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Helical and linear morphotypes of Arthrospira sp. PCC 8005 display genomic
differences and respond differently to 60Co gamma irradiation
Anu Yadav a, Pieter Monsieurs b, Agnieszka Misztak c, Krzysztof Waleron d, Natalie Leys a,
Ann Cuypers e and Paul J. Janssen a

aInterdisciplinary Biosciences, Microbiology Unit, Belgian Nuclear Research Centre (SCK•CEN), 2400 Mol, Belgium; bDepartment
of Biomedical Sciences, Institute of Tropical Medicine (ITG), 2400 Antwerp, Belgium; cDepartment of Biotechnology,
Intercollegiate Faculty of Biotechnology, University of Gdansk, 80–307 Gdansk, Poland; dDepartment of Pharmaceutical
Microbiology, Medical University of Gdansk, 80–416 Gdansk, Poland; eEnvironmental Biology, Centre for Environmental
Sciences, Hasselt University, 3590 Diepenbeek, Belgium

ABSTRACT
Arthrospira are multicellular cyanobacteria that typically reside in alkaline lakes of (sub)tropical regions and are mass
cultivated around the globe in a variety of outdoor facilities and photobioreactors for their high nutritional, pharmaceutical
and clinical value. Arthrospira sp. strain PCC 8005 was selected by the European Space Agency as an oxygen producer and
nutritional end-product in a bioregenerative life support system for long-haul missions. Being highly resistant to ionizing
radiation, it is also an ideal candidate for other space applications such as in situ resource utilization and terraformation.
During long-term strain maintenance involving continuous subculturing we noted an irreversible morphological change in
PCC 8005 subcultures i.e. from only helical to only straight trichomes. These morphotypes displayed differences in growth
rate, buoyancy and resistance to gamma radiation. We also found marked differences in antioxidant capacity, pigment
content and trehalose concentration, while whole-genome comparison revealed a difference of 168 SNPs, 48 indels and four
large insertions affecting, in total, 41 coding regions across both genomes. Although nine of these regions encoded proteins
with a known function, no conclusive genotype-phenotype associations could be determined. Nonetheless, genomic changes
within the gvpC gene (encoding a gas vesicle protein) and within the regulatory region of the psbD gene (encoding the D2
protein of PSII) provided some clues for the observed differences in buoyancy and growth.
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Introduction

The genus Arthrospira consists of oxygenic photoauto-
trophic prokaryotes (cyanobacteria) with considerable
commercial value owing to their excellent properties as
nutraceuticals and their many pharmaceutical and
medical applications (Ciferri, 1983; Karkos et al., 2011;
Hosseini et al., 2013; Sotiroudis & Sotiroudis, 2013; Wu
et al., 2016; Furmaniak et al., 2017). Arthrospira species
are characterized by multicellular cylindrical trichomes
most commonly found in helical form (Tomaselli, 1997;
Sili et al., 2012). Owing to their natural appearance as
small green coils they are known as ‘spirulina’ which
also is the commonly used commercial name for all
mass-produced Arthrospira. However, they are only
distantly related to the true Spirulina, a genus whose
members also form helical trichomes but is very differ-
ent according to all phylogenetic and cytological cri-
teria, which place Spirulina in the Spirulinales while
Arthrospira belongs to the Oscillatoriales (Komárek et
al., 2014). Making use of pangenomic taxonomic sig-
natures for a large set of publicly available cyanobacter-
ial genomes, strain PCC 8005was designated as the type
strain for a new species named Arthrospira nitrilium

(Walter et al., 2017), opening up a fresh discourse on
Arthrospira taxonomy. Recently, mass-produced
Arthrospira have been placed into a new genus,
Limnospira, mainly based on 16S rRNA phylogenetic
analysis but also taking into account morphological and
ecological data (Nowicka-Krawczyk et al., 2019),
further fuelling the complex debate among cyanobac-
terial taxonomists on the true position of the genus
Arthrospira and its current member species.

Variations in Arthrospira trichome geometry and
morphology have been observed under various envir-
onmental conditions including nutrient availability,
temperature, UV spectrum and salinity (Jeeji Bai &
Seshadri, 1980; Lewin, 1980; Van Eykelenburg, 1980;
Jeeji Bai, 1985; Mühling et al., 2003, 2006; Wang &
Zhao, 2005; Wu et al., 2005; Hongsthong et al., 2007;
Gao et al., 2008; Sili et al., 2012). Notwithstanding a
history of frequent observations in the laboratory and in
large-scale culturing of shifts between straight and heli-
cal forms of Arthrospira, the mechanism for this mor-
phological change remains enigmatic. However, a
constant in these observations was that once an
Arthrospira strain converted to the straight form it
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consistently failed to convert back to the helical form
unless very specific growth conditions were provided,
and even then this reversion seemed rather rare and
happened only for some strains (Wang & Zhao, 2005).
The variable irreversibility of this morphological switch
has led researchers to suggest the occurrence of muta-
tions either arising spontaneously or brought about by
environmental factors (Jeeji Bai, 1985; Wang & Zhao,
2005; Hongsthong et al., 2007). Besides the significance
of this morphological switch in terms of the organism's
metabolic and physiological behaviour, and the impli-
cations of morphological transformations for
Arthrospira taxonomy, an uncontrolled change of heli-
city to linearity might also impact the innovative use of
helical Arthrospira trichome biotemplates in the fabri-
cation of biomedical and microelectronic devices
(Kamata et al., 2014; Hu et al., 2018; Wang et al., 2019).

Arthrospira have a high nutritive value and a
broad spectrum of pharmaceutical and medical appli-
cations (Ciferri, 1983; Karkos et al., 2011; Hosseini et
al., 2013; Sotiroudis & Sotiroudis, 2013; Wu et al.,
2016; Furmaniak et al., 2017). Arthrospira are also
deployed in the fields of space research and explora-
tion (Hendrickx et al., 2006), the production of high-
value products including unique peptides (Ji et al.,
2018; Ovando et al., 2018), biofuels (Ainas et al.,
2017; Rahman et al., 2017), bioelectricity (Lin et al.,
2013), radioprotectors (Zhang et al., 2001; Chen &
Zhou, 2003) and biosorbents for the removal of heavy
metals and radionuclides from contaminated envir-
onments (Kumar et al., 2015; Sadovsky et al., 2016).

In our laboratory we are studying the physiology
and the genomic stability of Arthrospira sp. PCC
8005, a strain chosen by the European Space Agency
(ESA) as an oxygen producer and as a nutritional
end-product of the Micro-Ecological Life Support
System Alternative (MELiSSA) (Hendrickx et al.,
2006). In the course of these studies we investigated
the effects of challenging growth conditions for
Arthrospira, including continuous intense high light,
high levels of ammonia, low and high temperatures
and various forms of ionizing radiation (IR). To our
surprise we found that Arthrospira sp. PCC 8005
could withstand very high cumulative doses of 60Co
gamma irradiation of up to 5000 Gy (Badri et al.,
2015a, 2015b). To put this into perspective, a mean
whole-body dose of 6–8 Gy of 60Co -generated
gamma radiation over a short period (hours) will
almost certainly kill a human adult (http://www.
unscear.org). Gamma rays carry the most energetic
photons in the electromagnetic spectrum and are
extremely damaging to living organisms, either by
direct interaction with cellular molecules or via the
generation of radicals (Riley, 1994; Reisz et al., 2014).
In aqueous environments, the majority of such radi-
cals are hydroxyl radicals (•OH) and other reactive
oxygen species (ROS) including the superoxide anion

(O2
•¯) and hydrogen peroxide (H2O2). When the

production rate of ionizing radiation-induced ROS
exceeds the ROS detoxification rate, cell growth is
impaired owing to ROS-mediated damage to nucleic
acids, cell membranes and proteins (Imlay, 2013;
Reisz et al., 2014; Ezraty et al., 2017). This of course
depends on the organism’s capability to produce
effective antioxidant enzymes and antioxidants, but
temperature, oxygen concentration, cell density and
composition of growth medium also play a role
(Shuryak et al., 2017). Although much research in
regard to bacterial resistance to ionizing radiation
(IR) has been performed on the bacterium
Deinococcus radiodurans from its first isolation in
1956 onwards (reviewed by Cox & Battista, 2005),
the list of bacteria (including many cyanobacteria)
and archaea with a comparable extreme radioresis-
tance to IR has been growing steadily (Beblo et al.,
2011; Confalonieri & Sommer, 2011; Yu et al., 2013;
Battista, 2016; Pavlopoulou et al., 2016; Singh, 2018).

Recent studies have shown that the exposure of
Arthrospira to moderately high doses of 60Co gamma
irradiation (up to 2.0–2.5 kGy) can have a positive
effect on its metabolic activity and cellular growth
(Moussa et al., 2015; Abomohra et al., 2016;
Shabana et al., 2017). Moreover, an increase in
growth-relevant metabolic pathways (e.g. pigments,
nucleotides) were observed in mutant Arthrospira
platensis ZJU9000 in response to 9 kGy of gamma
radiation (Cheng et al., 2018).

Our direct interests in the IR resistance ofArthrospira,
besides its applications in space (Hendrickx et al., 2006;
Olsson-Francis & Cockell, 2010; Menezes et al., 2015;
Verseux et al., 2016), are twofold. First, we envisage that
Arthrospira could be excellent cell factories for the pro-
duction of potent antioxidants or novel ROS-detoxifying
enzymes applicable in radioprotection. The fact that
Arthrospira sp. PCC8005 is edible and in 2002 received
GRAS (Generally Recognized as Safe) status from the US
Food &Drug Administration (reviewed by Furmaniak et
al., 2017 and references therein) is an important asset
because it can be easily administered in dry powder form
or as tablets for therapeutic or prophylactic radioprotec-
tive purposes. Second, the IR resistance of Arthrospira
combined with its excellent biosorbence for a range of
heavy metals and radionuclides (Kumar et al., 2015;
Sadovsky et al., 2016), including uranium fission pro-
ducts (Vanhoudt et al., 2018), make this organism a
prime candidate for the bioremediation of radioactively
contaminated environments.

During our research, one of our subcultures of the
strain Arthrospira sp. PCC 8005 displayed linear tri-
chomes after about 18 months of continuous recul-
turing for strain maintenance under controlled
laboratory conditions. This rapidly became the domi-
nant and only morphological form in the subsequent
line of subcultures. In spite of several attempts to
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obtain reversion to the original helical form by testing
various growth conditions, this morphological change
was irreversible. We decided to investigate the differ-
ences between the separately maintained helical form
(designated P6) and the new linear form (designated
P2) in terms of cellular composition and physiology
as well as the response of these two strains to gamma
irradiation. Specifically, we investigated the antioxi-
dant activities, glutathione content, pigment produc-
tion and trehalose concentrations of both sub-strains
in response to gamma irradiation, because our earlier
work showed that gamma radiation induced some of
the key genes needed to establish these cellular
defences (Badri et al., 2015a, 2015b). In addition, we
obtained the full genome sequences for the P2 and P6
subculture lines (both of 2018 vintage) and per-
formed a comparative sequence analysis between
these sequences and the genome sequence of
Arthrospira sp. PCC 8005 strain previously deter-
mined by us (Janssen et al., 2010; Morin et al.,
2010). To our knowledge this is the first report in
which two Arthrospira morphotypes of the same
strain have been studied in detail at the genomic
level.

Materials and methods

Strains and growth of cultures

The Arthrospira sp. strain PCC8005 we are currently
studying was obtained from the Pasteur Cyanobacterial
Collection (PCC) (Institute Pasteur, Paris, France) in
April 2012 and upon arrival aliquoted into four separate
cultures, named P1 to P4. Subsequently (our logbook
indicates at the second round of maintenance), these
subcultures were further divided for logistical reasons i.e.
P5 from P1, P6 from P2, P7 from P3 and P8 fromP4, and
were maintained as separate axenic cultures under stan-
dard growth conditions by the same experienced lab
technician (Supplementary file 1, Supplementary fig. S1).
Because long-term preservation methods for Arthrospira
are still highly problematic (Motham et al., 2012;
Shiraishi, 2016) and there are no reliable preservation
methods available yet for Arthrospira sp. strain PCC
8005, this maintenance involves continuous subculturing
at regular intervals. All experiments in this study were
performed on P2 and P6, both originating from the same
‘mother culture’ of April 2012 and originally both exclu-
sively consisting of helical morphotypes. The morpholo-
gical change (helical to straight) in the P2 line of
subcultures was observed in October 2013
(Supplementary fig. S1). This change occurred gradually,
at first, resulting in a mixed culture with both morpho-
types present for several weeks until eventually the P2
culture line consisted uniformly of straight trichomes,
and the helical morphotype appeared to have been lost.
Since 2012, any experiment in our laboratory using strain

PCC 8005 depended on a new subculture of the P5–P8
series. Such cultures were always grown in triplicate and
thoroughly checked for axenicity and morphology prior
to the experiment. It is important to note thatmicroarray-
based gene expression analysis (Badri et al., 2015a, 2015b)
only used cultures of the helical form. However, it is
equally important to note that the genome sequence we
published almost a decade ago (Janssen et al., 2010), and
which has been updated since to a final assembly of six
large ordered contigs (v5, see below) and fully annotated
(unpublished; all data presented in the MaGe platform –
http://www.genoscope.cns.fr/agc/microscope/mage/),
was done onDNAextracted in 2009 fromanolder culture
of PCC 8005 originally obtained in 2003 from the Pasteur
Cyanobacterial Collection (Morin et al., 2010)
(Supplementary fig. S1). As this older strain unfortunately
became contaminated over the subsequent years of sub-
culturing, the PCC 8005 strain was reordered in 2012
from PCC, resulting in the P1–P8 lines as described ear-
lier. The tiling microarrays previously used by us (Badri
et al., 2015a, 2015b) were designed on the basis of this
genome sequence (v5) (ARTHROv5 – updated version 5
of 15 February 2014, available at NCBI under GenBank
assembly accession number GCA_000973065.1).

Typically, Arthrospira experimental cultures in our
laboratory were grown in 200 ml volume at a con-
stant temperature of 30°C in a Binder KBW400
growth chamber (Analis SA, Namur, Belgium),
using a Heidolph Unimax 2010 rotatory shaker
(Analis SA, Namur, Belgium) at 121 rpm and a
photon irradiance of 45 µmol photons m–2 s–1 pro-
duced by Osram Daylight fluorescent tubes. Cell
growth was routinely monitored in Zarrouk medium
(pH ~9.8) (Cogne et al., 2003) until an optical density
(OD) of 1.0 was reached at 750 nm using a Genesys
UV-Vis spectrophotometer (Thermofisher Scientific,
Merelbeke, Belgium). For our studies, cultures were
typically divided into six 30 ml samples per test con-
dition, of which three served as references (e.g. non-
irradiated controls) and three were experimental (e.g.
exposed to gamma irradiation). Exposure tests were
done using 50 ml conical-bottom polypropylene cen-
trifuge tubes (BD Biosciences, Erembodegem,
Belgium).

Growth rates of Arthrospira cultures were calculated
as described before (Lee et al., 2015) using 500 µl of
fresh inocula in 16 ml of Zarrouk medium, with the
following formula:

GR ¼ lnðXt2=Xt1Þ=t2 � t1 (1)

Where X is the OD750 measured at a given time point,
time t1 corresponds to the 2nd day after growth, and
time t2 corresponds to the 14th day after growth.

For all biochemical assays, growth in terms of OD750

versus dry weight was used for normalization purposes
(Supplementary figs S2, S3 and Supplementary tables
S3–S5).
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Gamma ray irradiation

Axenic cultures of strains P2 (straight trichomes) and
P6 (helical trichomes) were exposed to a high dose
rate of gamma radiation (600 Gy h–1) in the RITA
facility of SCK•CEN using a 60Co gamma radiation
source (Fernandez et al., 2002) and samples were
collected at 1h 30 min, 3h 30 min and 8h 20 min,
corresponding to cumulative irradiation doses of
respectively 900 Gy, 2100 Gy and 5000 Gy.

Three replicates of 30 ml (see preceding section)
were irradiated in the dark at a controlled temperature
of 26°C and an air pressure of 150 kPa. The elevated
pressure is a safety measure to avoid any leakage of
water into the vessel when it is submerged almost 6 m
under water for exposure to the 60Co source located at
the bottom of the reservoir. During the irradiation
experiment, one set of non-irradiated controls for all
three doses was kept in the dark under laboratory con-
ditions (30°C and 100 kPa air pressure). After each
irradiation dose, samples were transported back to the
laboratory on ice. For every assay to be performed, 5 ml
aliquots of each radiated and non-irradiated culture
were separately centrifuged on a Beckman–Coulter
Avanti J-30I centrifuge (Analis SA, Namur, Belgium)
for 15 min at 10000 × g at 4°C. After discarding all
liquid, cell pellets were flash frozen in liquid nitrogen
and stored at −80°C until further analysis.

Post-irradiation recovery and growth rate

In order to investigate the ability of the Arthrospira cells
to recover from different doses of gamma irradiation, 0.5
ml of irradiated or non-irradiated culture (OD750 = 1.0)
were grown in 16 ml of fresh Zarrouk media in T-75
tissue flasks (Thermofisher Scientific). All cultures were
grown as three independent replicates per test condition
under the standard laboratory conditions cited earlier in
the methods. Recovery was followed for each culture by
OD750 measurements taken approximately every 2 days
(actual times noted) for 24 days. The proliferation curves
were plotted as OD750 increase versus time using
Graphpad prism v7 (GraphPad Software, La Jolla,
California, USA – www.graphpad.com).

Total antioxidant capacity (TAC) assay
Total antioxidant capacities were determined as pre-
viously described (Kerchev & Ivanov, 2008; Peñarrieta
et al., 2008). The frozen pellet of a 5ml culture wasmixed
with an extraction solution of 0.01 NHCl in the presence
of 1 mM Na-EDTA (Sigma-Aldrich, Overijse, Belgium)
at pH 1.7. Cell rupture was achieved by five cycles of
freezing in liquid nitrogen and thawing at 37°C. After
centrifugation at 10 000 × g (MiniSpin Eppendorf cen-
trifuge), the supernatant containing the hydrophilic, low-
molecular weight antioxidants was collected. Acetone of

100% purity (Sigma-Aldrich) was used to extract the
lipophilic fraction of the remaining pellet.

To investigate if antioxidant components contrib-
uted to the variable ability of the strains P2 and P6 to
cope with ionizing radiation (IR), we performed a
total antioxidant assay for both strains before and
after exposure to IR. The Ferric Reducing
Antioxidant Power (FRAP) method we used deter-
mines the antioxidant potential of the water-soluble
(hydrophilic) and non-soluble (lipophilic) cell frac-
tions by spectrophotometrically recording the reduc-
tion of ferric iron (Fe3+) to ferrous iron (Fe2+)
(Benzie & Strain, 1999; Hossain et al., 2016). The
water-soluble, low molecular fraction in the crude
extract includes phycocyanin, allophycocyanin and
other principal antioxidants while the lipophilic frac-
tion includes the various carotenoids, chlorophyll and
phenolic complexes.

The antioxidant capacity of the extract was mea-
sured by the reduction of the FRAP reagent (2,4,6-
Tris[2-pyridyl]-s-triazine) (Sigma-Aldrich) and time-
wise spectrophotometric measurement (BMG
Labtech CLARIOstar, Isogen LifeScience, De Meern,
the Netherlands) of the reduced FRAP at 593 nm
according to the original method (Benzie & Strain,
1999) with some modifications (Hossain et al., 2016).
The reaction was done on 10 µl of extract with 150 µl
of FRAP reagent in a 200 µl reaction volume. The
final concentration of the antioxidant was measured
with respect to the standard curve obtained for
Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid) (Sigma-Aldrich), a water-soluble
derivative of vitamin E. All TAC results were
expressed in µmoles Trolox-equivalent mg−1 fresh
weight (µmol TE mg FW−1).

Glutathione assay
The non-ribosomal thiol tripeptide glutathione and its
analogues have an important ROS-detoxifying function
in many prokaryotes including cyanobacteria
(Smirnova & Oktyabrsky, 2005; Fahey, 2013;
Narainsamy et al., 2016). Because a mutant strain of
Synechocystis sp. PCC 6803 lacking the glutathione
synthetase-encoding gene gshB (and hence unable to
produce reduced glutathione) was found to be very
sensitive to oxidative stress (Cameron & Pakrasi,
2010), and because our earlier work had shown that
the expression of the gshB gene in strain PCC 8005 was
strongly induced by 60Co gamma irradiation (Badri
et al., 2015a, 2015b), we decided to monitor glutathione
levels in P2 and P6 substrains of PCC 8005. The glu-
tathione assay was performed as described previously
(Badri et al., 2015a). Deep-frozen cell pellets of a 4 ml
culture were thawed on ice. Cell lysis was achieved by
sonicating the cells in acidic buffer of 0.2 NHCl (Merck,
Darmstadt, Germany). The extracted supernatant was
mixed with NaH2PO4 (pH 5.6) (Merck) and the final
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pH was adjusted to ~5.0 by adding an appropriate
amount of 0.2 N NaOH (Merck). The total glutathione
content (i.e. reduced and oxidized glutathione GSH
+GSSG) was determined by monitoring the reduction
of Ellman’s reagent (5,5′-dithiobis[2-nitrobenzoic acid],
DTNB) (Sigma-Aldrich), which measures the concen-
tration of thiol groups, at 412 nm in the presence of 10
mM NADPH (Apollo Scientific, Bredbury, UK) and
glutathione reductase (Sigma Aldrich). The oxidized
form GSSG was measured by blocking the reduced
form GSH with 2-vinyl pyridine (Sigma-Aldrich).
Total glutathione and the GSH/GSSG ratio were calcu-
lated by formulas [2] and [3], respectively:

GSHþ GSSG½ � � 2� GSSG½ � (2)

ð GSHþ GSSG½ � � 2� GSSG½ �Þ= GSSG½ � (3)

Pigments and carotenoids
Frozen biomass of a 4 ml culture with OD750 ~1 was
used to extract pigments and carotenoids in two sepa-
rate assays. Carotenoid content was measured as
reported elsewhere (Abomohra et al., 2016). The
extraction was performed in 100% methanol (Sigma-
Aldrich) by heating the cells on a block heater (Grant
QBT2 Digital, ThermoFisher Scientific) at 55°C for 15
mins, and the natural absorbance of the supernatant
was measured as OD at 452 nm, 665 nm and 650 nm
using a CLARIOstar microplate reader (BMG Labtech,
Isogen LifeScience) in the total absence of light. The
total content of carotenoids (CAR) was calculated
using the following formula:

CAR ðmg ml�1Þ ¼ 4:2� A452 � ½0:0246� ð10:3
� A665 � 0:918� A650Þ�

(4)

where A452, A665 and A650 are the spectrophotome-
trically measured absorbance values at 452, 665 and
650 nm, respectively.

The pigments were measured as described pre-
viously (Badri et al., 2015b). Extractions of phycocya-
nin (PC) and allophycocyanin (APC) were performed
in Na2HPO4 buffer (Merck) at pH 7.0 with cell rupture
achieved by five cycles of freezing in liquid nitrogen
and thawing at ambient temperature, with complete
lysis achieved by the addition of 100 mg ml–1 lysozyme
(Sigma-Aldrich). The supernatant was measured for
phycocyanin and allophycocyanin contents at absor-
bances of 615 and 652 nm, respectively, using a
CLARIOstar microplate reader (BMG Labtech,
Isogen LifeScience) in the total absence of light. The
concentration of PC and APC was measured accord-
ing to the following formula:

PC ðmg ml�1Þ ¼ ½A615 � 0:474� A652�=5:34 (5)

APC ðmg ml�1Þ ¼ ½A652 � 0:208� A615�=5:09 (6)

where A615 and A652 are the spectrophotometrically
measured absorbance values at 615 and 652 nm,
respectively.

The remaining pellet was washed three times with
50 mM Na2HPO4 at a pH of 7.0 and total chlorophyll
was extracted in complete darkness by sonicating the
pellet in 100% methanol. The chlorophyll concentra-
tion in the supernatant was measured using the
formula:

CHL ðmg ml�1Þ ¼ A665=74:5 (7)

where A665 is the spectrophotometrically measured
absorbance value at 665 nm.

Trehalose content determination

The disaccharide trehalose is present inmany organisms,
playing a role in signalling, carbohydrate storage and
various stress responses (Elbein et al., 2003; Klähn &
Hagemann, 2011). Because trehalose has been implicated
in bacterial and fungal IR resistance (Webb &
Diruggiero, 2012; Liu et al., 2017), and because we pre-
viously showed that the trehalose bioynthesis treSYZ
pathway ofArthrospira sp. PCC 8005 was highly induced
by gamma irradiation (Badri et al., 2015a), we decided to
measure trehalose content in the current study.
Trehalose was extracted and quantified using methods
described before (Ohmori et al., 2009; Carrieri et al.,
2010). In brief, trehalose was extracted from the deep-
frozen −80°C pellet of irradiated and non-irradiated cell
cultures (3 ml) by extracting at 65°C for 3 h in 70%
ethanol (Merck). The supernatant was mixed with 100
mM of 2-morpholinoethanesulphonic acid/KOH (pH
6.0) (Sigma-Aldrich) and 5 × 10–3 U ml–1 trehalase
(Sigma-Aldrich), an enzyme that converts trehalose to
monosaccharides. The liberated monosaccharides were
reacted with 0.2 g of anthrone (Alfa Aesar Chemicals –
ThermoFisher Scientific) and heated at 100°C for 10 min
on a Block Heater (Grant QBT2 – ThermoFisher
Scientific). When anthrone reacts with monosaccharides
it forms a green complex that can be colorimetrically
measured at 620 nm using a CLARIOstar microplate
reader (BMG Labtech, Isogen LifeScience). The final
concentration of trehalose was determined by compar-
ison with a standard curve obtained for glucose (Sigma-
Aldrich).

Transmission electron microscopy

Ultrathin sectioning was performed as described by
Van Eykelenburg (1979) and Tomaselli et al. (1993).

EUROPEAN JOURNAL OF PHYCOLOGY 133



The preparation for TEM was carried out following
Hayat (1981). Samples were fixed, 24 h after radiation
exposure, in 2.5% formaldehyde and 2.5% glutaralde-
hyde in 0.05 M cacodylate buffer (pH 7.0) for 4 h at
room temperature. Then, the material was rinsed in the
same buffer and post-fixed in 1% osmium tetroxide in
cacodylate buffer at 4°C overnight. Specimens were
treated with 1% uranyl acetate in distilled water for 1 h,
dehydrated in an acetone series and embedded in Spurr’s
resin (Spurr, 1969). Serial ultrathin (60–100 nm) sections
were cut with a diamond knife on a Sorvall MT 2B
microtome. The material on the grids was post-stained
with a saturated solution of uranyl acetate in 50% ethanol
and 0.04% lead citrate. Observations were made using a
FEI Tecnai BioTWIN transmission electron microscope
operating at 120 kV.

DNA sequencing, sequence data deposition and
genome comparison

Illumina sequencing was performed on the Illumina
HiSeq 2500 platform using paired-end sequencing with
a length of 125 nucleotides (Baseclear, Leiden, the
Netherlands). The amount of paired-end reads produced
for the P2 and P6 strains was 2 987 359 and 4 225 409,
respectively, totalling 746 and 1056 Mbp, respectively
(coverage of ~115× and 166×). Raw sequencing data
are available at the NCBI Sequencing Read Archive
(SRA) under BioProject number PRJNA517821 and
BioSample number SUB5105069. The genome sequences
of the Arthrospira sp. PCC 8005 P2 and P6 strains were
compared at two levels with the strain PCC 8005 refer-
ence genome (Janssen et al., 2010) (updated version 5 of
15 February 2014, available at NCBI under GenBank
assembly accession number GCA_000973065). First, for
the single nucleotide polymorphisms (SNPs) and small
indels, we used the Genome Analysis Toolkit (GATK)
(VanDer Auwera et al., 2013). Before running GATK, all
sequencing reads were aligned with the Arthrospira sp.
PCC 8005 reference genome using the Burrows–Wheeler
Aligner (BWA) software (Li & Durbin, 2010). The raw
BWA output was converted to a sorted and indexed
BAM file using the view, sort and index commands
of the SAMtools package version 0.1.18 (Li et al.,
2009) (a BAM file is a binary equivalent of a SAM,
Sequence Alignment/Map, file). SNP prediction was
performed on this BAM file by following the pipeline
as described in Van Der Auwera et al. (2013) with
default parameters and using ploidy=1 when running
the HaplotyperCaller command. Secondly, for larger
structural variations (insertions and deletions) an in-
house developed Perl script was used. This programme
exploits the paired-end information and insert size
distributions to predict these variations.

The annotation of individual SNPs used the
SNPEff 4.3t software (Cingolani et al., 2012). First, a
SnpEff database was built from the Arthospira sp.

PCC 8005 reference genome (Janssen et al., 2010),
updated version 5, GenBank GCA_000973065.1.
Next, this database was used to annotate genetic
variants within strains P2 and P6 and to predict the
effects of these variations (e.g. amino acid changes).

Statistical analysis

All results are mean ± standard deviation (SD) of three
measurements using biological triplicates. One-way
ANOVA was performed and graphs were made in
GraphPad Prism 7.00 software for Windows
(GraphPad Software, La Jolla, California – www.graph
pad.com). A confidence interval of 95% (p < 0.05) was
considered statistically significant. All statistical calcu-
lations and data are available in Supplementary figs S3–
S14 and Supplementary tables S1–S23.

Results

Morphology, physiology and growth

Two subcultures, P2 and P6, of Arthrospira sp. PCC
8005 were studied. While P6 remained in its original
helical form for over six years (Fig. 1), the trichomes of
the P2 subcultures did not and eventually formed
straight trichomes only (Fig. 2). Concomitantly with
this morphological change we also observed that the
sedimentation behaviour of P2 subcultures differed:
whereas the helical morphotype P6 had a capacity to
settle when left undisturbed (Fig. 3), the straight mor-
photype (P2) did not and remained afloat (Fig. 4). The
P2 strain consistently grew better than P6. Biomass
measurements of three biological replicates for each
strain at regular intervals during a 14-day period
showed the P2 strain having a statistically significantly
higher (p <0.05) mean growth rate than P6 (Fig. 5;
Supplementary table S1).

Radiation resistance

Although both strains were able to recover from cumu-
lative radiation doses of up to 2100 Gy, only the P2
strain was able to recover from exposure to 5000 Gy of
radiation, albeit with a long lag phase of more than 15
days (Fig. 6). P2 cells irradiated with a cumulative dose
of 2100 Gy were actually growing faster (p = 0.0578;
Supplementary table S2) than the non-irradiated con-
trol which was not the case for P6 cells.

Cell composition differences before and after 60Co
gamma irradiation

The responses of the two ‘morphotypes’ P2 (straight
trichomes) and P6 (helical trichomes) to high doses
of 60Co gamma radiation in terms of their cellular
production of biocompounds such as antioxidants,
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pigments, phycobiliproteins and the compatible
solute trehalose were as follows.

Total antioxidants assay (TAC)
We did not observe any significant differences in the
water-soluble (hydrophilic) content of strains P2 and P6
in response to 60Co gamma irradiation (Fig. 7). In con-
trast, we noted a significant increase (p = 0.02;
Supplementary table S6) in lipophilic content at a
gamma irradiation dose of 5000 Gy in the P2 strain.
The lipophilic content of strain P6 was not significantly
affected by radiation (p > 0.05; Supplementary table S6).
Comparing the hydrophilic and lipophilic contents of
both strains for a given radiation dose, only the hydro-
philic content of cells subjected to 2100 Gy differed sig-
nificantly between P2 and P6 (p = 0.044) (Supplementary

fig. S4 and Supplementary table S7) while lipophilic con-
tents between the two strains was similar (Supplementary
fig. S5 and Supplementary table S8).

Cellular glutathione content
We did not observe any significant decrease in GSH
levels with an increasing dose of radiation, for either P2
or P6 (Fig. 8). Likewise, we did not see any significant
difference in GSH/GSSG ratios for P2 at 900, 2100 or
5000 Gy or in P6 at 900 and 5000 Gy (Fig. 8). However,
the increase of the GSH/GSSG ratio in P6 was statistically
significant (p = 0.0382; Supplementary table S9) at 2100
Gy with respect to the non-irradiated control. We also
noted that all amounts (per unit of weight) of reduced or
oxidized glutathione, and hence total glutathione, in the
P6 strain seemed to be generally higher than those for the
P2 strain but only that for cells irradiated at 900 Gy was
significantly different (Supplementary figs S6–S9 and
Supplementary tables S10–S13).

Pigments
Immediately after exposure of Arthrospira cells to a
gamma irradiation dose of 5000 Gy we observed cell

1 2

3 4

Figs 1–4. The two representative strains of Arthrospira sp.
PCC 8005 under study, displaying: Fig. 1. Helical trichomes
(P6); Fig. 2. straight trichomes (P2); Fig. 3. sedimentation
(P6) and Fig. 4. surface floating (P2). Figs 1, 2 scale = 32.5 µm.

Fig. 5. Growth curves of Arthrospira sp. PCC 8005 strains
P2 and P6 (n = 3); characteristic strain differences are
indicated in the panel. Growth rates (GR) were calculated
according to formula [1]. Data are mean values, bars = SD.

Fig. 6. Recovery of: a. strain P2 (straight trichomes, floating)
and b. strain P6 (helical trichomes, sedimenting) after exposure
to three doses of 60Co gamma irradiation (mean ± SD, n = 3).
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colouration change from normal dark blue-green to
light green or yellow-green, indicating significant pig-
ment degradation. Hence, we analysed these pigments
separately in order to study the cellular effects of ioniz-
ing radiation in Arthrospira sp. PCC 8005.

A generally lower cellular content of chlorophyll
was noted in P2 (the more IR resistant strain) with
respect to P6 (the less resistant strain). Our analysis
of the total chlorophyll content obtained after
exposure to high doses of gamma irradiation indi-
cated no significant effect on the total content of
chlorophyll in both P2 and P6 strains (Fig. 9;
Supplementary fig. S10 and Supplementary tables
S14, S15).

In terms of carotenoid content, strains P2 and P6
responded to 60Co gamma irradiation in a similar fash-
ion by displaying a threefold increase (p = 0.0139 for P2
and p= 0.0097 for P6) at an intermediate dose of 2100Gy
(Fig. 10; Supplementary tables S16, S17), exemplifying
the role of carotenoids in the scavenging of IR-induced
ROS. At the highest gamma irradiation dose (5 kGy)
carotenoid levels dropped in both strains, perhaps
because of the onset of cell damage or due to a saturation
effect in antioxidant activity. Although the carotenoid
levels in P2 and P6 at the lower dose of 900 Gy hinted
at a different initial response for the two strains (Fig. 10)
this was not statistically supported (with p = 0.0944 for
P6 at 900 Gy) (Supplementary fig. S11 and
Supplementary table S18) and overall, the two strains
behaved very similarly.

Phycocyanin (PC) and allophycocyanin (APC) con-
centrations in the P2 strain remained similar with respect
to the non-irradiated control regardless of the applied
dose of gamma irradiation (Fig. 11) although for both
phycobilins a slight increase at 5000 Gy could be seen (p
= 0.1246; Supplementary table S19). Likewise, the PC
values in strain P6 were also similar for all three irradia-
tion doses in respect to their non-irradiated control but
APC in strain P6 showed a significant decrease at 2100
Gy (p = 0.0382; Supplementary table S19).We noted also
that overall APC values in strain P2 were much lower
than in strain P6, irrespective of irradiation (p = 0.009;
Supplementary fig. S12 and Supplementary table S20),
while PC concentrations were similar across both strains
(Supplementary fig. S13 and Supplementary table S21).

Trehalose content
Strains P2 and P6 seemed to behave differently in terms
of trehalose concentrations in response to 60Co gamma
irradiation. Whereas P2 displayed a significant decrease
(p = 0.0276; Supplementary table S22) of trehalose
concentrations at 2100 Gy (Fig. 12) this was not the
case in P6; in fact, trehalose concentrations in P6 cells at
2100 Gy went slightly up instead of down (p = 0.1627;
Supplementary table S22). Hence, a statistical analysis
of trehalose concentration data across both strains
showed a clear difference in strain behaviour at 2100
Gy versus non-irradiated control (Supplementary fig.
S14) (p = 0.007; Supplementary table S23).

Fig. 7. Antioxidant capacities of Arthrospira sp. PCC 8005 cells before (C = control) and immediately after 60Co gamma
irradiation at three cumulative doses for the hydrophilic fraction (a, b) and lipophilic fraction (c, d) of strains P2 and P6. Results
are expressed in micromoles Trolox-equivalent per mg of fresh weight (µmol TE/mgFW), using mean values, bars = SD.
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Transmission electron microscopy (TEM)

Arthrospira P2 and P6 cells were not visibly damaged
when exposed to 2100 Gy, major ultrastructural features
(e.g. gas vesicles, carboxysomes, thylakoids, lipid inclu-
sions, cyanophycin granules) were discernible and fully

intact in all cells examined (Supplementary fig. S16).
However, for the P2 and P6 cells exposed to 5000 Gy,
TEM showed just a subset of these features
(Supplementary fig. S17) and some thylakoid damage
(Supplementary fig. S18).

Fig. 8. Glutathione concentrations for strains P2 and P6 before (C = control) and immediately after exposure to ionizing
radiation at three cumulative doses of 60Co gamma irradiation. a, b, measured total glutathione concentration [GSH +GSSG] in
nmoles per dry weight of pellet; c, d, calculated reduced glutathione concentration in nmoles per dry weight of pellet (GSH)
calculated as total glutathione [GSH + GSSG] – 2 × [GSSG]; e, f, GSH/GSSG ratio calculated as ([GSH + GSSG] – 2 × [GSSG])/
[GSSG]; and g, h, measured GSSG levels in nmoles per dry weight of pellet. Data are mean values, bars = SD.
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Genome comparison and genetic differences between
strains P2 and P6

Using the genome sequence for strain PCC 8005, vintage
2003 (Janssen et al., 2010: ARTHROv5 – updated version
5 of 15 February 2014, available at NCBI under GenBank
assembly accession number GCA_000973065) as a refer-
ence sequence we were able to detect 301 single nucleo-
tide polymorphism (SNPs) and 310 insertions or
deletions (indels) in strain P2 and 355 SNPs and 314
indels in strain P6, of which 168 SNPs and 48 indels
differed between P2 and P6 (Table 1; Supplementary file
2). These genome differences between P2 and P6 directly
affected a total of 40 coding sequences (CDS) across both
strains, taking into account multiple events occurring in
the same CDS and excluding all synonymous variants
(i.e. SNPs leading to no change at protein level because of
the redundancy of the genetic code) (Sheet 3 of
Supplementary file 2). Of those affected genes, only four
were found in both strains, but in each case different
SNPs and indels were involved. Nine proteins in P2 and
seven proteins in P6 were considered dysfunctional
owing to the introduction of a CDS frameshift, novel
stop codon, in-frame insertion or CDS extension. The
other genes (13 in P2 and 15 in P6) contained one or
more SNPs resulting in a corresponding amino acid

substitution in their encoded protein (Supplementary
file 2; synonymous variants omitted). Taken together, of
the 40 genes across strains P2 and P6 affected by SNPs
and/or indels, only eight encoded a protein with a known
function (indicated in bold text in Sheet 3 of
Supplemetary file 2 and listed in Table 2) and of those
only three were severely shortened (a Ser/Thr protein
kinase in P2 and a signal transduction histidine kinase
in P6) or altered (a haemolysin-type Ca-binding protein
in P2) while the remaining five contained single ormulti-
ple amino acid substitutions (that may or may not alter
protein function).

A total of 56 SNPs or indels that were different
between strains P2 and P6 but were located in an inter-
genic region (Supplementary file 2) were detected in 34
intergenic regions across both strains. The vast majority
of the affected intergenic regions involved genes that
encoded proteins of unknown function, gpII introns or
transposases (or fragments thereof) and were not inves-
tigated further. Likewise, SNPs or indels located more
than 250 nt away from the nearest downstream gene or
located between two converging genes were also disre-
garded. The remaining six genes whose expression may
have been affected by an upstreamSNPor indel (all in the
genome of strain P6) are ARTHROv5_11992 (ycf4,
encoding a PS I assembly protein), ARTHROv5_11993
(psbD, encoding the PS II D2 protein),
ARTHROv5_60118 (encoding a DNA-[cytosine-5-
]-methyltransferase), ARTHROv5_60128 (a fibronectin-
binding-A-like protein), ARTHROv5_60723 (a signal
transduction histidine kinase) and ARTHROv5_61273
(part of a tetratricopeptide TPR_2 repeat protein).

In addition we detected four large insertions in the
genomes of strains P2 and P6 (Sheet 4 of Supplementary
file 2). Three of these insertions (one in P2 and two in P6)
occur in intergenic regions while the fourth (in P6)
disrupts gene ARTHROv5_30483 encoding a putative
peptidase (additionally listed in Table 2). No large dele-
tions in the P2 and P6 genomes, with respect to the
reference genome, were detected. Most notable is a 105
bp insertion located between the ycf4 and psbD genes, in
addition to the smaller insertions in this intergenic region
mentioned above, bringing the total size of the inserted
DNA between the ycf4 and psbD genes to 158 bp.

Discussion

A change in linearity in our strain PCC 8005 during
continuous subculturing for the purposes of strain
maintenance gave us the opportunity to compare
the functionality of linear and helical trichomes. P6
retained the helical geometry, and P2 changed per-
manently to linearity. We noted that the P2 line of
strains (the P2 strain) grew significantly faster and
was more resistant to gamma radiation than the P6
line of strains (the P6 strain) while the P6 strain
appeared to have lost its buoyancy (Figs 3, 5).

Fig 9. Total cellular content of chlorophyll in: a. strain P2
and b. strain P6 before (C = control) and immediately after a
given cumulative dose of 60Co gamma irradiation. Data are
mean values, bars = SD.
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It is possible that Arthrospira sp. PCC 8005 deploys
trichome linearization as a mode of survival, because
linear filaments of other species of Arthrospira have a
lower metabolic rate and display a higher tolerance to
adverse growth conditions (Wang & Zhao, 2005).
Moreover, straight Arthrospira trichomes in agar seem
to have a better gliding motility in terms of speed and
directionality, allowing them to make snap turns (una-
vailable to the more rigid helical trichomes) and more
easily escaping stressful biophysical conditions
(Chaiyasitdhi et al., 2018). In view of the necessity to
reculture Arthrospira continuously – owing to the lack
of a reliable preservation method for this organism –
and in view of the routine application of a 24/7 regime
of artificial irradiance for its growth in the laboratory, it
is plausible that such unnatural, arduous conditions
have triggered genomic alterations, some of which
may have given rise to specific morphological changes
or may have affected particular traits such as cell (tri-
chome) buoyancy or the ability of Arthrospira to
respond to 60Co gamma irradiation. In view of our
ongoing research on the tolerance of Arthrospira sp.
strain PCC 8005 to ionizing radiation (Badri et al.,
2015a 2015b) we were surprised to see in our current
study that, while the new linear form P2 still had the
ability to recover from 5000 Gy of gamma irradiation –
albeit after a 2-week lag phase – the helical strain P6 had
lost this ability. In addition, in spite of the fact that the
helical form of Arthrospira has typically the full ability
to reposition itself in the water column through the
action of gas vacuoles, and normally does not sediment

Fig. 10. Cellular content of carotenoids in: a. strain P2 and
b. strain P6 before (C = control) and after a given cumula-
tive dose of 60Co gamma irradiation using the TAC assay
and applying formula [4]. Data are mean values, bars = SD.

Fig. 11. Concentrations of: phycocyanin (PC) a. strain P2 and b. strain P6 and allophycocyanin (APC) c. strain P2 and d.
strain P6, before (C = control) and after a given cumulative dose of 60Co gamma irradiation. Concentrations were measured
by the TAC assay using formulas [5] and [6], respectively. Data are mean values, bars = SD.
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but floats either on or just below the surface (Tomaselli,
1997; Sili et al., 2012), we observed in our experiments
that the helical P6 trichomes sedimented and the linear

form of P2 floated (Figs 3, 4). Taken together, it is
possible that the P2 and P6 substrains of Arthrospira
sp. PCC 8005 have undergone, during long periods of
strain maintenance, genetic changes in respect to the
originally sequenced strain (Janssen et al., 2010),
although some degree of phenotypic plasticity cannot
be ruled out.

Although oxygenic photosynthesis produces a
basal level of oxygen radicals, gamma rays in living
cells generate additional reactive oxygen species
(ROS) including •OH, O2

•¯ and H2O2 (Riley, 1994;
Reisz et al., 2014) causing up to a 20-fold increase in
intracellular ROS (Agarwal et al., 2008). The ability of
cells to recover growth after gamma irradiation is a
crude measure of how well cells cope with the radia-
tion-induced oxidative stress. Note that Arthrospira
sp. PCC 8005, owing to its multicellularity and high
gliding motility, cannot be plated out on agar for
single-cell colony viable counts. However, P2 and
P6 cells exposed to 5000 Gy appeared to show ultra-
structural damage. This was highlighted by the fact
that on many TEM pictures of cells exposed to 5000
Gy ultrastructures were missing. We are uncertain
whether this is because of technical shortcomings or
whether this is a sign of radiation-induced cellular
damage or regulatory disturbance at 5000 Gy (per-
haps by hindering proper biosynthesis of cellular
components needed for these ultrastructures). In
our opinion it is very difficult to assess the potential
of a radiation-exposed bacterial culture to recover
growth when transferred into fresh medium based
only on optical microscopy or TEM images of a few
trichomes or single cells: how many trichomes or
cells need to survive in order to establish post-irra-
diation recovery in fresh medium? A thousand? Ten?
It is hard to say. At what precise dose of gamma
irradiation is there a ‘no point of return’ for a bacter-
ial culture and how can one associate or predict
survival or death based on cell images? Arthrospira
are multicellular and it is likely that the cellular
effects of gamma radiation are not uniform across
all trichomes, or even across individual cells in the
same trichome. A small number of unaffected (or
barely affected) cells may (or may not) suffice to
establish full post-irradiation recovery, hence the dif-
ference in recovery for P2-5000 (long lag phase of 17

Fig. 12. Trehalose concentration in cells of: a. strain P2 and
b. strain P6 before (C = control) and after a given cumu-
lative dose of 60Co gamma irradiation. Data are mean
values, bars = SD.

Table 1. Genomic changes in the genomes of strains P2
and P6.
Comparison SNPs indels large insertions

P2 vs Ref 301 310 8
P6 vs Ref 355 314 10
P2/P6 vs Ref 243 288 7
P2 vs P6 168 48 4

Ref is the strain PCC 8005 reference genome (Janssen et al., 2010)
(updated version 5 of 15 February 2014, available at NCBI under
GenBank assembly accession number GCA_000973065).

Table 2. Affected CDS with known function in strains P2 and P6 based on genome data.
Gene ID Function Size (aa) Strain P2 Strain P6

ARTHROv5_10196 adenylosuccinate synthetase (PurA) 446 C248G
ARTHROv5_10705 Ser/Thr protein kinase 825 E290fs
ARTHROv5_11989 haemolysin-type Ca-binding protein 1261 V592R, L596R, A597D+insPDGPDPEL
ARTHROv5_12033 gas vesicle protein (GvpC) 151 K135D
ARTHROv5_30483 putative Ser/Thr protein phosphatase 360 large insertion
ARTHROv5_30654 nitrilase/cyanide hydratase 269 L21F
ARTHROv5_41442 putative diguanylate cyclase 195 G136R, T172A, C176R
ARTHROv5_60747 signal transduction histidine kinase 790 L443*
ARTHROv5_61039 WD-40 repeat protein 818 A124G Q100K, T106R, E804G
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days before recovery) and P6-5000 (no recovery after
23 days) (Fig. 6). We know from our previous and
ongoing work that cumulative doses of > 6400 Gy will
always lead (based on optical microscopy) to visible
destruction of Arthrospira with no or much smaller
trichomes, a lot of cell debris and no recovery of
growth. However, we have never obtained any TEM
images of such obliterated samples. It is interesting
that P2 grew better after exposure to 900 Gy and 2100
Gy of gamma radiation than the non-exposed con-
trol. Such a stimulatory effect on cellular growth with
low to moderate doses of gamma irradiation (1–2
kGy) has been noted in Arthrospira platensis (Wang
et al., 1998; Moussa et al., 2015).

An additional difference in the way P2 and P6
responded to gamma irradiation was that the total
antioxidant capacity of the lipophilic fraction (contain-
ing carotenoids and chlorophyll) in strain P2 was sig-
nificantly higher at 5000 Gy than the non-irradiated
control, but this shift was not seen in P6 (Fig. 7). In
contrast, the total antioxidant capacity of the water-
soluble fractions of strains P2 and P6 did not vary,
irrespective of the dose of gamma irradiation applied.
Nonetheless, the ratio of GSH/GSSG remained constant
throughout (Fig. 8) indicating a constant replenishment
of reduced glutathione, which is in concordance with
our previous work where the expression of the glu-
tathione synthetase-encoding gene gshB in Arthrospira
sp. PCC 8005 was strongly induced by 60Co gamma
irradiation (Badri et al., 2015a, 2015b). Also, the essen-
tial role of glutathione (i.e. as GSH) in cyanobacteria to
combat oxidative stress was demonstrated for a gshB
defective mutant of Synechocystis sp. PCC 6803
(Cameron & Pakrasi, 2010). Although it seems that P2
and P6 were both successful in synthesizing cellular
defences against the IR-induced oxidative stress, strain
P6 nonetheless failed to survive the highest dose of
radiation (5000 Gy). This may be explained by the
multifaceted nature of bacterial resistance to ionizing
radiation (Confalonieri & Sommer, 2011; Pavlopoulou
et al., 2016; Jung et al., 2017; Singh, 2018) and the high
probability that the genomes of P2 and P6 have under-
gone independent changes during strain maintenance.

Chlorophyll contents in strains P2 and P6 were not
affected by the three doses of gamma irradiation (900–
2100–5000 Gy) (Fig. 9) but in both strains carotenoid
levels peaked at 2100 Gy with a 3-fold increase over the
non-irradiated controls (Fig. 10), in agreement with
other studies (Moussa et al., 2015; Abomohra et al.,
2016). The increase in carotenoids is unsurprising as
carotenoids are excellent ROS detoxifiers and radical
scavengers and most likely serve as a first-line defence
against IR-induced ROS (Domonkos et al., 2013).
However, when we exposed our Arthrospira strains P2
and P6 to 5000 Gy of gamma radiation, carotenoid
degradation clearly superseded its production and
hence the overall concentration decreased.

Phycobilins generally function as light-harvesting pig-
ments covalently bound to proteins called phycobilipro-
teins, forming complexes such as phycocyanin (PC) and
allophycocyanin (APC), the main constituents of
Arthrospira light-harvesting antennae. In addition to
their role in light harvesting, phycobilins exhibit impor-
tant antioxidant activities in all oxygenic cyanobacteria
(Saini et al., 2018). Generally, APC levels in the more IR
resistant P2 strain were significantly lower than those in
the lesser IR resistant P6 strain and there was a slight but
consistent increase in PC and APC levels at 5000 Gy. In
Arthrospira and other cyanobacteria, PC and APC accu-
mulation in the antennae is strongly influenced by light
intensity through light-sensitive gene regulation of the
cpc and apc loci (Belknap & Haselkorn, 1987; Nomsawai
et al., 1999) but little is known about the influence of
ionizing radiation on antennae length and/or composi-
tion. The fact that PC and APC levels do not seem to be
affected significantly by gamma irradiation – even at the
highest dose of 5000 Gy – is rather unexpected, particu-
larly in view of the gamma radiation-mediated activation
of the nblA gene which encodes a protease specifically
involved in phycobilisome degradation and the radia-
tion-mediated down-regulation of the cpc and apc loci
for, respectively, PC and APC biosynthesis (Badri et al.,
2015b).

In many organisms trehalose functions as a reserve
carbohydrate or as a transport molecule and serves to
stabilize proteins and membranes during cellular stress
(Arguelles, 2000; Elbein et al., 2003; Jain & Roy, 2009). It
is also known as a protective agent against a wide variety
of abiotic stresses including heat, cold, dehydration,
desiccation, gamma radiation and oxygen radicals
(Benaroudj et al., 2001; Carvalho et al., 2011; Reina-
Bueno et al., 2012a, 2012b; Webb & Diruggiero, 2012).
Based on genome data it appears that Arthrospira sp.
PCC 8005 (strain vintage 2003, updated version v5 of
2014) has at least two trehalose biosynthetic pathways at
its disposal: (1) through the isomerization of the α1-α4
bond in maltose by trehalose synthetase (TreS) and (2)
through the conversion of the α1-α4 bond in maltodex-
trins bymaltooligosyl trehalose synthase (TreY) and sub-
sequent hydrolytic release of trehalose by maltooligosyl
trehalose trehalohydrolase (TreZ). In previous irradiation
experiments with Arthrospira sp. PCC 8005 strain (2012
vintage), the expression of the corresponding treS, treY
and treZ genes increased by 300%, 70% and 70%, respec-
tively, in response to 800 Gy, 1600 Gy and 3200 Gy of
60Co gamma irradiation (Badri et al., 2015a), indicating a
possible role for trehalose in cellular protection in
response to radiation damage in Arthrospira sp. PCC
8005. Our study showed a remarkable difference in tre-
halose content between the more IR resistant P2 strain
(straight) versus the lesser IR resistant P6 strain (helical)
at a high dose of gamma irradiation. This may indicate
that the more IR resistant P2 strain metabolizes trehalose
much faster than strain P6, presumably as a dedicated
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response to cellular radiation damage. Alternatively, it
may be argued that the biosynthesis of trehalose in strain
P2 is somehow attenuated. However, there were no
genetic differences between the two strains located any-
where close to the treS or treYZ loci in either the P2 or P6
strain. Another possibility is that the treS and treYZ genes
would be regulated differently in the two strains, but
again, our genome data do not indicate that this is the
case.

We are aware that the reference genome is not the true
reference point for the P2 and P6 genomes since P2 and
P6 are of vintage 2012 and their genomic DNAs were
prepared in 2018, whereas the genomic DNA of the
original PCC 8005 strain (vintage 2003) was prepared in
the course of 2008–2009 (see Materials and methods and
Supplementary fig. S1). In other words, as there are no
genome data available for the PCC 8005 strain re-ordered
in 2012 (referred to as the ‘mother culture’ of the initial P2
and P6 subcultures inMaterials andmethods), we cannot
tell which genomic changes occurred in strain PCC 8005
(vintage 2003) between 2003 and 2009 during strain
maintenance in our laboratory, which occurred in strain
PCC 8005 between 2003 and 2012 duringmaintenance at
the PCC collection, or which occurred in the P2 and P6
strains between 2012 and 2018 during their maintenance
in our laboratory. Even so, some interesting observations
can be made. First, our results clearly indicate that strain
maintenance through continuous subculturing affects the
genetic composition of Arthrospira, indicated by the
many SNPs and indels detected (Table 1; Supplementary
file 2). The P2 and P6 strains have 243 SNPs and 288
indels in common. Logic dictates that these common
changes in respect to the reference genome were intro-
duced during strain maintenance prior to the first sub-
culturing in 2012 of strain PCC 8005, newly ordered from
the Pasteur Culture Collection (the ‘mother culture’), into
P2 and P6 subcultures and these changes fall beyond the
scope of this study. The 220 genomic differences between
P2 and P6 (168 SNPs, 48 indels and four large insertions;
Supplementary file 2) affect a total of 41 CDS of which
only nine have a known function (Table 2). It is tempting
to speculate that the K135D substitution in GvpC
(encoded by ARTHROv5_12033) of strain P6 might be
the cause of the sedimenting behaviour, since this protein
is essential for the integrity and stability of gas vesicles and
therefore may play an important role in buoyancy
(Miklaszewska et al., 2012; Wang et al., 2015). Another
interesting case is the large insertion in the ycf4-psbD
intergenic region of strain P6 (Supplementary fig. S15).
The psbD gene encodes the D2 protein of the photosyn-
thetic PSII complex andYcf4 is an assembly protein of the
PSI complex; if the expression of one or both of these
proteins is altered (their genes are divergently oriented in
a 104 bp intergenic region with promoters and/or regula-
tory region most likely overlapping) the photosynthetic
capacity of the cells may also be affected, possibly

explaining the slower recovery of strain P6 in respect to
strain P2 (Fig. 5).

However, it is clear that additional research is
required to explain the different behaviour of strains
P2 and P6, starting with confirmation of the K135D
substitution in the P6-gvpC gene and its involvement in
the loss of buoyancy, supported by thorough bioinfor-
matic analysis and literature review, and RT-PCR
expression analysis of yfc4/psbD for both strains. Also,
the functional elucidation of the 32 affected proteins of
yet unknown function may give us important leads in
the future. We recently have performed RNA extrac-
tions from P2- and P6-gamma-irradiated and non-irra-
diated cells and are now studying gene expression levels
in both strains by RNAseq. This should soon enable us
to address the genotype–phenotype associations for
strains P2 and P6 in more detail.
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