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“How surprising it is that any creatures should
be able to exist in a fluid, saturated with brine,
and that they should be crawling among crystals

of sulphate of soda and lime!”

Charles Darwin

from OREN (2002)
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AIMS OF THE STUDY

1I.

[11.

V.

AIMS OF THE STUDY

Estimation of the optimal concentration ol MgSOy for Arthronema afiicanum by the
method of microassay; assessment of cultivation conditions suitable for experiments
of osmoprotectant detection in Synechocystis cf. salina (in addition of NaCl) and A.
africanum (in addition of MgSQy).

Establishment of suitable method for extraction, detection and identification of
osmoprotectants in S. cf. salina and A. africanum: analysis of intracellular extracts
[rom various concentrations of NaCl (S. cf. salina) and MgSOy (4. africanum) for
osmoprotectants.

Comparison ol osmoprotectants in the two chosen strains of cyanobacteria under NaCl
and MgSOy stress; observation of the amount of' osmoprotectants along increasing sall
concentrations and along growth curves.

Appraisal of morphology of A. afiicanum along the MgSQ, gradient.
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INTRODUCTION

I. INTRODUCTION

I. 1. SECONDARY METABOLITES IN OSMOTIC STRESS; COMPATIBLE
SOLUTES

The fact that cells of various organisms under osmotic stress synthesize various
compounds to protect themselves against hyperosmotic shock has been well known for a long
time. These substances are either stock piled inside cells or emif?:d into the surrounding
environment. The function of these cell metabolites is not necessarily just single
osmoprotection, they can often take over various other key roles in cell survival.

Compatible solutes (CS) (OREN,1999, 2002) is one of the most important terms used

by the majority of authors for characteristic group of compounds involved in cell
osmoprotection. CS are soluble chemical substances of an organic character, enhancing
osmotic value of cytoplasm. The intracellular concentration of anorganic salts remains at low
level. No adaptation of internal cell systems is needed. Small organic low molecular
molecules are synthesized not only inside the cell itself but also taken, if possible, from

surrounding medium. General definition of CS: soluble substances allowing the effective

function of enzymes, even when present in high concentrations.

There 'is a wide diversity among the types of these compounds. The main groups of CS
are; sugars and their derivatives (especially alcohols), amino-acids and derivatives and also
methylamines. Various types of CS are utilized by organisms in osmotic stress, from bacteria
to vertebrae. Many halophilic/halotolerant organisms are able to synthesize and use more than
one CS. So there is a mixture of osmoprotectants in their cytoplasm and the regulation of
synthesis is optimized by exact needs of the cell. However, they primarily prefer one CS.

The term “compatible solutes” is most widely used. However, there are some authors
disputing that this term is, in many cases, obsolete and not exact considering their influence
on macromolecules. YANCEY (2005) suggests that more appropriate term would be
“counteracting solutes” or GILLES’s (1997) term “compensatory solutes”. WELCH & BROWN
(1996) call these substances “chemical chaperones” in the respect of their assay (more

information further in the part I. 4.)
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L. 2. COMPATIBLE SOLUTES IN CYANOBACTERIA

The preference of certain compatible solute by cyanobacteria depends largerly on the
degree of their halotolerance as rewieved by many authors (e. g. OREN,1999, 2002,
MARGESIN & SHINNER, 2001, YAI\;CEY, 2005). A wide range of substances of specific
| « properties from chemical groups mentioned above occm{jin cyanobacterial cells. Further
minutely described CS represent the most important of them which are the main
;)smoprotectants in all halophilic/halotolerant cyanobacteria studied thus far. Others are just
part of the CS *“cocktail” in the cells. From these minor osmoprotectants we can mention for
example ectoine, proline or fructose (OREN,1999, 2002, SALERNO et al., 2004, YANCEY,
2005).

A) Sugars and derivatives
Saccharose and trehalose (SACH/TRE) are the main CS in the fewest

S

halophilic/halotolerant types of cyanobacteria. This has two, most probable, reasons. Firstly,

these two compounds are energetically one of the most “expensive”. Secondly, SACH/TRE
do not supply the activity of salt-sensitive enzymes sufficiently when present at high
concentrations. They are synthesized in the cell by coupling of UDP-glucose with fructose-6-
phosphate and glucose-1-phosphate with the assistance of specific enzymes. These enzymes
complexes can also be used as a proof of the presence of these compounds in the cells.

For example, the activity of enzymatic complex saccharose-phosphate
synthase/saccharose-phosphate phosphorylase was documented by PORCHIA & SALERNO
(1996) in Anabaena sp. This genus produce also so called “fructose-containing
oligosaccharides” as its CS (SALERNO et al., 2004). Besides Anabaena, the production of
saccharose as CS is well documented in the species Nostoc muscorum (BLUMWALD & TEL-
OR, 1982; PANDEY & CHATTERJEE, 1999), as another example of saccharose accumulation we
can mention the genus Synechococcus (BLUMWALD et al., 1983). Saccharose and trehalose
together with glucosyl glycerol are used as osmoprotectants also in Synechocystis sp., strain
PCC6803 (MIKKAT et al., 1997, MARIN et al., 2004).

Cyanobacteria living in higher salt concentrations (marine and slightly halophilic)

accumulate glucosyl glycerol (GG) inside their cells. This compound is formed through

reaction of ADP-glucose and glycerol phosphate, with the help of enzymes GG-phosphate
synthase/phosphatase. The production of GG is well documented in the strain Synechocystis
PCC 6803; including exact path of reaction in the cell (ERDMANN et al., 1992, HAGEMANN et
al., 1996, SCHOOR et al., 1996, MATSUDA et al., 2004). KEBEDE (1997) presents the occurence

R |
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of this compound, for example, in the species Spirulina platensis (=Arthrospira fusiformis).
This CS can be, together with saccharose, utilized also by Synechococcus (OREN &
SECKBACH, 2001, KARANDASHOVA et al., 2002, FERJANI et al., 2003). JUNGBLUT et al. (2005)
mention that glucosyl glycerol together with trehalose is synthesized even by one antarctic
cyanobacterial species of Microcoleus.
B) Amines

Cyanobacteria living in hypersaline environments protect their cells against osmotic
stress by the synthesis of quaternary amine glycin betain formed by the oxidation of choline.
Examples of such osmoprotection are; Aphanothece halophytica (LALOKNAM, 2006),
Halospirulina (MOORE et al., 1987, OREN & SECKBACH, 2001), Synechococcus and
Arabidopsis (WADITEE et al., 2005).

I. 3. OTHER SUBSTANCES SYNTHESIZED BY CYANOBACTERIA UNDER
OSMOTIC STRESS

Interesting group of compounds often formed by halophilic cyanobacteria are
mycosporines, also called mycosporin-like amino acids, or MAAs. These are water soluble,
low molecular weight substances. Most probably their main aim is to protect the cell against
UV radiation (GARCIA-PICHEL & CASTENHOLZ, 1993, PORTWICH & GARCIA-PICHEL, 1999,
CASTENHOLZ & GARCIA-PICHEL 2000, QUESADA et al., 2001). They work mainly as UVB
shield (PORTWICH & GARCIA-PICHEL, 1999, SINHA et al., 2003). However, considering their
chemical properties, the possibility that they can also serve as CS cannot be excluded
(PORTWICH & GARCIA-PICHEL, 1999,0REN, 1997, 2000, 2002).

At present, some studies suggest that some algae and cyanobacteria synthesize abscisic
acid (ABA) under osmotic stress. Yet the function of this substance in such groups of
organisms remains unclear. It is possible that the emittion of ABA into surrounding medium
is a stress signal for the other cells (MARSALEK et al., 1992). This substance could also

influence the amount of Ca®* in the cells and number of heterocytes (POTTS, 2000).
I. 4. APPLICATION OF COMPATIBLE SOLUTES

Compatible solutes are renowned as stabilizers of membranes and enzymes. Not only

can they protect the cells against salt stress but they can also serve as cryoprotectants
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(YANCEY, 2005), thermostabilizers (BORGES et al, 2002) or protect the cells during
desiccation (OREN,1999, 2002).

There are many studies trying to explore these unique substances in order to apply
them to a wide range of important branches including; cosmetics and pharmaceutical industry,
cell engineering and agriculture. Under focus are not only the CS of cyanobacterial origin but
also those from other organisms (algae, bacteria, Animalia) which are usually on a very
similar basis chemically.

WELCH & BROWN (1996) examined CS for their ability to stabilize proteins in their
natural conformation. They call these substances “chemical chaperones” and suggest that CS
could be used in human medicine as “rescue” substances for some mutant regulator proteins,
since they correct protein folding abnormalities in human diseases.

In agriculture CS also have a promising future. Genetically modified crop plants with
some genes from CS producing organisms have an improved ability of salt and drought
tolerance (CUSHMAN, 2001). Halotolerant N-fixing cyanobacteria are also used as ecological
fertilizers, especially at rice fields (WHITTON, 2000, BHARGAVA et al., 2003). They can also
efficiently help to ameliorate soil salinity during crop growth (MARGESIN & SHINNER, 2001);
in this respect the use of Anabaena torulosa was proposed by APTE & THOMAS (1997).

Some assays suggest CS application in science itself. These compounds, for example,
improve the crystalization of proteins (JERUZALMI & STEITZ, 1997). CS could improve and
enhance production of the required substances by bacteria or enzymatic complexes through
improving the conformation properties and stability of enzymes in various conditions
(YANCEY, 2001). This can be useful in many scientific branches including medical science
and molecular biology.

Immobilised cyanobacterial cells are suitable to produce exopolysaccharides (EPS),
for this purposes Aphanocapsa halophitica and some strains of Synechococcus, Anabaena and
Cyanothece were previously utilized (MARGESIN & SHINNER, 2001).

Besides renowned taurin (also a compatible solute from marine invertebrae) glycine-
betaine and inositol are sometimes added to energy drinks (YANCEY, 2005).

All of the above mentioned features sound really promising, yet the exact principles of
CS protective functions remain unrevealed in many cases so far. Also biotechnological
production of CS by cyanobacteria and their wider application is at the very beginning. To
utilize cyanobacteria in the comercial production of CS it is necessary to optimize all

requirements, costs and profits; this challenge still remains unsolved in most cases.
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I. 5. ANALYSIS OF COMPATIBLE SOLUTES

CS analysis brings some difficulties since these compounds have no UV-
chromophores. Detection by spectrophotometric methods is therefore useless until some kind
of derivatisation is applied (e.g. KUNTE et al., 1993, MADAJ et al.,, 1993, KUHLMAN &
BREMER, 2002). However, the effort to simplify CS assesment is obvious. If we want to avoid
time-consuming derivatisation step, a method to determine compounds with oxidable groups
such as —OH;-NH2;- SH; -SR is advantageous.

Furthermore in some kinds of assays high content of salt in samples can be a serious
problem and interfere. It is clear that the selection of proper analysis method is crucial to
successfully assess the whole range of osmoprotectants and their content in cyanobacterial
cells.

The solution extracted from natural material contains a mixture of compounds which
have to be split up first. For this purposes the chromatographic methods are widely used.
Especially utilized are those of HPLC (KUNTE et al., 1993, SCHOOR et al., 1995, HALLSWORTH
& MAGAN 1997, BOUCHERAU et al., 1999, KUHLMAN & BREMER 2002, TOLSTIKOV & FIEHN,
2002 and many others) The greatest advantage of this method is efficiency with no need of
derivatisation. Some authors however prefer anion exchange chromatography (HPAEC) (e.g.
RIS et al. 2003) or, the more protracted, gas chromatography (GC), where derivatisation step
is necessary (e.g. ADAMS et al., 1999, FIEHN et al., 2000a).

After separation, the individual substances should be identified. That is usually
performed by the coupling of HPLC (or other separation method) to the chosen detection
method. At such a point we have more options. One of the best choices is, surely, mass
spectrometry (MS) (FIEHN et al.,2000b, TOLSTIKOV & FIEHN, 2002, WOOD et al., 2002).
SHAMSI & MILLER (2004) also use MS as a detection step, except in former tandem with CZE
(capillary zone electrophoresis). Sensitive MS offers the ability to both quantify known target
analytes whilst identifying unknown metabolites in the same run. At the same time MS is
convenient for a wide range of metabolites with various chemical and physical properties. A
good choice could be also that of HALLSWORTH & MAGAN (1997) who used pulsed
amperometric detection (PAD) after HPLC. One very exact and specific method of
determination is also NMR (BERNARD et al., 1993, KUHLMAN & BREMER, 2002), however,

this method is very demanding on the purity of the substance.
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II. MATERIALS AND METHODS
IL 1. STRAINS CHOSEN FOR EXPERIMENTS

We used Synechocystis cf. salina strain MARKILE/1430-3 (planktonic species from
uknown locality; the salt tolerance properties previously decribed in HOREJS$I (2005)) and
Arthronema africanum strain LUKAVSKY 1980/1 (benthic species of salt marsh, Kuwait;
NaCl tolerance properties as previously described in HOREJST (2005)); both from the CCALA

culture collection, Tfeboil.
II. 2. MICROASSAY ON SEROLOGICAL PLATES (LUKAVSKY, 1992)

This method was used to estimate the optimal MgSO4 concentration for the growth of
A. africanum. The plates used were 12x8 sockets, with frame sockets filled with distilled
water to eliminate dessication. The experimental sockets in the sterile plate were filled with
0.2 ml of a sterile media BG11 concentrated with MgSQ4 and inoculated by 0.01 ml of 4.
africanum solution (OD 750 nm = 0.4) in a laminar box. The chosen MgSO; concentrations
gradient was following: 0-5-10-15-20-25-30-35-40-45 g MgSO41 BGI11 media. Two
experimental plates were inoculated to acquire 12 replicates. These inoculated plates were
cultivated as described in LUKAVSKY (1992) and OD 750 nm was measured three times in
each plate by Labsystems iEMS reader MF, type 1401. The data obtained were processed by
Kruskal-Wallis ANOVA and Median test in software STATISTICA version 9.0.

IL. 3. EXPERIMENTAL CULTURE CONDITIONS

Both strains were grown in BG11 media (for content of nutrients see Tab. 2., part VI,
Supplementary materials) with the addition of NaCl (S. cf. salina) or MgSOy (4. africanum).
First they were pre-cultivated in a concentration of 10 g NaCl/l (S. cf. salina) and 5 g
MgSO4/1 (A. africanum) to eliminate hyperosmotic shock after long term cultivation in culture
collection. After matching the stationary phase of growth, these pre-cultures were used as
inocula.

Four experimental concentrations of salts were estimated for each strain. S. cf. saling:
0 (control), 15, 30, 45 g NaCl/l BG11 media; 4. afiicanum: 0 (control), 10, 25,30 g MgSO4/1

BG11 media (conversion into molarity further in the text below). All chemicals used were
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from Sigma in p. a. quality. 5 ml of each strain suspension was inoculated into 300 ml of BG
11 (either pure or with addition of salts) in sterile conditions.

Conversion of concentrations used (g/l-molarity):

NaCl: 15 g/l.......... 0.263 M MgSO4: 10 g/l......... 0,096 M
30g/l.......... 0.526 M 25g/l......... 0,24 M
45g/l......... 0.789 M 30g/l......... 0,288 M

,Both strains were maintained in batch cultures in glass cylinders (volume 350 ml) in a
water bathg with_ a thermostat (cultivation temperature 28 °C), il-{lminated constantly by white
fluorescent tubes panel (70 W.m™) and bubbled with 2% CO, in air. During the growth the
evaporated volume of media was refilling with deionized water in order to keep the salts
concentration at constant level. After each harvesting of part of the culture, the new level of
culture volume was marked. OD 750 nm was measured (TECAN, model Sunrise) in the early

growth phase every day, then later every couple of days.
II. 4. SAMPLING AND EXTRACTION OF INTRACELLULAR COMPOUNDS

Four samples of each strain in each concentration of NaCl/MgSO4 were collected
along the growth curve. The first sample ,matching the end of exponential growth (or early
linear growth), was harvested on the volume of 100 ml of culture solution, the second sample,
matching linear growth, on the volume of 80 ml of culture solution, the third sample,
matching late linear or early stationary phase of growth, on the volume of 50 ml of culture
solution, as well as the fourth sample, matching stationary phase of growth. As the growth
rate varied in some concentrations, we had to collect samples in various days of growth to

match the recquired phase of growth. The sampling days were as following:

A. africanum S. cf. salina
MgSOy concentration sampling days NaCl concentration sampling days
0 g/ 10, 14, 17,28 0 g/l 8,7 12,17
10 g/l 10, 14, 17,28 15 g/ 5 1 12: 17
25 g/l 10, 14,17, 28 30 g/ 3 0 12,17
30 g/l 17,21, 28,32 45 g/l 10,12, 17,20

Samples were harvested by centrifugation (4500g, 10 min for S.cf. salina and 5000g,
15 min for A. africanum), the sedimented cells were washed with distilled water and

centrifuged again, this was repeated three times. The final cells sediment was frozen to minus
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60°C for a couple of days and than lyophilised. The dry mass was weighted to evaluate the
dry mass-OD relationship. For dry mass-OD relationship one extra sample (volume 10 ml)
was collected during early growth (third day in S. cf. salina, fifth day in 4. africanum), treated
as described above and weighted.

5 ml of 80 % ethanol was added to 500 mg of lyophilised sample and left to extract for
30 minutes. Then the suspension was heated on 85°C for 10 minutes. Samples were
centrifuged (4500g for 10 min). Supernatant was collected and the sediment was exctracted
once again with the same procedures. Both supernatants were put together and evaporized
under reduced pressure. The residues were redissolved in 1 ml of distilled water, centrifuged

and the supernatant was used for HPLC/MS analysis.

II. 5. HPLC/MS ANALYSIS

The HPLC/MS system consisted of Agilent 1100 series liquid chromatograph with
MSD SL ion trap mass-spectrometer. The system was operated under the ChemStation™
software. The analysis were run according to TOLSTIKOV & FIEHN (2002). Briefly, HPLC was
performed using acetonitrile (A) and 6.5 mM ammonium acetate (pH 5.5, adjusted by acetic
acid) (B) as the mobile phase. As the stationary phase the column TSK Gel Amide 80, 4.6
mm 1.d. X 250 mm. Gradient of A/B was as following: 5 min of isocratic run with 0% B, a
gradient to 15% B concluded at 10 min and than gradient to 55% B completed at 60min.

MS" experiments were carried out with Agilent MSD SL ion trap mass-spectrometer
equipped with an electrospray ion source (ESI). The spray needle was at a potential of 4.5 kV,
and a 5000 kPa coaxial flow of nitrogen was used to stabilize the spray. The stainless-steel
capillary held at a potential of 10 V and tube-lens offset was 65 V. Helium gas was introduced
into the ion trap at a pressure of 1 mtorr to improve the trapping efficiency of the sample ions
introduced into the ion trap. The helium gas also served as the collision gas during the
collisionally induced dissociation (CID). The range of collision energy was 0.75-1.4 eV.
Spectra were acquired in the mass-profile mode, and the number of scans ranged from 2 to
approximately 30, depending on the relative abundance of the precursor ions, the number of

stages of CAD, and the nature of the compound analysed.

10
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II. 6. APPRAISAL OF MORPHOLOGY OF 4. AFRICANUM ALONG MGSO,
GRADIENT

The samples of volume 0.2 ml were fixed by addition of 0.012 ml 30% formaldehyde
for morphology measurements. The samples were collected at the same phase of growth from
all MgSO, concentrations (0-25 g/l: day 17; 30 g/l: day 26).

The parameters measured were: filament length, filament width, number of involution
cells (for an explanation of this term see KOMAREK & LUKAVSKY, 1988). For each parameter
100 mesures were carried out with the help of microphotography software OLYMPUS DP
SOFT (version 3.0). The data obtained were logaritmicaly transformed and processed by
ANOVA-one way method with the software STATISTICA (version 9.0).

11
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III. RESULTS
IIL. 1. GROWTH CHARACTERISTICS

A) Synechocystis cf. salina strain MARKLE/1430-3
(planktonic species from uknown locality)

The optimum NaCl concentration for this strain in the medium BG 11 was previosly
evaluated as 30 g/l (HOREJSI 2005). This strain did not show significant tolerance against
MgSO,. The growth curve during osmoprotection experiments is shown in Fig. 1. The calibratin
line for the relationship between OD 750 nm and dry mass is shown in Fig. Ia, in the part
Supplementary materials. The exponential growth of the culture lasted until the fifth day of
cultivation in concentrations 0 — 30 g NaCl/l, in the concentration 45 g/l the exponencial growth
prevailed for 10 days of cultivation (graph of relationship between time and log, OD 750 (x10” is

presented in Fig.Ib in Supplementary materials).

Synechocystis cf. salina + NaCl

1,6
1,4 -
1,2 -
- |
1- —_—
C;:D: 0 g/l
0,8 —=— {5 g/l
S 06 - 30 g/l
04 - _+45 g_/l
0,2 -
-,
01 .

time {days)

Fig. 1.
A growth curve of Synechocystis cf. salina in medium BG11 treated with various NaCl

concentrations.
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B) Arthronema afiicanum strain LUKAVSKY 1980/1
(benthic species of salt marsh, Kuwait)

The optimum MgSOy concentration in the medium BG 11 was evaluated as 25 g/l. This
strain does not show significant NaCl tolerance as previosly discussed in HOREJSI (2005). The
results of microassay for optimum MgSO, concentration are presented in Fig 2. together with the
growth curve during osmoprotection experiments. The exponential growth prevailed for 7 days in
concentration 0 g MgSO./1, for 10 days in 10 g MgSO,/1 and for 12 days in 25 and 30 g MgSO4/1
(graph of relationship between log; OD 750 (x10%) is presented in Fig. 1Ib, Supplementary

materials). The dry weight calibration line is presented in Supplementary materials, Fig Ila.

Arthronema africanum in MgSO4 gradient
0,7 — - . . . .

06t
0.5}

0.4+t

AL

OD 750 nm

61 == r----J

0,0

. . : i ; - Median
0 5 10 15 20 25 30 35 40 45 LJ25%75%

T Non-Outlier Range
MgSO4 concentration (g/1)

Fig. 2a.

The results of Arthronema africanum microassay; gradient of MgSO;, added to the medium BG11
and its relationship with OD 750 nm. Optimal growth at 25 g/l MgSO,. Chi-square = 32; df = 5;
p = 10,0002,

13
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Arthronema africanum + MgS 04

Fig. 2b.

A growth curve of
Arthronema
africanum in

medium BG11

OD 750 nm

treated with
]

various NaCl /
- o

concentrations.

30 40

time (days)

IIL. 2. ANALYSIS RESULTS

A) Synechocystis cf. salina strain MARKLE/1430-3
(planktonic species from uknown locality)

All compounds detected were assigned on the basis of their molecular weight (MW) in
positive mode ((M+H'T), MW of their typical adducts and the presence of characteristic

fragments. In this strain we detected the presence of saccharose/trehalose (SACH/TRE) with

[M+H']" = 343, the prevailing sodium aduct [M+Na"]"=365 and typical fragmentation on m/z =
185 (sodium-fructofuranosyl/glucopyranosyl) and m/z = 203 (sodium aduct of glucose/fructose).
SACH/TRE was eluted at the time of 37.1 min. From the MS spectra it is impossible to asses

whether the compound of [M+H"]" = 343 is saccharose or trehalose since these two substances

have exactly the same molecular welght Saccharoso xé composed of glucose (MW = 180.16) and
fructose (MW - 180. 16) “and trehalose is composed of two glucose units. After which we
identified glucosyl glycerol (GG; [M+H'T" = 255, sodium aduct [M+Na']" = 277) with typical
fragmentation on m/z = 75 (rest of molecule after neutral loss of glucose (MW = 180)) m/z = 93
(glycerol) and m/z = 163 (glucopyranosyl). The retention time (tr) of GG was 31.8 min. And, last
but not least, glycine betaine ((M+H']" = | 18, tr = 32.6 min) with its typical fragments m/z = 72
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(rest of N-trimethylglycine after splitting of carboxylic group) and m/z = 45 (carboxylic group) as
well as the rest of molecule after loss of water (m/z = 100) was detected. Other interesting solutes
which were detected are: ectoin (tg = 36.5 min) and prolin (tg = 34.0 min). An overview of
compounds detected, as well as their characteristic fragments and structures, is shown in Table I
in the part Supplementary materials. Chromatograms for three main osmoprotectants are shown
in Fig. 3, MS spectra are in Fig. 4, 5, 6.

The presence of these substances was indicated in all samples yet their amount differed in
samples with different NaCl concentrations. The influence of sampling time on the amount of
certain substances was also observed. The exact influence of salt concentration and sampling

time for three main osmoprotectants, will be described below.
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'é .ol = s ' EESTEE TG A Y
_ Glycine betaine }."1\ t, = 32.6 min
] ][ |
wb A 2 T=Oa:CE == 20 mio|
v Saccharose/Trehalose [\ tz=37.1 min
Al o A R N7 Z N Y N o il A A ’
time (min)
Fig.3.

Total ion chromatogram and chromatograms of 3 main osmoprotective compounds (GG [M+H'T"
= 255, gly-bet [M+H'T" = 118 and SACH/TRE [M+Na']" =365) in positive mode.

Chromatograms are from the concentration 30 g NaCl/l, 4th sampling time.

Saccharose/trehalose

Increasing the salt concentration has an obvious negative influence on the amount of this
compound. The highest SACH/TRE level is in culture cells treated with pure BG11 and the
lowest level we can observe at the concentration of 45 g NaCl /. The amount of SACH/TRE
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decreases during stationary growth phase. In the control culture and the concentration 15 g NaCl/l
is the highest amount we can observe at the second sampling time (linear phase of growth). The
graph of intracelullar SACH/TRE amount, calculated for the corresponding dry mass, in various

NaCl concentrations is presented in Fig.4 together with MS spectra.
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+ 0% | RO Oz Ty 37 Indn o2+ 0
q a2
kel 20 T
203
= 185
1D~
m/z
Fig. 4a.

The MS spectra of saccharose/trehalose (upper box: full scan mass spectrum; [M+Na']" = 365; tr

= 37.1 min) and sodium aduct fragmentation (lower box) providing characteristical fragments:

m/z =203 and m/z = 185.

- Fig. 4b.
Synechocystis cf. salina : SACH/TRE in NaCl gradient
(accounted biomass)

The Amount of

saccharose/trehalose,

calculated for dry
weight, changes
during salt gradient

and growth phases;

peak area (* 105)

negative influence of

x

15 NaCl concentration.

number of sampling time (days)
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Glucosyl glycerol
This osmoprotectant prevails in NaCl concentrations of 15 and 30 g/l in the overall point

of view. Values at samples from pure BG 11 are obviously lower during all the time of growth

and those from a concentration 45 g NaCl/l are lower in all growth phases except of exponential
growth. The trend of lowering the amount of solutes is obvious; similarly as in SACH/TRE. The
MS spectra and the graph of intracelullar GG amount in various NaCl concentrations are
presented in Fig.5.
‘ 4 Zeo
| 255 I
| 3 T 277
' 2| .-
E‘_.E 54 T r l“ T L * “ ! [F‘E‘%W
| e
f
I o 75
[
s 93 163 ¢
S l 2 o I D‘ rl . =Ta_'_ PO - —
m/z
Fig. 5a.

The MS spectra of glucosyl glycerol (upper box: full scan mass spectrum; [M+H']" = 255,
[M+Na']" = 277; tg = 31.8 min) and the fragmentation of the protonated molecule (lower box)

providing characteristical fragments: m/z = 75, m/z = 93 and m/z = 163.
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Synechocystis cf. salina : GG in NaCl gradient Fig. 5b.
(accounted biomass) The amount of
o glucosyl glycerol,
0 oy calculated for dry
~ 2500 {\ _
= weight, changes
* 2000 |- i
S 1500 LA during salt
v ‘ dient and
=2 1000 - gradient an
[1#]
R 500 | growth phases;
0 The prevelation in
-500 concentrations 15
number of sampling time (days) and 30 g NaCl/l.
118
d:’_) i h]'.lh :IL7 231 by i _L
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. 72
= 45 100
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Fig. 6a.

The MS spectra of glycine betaine (upper box: full scan mass spectrum; [M+H']" = 118, tr = 32.6

min) and the fragmentation of the protonated molecule (lower box) providing characteristical

fragments: m/z = 100, m/z =72 and m/z = 45.
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Glycine betaine

The prevelation of this osmoprotectant was observed at the highest salt levels (30 and 45
g NaCl/l). The curves of peak areas for 0 and 15 g NaCl/l are lower. The amount of gly-bet
lowers sharply during growth in the concentration 30 g NaCl/l. The curve for highest
concentration rises slightly in the linear phase of growth and than slowly lowers into the
stationary phase yet still remains above all others. The MS spectra and the graph of intracelullar

glycine betaine amount in various NaCl concentrations are presented in Fig.6.

Fig. 6b.

Synechocystis cf. salina : gly-bet in NaCl gradient
The amount of

{(accounted biomass)

300 glycine
250 betaine,calculated
4= 200 - | fordry weight,
% L T S —— changes during salt
3 —=—15 gil _
< 100 1 30 gn|| gradient and
=
8 50 =45 9| growth phases;
0 The prevelation in
50 4 concentrations 30

number of sampling time (days) and 45 g NaCl/l.

B) Arthronema africanum strain LUKAVSKY 1980/1
(benthic species of salt marsh, Kuwait)

None of the osmoprotectants so far known from NaCl tolerant strains was present in
Arthronema samples. We are able to identify two entirely new compounds in this strain at this
time. Acetylserine ((M+H']" = 148, tzg = 37.0 min) is split up into fragmets: m/z = 130 (neutral
loss of H;0), m/z = 102 (loss of carboxylic group) and m/z = 84 (rest of the molecule after the
loss of carboxylic group and NH4). The second compound detected and identified was
Acetylglucosamine ([M+H']" = 222, tz = 18.7 min) with its fragment m/z = 165 (protonated

molecule of glucopyranosyl) The intracellular amount of these two compounds along the salt

gradient will be described below. Chromatograms for acetylserine and acetylglucosamine are
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presented in Fig. 7. Overview of compounds detected, their characteristic fragments and
structures, is shown in Table I in Supplementary materials.

There are some other compounds which occured in Arthronema samples. However, we
are not able to identify them accuratelly at the moment. We detected two prevailing substances:
m/z = 284 and m/z = 198. Both of these substances show a strong absorption at 220 nm. We
suppose that the substance “m/z = 198” should act as an osmoprotectant since its intracellular
amout changes along MgSQ, gradient; it prevails in the concentration of 25 g MgSO4/1 (Fig. 11la
in Supplementary materials.). However, other metabolical roles cannot be ruled out until this
substance is reliably determined. The influence of MgSQ; content on the amount of the

“substance m/z = 284 is not obvious and therefore we cannot assume its osmotic role with doubt

(Fig. IIb in Supplements).
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Fig.7.

Total ion chromatogram and chromatograms of acetylglucosamine ([M+H'" = 222) and

acetylserine [M+H']" = 148 in positive mode. Chromatograms are from concentration 30 g

NaCl/l, 4th sampling time.
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Acetylserine

We suppose that this substance has a significant role in Arthronema osmoprotection
against MgS0O,. As is obvious in the graph in Fig. 8b, the concentration of sulphate significantly
influences the intracellular amount of acetylserine. The highest amount of this compound is
apparent in the concentration of 30 g MgSO4/1; the curve of this concentration prevails above all
the others. The amount of acetylserine in the cells slowly decreases with the number of the

sampling time (or lenght of cultivation).
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Fig. 8a.

The MS spectra of acetylserine (upper box: full scan mass spectrum; [M+H']" = 148, tg = 37
min) and the fragmentation of the protonated molecule (lower box) providing characteristical

fragments: m/z = 130, m/z =102 and m/z = 84.
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Arthronema africanum : Acetylserine in MgSQO4 gradient Fig. 8b.
(accounted biomass) A graph showing

acetylserine intracellular
amount changes along
MgSO, gradient.
Acetylserine is present

mostly in the highest

peak area (*1 06)

MgSO, concentration.
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Fig. 9a.

The MS spectra of acetylglucosamine (upper box: full scan mass spectrum; [M+H']" = 222, tg =
18.7 min) and the fragmentation of the protonated molecule (lower box) providing

characteristical fragment: m/z = 165.
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Acetylglucosamine

The osmoprotective function of this substance is not significant since its amount in zero
addition of MgSO, seems to be one of the highest. In the graph in Fig 9a. we can see an
interesting fact that the production of acetylglucosamine is the lowest in the optimal

concentration of MgSO, (25 g/l).

Arthronema africanum : Acetylglucosamine in MgSQ4 Fig. 9b.
= gradient (accounted biomass) A Graph showing
: acetylglucosamine
“%E 150 intracellular amount
% 00 changes along MgSO,
< gradient. The influence
g 5O AN of rising MgS04
. l/ -~ | — concentration is not
0 5 10 15 20 apparent.

number of sampling time (days)

III. 3. MORFOLOGY ALONG SALT GRADIENT

A) Synechocystis cf. salina strain MARKLE/1430-3
(planktonic species from uknown locality)

Morfology along NaCl gradient was previously discussed in HOREJSI (2005). The
parametres observed were; the diameter of cells and the percentage of dividing cells. The
diameter of cells tend to decrease significantly with increasing salt in the media. The percentage

of dividing cells tend to rise with increasing NaCl concentration.

B) Arthronema africanum strain LUKAVSKY 1980/1
(benthic species of salt marsh, Kuwait)

Filament length (um) differs significantly (DF = 3, F = 86.691, p<10®) along the MgSO,
gradient. The Tukey test (Fig. 10) shows that there are significant differences among all groups

(i.e. MgSO, concentrations). In the graph in Fig. 10 we can see that the filaments tend to break
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mostly in pure BG 11. Conversely Arthronema form the longest filaments in a concentration of

10 g MgSO4/1.

Arthronema africanum morfology in MgSO4; filament length Fig. 10a.
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africanum.

Filament width (um) differs significantly (DF = 3, F = 187.0154, p<10®) along the

MgSO; gradient. The Tukey test (Fig. 11) shows that there are significant differences among all
studied MgSO, concentrations. The widest filaments are present at the highest concentration (45
g/l), the thinnest filaments were observed at the concentration 10 g MgSO,/1 as shown in the

graph in Fig. 11.
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Arthronema africanum morfology in MgSO4; filament width Fig. 11a.
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The number of involution cells per filament differs significantly (DF = 3, F = 65.16070,

p<10) along the MgSOy gradient. The Tukey test (Fig.12) shows that there are no significant
differences between 0 and 10 g MgSO4/I (p = 0.948149) and between 25 and 30 g MgSO4/l (p =
0.887075). Also from the graph in Fig. 12 we can see that this morfological parameter of

Arthronema africanum forms two “groups” along MgSQ; gradient; The number of involution
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cells in filament differs significantly between the “group” 0 and 10 g MgSO./l and the “group”
25 and 30 g MgSO./l. However, there is quite high variability in 10 g MgSO4/1.

Arthronema africanum morfology in MgSO4; Fig. 12a.
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IV. DISCUSSION

IV. 1. MATERIALS AND METHODS

A) Assesment of the optimal growth concentration of MgSO, for Arthronema africanum

We used the method of microassay, instead of usual (flask) assays, as this method

provides many advantages when compared to flask assay. It is a very rapid and simple assay

providing a precise overview of the growth demands of chosen cyanobacteria (LUKAVSKY,

1992, ROJCKOVA ET AL., 1998, LUKAVSKY & SMA_E_R, 2001). For our purpéses this
microassay was very suitable as the first overvie;vn 'Ef\agéo‘; toierance before beginning of
the main experiments for the determination of osmoprotectants.

As there are no leads about cyanobacteria tolerance against MgSOy in literature, the
gradient of MgSO, for microassay was estimated with the steps of 5 g/l until the

concentration 45 g/l, which showed to be sufficient.

B) Strains chosen for experiments

From the strains studied in HOREJSI (2005) were chosen two of appropriate properties
of good tolerance against NaCl/MgSO4. Arthronema africanum tolerates MgSO, while
showing poor tolerance against NaCl while Synechocystis cf. salina shows opposite salts
demands. The use of two strains in two salts brings the question of the species specifity in
intracellular substances production. However, such a sharp diferences between the
osmoprotectants produced by Synechocystis in NaCl and Arthronema in MgSO4 are unlikely
to be just species specific. From the previous assays of many authors (see the review, part 1.)
we have enough reasons to suppose that cyanobacteria are quite “conservative” with
compatible solutes production in NaCl stress. In general, all authors present that
cyanobacteria under NaCl stress accumulate the three main osmoprotectants that we have also
found in our experiments with Synechocystis (SACH/TRE, GG, gly-bet). On the basis of
numerous previous studies we have a good reason to believe that Arthronema would produce
the same compounds if treated with high NaCl concentration (if it were able to cope with
raised NaCl amount). Therefore, the fact that Arthronema, treated with MgSOy, accumulates

completely different compounds should not be caused by the species specifity.
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. articles available about the topic of osmoprotectants against (SO4)* stress in cyanobacteria. It

is possible to find just a few assays describing the ecology of cyanobacteria living in various

salts environments. The little literature available are mostly studies of MgSO4/(SOs*

tolerance in agriculture plants (KLAGES et al., 1999, WU et al., 2003, TURAN & AYDIN, 2005,

WILSON ET AL., 2006) or some other salt-tolerant plants (TOBE et al., 2004, WIRTZ et al.,
2004). In these studies the authors suggest the accumulation of following substances: proline
(WU et al.,, 2003), myo-inositol (KLAGES et al., 1999), acetylserine (WIRTZ et al., 2004) and
HILL et al. (1999) report glucosaminoglycans (including acetyglucosamine). From these
compounds we proved acetylserine and acetylglucosamine in Arthronema samples.

Other two compounds detected (mm/z = 284 and m/z = 198) remain unidentified for the
present. However, for the osmoprotective function, there are some necessary features of these
compounds, which could help to exclude some of the numerous possible substances. In
general they should fulfill the parameters of compatible solutes described above in the part L.
L

Also the assay for Arthronema osmoprotectants was carried out just once
similarly as in Synechocystis. However, the support of literure is very poor in Arthronema’s
case. So it is crucial to repeat the procedures at least twice more to declare results as fully
provable. Until results are supported with statistical processing their value can be named just

as a first screening.

Acetylglucosamine

Our results indicates that the osmoprotective function of this substance is rather
insignificant. The curves of concentrations have no obvious tendencies proving relationship of
acetylglucosamine and MgSQ, addition.

In the graph in Fig 9a., part IIL.2., we can see interesting fact that the production of
acetylglucosamine is lowest in the optimal concentration of MgSQ4 (25 g/l). There is a
possibility that this substance could play a role in the cell stress response in general and is
formed in suboptimal conditions; either through a lack or excess of sulphate. Yet this theory
must be further verified. We also observed that in all samples the lowest amount of
acetylglucosamine is in the second sampling time (14th day of cultivation) matching the
linear growth phase. Yet we have no satisfactory explanation for this observation at the

moment as the metabolic role of this compound is unclear.
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IV. 3. MORPHOLOGY ALONG SALT GRADIENT

A) Synechocystis cf. salina strain MARKI E/1430-3
(planktonic species from uknown locality)
The morphology of this strain in NaCl was discussed previously in HOREISI (2005).

B) Arthronema africanum strain LUKAVSKY 1980/1
(benthic species of salt marsh, Kuwait)
The results of the morphology parameters measurements show a very good significance.
However, in first two parameters (filament length, filament width) there was not observed any
salt depent tendency. It means that the results did not show any linear relationship between
the addition of MgSQy and the filament length/width as could be expected. The concentration ;
of 10 g NaCl/l appears as a turning point in filament length/width (see Fig. 10a, 11a, part IIL 'i\
3.). In this concentration (10 g NaCl/l) the filaments are the longest (i.e. they have the least
tendency to break). In the control concentration, the breaking of filaments is frequent and also
from “turning point” of 10 g MgSO4/1 with further arise of NaCl amount in media
(concentrations 25 and 30 g MgSO4/1) the filaments are breaking more often. The
concentration of 10 g MgSQO4/1 appears as a turning point also for filament width, where the
observations are just oposite to those of filament legth; in 10 g MgSO./1 the filaments are the
thinnest and in both directions from this concentration the width of the filaments is rising.

The number of involution cells has a tendency to decrease with increasing MgSOs in
media (see Fig. 12a, part IIl. 3.), which is interesting as KOMAREK & LUKAVSKY (1988)
propose that these cells should play some role in osmoprotection. Also in HOREISI (2005),
where Arthronema was tested for morphology parameters changes in NaCl, the number of

involution cells was the lowest in maximal concentration tolerated (10 g NaCl/1 BG11).
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V. CONCLUSIONS
St

L We estimated the optimal concetration of MgSO4 for Arthronema africanum at the
value of the addition of 25 g MgSOy4/1 media BG11.

II. We succesfully established a suitable method of extraction, detection and
identification of osmoprotectants in Synechocystis cf. salina and A. africanum. We
also succesfuly analysed intracellular extracts from various concentrations of NaCl
(S. cf. salina) and MgSOy (4. africanum) for osmoprotectants.

III. ~ We compared osmoprotectants in two chosen strains of cyanobacteria under NaCl

and MgSO; stress. These two strains chosen, under different salts stress, produced
entirely different substances.
A) Synechocystis cf. salina under NaCl stress formed three main osmoprotectants

(saccharose/trehalose, glucosyl glycerol and glycine betaine). The preference

of each osmoprotectant appeared to be dependent on the degree of salt stress. '

SACH/TRE is prefered in the lowest concentration (0 g NaCl/l (possibility of
utilization as energy source) and in 15 g NaCl/ll), GG in intermediate
concentrations (15,30 g NaCl/l) and gly-bet in the highest concentration (45 g
NaCl/l). These results correspond with previous observations of

| osmoprotectants and their preference by other cyanobacteria in various salt
concentrations which have been presented in literature.

B) We succesfully identified two entirely new substances for the species
Arthronema africanum: acetylserine and acetylglucosamine. However, only
acetylserine appears as a compound with an osmoprotective function. The
other two unidentified substances observed were; the substance “m/z = 198”
and the substance “m/z = 284”. However, only the substance “m/z = 198
appears as a compound with an osmoprotective function.

C) All compounds observed (except of acetyglucosamine) in both strains showed
the tendency to decrease their intracellular amount along the time of
cultivation.

D) All procedures, especially in 4. Africanum, must be repeated at least twice
more to acquire sufficient support in statistical processing of the collected data.

We observed the morphology of A. Africanum along the MgSO, gradient

succesfully. All paremeters observed change significantly along the sulphate

gradient.
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Calibration line: Synechocystis cf. Salina Fig. Ta.
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Calibration line: Arthronema afiricanum Fig. Ila.
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Substance "m/z = 198" in MgS04 gradient
(accounted biomass)

—— 04/l

—=—10 g/
—— 259/l
——30 g/l
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number of sampling time (days)

Fig Illa.
Graph showing substance “m/z = 198 intracellular amount changes along MgSO, gradient;

possible influence of MgSO4 concentration is obvious,

Substance "m/z = 284" in MgSO4 gradient
(accounted biomass)

——0gfl

—=—104g/l
—— 25 gl
——30g/l

0 5 10 15 20

number of sampling time (days)

Fig. IlIb.
Graph showing substance “m/z = 284" intracellular amount changes along MgSQ, gradient;

influence of MgSO4 concentration is not apparent.
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Tab.I. Overview of compounds detected in Synechocystis cf. Salina and Arthronema

africanum (divided into two parts)

Main osmoprotectants detected in Syrechocystis cf. salina strain MARKLE/1430-3

compound MW o sdlirests characteristic | Formula + graphic c_leplctlon
name fragments of fragmentation
: — 2(3
e I HO
j | OH |
" XX
iy
Ho* ¥ ! O ¥ o
[M+H']" =343 oH | HO
185 <t+———
Saccharose/ [M+Na']"=365 | 185 (163+Na’) '
a 3423 | 37.1 o .
trehalose [M+K'] =381 |203(181+Na’) v —— 203
\
[M+NH;"T" =360 .0 ,
Ho U \O“‘““‘DH
HO W % HO ™Sy
OH =
H v OH
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glycerol T ' [M+K'T =293 93
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# —>45
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Glyeine 1719 | 228 L 100 (loss of g
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Second part of Tab.I.

Main compounds detected in Arthronema africanum  strain LUKAVSKY 1980/1

— p— —
compound MW ta — characteristic | Formula + graphic (316p1ct1011 of
name fragments fragmentation
L e
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PTIE
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BG11: The media suitable particularly for cyanobacteria cultivation.

STANIER, R.Y., KUNISAWA, R.,, MANDEL, M & COHEN-BAZIRE, G.(1971):
Purification and properties of unicellular blue-green algae (Order Chroococcales). —

Bacteriol. Rev. 35: 171-205.

Stock solutions (according to CCAP):

1. NaNO; 15,0 g/1000 ml

2. K;HPO;. 2 g/500 ml

3. MgS0,4.7H,0 3.75 g/500 ml

4. CaCl;.2H;0 1.80 g/500 ml

5. citric acid 0.30 g/500 ml

6. amonium ferric citrate (green) 0.30 g/500 ml

7. EDTA-Na; 0.05 g/500 ml

8. Na;COs 1.00 g/500 ml

9. Trace metal solution — in 1000 ml

H;BO; 286¢g
MnCl,.H,0 181 ¢
ZnS04.7H,0 22¢g
Na,Mo04.2H,0 0.39¢g
CuS0,.5H,0 0.08 g
Co(NO;3)2.6H,O 0.05¢

Mix 100 ml of stock solution no.1, 10 ml of solutions no.2 to 8 each and 1 ml of stock
solution no. 9. Make up to1000 ml with deionized water.

Tab.II.

The medium BG11 composition, from http://www.sinicearasy.cz




