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Abstract Thiamine pyrophosphate (TPP), the active form of
thiamine is a cofactor for enzymes involved in central
metabolism pathways. However, it is also known to have a role
as a stress signaling molecule in response to environmental
changes. Anabaena sp. and N. oculata are microorganisms
which are abundantly found in Malaysia’s freshwater and
marine ecosystem. However, not much studies have been done
especially in regards to thiamine biosynthesis. This work
aimed to amplify of gene transcripts coding for thiamine
biosynthesis enzymes besides looking at the expression of
thiamine biosynthesis genes upon stress application. Various
stress inducers were applied to the cultures and RNA was
extracted at different time points. The first two genes, ThiC
and ThiG/Thi4 encoding enzymes of the pyrimidine and
thiazole branch respectively in the thiamine biosynthesis
pathway were identified and amplified. The expression of the
genes were analysed via RT-PCR and the intensity of bands
were analysed using ImageJ software. The results showed up
to 4-fold increase in the expression of ThiC and ThiG gene
transcript as compared to control sample in Anabaena sp.
ThiC gene in N. oculata showed an expression of 6-fold higher
as compared to control sample. In conclusion, stresses induced
the expression of the gene coding for one of the most important
enzymes in thiamine biosynthesis pathway. This is an
agreement with the hypothesis that overexpression of
thiamine is crucial in assisting plants to combat abiotic
stresses.

L. L. Fern ･ A. A. Z. Abidin ･ Z. N. B. Yusof ()
Department of Biochemistry, Faculty of Biotechnology and
Biomolecular Sciences, Universiti Putra Malaysia, 43400 UPM,
Serdang, Selangor, Malaysia
e-mail: zettynorhana@upm.edu.my
A. A. Z. Abidin ･ Z. N. B. Yusof
Laboratory of Marine Biotechnology, Institute of Bioscience,
Universiti Putra Malaysia, 43400 UPM Serdang, Selangor, Malaysia

Keywords Thiamine, Vitamin B1, Stress, Microalgae,
Cyanobacteria, Gene expression

Introduction
In recent years, oxygenic phototrophic microorganism such
as cyanobacteria and microalgae have been the center of
interest as they are ideal models for many applications. They
bloom rapidly with minimal amount of nutrients such as
light, sugar, carbon dioxide, nitrogen, potassium and phosphorus (Behera, 2015). As compared to plants, they do not
require land to grow and they are fast growing with simple
genetic background to manipulate. Prokaryotic cyanobacteria
do not have membrane-bound cell organelles and a defined
nucleus whereas eukaryotic microalgae are more complex
in structure and possess nucleus (Seckbach, 2007).
Thiamine and its active form, thiamine pyrophosphate
(TPP) play important roles in human nutrition and central
metabolism (Tunc-Ozdemir et al. 2009, Guan et al., 2014).
Besides that, in recent studies thiamine and TPP have been
reported as crucial stress-response molecules in plant adaptations to counteract different abiotic stress conditions
(Tunc-Ozdemir et al. 2009; Rapala-Kozik et al. 2012). It is
hypothesized that thiamine enhances tolerance to oxidative
stress via salicylic acid (SA) signaling pathway (Ahn et al.
2007).
Presently, cyanobacteria and microalgae are not fully
utilised as a source for thiamine production. Knowledge of
thiamine biosynthesis pathway will pave the way for manipulation of thiamine biosynthesis for various purposes. Thiamine
that are available in the market today are mainly synthetic.
Cyanobacteria and microalgae could actually be an alternative
source of thiamine but they are under explored. Previous
study reported thiamine content in about 29 to 109 µg g-1
when extracted on dry weight basis during late exponential
phase are Nannochloropsis sp., Pavlova pinguis, Stichococcus
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sp. and Tetraselmis sp. (Brown et al. 1999).
Either in freshwater or marine ecosystem, cyanobacteria
and microalgae are sensitive indicator to environmental
changes (Levy et al. 2007). These microorganisms are abundantly found in extreme environmental conditions of temperature, pH, salt and metal (Seckbach, 2007). Nevertheless,
rising of water pollution increases the abiotic stresses which
can alter the production of thiamine (Sylvander et al. 2013).
These microorganisms are able to synthesize thiamine de
novo whereas higher trophic levels acquire thiamine through
grazing and predation (Sylvander et al. 2013).
Salt is a natural component of the aquatic systems.
Increasing salinity exceeds 100 mgL-1 (Nielsen et al. 2003)
will limit growth and productivity of aquatic biota. NaCl
can lead to two types of stress, ionic and hyperosmotic
stress (Singh et al. 2002). Accumulation of inorganic ions
in the cytoplasm will give a toxic effect on cell metabolism.
The mechanism to combat the salinity stress involves the
prevention of Na+ influx by pumping out excess Na+,
resulting in salt tolerance (Apte et al. 1998).
Oxidative stress due to the accumulation of metals will
cause lipid peroxidation, nucleic acid damage and inhibition
of essential metabolism (Huertas et al. 2014). Copper and
sodium hypochlorite have been used to generate oxidative
stress. Copper can be a form of metal stress. Even though
copper is an essential micronutrient to aquatic life, it can
be toxic at concentration as low as 1 µgL-1 (Levy et al.
2007). Formation of hydroxyl radicals through Haber-Weiss
and Fenton reaction are triggered by redox active metal as
copper can transform between two oxidative stages (Srivastava
et al. 2005; Huertas et al. 2014). Sodium hypochlorite
(NaOCl) is a form of a bleaching agent widely used in
industry. The mode of action of NaOCl is not yet well
clarified but it has been suggested that exposure to NaOCl
is similar to hydrogen peroxide (H2O2) which will induce
the making of reactive oxygen species such as superoxide
anions and hydroxyl radicals (Ceragioli et al. 2010).
Previous studies showed that thiamine production was
upregulated in Zea mays (Rapala-Kozik et al. 2008),
Arabidopsis thaliana (Rapala-Kozik et al. 2012) and Elaies
guineensis (Abidin et al. 2016) under salinity and oxidative
stress. Research done by Balia Yusof et al. (2015) revealed
that G. boninase treated oil palm exhibited an upregulation
of thiamine biosynthesis genes. Thi1/Thi4 showed an increase
up to 70.21% whereas ThiC increased on a smaller scale
of up to 54.17% while Wong et al. (2015) described the
upregulation of both THIC and THI4 genes expression
under osmotic stress in oil palm.
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In this study, salinity and oxidative damage were investigated at molecular level in correlation to the production
of thiamine. In addition to that, the productions of thiamine
in prokaryotic and eukaryotic microorganisms are compared
under different abiotic stresses. Generally, this study will give
an idea on how abiotic stresses affect the cyanobacteria
and microalgae in relation with thiamine production.

Materials and Methods
Culture maintenance
Cyanobacterium culture Anabaena sp. (G) was kindly given
by Dr. Japareng Lalung of Universiti Sains Malaysia, Pulau
Pinang. Microalgae culture Nannochloropsis oculata was
obtained from Centre of Marine Science (COMAS), UPM.
The cyanobacterium was cultivated in nitrate-free BG11
medium supplemented with sodium bicarbonate (NaHCO3)
and the microalga was cultivated in TAP/2 seawater medium.
200 ml of media was used to grow cultures in 250 ml conical
flasks under continuous illumination of light and shaken at
150 rpm on a shaker incubator at temperature 30°C for
cyanobacterium and 24°C for microalga.
Growth analysis
Two growth analyses were conducted in determining the
growth of the cultures which were optical density and
chlorophyll a analysis. 2 ml of cultures was taken for each
analysis. The optical density was measured at 1000 nm (OD
1000) every seven days and two days for Anabaena sp.
and N. oculata respectively using the UV-Spectrophotometer
with a 3 ml cuvette and an optical path of 1 cm. Three
replicate readings were taken.
For chlorophyll a analysis, 2 ml of the culture was
centrifuged at 10 000 ×g for 10 minutes in a 2 ml Eppendorf
tube. The supernatant was discarded and 2 ml of methanol
was added to the cell pellet. The mixture was homogenised
via pipetting and vortexed for 30 seconds. The samples were
covered with aluminium foil and incubated overnight at
4°C. The supernatant was then collected by centrifugation
at 10 000 ×g for 10 minutes. The spectrophotometer was
calibrated using methanol as blank. The absorbance of
blank and samples were read at 665 nm and 720 nm. The
concentration of the chlorophyll a content was calculated
according to formula: Chla [µgml-1] = 12.9447 (A665-A720)
(Zavřel et al. 2015).
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Stress Induction
Three types of stresses were induced on the cultures at
mid-exponential phase. Cultures were treated with two different concentrations and no treatment act as control. The
samples were collected at four time points namely, day
zero, day two, day four and day six. Similar experimental
set up were used for all three stresses. The treatments given
were 150 mM and 250 mM of sodium chloride (NaCl)
(Srivastava et al. 2005), 2.0 ppm and 5.0 ppm of copper
(Cu2+), 10 µM and 50 µM of sodium hypochlorite (NaOCl).
Data mining and primer designing
The designing of primer for the amplification of thiamine
biosynthesis genes in Anabaena sp. was done using protein
translated sequence from Uniprot (http://www.uniprot.org/).
The primers were designed using the translated sequences
using Primer 3 Plus website (http://www.bioinformatics.nl/
cgi-bin/primer3plus/primer3plus.cgi). For N. oculata, Multiple
Sequence Alignment (MSA) was carried out on various
ThiC and Thi4 gene sequences obtained from five closely
related plant and microalgae species retrieved from GenBank
of NCBI database (Table 1). The sequences were aligned
using ClustalW program (http://www.ebi.ac.uk/Tools/msa/
clustalw2/). The consensus regions were identified and
forward and reverse primers were designed accordingly.
RNA extraction
The total RNA was extracted using the PGTX (Phenol/
Glycerol/Triton-X) method as described by Pinto et al.,
(2009). The PGTX solution has the following composition

(final volume of 100 ml): phenol (36.9 g), glycerol
(6.9 ml), 8-hydroxyquinoline (0.1 g), EDTA (0.58 g), sodium
acetate (0.8 g), guanidine thiocyanate (9.5 g), guanidine hydrochloride (4.6 g) and Triton X-100 (2 ml), with a final
pH of 4.2. The PGTX mixture forms a monophasic solution
at room temperature. 10 ml of cells were collected by
centrifugation at 10 000 ×g for 10 minutes and 1 ml of
PGTX was added and vortexed. The sample was incubated
at 95°C for 5 minutes before being placed on ice for 5
minutes. 100 µl of bromochloropropane was added and mixed
vigorously and incubated at room temperature for 2 to 15
minutes. The extraction mixture was then centrifuged at
12000 ×g at 4°C for 15 minutes to stimulate phase separation
and the aqueous phase was then transferred to a new tube
and mixed with equal volume of isopropanol. The sample
was mixed by inversion and stored for 5 to 10 minutes at
room temperature before centrifuging at 12000 ×g at 4°C
for 15 minutes. The supernatant was discarded and the RNA
pellet was washed with 1 ml 75% ethanol. The sample was
then centrifuged at 8 000 ×g at 4°C for 5 minutes. The RNA
pellet was air-dried for 5 minutes at room temperature in
a laminar flow hood before resuspending it in 20 µl of
dH2O and stored at -80°C until further use.
Amplification of Gene Transcripts
Reverse transcription was performed using Qpcrbio cDNA
Synthesis Kit (PCR Biosystems, London). ComplementaryDNA (cDNA) was prepared by mixing 1 µg of total RNA,
2 µl of 5× cDNA synthesis mix, 0.5 µl of 20 × RTase (with
RNAse inhibitor) and topped up with RNase-free H2O to
make up to 10 µl. The mixture was mixed gently by pipetting. After that, the mixture was incubated at 42°C for

Table 1 Data selected from different plant and microalgae GenBank and their accession number for ThiC and ThiG/Thi4 primer
designing
Gene

Data from GenBank

Accession no.

ThiC

LOC4333719 phosphomethylpyrimidine synthase, chloroplastic [Oryza sativa Japonica Group
(Japanese rice)]

NM_001057432.1

THIC phosphomethylpyrimidine synthase [Arabidopsis thaliana (thale cress)]

NM_001202705.1

Thi4

THICb|THICa hydroxymethylpyrimidine phosphate synthase [Chlamydomonas reinhardtii]

XM_001697703

CHLNCDRAFT_58425 hypothetical protein [Chlorella variabilis]

XM_005845784.1

Coccomyxa subellipsoidea C-169,whole genome shotgun sequence

XM_005645335.1

THI1 thiazole biosynthetic enzyme [Arabidopsis thaliana (thale cress)]

NM_124858.3

ThI4b|THI4a THI4 regulatory protein [Chlamydomonas reinhardtii]

XM_001698620.1

COCSUDRAFT_14398 thiazole biosynthesis enzyme [Coccomyxa subellipsoidea C-169]

XM_005648872.1

thi1 thiamine biosynthesis 1 [Zea mays]

NM_001112226.1

LOC4343443 thiamine thiazole synthase 2, chloroplastic [Oryza sativa Japonica Group (Japanese rice)]

NM_001066376.1
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30 minutes followed an incubation at 85°C for 10 minutes.
The mixture was then immediately put on ice and stored
at -20°C until further use.
PCR was performed by using MyTaqTM Red Mix (Bioline,
USA). A 10 µl reaction was prepared by mixing with 1 µl
of cDNA Template, 0.5 µl of 10 mM forward primer, 0.5 µl
of 10 mM reverse primer, 5 µl of MyTaqTM Red Mix, 2 ×
and 3 µl nuclease-free water. The mixture was vortexed and
spun briefly. The reactions were placed in a thermocycler
and the PCR cycling conditions included the initial denaturation step at 95°C for 1 minute 30 seconds for 1 cycle,
followed by 35 repetitive cycles of denaturation step at
95°C for 20 seconds, annealing step at 52°C for 20 seconds
and extension step at 72°C for 15 seconds. The final extension step was set at 72°C for 5 minutes for 1 cycle and
then held at 4°C. The PCR product was then kept at -20°C
until further use.
Analysis of gene expression
The intensity of the bands were analysed using ImageJ
software (http://rsb.info.nih.gov/ij/index.html). ImageJ is a
public domain, Java-based image processing and analysis
program established by National Institutes of Health (NIH).
A rectangle was drawn around the first band. ‘Select First
Lane’ was selected to fix the rectangle in place. The following bands were done similarly. ‘Plot Lanes’ were selected
to draw a profile plot for each band. A straight line was
drawn to enclose the base of the peak. The peaks were
clicked with a ‘Wand’ tool. ‘Label Peaks’ were selected to
calculate the percentage of the total size of the enclosed
peaks. Data analysis was done by calculating the relative
density. Relative density is the ratio of the area of treated
culture over the area of control culture as a reference.
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Relative Density =

Area of Treated Culture
Area of Control Culture

DNA Sequencing
Purified PCR products were sequenced using the 1st Base
DNA sequencing service (1st BASE, Singapore). The sequencing results were analysed using Basic Local Alignment
Search Tool (BLAST) to search for sequence similarity
with what is available in the GenBank.

Results
Growth analysis on treated Anabaena sp. and N. oculata
The growth on treated organisms were analysed by OD
1000 and chlorophyll a analysis at four time points, day
zero, day two, day four and day six. Four time points were
selected after the exponential phase for both organisms
were identified. Exponential phase is a stage of cell growth
where cells replicate rapidly accompanied by multiple rounds
of DNA replication and cell division. It is the best period
to study cell behaviour as cell most active and appropriate
amounts of metabolites are produced (Watanabe et al. 2015).
Growth analysis on salt treated organisms
The effect of salinity on the growth of Anabaena sp. and
N. oculata were demonstrated at concentration of 150 mM
and 250 mM NaCl. Based on Figure 1 and Figure 2, the
growth and chlorophyll a of control samples increased
gradually. The Anabaena sp. treated with 150 mM NaCl
was decreased initially and started to adapt on day four
whereas in 250 mM the growth of treated cultures decreased

Fig. 1 Optical density growth analysis of (A) Anabaena sp. and (B) N. oculata under salinity stress (150 mM NaCl and 250 mM
NaCl) along with a non-treated culture as control. Values represent mean ± SE of three replicates
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Fig. 2 Chlorophyll a analysis of (A) Anabaena sp. and (B) N. oculata under salinity stress (150 mM NaCl and 250 mM NaCl) along
with a non-treated culture as control. Values represent mean ± SE of three replicates

Fig. 3 Optical density analysis of (A) Anabaena sp. and (B) N. oculata under sodium hypochlorite oxidative stress (10 µM and 50
µM) along with a non-treated culture as control. Values represent mean ± SE of three replicates

Fig. 4 Chlorophyll a analysis of (A) Anabaena sp. and (B) N. oculata under sodium hypochlorite oxidative stress (10 µM and 50
µM) along with a non-treated culture as control. Values represent mean ± SE of three replicates

until day six. At both concentrations of NaCl, N. oculata
started to adapt after day two. One of the mechanisms that
allow Anabaena sp. and N. oculata to acclimate to salt stress
is the fatty acids on the membrane desaturate and thus
activate the Na+/H+ antiporter (Singh et al. 2002).

Growth analysis on sodium hypochlorite treated organisms
The effect of sodium hypochlorite on the growth of Anabaena
sp. and N. oculata were analysed at concentrations of 10
µM and 50 µM NaOCl. Based on Figure 3 and Figure 4,
the optical density and chlorophyll a of control cultures
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Fig. 5 Optical density analysis of (A) Anabaena sp. and (B) N. oculata under copper induced oxidative stress (2 ppm and 5 ppm)
along with a non-treated culture as control. Values represent mean ± SE of three replicates

Fig. 6 Chlorophyll a analysis of (A) Anabaena sp. and (B) N. oculata under copper induced oxidative stress (2 ppm and 5 ppm)
along with a non-treated culture as control. Values represent mean ± SE of three replicates

rose steadily. Growth of both NaOCl treated organisms
decreased until the day two and started to increase in cell
density after that until day six. From this observation, the
concentration given may be insufficient to give stress effect
on the organism.
Growth analysis on copper treated organisms
The effect of copper on the growth of Anabaena sp. and N.
oculata were analysed with 2 ppm and 5 ppm of copper.
Based on Figure 5 and Figure 6, the optical density and
chlorophyll a of control cultures increased moderately. In
copper treated Anabaena sp., it showed an inhibition in
growth. Copper showed some degree of toxicity as proven
in the drastic drop in chlorophyll a content. A negative
relationship were observed as the chlorophyll a decreased
with the increase in copper concentration. Heavy metal
inhibits the biosynthesis of photosynthetic pigments because it contributes a great impact on the PSII reaction
centre. Due to high irradiance, copper ion embed directly

into the PSII and cause a damage (Dey et al. 2014). Electron
transport reaction is affected as a decline in energy transfer
from the antennae to the reaction centre (Ralph and
Burchett, 1998). In addition to that, other consequences of
copper toxicity are the modification of PSII membrane
fluidity and the alteration of thylakoid membrane as a result
of lipid peroxidation (Yruela, 2005). N. oculata showed
less effect of stress as compared to Anabaena sp.
Data mining and primer designing
Five pairs of primer were successfully designed by using
different approaches. The primer sequences were as shown
in Table 2. Primer 3 Plus software was used for Anabaena
sp. whereas MSA was applied on N. oculata. Based on a
previous study, 16S gene was selected for Anabaena sp.
as housekeeping gene. 16S was classified as the most
stable gene that can be used for normalisation in all tested
condition (Pinto et al. 2012).
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Table 2 Primers design for the amplification of ThiC, ThiG/Thi4 and 16S gene transcripts
Organism

Anabaena sp.

N. oculata

Target gene
16S F
16S R
ThiC F
ThiC R
ThiG F
ThiG R
ThiC F
ThiC R
Thi4 F
Thi4 R

Sequence
5’-CAC ACT GGG ACT GAG ACA-3’
5’-CTG CTG GCA CGG AGT TAG-3’
5’-TCT CTG TCT CTT GC ACCT GG-3’
5’-ACA GGT GAT GGT AGA AGG GC-3’
5’-GCT TCT TCT GCG GTT TGA CA-3’
5’-TAT TGG TGG CGG CGT TAT TG-3’
5’-GCG CAG TTT GCA GAG CTG AAG-3’
5’-CTT GAC ATC GTC CCG GTT TGG-3’
5’-GAG ACC GAC GTC GTC ATC G-3’
5’-CGT TGA ACA GCT TCA CGT TGG-3’

Fig. 7 Expression of (A) ThiC, (B) ThiG in treated Anabaena sp. and (C) Thi4 in treated N. oculata. Values represent mean ± SE
of three replicates

Amplification and quantification of gene of interest
The upregulation of biosynthesis gene, ThiC and ThiG/Thi4
were studied through gene expression. The intensity of the
bands appeared brighter in treated sample as shown in
Figure 7. Gene expression profiling revealed the information
about the behaviour of gene to adapt under different conditions. The PCR products on the agarose gel gave a quick
visual effect on the result. A next level of interpretation was

done via ImageJ.
ImageJ was used to compare the intensity of the bands
as shown in Figure 7. The area and pixel value statistics
were calculated on the density histogram and line profile
plots. Overall, there was an increase in ThiC, ThiG/Thi4
expression in stress-induced samples. However, different
organisms behave differently towards different stresses and
concentrations. A similar trend could be spotted on Anabaena
sp. under 250 mM NaCl, both ThiC and ThiG showed the

J Plant Biotechnol (2017) 44:462–471

highest expression on day two with about four fold increase
as compared to control sample. In some treated samples,
the gene expression decreased along with the time point.
A few samples decreased back to same level or lower than
control. This may be due to the fact that thiamine comes
into play to help the organism adapt to the environmental
stress. Thiamine triggers defence responses via salicylic acid
pathway by preventing oxidising effect on salicylic acid
induction-deficient 1 mutant (Tunc-Ozdemir et al. 2009).
However, the metabolism and aspects of biochemistry still
remain unclear. Previous study illustrated a threefold increase
in total thiamine content in hydrogen peroxide treated maize
seedlings (Goyer, 2010). Expression of pathogenesis-related
(PR) proteins is induced by exogenous thiamine was proven
in tobacco, cucumber and Arabidopsis (Al-Hakimi and Hamada,
2011). In order to develop new adaptation strategy and to
overcome the effect of stress, the organisms increase the
expression of thiamine as stress-response molecules. In N.
oculata, it showed the highest expression of Thi4 when
subjected to 5 ppm Cu2+ at day six. The expression was
6 fold higher as compared to control. As a comparison,
Anabaena sp. is faster in responding to stresses than N.
oculata because the expression of thiamine biosynthesis
genes was higher at early stage of stress application. It
could be due to the dosage of stresses induced had less
effect on N. oculata. The nature of habitat may be a factor
contributing to this phenomenon. N. oculata lives at seawater whereas Anabaena sp. uses freshwater to survive. The
seawater itself has higher salinity and mineral content.
Therefore, the stresses did not give much effect to N. oculata.

Discussion
In this study, cyanobacterium Anabaena sp. and microalga
N. oculata were subjected to various abiotic stress inducers,
namely NaCl, NaOCl and Cu. Samples were taken at various
time points and satisfactory quality and quantity of total
RNA were successfully extracted with PGTX method for
Anabaena sp. and N. oculata with A260/A280 ratio of 1.8 and
above. Four thiamine biosynthesis genes and one housekeeping gene primers were designed to study the gene
expression of ThiC and ThiG/Thi4 under abiotic stress.
RT-PCR was performed to study the level of gene expression in control and treated cultures. The level of gene expression
was analysed through ImageJ software. Generally, all treated
samples showed an increase in expression upon stress application. The expression was up to 400% higher as compared to control sample of Anabaena sp. for ThiC and ThiG
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gene. ThiC gene in N. oculata showed an expression of
600% higher as compared to control. To sum up, the objectives
were successfully achieved together with the hypothesis.
Stress induced the expression of thiamine biosynthesis gene
in both cyanobacterium and microalga. Different type of
stresses affected the expression of thiamine biosynthesis
gene differently. In general, copper upregulated thiamine
biosynthesis gene most efficiently whereas sodium hypochlorite has the least effect.
For future study, quantification of thiamine and its
intermediates should be carried out in order to see if the
upregulation of genes actually affect the biosynthesis of
thiamine overall. Since thiamine biosynthesis gene for Anabaena sp. and N. oculata have been successfully identified,
manipulation of the thiamine biosynthesis pathway could
be utilised for commercial thiamine production.
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