Molecular Research Center, Cincinnati,
OH, USA) according to the manufacturer’s protocol with some modifications. Fifteen milliliters of
liquid culture fixed with 10 mL of 96% ethanol in 50 mL falcon tubes was centrifuged (5 min, 5000× g,
4 ◦C). The cells were resuspended in 500 µL of the TRI Reagent mixed with glass beads (ratio 1:1 v/v).
Samples were shaken intensively for 10 min at room temperature. An amount of 100 µL of chloroform
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was added in order to separate RNA and the mixture was shaken for 15 s and incubated for 15 min,
then centrifuged for 15 min at 16,000× g at 4 ◦C. The water phase containing RNA was transferred
into new Eppendorf tubes and 250 µL of isopropanol was added in order to precipitate RNA. Samples
were mixed gently and incubated for 1 h at 4 ◦C, then centrifuged for 20 min at 16,000× g at 4 ◦C.
The supernatant was discarded and the pellet was washed twice with 750 µL of 85% ethanol. The pellet
was air dried and suspended in 30 µL of DEPC treated water. An amount of 500 ng of RNA, quantified
with a spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), were incubated with
DNase I (Thermo Fisher, Waltham, MA, USA) to remove residual genomic DNA and used for cDNA
synthesis using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham,
MA, USA) according to manufacturer’s instructions.

2.4. Real-Time PCR

Each sample was analyzed in two technical replicates. Primers for qPCR were designed on the
base of genes sequences deposited in the Nucleotide NCBI database using the PrimerQuest Tool
(https://eu.idtdna.com/Primerquest) (Table 1). The sequences were verified using the OligoAnalyzer
software (https://eu.idtdna.com/calc/analyzer) to avoid the formation of secondary structures.

Real-time PCR was performed as described previously [21] using the PowerUp SYBR Green
Master Mix (Thermo Fisher, Waltham, MA, USA) and the CFX96 Touch Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA). The temperature program was as follows: 2 min at 50 ◦C,
2 min at 95 ◦C, and 40 cycles of 15 s at 95 ◦C, and 60 s at 60 ◦C. An end-point melt-curve analysis was
generated after each run and analyzed to assure the absence of nonspecific PCR products.

Table 1. List of primers used in the qPCR reactions.

Target Gene Primer Name Primer Sequence (5′-3′)

prs prs_Rr1qF CGAGTCCTGGCTATGGATTTAC
prs_Rr1qR CAGTAAGACTGGCGAACCATAA

rnpA rnpA_Rr1qF TCACCTGCACTCCTCTTCTA
rnpA_Rr1qR TGCGAACCACTGCTCTTT

asd
asd_Cyl1qF TCTTCCCTATCCTCTGGCTTTC
asd_Cyl1qR CCGGGTTTCGTTGACCATTT

ccr2
ccr2_Cyl1qF TTCATACTCTTCCCGCTGTTG
ccr2_Cyl1qR CAAGTTCTACTGGTGTTAGG

cyrB cyrB_2qF GCCTGAGTACCTATCTGCTTAAC
cyrB_2qR AGCCTGAAACTGCTCCATATC

cyrJ cyrJ_2qF AGTAATCCCGCCTGTCATAGA
cyrJ_2qR ACTGAGCATTGTCTCGGTAAAC

desA
desA_Cyl1qF GTGGCATCCCATAAGAGTAGAAG
desA_Cyl1qR CAGTGCCCAATAGAACCTATCC

fabZ fabZ_Cyl1qF GGGTTCTAATCGTGGAAGCTATG
fabZ_Cyl1qR CGAAACCGCACTTTGTCAATAC

ftsH ftsH_Cyl1qF GTCAGTATTGGCCCTGGTAATAG
ftsH_Cyl1qR GTCCGTAGGTCATTCTGGTATTG

hflX hflX_Cyl1qF CGGTTATTGGTGAGGGTAAGG
hflX_Cyl1qR CGTACTTGAGCGGGTGATAAATC

nusG
nusG_Cyl1qF GACATGGCTACGGGTGATAAG
nusG_Cyl1qR CCTTTCTGGCGACACTTCA

rbp1 rbp1_Cyl1qF GTTAAACGGGTTCAAATTCCCAC
rbp1_Cyl1qR CAATCGCTGCAGTTTCTTCTTC

https://eu.idtdna.com/Primerquest
https://eu.idtdna.com/calc/analyzer
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To establish standard curves a 10-fold dilution series of linearized pJET1.2 plasmids containing
target genes were used. The plasmids were prepared by cloning the amplicons of the target genes
fragments using the CloneJET PCR Cloning Kit (Thermo Fisher, Waltham, MA, USA) and linearized
with a FastDigest NotI restriction enzyme (Thermo Fisher, Waltham, MA, USA). Target gene fragments
were prepared using Dream Taq DNA polymerase (Thermo Fisher, Waltham, MA, USA) and the same
primers as in real-time PCR. The temperature program of PCR was as follows: 3 min at 95 ◦C, 30 cycles
of 30 s at 95 ◦C, 30 s at 60 ◦C, 1 min at 72 ◦C, and 10 min at 72 ◦C for the final extension.

2.5. Real-Time PCR Results Analysis

Gene expression was described as a ratio of the target gene copy number to a reference gene copy
number, as follows:

RQ = Ntarget/Nreference

where Ntarget is the target gene copy number and Nreference is the reference gene copy number. The copy
numbers were estimated using the standard curve. Reference genes prs and rnpA were chosen as the
most stable in the used experimental conditions [22].

2.6. Statistical Analyses

Two independent experiments, each containing three independent replications were performed. Thus,
all qPCR data used in the statistical analyses were based on six samples. The growth and qPCR results
were analyzed statistically using ANOVA (Statistica 13.3, TIBCO Software Inc., Palo Alto, CA, USA).

3. Results

3.1. Growth Pattern

The investigated strains expressed a different growth pattern in the control condition (Figure 1(1,2))
with the growth rate during the whole experiments (1–15 d) 0.137 and 0.116 for AMU-DH-30 and
CS-505 strains, respectively. In comparison, the stress groups had the growth rate approximately 0.094
and 0.062. The most evident effect of the response to stress could be observed during the 10 d of
incubation in high light irradiation and low temperature. In this period, the growth rate of both strains
was much lower in stress groups in comparison to the control one (0.068 vs. 0.156 for AMU-DH-30
and 0.034 vs. 0.136 for CS-505). Moreover, the CS-505 strain grew two times slower than AMU-DH-30
during the stress condition (Figure 1(2)). Interestingly, both strains manifested the ability to resume
their growth after 10 d of stress, when placed under favorable conditions. During this period the
growth rate of both strains was similar.
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Figure 1. The growth of Raphidiopsis raciborskii AMU-DH-30 (squares) and CS-505 (rhombs) strains
in the control conditions and under the chill/light stress (10 ◦C and 100 µmol of photons m−1 s−1

for 10 d). The blue colour with solid lines represents control groups, the orange colour with dashed
lines represents the stress group. Statistically significant differences between: (1) AMU-DH-30 control
and AMU-DH-30 stress in 9, 11, and 15 d; (2) CS-505 control and CS-505 stress in 7, 9, 11, and 15 d;
(3) AMU-DH-30 stress and CS-505 stress in 11 and 15 d.

3.2. Gene Expression

The transcript levels of eight genes of R. raciborskii AMU-DH-30 strain that theoretically could be
involved in response to the chill/light stress were determined (Figures 2a and 3). Most of the genes
were upregulated in the stress group. Based on the results, three patterns of the gene expression of the
AMU-DH-30 strain were distinguished: (i) The increase of the transcript level after 1 h of incubation in
the chill/light stress (three genes: ccr2, hflX, nusG); (ii) the increase of the mRNA level in the chill/light
stress both in 1 h and five days of incubation or in 24 and 120 h (asd and desA) or in 24 and 120 h (ftsH
and rbp1); (iii) the lack of the influence of the chill/light stress on the mRNA levels (fabZ). The most
spectacular changes were observed for nusG, asd, and hlfX.

R. raciborskii CS-505 strain from Australia expressed a much weaker transcriptomic response to
the chill/light stress (Figure 2b,c and Figure 4). The mRNA levels of eight (ccr2, hflX, desA, fabZ, nusG,
ftsH, rbp1, ccrJ) of the ten genes tested were not affected during the whole experiment. The increased
mRNA amount was observed only for asd and cyrB after 120 h of the treatment.
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Figure 2. The heat maps of normalized relative gene expression intensities of investigated R. raciborskii
strains: (a) AMU-DH-30; (b,c) CS-505. Each horizontal line represents a probe set (control and stress),
with light green indicating low expression and dark-green indicating high expression in the various
time intervals. Heat maps were prepared using the Multiple Experiment Viewer. Each t0 control value
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Figure 3. The box plots with a relative gene expression level of each analyzed gene of Raphidiopsis
raciborskii AMU-DH-30 in reference to the prs house-keeping gene transcript level. Means are indicated
by squares, bars represent standard deviation, whereas boxes represent the standard error. Raw data
are marked as triangles. Statistically significant differences: (1) increased in comparison to stress t0,
control 1, 24, and 120 h; (2) increased in comparison to stress t0, control t0, 1, 24, and 120 h; (3) increased
in comparison to stress t0, control t0, 1, 24, and 120 h; (4) increased in comparison to each control, stress
t0 and 120 h; (5) increased in comparison to each control; (6) increased in comparison to each control,
stress t0, 6, 24, and 120 h; (7,8) increased in comparison to each control and stress t0; (9) increased in
comparison to each control and stress; (10) increased in comparison to each control and stress 6 h;
(11,12) increased in comparison to each control and stress t0; (13, 14) increased in comparison to each
control, stress t0, and 1 h.
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Figure 4. The box plots with a relative gene expression level of each analyzed gene of Raphidiopsis
raciborskii CS-505 in reference to the prs house-keeping gene transcript level. Means are indicated by
squares, bars represent the standard deviation whereas boxes represents the standard error. Raw data
are marked as triangles. Statistically significant differences: (1) increased in comparison to stress t0 and
control 120 h; (2) increased in comparison to each control and stress.

4. Discussion

The successful range expansion of R. raciborskii species occurs through phenotypic plasticity,
allowing it to rapidly adapt to new conditions, and physiological attributes that allow it to thrive in
inhospitable environments [2]. For example, its high affinity for phosphorus uptake and strain variation
in phosphorus storage [23] has allowed its dominance in habitats with phosphate deficiency [24].
Growth under a broad range of temperature and light conditions is also an important capability
for successful invasion [18,25–27]. The dual roles of light and temperature in the dominance of
certain species is not fully understood, and field and laboratory studies have shown contrasting
results [7,28,29].

While the temperature optima of R. raciborskii strains isolated both from temperate and (sub)tropical
regions is reported as 19 to 32 ◦C [26,30] in the field, R. raciborskii populations can sustain biomass at
temperatures as low as 11 ◦C [11]. In this study, the strains isolated from different climatic zones varied
in their ability to grow under low temperature and high light irradiance (Figure 1). The temperate
Polish strain AMU-DH-30 performed better under the stress conditions (10 ◦C and 100 µmol of
photons m−1 s−1) than strain CS-505 from tropical Australia. Unsurprisingly, strain AMU-DH-30
appears to be better adapted to cold conditions, however, both strains had the ability to regenerate under
favorable conditions, suggesting that both strains would proliferate similarly. Therefore, increasing
water temperatures and longer vegetation season are factors that could increase the opportunities for
tropical strains of R. raciborskii to establish in temperate regions [30,31]. In the temperate zone in Poland,
the maximum abundance of this species is limited to summer when water temperatures range from
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22–25 ◦C [28]. Recknagel et al. [32] showed a strong correlation between seasonal population dynamics
of R. raciborskii and water temperature in two temperate lakes, compared to a greater temperature
dependence in tropical lakes. On the other hand, a different study reported only a weak influence of
temperature on the phytoplankton community composition and R. raciborskii spread [29]. Overall,
climate warming has been suggested frequently to explain the successful expansion of R. raciborskii.

Similarly, a high tolerance to changes in light intensity has been demonstrated for R. raciborskii [1,23].
The dual roles of light and temperature in the dominance of certain species is not fully understood.
Briand et al. [33] revealed strain dependent differences in the growth rate under a wide range of
light conditions from 50 to 500 µmol m−2 s−1, however, general preference appears to be for low
light between 50 and 120 µmol m−2 s−1 [2]. Moreover, R. raciborskii is known to be a shade tolerant
species and its growth can be maintained in light as low as 10 µmol m−2 s−1 and below [2]. Such a
high variability in light tolerance does not seem to correlate with the biogeographical origin of the
strains [2,34]. Changes in the photosynthetic structures (cell pigment quota and effective absorption
cross-sectional area of PSII) were indicated as a possible mechanism that allows R. raciborskii to adapt
to varied environments with relatively stable light conditions [35]. However, importantly, recent
evidence indicates that the growth of R. raciborskii at low temperatures is light dependent, with high
irradiance hampering its growth [7]. Our study is in line with this finding, additionally showing
that the phenomenon of low-temperature/high light-induced photoinhibition is also strain specific.
However, the above-mentioned findings do not explain how some R. raciborskii strains have adapted to
chill/light. This adaptation requires the development of mechanisms that ensure survival with the
combination of two stresses, typical of the temperate climate.

The mechanisms of adaptation to chill/light have been explored only accidentally. For example,
such conditions may induce the accumulation of carotenoids and phycobilins in R. raciborskii cells [36,37]
which allows better protection from light and results in lower photoinhibition compared to a native
species, Aphanizomenon gracile [37]. However, neither genetic nor physiological characteristics of this
adaptation are well understood. The pattern of gene expression of the selected genes in this study,
which are involved in the basic metabolic processes (Figure 5), give insights into this phenomenon.

The gene expression results suggest a broad response to chill/light stress on mRNA level (seven of
the eight investigated genes upregulated) in AMU-DH-30 strain (Figures 2a, 3 and 5). The biologically
relevant upregulation impacting the physiological level can be assumed at least for hflX, nusG, and asd.
Furthermore, the increased expression of other genes also suggest their involvement in this type of
response. Particularly important seems to be the upregulation of rbp1 as it has been documented that
RNA-binding proteins (Rbp), involved in many posttranscriptional regulation processes may regulate
the cyanobacterial physiology at low temperature. The accumulation of Rbp1 and 2 in Synechocystis sp.
during preconditioning [14] was correlated with the increased chill/light tolerance. Our results suggest
that the upregulation of rbp1 in R. raciborskii may allow the initiation of other processes necessary for
adaptation, mainly those responsible for enhanced membrane fluidity and photosynthesis maintenance.
In Synechocystis, Rbp3 may influence the mRNA levels of desA, desB, desD [38], which has a role in the
modifications of membrane fluidity. In our study, the increased level of desA was observed only in
AMU-DH-30 strain after 1 h and five days of acclimation to chill/light stress whereas in CS-505 strain
this gene was not upregulated. These results suggest that cells of R. raciborskii AMU-DH-30 exposed
to chill/light stress were induced to a rapid increase in the desaturation of fatty acids chains and this
process is prolonged for several days, indicating the mechanism of chill/light adaptation. Another
investigated gene encoding (3R)—hydroxymyristoyl-[acyl-carrier-protein]-dehydratase (FabZ) [39] is
involved in a fatty acid elongation cycle that leads the biosynthesis of unsaturated fatty acids. However,
fabZ was not upregulated neither in AMU-DH-30 nor CS-505 strain which indicates that this gene does
not play any role in chill/light stress.
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Figure 5. Schematic indicating the role of analyzed genes in a cyanobacterial cell and their response
to chill/light stress. Red and blue arrows represent the gene upregulation in AMU-DH-30 and
CS-505 strains, respectively (solid—indicates early response (1 h), dotted—response after prolonged
exposure to stress (120 h), bold arrows—at least 4-fold, thus biologically relevant upregulation).
Rbp1—RNA-binding protein, involved in posttranscriptional regulation; DesA—delta(12)-fatty-acid
desaturase, and FabZ (3R)—hydroxymyristoyl-[acyl-carrier-protein]-dehydratase, both involved in
unsaturation of fatty acids of the membrane lipids; FtsH—ATP-dependent zinc metalloprotease
responsible for the thylakoid membranes biogenesis and control of the photosystem II repair cycle;
Ccr2—assumable thylakoid protein important in maintaining the membrane functionality and affecting
the PS II-mediated electron transport rate; NusG—a transcription factor that may participate in
transcription attenuation and translational control mechanisms; HflX—GTPase, a dissociation factor
of the 100S ribosome that plays a role in the regulation of 70S and 100S ribosome homeostasis;
Asd—aspartate-beta-semialdehyde dehydrogenase, enzyme involved in lysine biosynthetic pathway
and the further accumulation of AASA participating in stress response; CyrB—enzyme involved in
cytotoxic CYN synthesis pathway. See details in the main text.

The modification of thylakoid membrane composition and fluidity provides an optimal condition
leading to homeostasis of proteins involved in photosynthesis and their functionality under stressful
condition [40]. The homeostasis of proteins relies on the mechanisms necessary to remove
photodamaged and misfolded proteins. One of the most limiting steps in the photosynthetic repair
cycle is the replacement rate of damaged D1, an integral component of PSII, which is particularly
sensitive to oxidative stress induced by chill/light. The ATP-dependent zinc metalloprotease (FtsH)
plays a crucial role in the control of the photosystem II repair cycle in model cyanobacterium species
Synechocystis PCC 6803 [41] and in Prochlorococcus marinus MED 4 [42]. The upregulation of ftsH
observed in our study under chill/light stress after 24 h (which was prolonged in the following days)
suggests that in AMU-DH-30 ftsH supports the assembly of protein complexes in the photosynthetic
electron-transport pathways. Other genes that are required to support the photosynthetic activity at a
low temperature, crucial in the response to chill/light stress belong to ccr (cyanobacterial cold resistance
genes) [15,16]. Their expression can be influenced by Rbp proteins [38] as discussed above. Ccr2 has
previously been reported as a representative of a novel thylakoid protein required for survival in lower
temperatures [16]. Our results seem to confirm the importance of this protein in the adaptation to
lower temperature. The increased level of ccr2 observed in AMU-DH-30 strain may affect a membrane
functionality and the PSII-mediated electron transport rate, by interaction with PSII or electron carriers,
as was suggested by Li et al. [16].

Other metabolic processes important in the response to low temperature are those triggering
the protein synthesis inhibited under low temperature. The upregulation of such genes required to
reinitiate the translation (such as nusG and hlfX) occur after prolonged to low temperature [40,41].
A conserved transcription factor NusG may participate in transcription attenuation and translational
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control mechanisms [43]. Its expression in AMU-DH-30 increased after 1 h of chill/light stress and was
upregulated after 120 h, as well, suggesting that the transcriptional and translational machineries can
be controlled by the mechanism involving NusG. The expression of hflX in this strain was significantly
increased in the same manner. Conserved GTPase HflX has recently been found as a dissociation factor
of the S. aureus 100S ribosome [44] that plays a key role in the regulation of 70S and 100S ribosome
homeostasis, which is closely connected with the bacterial survival during different stress conditions.
The expression of hflX, that may be regulated in a temperature-dependent manner [45], is necessary to
reuse the ribosome for new cycles of translation. The upregulation of hflX observed in our study may
promote the 70S ribosomes disassembly and suggests that R. raciborskii AMU-DH-30 cells can maintain
cell viability by reversible conversion of silent 100S to a translationally active 70S ribosome.

An alternative and widely used protective strategy to overcome the challenges of a changing
environment is based on the accumulation of low-molecular-weight, water-soluble, organic compounds,
known as compatible solutes [46]. Among them, the lysine derivatives are of particular interest because of
their close connection between lysine catabolism and temperature stress protection [47]. In the present
paper, the asd gene encoding aspartate-beta-semialdehyde dehydrogenase, an enzyme involved in the
lysine biosynthetic pathway was analyzed. The further conversion of lysine allows the accumulation
of α -aminoadipic-δ -semialdehyde (AASA), a physiological intermediate that participates in stress
response [48]. The expression level of this gene was enhanced in both investigated strains which may
suggest that the accumulation of compatible solute (AASA) [46] was stimulated. The induced expression of
this gene involved in the lysine conversion suggests its importance to survive during the chill/light stress.

To summarize the aforementioned findings—both the growth and expression patterns of
R. raciborskii AMU-DH-30 strain indicate that its adaptation to the temperate climate of central
Europe is displayed by the fast initiation of different mechanisms required to maintain the main
metabolic functions, particularly ones sensitive to chill/light stress. On the contrary, a different
behaviour of R. raciborskii CS-505 (Figure 2b) was noted—lower growth rate in stressful conditions
but, similar to AMU-DH-30, ability to resume the growth—may suggest other mechanisms involved
in the response to chill/light. Indeed, it is an intriguing finding that from the analyzed list of genes
reported previously known to encode proteins involved in a stress protection [19], no genes were
activated in CS-505 during the chill/light stress. On the other hand, in the CS-505 cyrB gene involved in
cytotoxic CYN production was significantly overexpressed on day 5 in stress conditions (Figure 2c).
It is interesting to note this upregulation although previous studies have not found a link between
cyr gene expression and toxin yield [49] and CYN production in R. raciborskii is generally considered
constitutive [50,51].

5. Conclusions

Although R. raciborskii initially occurred in more tropical regions, it has invaded freshwaters in the
temperate climate. The results provided in this paper suggest that the temperate strain, R. raciborskii
AMU-DH-30, is better adapted to chill/light stress. Its expression pattern implies broad physiological
response and the stimulation of several processes crucial for the cell functioning under stress. On the
other hand, the tropical strain, R. raciborskii CS-505, was unable to grow and respond to the chill/light
stress; it seems to halt physiological response and “wait” until conditions improve and then continues
to grow. Gene expression of the same genes can vary significantly between the strains, and the results
from our study suggest that the chill/light stress, relatively common in the temperate climate, imposes
the adaptive evolution that allows such ecological success of invasive species through the flexible
modification of the structure and physiology of cyanobacterial cells. Recent genome analysis suggests
that speciation in Raphidiopsis occurs through geographic isolation [52,53]. This adaptation can occur
through changes in the genome via the horizontal gene transfer but also through changes in gene
expression, as has been seen previously in closely related strain CS-505 and CS-506 [54]. It is confirmed
in the present study with strains with much greater geographic isolation. Comparing such different
strains gives a broader insight into the adaptation of strains to local environments. However, further
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research would be needed to investigate more definitively which stress response mechanisms are
activated in different strains of R. raciborskii.
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