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Long-term diazotrophic cultivation of Trichormus sp. IMU26:
evaluation of physiological changes related to elevated

phycobiliprotein content
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Abstract

A filamentous cyanobacterium, Trichormus sp. IMU26, capable of rapid growth and high phycobiliprotein (PBP) production
under N,-fixing conditions was isolated. The strain has been maintained in N-free BG-11 medium for more than 20 months upon
isolation. Nitrogen supply resulted in higher soluble protein and saccharide content but a lower growth rate and PBP production
in Trichormus sp. IMU26. Short-term N-P deprivation induced PBP production with no clear change in growth while growth and
PBP content decreased in the longer incubation period. Induction of PBP production in N-P-deprived cells was characterized by
FTIR analysis and change in carotenoid-pigment interactions. Rapid induction of zeaxanthin and (3-carotene production and
slight reduction of echinenone and canthaxanthin levels might be associated with increased PBP levels in short-term N-P
deprivation of Trichormus sp. IMU26. Overall, long-term diazotrophic growth of N,-fixing cyanobacteria may increase the

PBP yield.
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Introduction

Cyanobacteria are an ancient group of Gram-negative, photoau-
totrophic prokaryotes. They are ubiquitous and abundantly found
in all water systems such as freshwater, marine, and thermal
springs. They are among the most abundant primary producers
on earth and globally responsible for much of the main produc-
tivity and nitrogen fixation. (Dvoféak et al. 2017). Cyanobacteria
produce a wide variety of secondary metabolites, bioactive com-
pounds, and pigments including phycobiliproteins (PBPs) (Li
et al. 2019).

Phycobiliproteins are naturally occurring highly fluorescent
components of the photosynthetic antenna complexes found in
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cyanobacteria, red algae and cryptomonads (Li et al. 2019).
These water-soluble chromoproteins do not produce visible fluo-
rescence when these proteins are a part of the accessory light-
harvesting complex as the excitation energy is transferred to
chlorophyll molecules in the photosynthetic membrane.
However, once purified, the excitation energy is released as a
strong fluorescence (Adir 2005). Therefore, PBPs have been
used commercially as fluorescent labels in flow cytometry, fluo-
rescent immunoassays and fluorescence microscopy for diagnos-
tics and biomedical research (Sonani et al. 2016; Zheng et al.
2019). Phycobiliproteins isolated from various cyanobacterial
species have been reported to show a variety of pharmacological
and health beneficial effects including antioxidant, anticancerous,
neuroprotective, anti-inflammatory, hepatoprotective and
hypocholesterolemic activities (Fatma 2009). Due to inherent
bright color, non-toxic protein nature, easy availability, and po-
tential free radical-scavenging capacity, the PBPs have been
employed in food, cosmetics and pharmaceutical industries
(Sonani et al. 2016).

The level and composition of PBPs show strain-specific
changes in response to environmental fluctuations such as
temperature, pH, irradiance, and nutrient availability (Fatma
2009). Among the nutrients, nitrogen and phosphorus are the
main elements that limit the development of natural
cyanobacteria populations in aquatic ecosystems (Peng et al.
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2016). In the current study, four different cyanobacteria iso-
lated from Malikdy-Uyuz thermal spring located in Ankara
province in Turkey were evaluated for their PBP production,
and some physiological changes in best PBP producing strain
was analyzed in relation to nitrogen and phosphorus
availability.

Materials and methods
Isolation and identification of the strains

The strains Trichormus sp. IMU26, Anabaenopsis sp.,
Calothrix sp., and Nostoc sp. were isolated from Malikoy-
Uyuz thermal spring (40° 34’ 25" N 32° 39’ 59" E) located
in Ankara province of Turkey. The strains were analyzed for
their PBP production capacity and following experiments
were conducted on Trichormus sp. IMU26 as the best PBP
producer. Dynamic parameters such as temperature, salinity,
pH, ammonium content, nitrate content, dissolved oxygen,
conductivity, and total dissolved particle levels of the water
resources were measured by means of a multi-parameter read-
er (YSI ProPlus, USA) on site when the isolation was accom-
plished in April 2017.

The strains were identified based on morphological char-
acteristics (Rajaniemi et al. 2005; Waterbury 2006) and geno-
mic information. The strains have been cultured and main-
tained in Istanbul Medeniyet University Microalgae Culture
Collection, Istanbul Medeniyet University, Turkey. In order to
obtain genomic information for identification of the strains,
the genomic DNA fragment was amplified by PCR, se-
quenced, and analyzed according to (Lu et al. 1997; Khazi
et al. 2018). DNA amplification from genomic DNA contain-
ing a partial 16S ribosomal RNA region was performed with
PCR by using the following primers: Forward (27F): 5'-
AGAGTTTGATCMTGGCTCAG-3" and Reverse (809R):
5'-GCTTCGGCACGGCTCGGGTCGATA-3'". The same
primers were used for Sanger sequencing. Sequence compar-
ison of the 16S rRNA genes was performed using the NCBI
databases with BLASTn search (http://blast.ncbi.nlm.nih.gov/
Blast.cgi) and BioEdit-graphical biological sequence editor
v7.0.9.

Preparation of inoculum

The cyanobacteria used in this study are all diazotrophic
cyanobacteria showing good growth ability in N-free BG-11
medium (Stanier et al. 1971). After isolation in April 2017,
strains have been maintained in N-free BG-11 medium by
refreshing them every 15-20 days. Thus, the strains used in
this study can be considered acclimated to N deprivation for
20 months until the experimentation. Thereby, cells grown in
N-free BG11 medium were used as the experimental reference
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for PBP production. For experimentation, exponentially
growing cells were harvested, washed with distilled water,
and used as inoculum (5% v/v). Cyanobacteria were cultivated
in 250-mL flasks containing 100 mL of N-free BG-11 medi-
um on a temperature-controlled (271 °C) orbital shaker
(Sartorius, Certomat BS-T, USA) at 120 rpm under the con-
tinuous illumination of 100 umol photons m 2 s~'. For eval-
uation of P and N availability on PBP production, cultures
were either grown in N-replete (refers to complete BG-11
medium, 0.176 mM NaNOs as N source), N-deficient, or N-
P-deficient BG11 growth medium.

Determination of biomass production

The biomass production was determined spectrophotometri-
cally by measuring the chlorophyll-a concentration. The con-
centration of Chl-a was calculated according to (Zaviel et al.
(2015) with slight modifications. Each sample (2 mL) was
centrifuged for 5 min at 10,000x g and the pellet was resus-
pended in 1.5 mL of methanol (100%, precooled to 4 °C),
vortexed for 1 min and placed on a rotator for mixing for
20 min under room temperature. Then samples were centri-
fuged for 5 min at 10,000x g and the absorbance of the super-
natant was measured at ODggs5 and OD7, by using methanol
as a blank. The concentration of Chl-a was calculated accord-
ing to the following equation (Ritchie 2006):
Chl-a (mg L") = 12.9447 (ODggs — OD29).

Quantification of total saccharide and total protein

Each sample (5 mL) was pelleted by centrifugation (2000x g,
5 min), washed with sterile water, and centrifuged again
(4000x g, 5 min). The pellet was transferred into a 1.5-mL
pre-weighed centrifuge tube. After another centrifugation
step, the supernatant was completely removed and the remain-
ing cell pellet was first incubated (open cap) in 40 °C in a
shaking dry block heater (Thermomixer C, Eppendorf,
Germany) for 30 min and weighed for fresh weight determi-
nation. Then, the cell pellet was completely dried at 80 °C in a
dry block heater overnight. The dry weight of the cells was
determined by the weight of the cell tubes subtracted from the
dead weight of the tube. Total saccharide and total protein
content of the cells were calculated based on the dry weight.

Total saccharide content of the cells were measured by
using the modified phenol-sulfuric acid method as described
by Zaviel et al. (2018). For protein quantification, lyophilized
cell pellets were resuspended in lysis buffer (50 mM Tris—HCl
pH 8.0, 2% SDS, 10 mM EDTA, and protease inhibitor mix),
subjugated to sonication (3510E-DTH, Branson) for 1 min at
60% power (7 W/pin) and centrifuged at 13,000x g at 4 °C.
The supernatant was then used for protein determination with
bicinchoninic protein assay (He 2011).
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Extraction and estimation of phycobiliproteins

Five mL of culture was centrifuged at 4000x g for 5 min. The
pellet was resuspended in 5 mL sodium phosphate buffer
(0.1 M, pH 7.0, containing 1 mM sodium azide) and sonicated
(200 W, 30 kHz) for 2 min. After sonication, the samples were
kept in the freezer (—20 °C) for 30 min for freezing and then
moved back to room temperature to let samples thaw for an-
other 30 min. The suspension was centrifuged at 4000x g for
5 min and the clear supernatant was collected for absorbance
measurement. The absorbance of the supernatant was mea-
sured at ODsg, ODgog and ODgs, for calculation of the
phycobiliprotein-PBPs (phycocyanin-PC, allophycocyanin-
APC, phycoerythrin-PE) according to the following equations
(Bennett and Bogorad 1973):

_ ODy;5—(0.474*0Dgs)

P L) =
C(mgm ) 5.34
_ OD650—(0.208*OD615)
APC L) =
(mgm ) 5.09
_ ODsg—(2.41#PC)—(0.849*APC))
PE 1! :(
(mgm ) 9.62

Y PBP = PC + APC + PE

Fourier transform infrared spectroscopy

Approximately 50 mg of lyophilized cell biomass was
vacuum-dried at 40 °C for 1 h and the dried sample was placed
on the sampler module. Infrared spectra were recorded over a
wavenumber range of 4000 to 400 cm ™' with 128 scans on a
Fourier transform infrared spectroscopy (FTIR) (Perkin
Elmer-L160000A, USA) equipped with an ATR module.
The bands were assigned to specific molecular groups on the
basis of biochemical standards and published studies as pre-
viously described (Mairet et al. 2011).

HPLC analysis of carotenoids

Quantification of 3-carotene, zeaxanthin, echinenone, cantha-
xanthin, and Chl-a in Trichormus sp. IMU26 was as described
by Chagas et al. (2015) with modifications. The standard calibra-
tion curves for 3-carotene, lutein, zeaxanthin, canthaxanthin, and
Chl-a were obtained by using standard stock solutions prepared
in methyl tert-butyl ether (MTBE):acetonitrile (50:50, v/v). An
Agilent 1200 HPLC-DAD system (Waldbronn, Germany)
equipped with a vacuum degasser, autosampler, and a diode-
array detector was used to determine the carotenoids in the ex-
tracts. The column used was C18 column (Zorbax Eclipse plus)
100 mm x 2.1 mm and 1.8-um particle size (Agilent Tech,
Germany). Before the first measurement, the column was equil-
ibrated for 10 min with 10% eluent A (acetonitrile:water,
90:10 v/v) and 90% eluent B (methanol:water, 85:15 v/v). sThe

elution flow rate was set at a constant 1 mL min ' at 25 °C. The
mobile phase was acetonitrile/methanol/MTBE, starting with a
ratio of 20:75:5 reaching 10:80:10 in 12 min, 0:90:10 in 25 min,
0:75:25 in 40 min, and finally, 0:50:50 in 60 min.

Each experiment was repeated twice with three biological
replicates. Thus, the final data in this article are the mean
values of at least three separate samples collected at two dif-
ferent times. Means of averages with standard errors are pre-
sented throughout the manuscript and data evaluation was
done by using  tests (two tailed, pair type) with the signifi-
cance criteria of 0.05 to assess the significance between dif-
ferent groups evaluated for the same time point.

Results

Selection and identification of the best PBP
producing strain

The strains Trichormus sp. IMU26, Anabaenopsis sp.,
Calothrix sp., and Nostoc sp. were isolated from Malikoy-
Uyuz thermal spring (based on Sanger sequencing informa-
tion, the strains were registered to NCBI with accession num-
bers: MK929011 (Trichormus sp. IMU26), MK929008
(Calothrix sp.), JQ246569 (Anabaenopsis sp.,) and
MK929009 (Nostoc sp.)). Dynamic parameters such as tem-
perature (26.5 °C), salinity (3.25 ppt), pH (6.2), ammonium
content (12.1 mg Lfl), nitrate content (7.05 mg Lfl) and dis-
solved oxygen (8.7 mg L") levels of the water resources were
measured by means of a multi-parameter reader (YSI ProPlus,
USA) on site when the isolation was accomplished in April
2017.

The strains used in this study have been maintained in N-
lacking BG-11 medium for approximately 20 months since they
were isolated in April 2017. In order to check their PBP content,
the strains were incubated in liquid N-lacking BG-11 growth
medium and the PBP contents were measured 6 days after inoc-
ulation when they all were in the exponential growth phase. The
strain Trichormus sp. IMU26 produced the maximum amount of
PBP equivalent to 23.2% of dry weight, while it was 4.84%, in
Anabaenopsis sp., 7.25%, in Calothrix sp., and 8.9% in Nostoc
sp. (Fig.1). The PE content was around 11.8% in Trichormus sp.
IMU26 while it was not higher than 2.45% in the other strains.
The PC content was 6.51% in Trichormus sp. IMU26 while it
was 2.21% in Calothrix sp., 1.92% in Nostoc sp., and 1.06% in
Anabaenopsis sp. Lastly, APC content was 4.87% in Trichormus
sp. IMU26 while it was 4.53% in Nostoc sp., 2.87% in Calothrix
sp., and 2.48% in Anabaenopsis sp. Thus, Trichormus sp.
IMU26 was selected for further analysis.

The cyanobacterium Trichormus sp. IMU26 is a
diazotroph, unbranched and filamentous. The filaments are
solitary, trichomes are straight, curved, or entangled.
Vegetative cells are barrel-shaped 2.5-3.5 um wide, 3.1-
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Fig. 1 Phycobiliprotein contents of cyanobacteria maintained in N-free
BG-11 medium for 20 months. PBP, phycobiliprotein; PE, phycoerythrin;
PC, phycocyanin; APC, allophycocyanin. For all data sets, each point
represents the mean ( SD) of culture flasks in at least three replicates

4.2 um long. Heterocytes are solitary, detached or intercalary,
rounded or slightly oval, 3.5-4.5 um wide, 4.5-5.8 um long.
Spores are oval or elliptical, arranged by a few together, with-
out any connection with heterocytes, 2.5-4.5 um wide, 2.5—
5.2 um long (Fig. 2).

Growth analysis

For experimentation, Trichormus sp. IMU26 was grown in N-
replete, N-deficient, and N-P-deficient BG11 medium for
16 days of the incubation period. After all treatments, the
biomass production was determined spectrophotometrically
by measuring the Chl-a concentration (Fig. 3). As reflected
by changes in Chl-a content, N-supply stimulated growth on
first days and then suppression of growth was observed after
the 6th day of incubation. Approximately 27.6% higher
growth was observed on the 4th day of incubation when
Trichormus sp. IMU26 was grown in N-replete growth medi-
um; however, the growth was suppressed on the following
days as characterized with approximately 18.6% decreased
growth on day 8 which was followed by a 23.5% decrease

oM C A%y el b 4
Fig. 2 Microphotograph of Trichormus sp. IMU26
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deficient conditions. Mean (+SD) of culture flasks in at least three
replicate

on day 10 and ended up with a 36.5% decreased growth rate at
the end of 16 days of incubation when compared with the ones
incubated in N-lacking growth medium. On the other hand, N
and P deprivation did not cause a significant change in growth
on the first days but a remarkable decrease was recorded after
the 6th day of growth when compared with the N-deprived
ones. A decrease in growth of N- and P-deprived Trichormus
sp. IMU26 was 24.9% on day 8 and ended up with a 55.2%
decreased growth rate. Thus, changes in Chl-a content of the
respective cultures show that N supply and N-P deprivation
caused suppression of growth after the 6th day of incubation
and cells entered the stationary phase on the 12th day, while
N-deprived cells were exponentially growing with a higher
cell density at the end of the 16 days of the incubation period.

Changes in PBP production

Trichormus sp. IMU26 grown in N-replete, N-deficient, and
N-P-deficient media were harvested on 6th and 12th days of
incubation for PBP analysis (Fig. 4). When compared with N-
deprived Trichormus sp. IMU26, N supply caused an approx-
imately 26.5% decrease of PBP equivalent production in
which 27.9%, 21.9%, and 29.7% decrease in PE, PC, and
APC content were observed by the end of 12 days of incuba-
tion. On the other hand, N and P deprivation increased overall
PBP content up to 18.8% for the first 6 days while a sharp
decrease of 49.8% in PBP content was recorded at the end of
12 days of incubation. The increase in PE content was 18.1%,
PC content was 21%, and APC content was 17.2% for the first
6 days; however, dramatic decreases in PE, PC, and APC
contents were recorded as 48.2%, 47%, and 56.9% respective-
ly by the end of 12 days of incubation.

FTIR analysis

The FTIR bands were assigned to specific molecular groups
on the basis of biochemical standards and published studies as
previously described (Mairet et al. 2011). The major bands
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Fig. 4 Phycoerythrin (PE),
phycocyanin (PC),
allophycocyanin (APC), and total
phycobiliprotein (PBP) content of
Trichromus sp. IMU26 in re-
sponse to N and/or P availability.
Mean (+ SD) of culture flasks in
at least three replicate. Asterisks
(*) in the same group indicate a

0 6 12 0 6 12 0 6 12

Time (Days)

PC (% of DW)
.
>

APC (% of DW)

0 6 12 0 6 122 0 6 12 0 6 12 0 6 122 0 6 12

Time (Days) Time (Days)

statistically significant difference
compared with untreated samples
(day 0). *P <0.05

40-

w
o
1

>PBP (% of DW)

0 6

12

attributed to amides, proteins, lipids, and saccharides are stat-
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attributed to C-H stretching of polysaccharides seems to be
lost when cyanobacteria were grown in N-replete medium. On
the other hand, a new peak 1728 cm ' attributed to C=0
stretching of phospholipids emerged when Trichormus sp.
IMU26 was incubated in N-P-lacking conditions.
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Changes in total protein and saccharide content

Total protein and total saccharide content of Trichormus
sp. IMU26 increased as a response to N supply (Fig. 6a).
Approximately 42.4% increased total protein content was
recorded at the end of 12 days of incubation while there
was 83.1 and 98.5% increase in total saccharide content
when N source was supplied to Trichormus sp. IMU26.
Contrarily, total protein and total saccharide content of

Fig. 5 FTIR spectrum of 6-days 110+ — N-replete
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Fig. 6 Change in total soluble protein and saccharide levels in Trichormus sp. IMU26. Mean (+ SD) of culture flasks in at least three replicate. Asterisks
(*) in the same group indicate a statistically significant difference compared with untreated samples (day 0). *P < 0.05

Trichormus sp. IMU26 decreased as a response to N-P
deprivation (Fig. 6b). There was approximately 26.5 and
16.8% decrease in total protein content while total saccha-
ride content was also recorded as approximately 44.8 and
32% lower than in N-deprived ones as measured on 6th
and 12th days of incubation.

Variation in carotenoids production

The 3-carotene and zeaxanthin levels increased when the cells
were incubated in N-P-deficient medium for 6 days while
canthaxanthin and echinenone levels decreased as compared
with N-deprived Trichormus sp. IMU26 (Fig.7).
Approximately 27% increase in [(3-carotene/Chl-a level was
accompanied by a dramatic increase of 209% in zeaxanthin/
Chl-a production. On the other hand, canthaxanthin/Chl-a and
echinenone/Chl-a levels decreased by 23.5 and 16.2%
respectively.

A Zeaxanthin/Chl-a A p-Caroten/Chl-a
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Fig. 7 Change in (3-carotene/Chl-a, zeaxanthin/Chl-a, echinenone/Chl-q,
and canthaxanthin/Chl-a levels in Trichormus sp. IMU26 in response to
N deprivation, or N-P deprivation. Mean (+ SD) of culture flasks in at
least three replicates
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Discussion

Unlike most other photosynthetic organisms, cyanobacteria are
able to photosynthesize efficiently in the low chlorophyll absorp-
tion spectrum over the wavelength range 450 to 655 nm by
means of PBPs (Glazer and Clark 1986). Phycoerythrin (PE,
Aamax = 340 — 570 nm; Appax =575 —590 nm), phycocyanin
(PC, Aamax=610—620 nm; Appnax = 645-653 nm), and
allophycocyanin (APC, Apmax =650 — 655 nm; Appa =657 —
660 nm) are main PBPs in cyanobacteria (Sonani et al. 2016).
The overall content and proportions of PBPs differentiate de-
pending on the type of cyanobacterium and fluctuations in the
environmental conditions. In this study, Trichormus sp. IMU26,
Anabaenopsis sp., Calothrix sp., and Nostoc sp. were isolated
from the same spring water resource at the same time, and the
stock cultures were maintained in N-lacking BG-11 medium for
approximately 20 months before the experimentation. Thus, the
strains can be considered as N-deficiency acclimated. Analysis of
the PBP content of exponentially growing cells showed that
Trichormus sp. IMU26 produce approximately 4.8-, 3.2-, and
2.6-fold higher PBP equivalent than those in Anabaenopsis sp.,
Calothrix sp., and Nostoc sp. respectively (Fig.1).

In cyanobacteria, the PBP content and composition is dy-
namically regulated in response to environmental changes
such as light intensity, temperature, pH, and nutrient availabil-
ity (Fatma 2009). Among the nutrients, N and P are of special
importance as mainly N availability affects C and N allocation
to PBPs, and P availability affects spore formation in filamen-
tous cyanobacteria (Peng et al. 2016). Phosphorus and N are
the main principal nutrients limiting microalgal growth in
most water habitats (McCormick et al. 2001). It was reported
that the proportion of cyanobacteria increased with distance
downstream in a manner related to the dramatic decreases in N
and P concentrations that occur in stream water (Mulholland
et al. 1995). Thus, in order to evaluate further physiological
differences, Trichormus sp. IMU26 was incubated in N-re-
plete, N-deficient, and N-P-deficient growth medium.
Changes in Chl-a content of respective cyanobacteria cultures
showed that N supply improved initial growth and N-P
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deprivation did not cause a significant change in the first
6 days whereas a substantial decrease of growth in both
groups was observed after the 8th day of incubation (Fig.3).

Most recently, Lee et al. (2017) reported that N-free growth
of diazotrophic Nostoc sp. resulted in higher biomass and PC
production. Likewise, Fatma (2009) reported that growing
Anabaena sp. in N-free medium is superior to nitrate, ammo-
nium, or urea supply in terms of PBP production.
Supportively, our results show that 12 days of nitrate supply
caused a lower production level of the PBP equivalents when
compared with N-deprived Trichormus sp. IMU26 (Fig. 4). It
seems that long-term diazotrophic growth may increase the
PBP yield of N,-fixing cyanobacteria. Short-term N and P
deprivation stimulated higher PBP production but a rapid deg-
radation of PBP equivalents was observed on a longer time
period. In fact, the PBPs do not contain phosphorus. The up-
take and intracellular accumulation of phosphate are common
in filamentous cyanobacteria (Nausch et al. 2009). The phos-
phate stock is used under P deficiency to support growth and
cellular metabolism (Braun et al. 2018). Thus, increased PBP
levels in the first 6 days may reflect growth-related photosyn-
thetic adaptation strategies to overcome the absence of P and
the diminished PBP levels observed in 12 days of P depriva-
tion might be the consequence of decreased PBP biosynthesis
relative to the rate of cell division.

The biomass characteristics in cyanobacteria tend to
change as a response to environmental fluctuations. Thus,
a potential change in biomass characteristics of Trichormus
sp. IMU26 grown in N-replete, N-deficient, and N-P-
deficient media for 6 days of incubation was evaluated by
means of FTIR analysis (Fig.5). The peak at 1450 cm '
attributed to C—H stretching of polysaccharides was visible
in N- and N-P-deficient cell biomass; however, it was lost
when Trichormus sp. IMU26 was grown in N-replete me-
dium. Furthermore, a new peak attributed to C=0 stretching
of phospholipids (1728 cm™ ') emerged when the cyanobac-
terium was N-P-deprived for 6 days. Phospholipids are the
main component of cell membranes, and they maintain a
gradient of chemical and electrical processes to ensure cell
survival (Singh et al. 2002). Therefore, it seems that there
was a reorganization of surface and composition of
diazotrophic Trichormus sp. IMU26 biomass as a response
to N and P deprivation. There was a clear induction of total
protein and saccharide production in N-replete Trichormus
sp. IMU26 while total protein and saccharide levels showed
dramatic decreases when the cyanobacterium was grown in
N-P-lacking medium (Fig.6). Similarly, Celekli et al.
(2016) reported an extensive change in biomass composi-
tion and membrane structure of Spirulina platensis as a
response to changes in element composition and salinity
of the growth medium.

Carotenoids in cyanobacteria serve as light-harvesting pig-
ments in photosynthesis, modulators of membrane

microviscosity, and they work against photooxidative damage
(Zakar et al. 2016). The strain-specific composition of the carot-
enoids fluctuates in response to environmental changes such as
cell density, light regime, and nutrient composition of the growth
medium (Liang et al. 2006). Major carotenoids in cyanobacteria
are [3-carotene and xanthophylls such as canthaxanthin,
echinenone, zeaxanthin, nostoxanthin, and myxoxanthophylls
(Takaichi and Mochimaru 2007). Recently, it was reported that
carotenoids are required for proper functioning and structural
maintenance of PBPs (Toth et al. 2015). In this study, changes
in (3-carotene, canthaxanthin, echinenone, and zeaxanthin levels
were measured in Trichormus sp. IMU26 incubated in N- or N-
P-lacking media for 6 days when increased PBP production was
observed in N-P-deprived cyanobacteria. There was a remark-
able induction of (3-carotene and zeaxanthin production accom-
panied by a decreased level of canthaxanthin and echinenone in
N-P-deficient Trichormus sp. IMU26 (Fig.7). Zeaxanthin is a
hydroxyl derivative of 3-carotene while echinenone and cantha-
xanthin are its keto derivatives. Increased (3-carotene and zea-
xanthin production in N-P-deprived cells might refer to the pro-
tection of pigment systems from photoinhibition and oxidative
stress. Recently, Kusama et al. (2015) showed that zeaxanthin
and echinenone protect the repair part of the PSII recovery cycle
from photoinhibition via reactive oxygen-scavenging activities.
Our results showed that there was approximately a 209% in-
crease in zeaxanthin production while only a 16.2% decrease in
echinenone production in N-P-deprived cells (Fig. 7). On the
other hand, Gruszecki and Strzatka (2005) reported that zeaxan-
thin, a polar carotenoid, induces membrane rigidity while
echinenone may have a neutral or fluidizing effect. Therefore,
the new peak attributed to C=0 stretching of phospholipids
(1728 cm™ ') observed in FTIR analysis of N-P-deprived
Trichormus sp. IMU26 (Fig.5) may refer to the membrane mod-
ulation activity of carotenoids in filamentous cyanobacteria.
Lastly, blue-green light-absorbing orange carotenoid protein
(OCP) in cyanobacteria is known to act as a stress sensor and
energy quencher which is able to bind phycobilisomes when it is
activated (Punginelli et al. 2009). Activation or deactivation of
OCP necessitates a dynamic adjustment in carotenoid-
chlorophyll and carotenoid-bilin interactions (Thurotte et al.
2015). Thus, elevated PBP levels in response to 6-day N-P dep-
rivation of Trichormus sp. IMU26 may be due to induced [3-
carotene and zeaxanthin production accompanied by a slight
decrease in echinenone and canthaxanthin levels.

As a conclusion, this study introduces a filamentous
diazotrophic cyanobacterium, Trichormus sp. IMU26, capa-
ble of rapid growth and increased PBP production when de-
prived of N. Moreover, short-term N-P deprivation induces
the PBP production while biomass production is not affected.
Lastly, rapid induction of zeaxanthin and (3-carotene produc-
tion might be associated with increased PBP production in
cyanobacterium Trichormus sp. IMU26 cultivated in N-P-
free growth medium.
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