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Abstract 
The unicellular red alga Galdieria sul-

phuraria is a polyextremophilic organism
with a metabolic flexibility to grow
autotrophically or heterotrophically.
Galdieria can also produce and accumulate
biotechnologically attractive products such
as pigments (phycocyanin) and proteins. In
this research we studied the effects of nitro-
gen starvation and its subsequent restora-
tion on pigment and free amino acid con-
tents both in photoautotrophic and het-
erotrophic cells. Following the nitrogen
starvation, the levels of the primary photo-
synthetic pigments decreased both in
autotrophic and heterotrophic cells, except
for the chlorophyll a marginally diminished
in heterotrophic cells. Ammonium supply to
G. sulphuraria N starved cells caused a sig-
nificant increase of total chlorophylls both
in autotrophic and heterotrophic cells. It
was observed how such increase was more
rapid and marked in heterotrophic cells than
in the autotrophic ones. Under N starvation,
phycocyanin contents decreased in both
autotrophic and in heterotrophic cells; how-
ever, after a time-lapse of 24 hours, they
resulted significantly higher in heterotroph-
ic cells. In Galdieria sulphuraria, like in
other microalgae, free amino acid contents
were profoundly dependent on nitrogen sta-
tus of the cells but heterotrophic cells main-
tained much higher levels, especially of glu-
tamate, respect to autotrophic ones. In gen-
eral, cells grown in the presence and
absence of light showed different responses
toward N availability; in particular het-
erotrophic cells seemed to respond quicker
to the ammonium restoration compared to
autotrophic ones.

Introduction
Among abiotic factors capable of influ-

encing the algal growth, the availability of

nutrients is one of the most important, along
with light and temperature.1 Microalgae, as
well as plants, need macro- and micronutri-
ents for their growth. Macronutrients, such
as nitrogen (N), are required in larger quan-
tities; in fact, they represent structural com-
ponents of cells and are important for
osmoregulation. Nutrient deficiency, in par-
ticular nitrogen, affects many aspects of
plants and microalgae physiology.2 General
symptoms of N deficiency, like the decreas-
ing growth rate, the decline in cell protein
and in pigment contents, have been all well
described in microalgae.2-6 Generally,
microalgae and cyanobacteria maintain a
restricted ability to preserve the photosyn-
thetic functions during N starvation.3,7 Also,
in microalgae, the effects due to the lack of
a nutrient can be rapid (hours) and mediated
by an oxidative imbalance.8-9

The unicellular red algae Galdieria sul-
phuraria is a member of the Cyanidiales,
polyextremophilic microalgae thriving in
highly acidic environments (pH 0.05- 5.00)
with elevated temperatures up to 56 °C,
where Galdieria is the predominant
genus.10 The horizontally acquired genes of
bacterial and archaea, found in the nuclear
genome of G. sulphuraria, explain the
unusual ability to survive in such extreme
habitats. For example, the horizontal acqui-
sition of several bacterial ion pumps is rec-
ognized to provide G. sulphuraria with the
ability to maintain neutral cytosolic pHs
despite the highly acid environment, as well
as salinity and metal resistance.11-12

Besides, many metabolite transporters are
encoded in the genome of G. sulphuraria,
including amino acid and polyamine; it is
likely that Galdieria sulphuraria has a
strong tolerance to grow in N limited envi-
ronments. G. sulphuraria digests at least 27
sugars and up to 50 carbon sources as nutri-
ents and metabolizes them using pathways
that are lost in today’s photosynthetic
eukaryotes.13

Interestingly, Cyanidium caldarium and
Cyanidioschyzon merolae, also belonging
to the group of Cyanidiales, are strictly pho-
toautotrophic and cannot grow in the
absence of light. G. sulphuraria can be
grown in both heterotrophic and photoau-
totrophic conditions due to its metabolic
versatility. That is, G. sulphuraria possess
the uptake systems for organic substrates
but also retain the photosynthetic apparatus.

In Cyanidiales, the pigments apparatus
combines many eukaryotic and cyanobacte-
ria properties.14 In fact, in cyanobacteria
and in red algae, phycobiliproteins, assem-
bled in phycobilisomes, complete the light-
harvesting complexes. Among phyco-
biliproteins, the blue pigment of C-phyco-
cyanin (C-PC) has recently attracted the

attention of many researchers for its excel-
lent properties and its likely use in many
biotechnological applications.10,15-16

Galdieria sulphuraria C-PC is not only
very resistant to high temperature but can
also be used as a food additive colouring
agent,17 and as a natural antioxidant ingre-
dient18 and for others biotechnological pur-
poses.19-20

The growth and the biochemical com-
position of microalgae are extremely sensi-
tive to alterations in physical and chemical
parameters of the culture medium. For
example, the photosynthetic pigment levels
vary depending on the cultivation condi-
tions such as light regime, temperature,
inorganic carbon content, medium pH or
stress.21-25 In fact, by manipulating culture
conditions, it is possible to get higher or
lower concentrations of a certain pig-
ment.24,26 The N natural resources for
autotrophic organisms are ammonium
and/or nitrate. The absorbed nitrate is firstly
reduced to ammonium and then assimilated
into glutamine through the glutamine syn-
thetase enzymes. Once assimilated as glu-
tamine, nitrogen is transferred to 2-oxoglu-
tarate to form glutamate through the gluta-
mate synthase, and further utilized to form
various nitrogen organic compounds.
Although the matter is still debated, gluta-
mate dehydrogenase could also be used in
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the nitrogen assimilation.27 Galdieria sul-
phuraria, as all members of Cyanidiales,
can assimilate nitrogen from the culture
medium as nitrate or ammonium salts.
Therefore, the main nitrogen source in
acidic hot springs is the ammonium and
nitrate assimilation rarely occur in these
environments.28 The effect of nitrogen star-
vation on photosynthetic pigments was pre-
viously considered in green algae29-32 and in
cyanobacteria.3 In Cyanidiales, only the
effects of a long-term N starvation (10 days)
in autotrophic cells had been taken into
account by.14 The aim of this paper is to
investigate and clarify the short-term effects
of N starvation (24h) and its subsequent
resupply (24h) on pigment and free amino
acid contents in both autotrophic and het-
erotrophic cells of G. sulphuraria.

Materials and Methods
Algal Strains and Growth
Conditions

Experiments were performed with pure
cultures of the red algae Galdieria sulphu-
raria (strain 011) from the ACUF collection
of the Department of Biology of the
University of Federico II, Naples, Italy
(http://www.biologiavegetale.unina.it/acuf.
html). Cells were grown in batches contain-
ing 1L of Allen medium33 with 10 mM
(NH4)2SO4 as nitrogen source. They were
placed in a thermostatic chamber
(Angelantoni CH 770) under continuous
irradiance 90 μmol m-2 s-1 photons at 38 ±
1°C. The pH was set at 1.5 and controlled
daily. Carbon dioxide was supplemented by
filtered air blowing into the medium.
Furthermore, each batch containing the het-
erotrophic cultures was wrapped with alu-
minum foil to ensure that the cultivation
took place in the dark, and organic carbon
was supplemented with 2% (w/v) glycerol.

In the experiments of N starvation, the
cells were harvested during the logarithmic
phase of growth (culture OD800 ~ 1.0) by
low speed centrifugation at 4000 × g for 10
min and washed twice with N-free Allen’s
medium where (NH4)2SO4 was omitted.
Then, the supernatant was removed, and the
algal pellets were re-suspended in N free
Allen’s medium and cultured up to 24h. The
effects of the ammonium addition to the
nutrient solution of N starved cells for 24
hours were analysed supplying (NH4)2SO4

at a final concentration of 10 mM.

Extraction and determination of
amino acids

Samples of the cell suspensions (10 mL)
were collected at given times by centrifuga-

tion (4000 × g for 15 min). The packed cells
were treated with 1 mL of cold 80% ethanol
and vortexed. The amino acids were extract-
ed for 10 min at 4°C and finally clarified by
centrifugation. The supernatant was filtered
using Waters Sep-Pak Cartridges C18 light
(Milan, Italy), and utilized for amino acid
analysis as previously described.34

Quantification of glutamic acid (Glu),
asparagine (Asn) and glutamine (Gln) were
made against a relative calibration curve and
expressed as µmol mL-1 PCV.

Spectroscopic estimation of pig-
ments in the crude extracts

Chlorophyll (Chl) (a and total) were
extracted with N, N-dimethylformamide.
The Chl (a and total) contents were estimat-
ed spectrophotometrically at 647 and 665
nm according to Carfagna et al.35 The C-PC
contents were estimated as previously
described.10

Packed cell volume (PCV) determi-
nation

Packed Cell Volume (PCV) was meas-
ured by centrifuging a known aliquot of cell
suspension in a hematocrit tube at 4000 g
for 5 min as previously reported.34

Statistical analyses
Experimental data analysis was carried

out using the Sigmaplot 14 software. Data
of the mean ± standard deviation of three
independent experiments were also present-
ed. The statistical analysis was performed
by one-way analysis of variance (ANOVA)
with a Tukey post ad hoc test to determine
differences between autotrophic and het-
erotrophic conditions.

Results and Discussion
After carbon, nitrogen is the most

essential nutrient for plant and algae since it
contributes directly to biomass production.
The availability of N affects the photosyn-
thesis activity in a way that low quantities
of nitrogen compromises the structure of
the photosystems in terms of protein and
photosynthetic pigment contents. In this
study, we consider and compare the short-
term effect of N starvation and restoration
in G. sulphuraria cells both in autotrophic
and in heterotrophic growth condition.
Galdieria cells, grown in a complete Allen
medium and kept in the light (autotrophic
control cells) showed similar contents of
Chl a (3.9 ±0.2 µg µL-1 PCV) and total Chl
(5.6 ± 0.4 µg µL-1 PCV) if related to het-
erotrophic control cells (Chl a, 2.7 ±0.3 µg
µL-1 PCV; total Chl, 4.9 ± 0.3 µg µL-1 PCV)
(Figure 1A-B). Most Galdieria strains lose

                             Article

Figure 1. Chl a (A) and total Chl contents (B) as a function of NH4
+ availability (N) in

Galdieria sulphuraria cells growth in autotrophy and heterotrophy. On the left side, it is
indicated the data referring to the nitrogen starvation (-N), while on the right hand side,
the data after nitrogen addition (+N), indicated by the dotted line. Error bars represent
standard deviation of the mean (n = 3). The same letters above each bar, within the same
graph, indicate non-significant differences (P ≤ 0.05, ANOVA, Tukey’s multiple compar-
ison).
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their pigmentation when they are het-
erotrophically grown.13,36 Unlike the others,
Galdieria sulphuraria (strain ACUF 011)
does not bleach under heterotrophy since
Chls levels are not considerably different
between auto- and heterotrophic cells.
Anyway, total Chl decreased in autotrophic
cells under N starvation while it remained
almost unchanged in heterotrophic cells
(Figure 1B) with Chl a content strongly
decreased already after 24 hours of N depri-
vation (Figure 1A). Ammonium supply, fol-
lowing the 24h of N starvation, caused a
significant increase of total Chl both in
autotrophic and heterotrophic cells (Figure
1B). Therefore, the increase in total Chl was
observed to be more rapid and marked in
heterotrophic cells. In fact, after only two
hours from the ammonium supply, Chls
were 9.98 ± 0.5 µg µL-1 PCV, values signif-
icantly higher respect to those of autotroph-
ic cells (Figure 1B). The amount of total
Chl was similar in both auto- and het-
erotrophic cells after six hours from the N
supply and dropped in the following hours
(Figure 1B).

Nitrogen assimilation and photosyn-
thetic pigments synthesis are closely linked.
The loss of pigments (i.e. chlorophylls, phy-
cobiliproteins) caused by N starvation is
considered, together with cessation of cell
division, a general response that occurs in
all photoautotrophic organisms.7,31 In
autotrophic cells, the decrease in Chls level
is very harmful as it reduces the ability to
capture light and to perform an efficient
photosynthesis. Chlorophylls are N-con-
taining-macromolecule and a reduction of
their ex-novo synthesis lead to a decrease in
the nitrogen demand. Typically, in microal-
gae, the diminution in Chl content leads to a
dramatic change in colour from usual blue-
green to yellow-green. Such phenomenon is
referred to as bleaching or chlorosis.

As previously reported by Perez-Garcia
et al.,37 photosynthetic pigments in the
light-harvesting complex in G. sulphuraria
under heterotrophic cultivation were slight-
ly lower than those cultivated with photoau-
totrophic cultivation. These lower contents
have been attributed to the reduction of
their synthesis since the energy, in het-
erotrophic cells, derives from oxidation of
the organic substrate and not from photo-
synthesis.

Our results indicate that generally the
pigments decrease under N deprivation both
in autotrophic and heterotrophic cells, but
with a different time course and to a differ-
ent extent. Chl a was rapidly affected in
autotrophic cells while marginally
decreased in heterotrophic cells in the first 6
hours of starvation. This result suggested
that during the N deprivation the synthesis

of the components of the antenna system
was preferred over the photosystem reac-
tion centres. It is reasonable to think that
these pigments have not only the role of an
antenna, and therefore linked to the capture
of light for photosynthesis, but they are also
used as N reserve. Also, total Chl, that in the
Cyanidiales include chlorophyll a and d,38

was more affected by N starvation in
autotrophic cells respect to heterotrophic
ones.

In this study also the change in C-PC
levels were considered. After 6h of N star-
vation, C-PC contents decreased signifi-
cantly (P≤0.05) in autotrophic (from
10.7±0.5 to 3.8±0.2 µg µL-1 PCV) and in
heterotrophic cells (from 6.9±0.07 to
1.4±0.2 µg µL-1 PCV). After 24 hours, C-
PC continued decreasing (2.7±0.4 µg µL-1

PCV) while resulted significantly increased
in heterotrophic cells reaching the value of
12.3±1.6 µg µL-1 PCV. Ammonium addi-
tion provoked a sudden increase in C-PC in
both cell types. After only two hours from
the addition of ammonium, it was noted an
increase in C-PC, reaching the value of
8.3±1.4 µg µL -1 PCV in autotrophic cells
and 22.4±1.0 µg µL -1 PCV in heterotrophic
ones (Figure 2). Therefore, in the following
four hours of N restoration, C-PC continued
to increase in the autotrophic cells, stopping
in the heterotrophic ones. In the following
hours up to 24 hours from the ammonium

addition, the concentration of C-PC
decreased in in both cells, particularly under
heterotrophic condition (Figure 2).

Definitely, N-deprivation also reduced
the content of C-PC for all 24 hours in
autotrophic cells but only in the first 6 hours
in heterotrophic cells. Indeed, in the latter,
there was a sharp increase in concentration
at the end of the starvation period. The
results seem to indicate that N starvation
most affected autotrophic cells, concerning
Chls and C-PC, compared to heterotrophic
cells. These observations suggested that
cells used these N-containing pigments
when the intracellular level of nitrogen
depleted. Perhaps, these nitrogenous com-
pounds are converted into essential N-con-
taining cell materials such as proteins,
nucleic acid, and cell wall materials neces-
sary for the cell growth or the synthesis of
polypeptides required for acclimation to the
N starvation.14,39 Moreover, C-PC could act
as a nitrogen store as previously reported by
Sloth et al.,39 while its degradation would
be rather for minimising the absorption of
excess excitation energy under stress condi-
tions as in cyanobacteria.40 In
Synechococcus, a C-PC decrease occurs
within 8 hours of N starvation.3
Furthermore, the N deprivation limits Chls
and C-PC synthesis since protoporphyrin
IX, their common precursor, is a product of
ammonium assimilation.21

                                                                                                                             Article

Figure 2. Phycocyanin content (µg µL-1 PCV) as a function of NH4
+ availability (N) in

Galdieria sulphuraria cells cultured in autotrophy, and in heterotrophy. On the left side,
it is indicated the data referring to the nitrogen starvation (-N), while on the right hand
side, the data after nitrogen addition (+N), indicated by the dotted line. Error bars rep-
resent standard deviation of the mean (n = 3). The same letters above each bar, within the
same graph, indicate non-significant differences (P ≤ 0.05, ANOVA, Tukey’s multiple
comparison).
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Sinetova et al.14 showed relevant
changes occurring in the chloroplast ultra-
structure in Galdieria sulphuraria photoau-
totrophic cells under N deficiency. The
chloroplast was reduced, and storage com-
pounds accumulated. The occurrence of
storage compounds in the chloroplast could
explain the delayed start of nitrogen assim-
ilation, with the addition of ammonium,
which occurs in autotrophic cells of G. sul-
phuraria.

Free amino acid contents in the algal
cell is an excellent index of the ability to
assimilate the nitrogen just added to the cul-
ture.29 Typically, in N starved algal cells the
content of free amino acids is reduced due
to the slowdown of their synthesis. In addi-
tion, N-deprived and photosynthesizing
algal cells are always very ready to assimi-
late ammonium as early as the first two
hours after N addition. In this study, Glu
and amide levels were different in
autotrophic and heterotrophic cells, both
under N starvation and after ammonium
restoration (Table 1). The concentration of
free Glu resulted much higher in the het-
erotrophic cells than in the autotrophic
ones. Under N deprivation, Glu did not
change in both auto- and heterotrophic
cells, but its level was about twice as high in
heterotrophic as compared to autotrophic
cells. Furthermore, after 2 hours from
ammonium supply, Glu decreased in
autotrophic cells (from 7.10 ± 0.67 to 5.65
± 0.15 µmol mL-1 PCV), while it was about
four times higher in the heterotrophic cells
than in the autotrophic cells. In the follow-
ing few hours, Glu contents restored in
autotrophic cells while decreased in het-
erotrophic ones (Table 1).

The concentration of free glutamine
(Gln) resulted similar in autotrophic and
heterotrophic cells (Table 1). Therefore,
after 6 hours of N starvation, Gln increased
in both autotrophic (from 0.74 ± 0.13 to
1.93 ± 0.19 µmol mL-1 PCV) and in het-
erotrophic cells (from 0.67± 0.15 to 1.80 ±
0.38 µmol mL-1 PCV). After 24 hours, Gln

resulted almost unchanged at 1.98 ± 0.56
µmol mL-1 PCV in autotrophic cells and
decreased to 0.70 ± 0.20 µmol mL-1 PCV in
the heterotrophic ones. Nitrogen re-supply
increased the Gln content in both autotroph-
ic and heterotrophic cells. After 2 hours of
the ammonium supply, Gln doubled (4.48 ±
0.89 µmol mL-1 PCV) in both cell types
(1.62 ± 0.55 µmol mL-1 PCV) (Tab.1). At
the end of the experiments, the Gln contents
were similar in both conditions (about 7.0
µmol mL-1 PCV).

N starvation for 24 hours affected Asn
content, which decreased in autotrophic
cells (from 2.95 ± 0.73 to 1.59 ± 0.73 µmol
mL-1 PCV) and increased in heterotrophic
ones (from 1.16 ± 0.22 to 3.31 ± 0.50 µmol
mL-1 PCV). However, following the addi-
tion of ammonium, asparagine increased
significantly in autotrophic cells after 2
hours, while slightly decreased in both cell
types in the following hours.

In our experiments, heterotrophic cells
seem to respond quickly to the ammonium
addition when compared to autotrophic
ones. In G. sulphuraria N starved for 24h,
the Gln levels are significantly higher in
autotrophic cells than in heterotrophic ones.
The high content of Gln in autotrophic cells
could exert an inhibiting effect of ammoni-
um uptake as previously reported.29 High-
affinity ammonium transport and AMT1.1
expression appear to be subject to down-
regulation by glutamine.41 It is reasonable
to suppose that the high content of Gln in
autotrophic cells may exert a temporary
inhibition of ammonium uptake, explaining
the delayed effect (2h) of ammonium sup-
ply on changing Chl contents. Indeed, in
heterotrophic cells, where Gln levels were
significantly lower than autotrophic cells,
the effects of ammonium addition on
metabolite changing took place in a short
time.

Among the intracellular free amino
acids, Glu is the one that change less
marginally, even when cells were exposed
to N deprivation.42 In fact, Glu forms a

steady cellular pool from which to draw for
the synthesis of other amino acids and N
compounds. Its decrease, immediately after
the addition of ammonium to autotrophic
cells, could indicate the activation of glu-
tamine synthetase enzyme, which uses glu-
tamate as a substrate. After that time, gluta-
mate concentration was promptly restored.

In this regard, it is very interesting to
note that cells in heterotrophy had much
higher levels of Glu than autotrophic cells.
In general, high intracellular levels of Glu
may indicate poor ability to assimilate
ammonium in the form of Gln. Indeed, het-
erotrophic cells had a lower total N content
than autotrophic cells, lacking photosys-
tems and proteins related to the photosyn-
thetic activity.17 In addition, Glu is a con-
stituent of glutathione together with cys-
teine and glycine. Cells from heterotrophic
cultures of Galdieria sulphuraria and
Galdieria phlegrea exhibited high levels of
glutathione content;16,17 thus, high levels of
glutamate could certainly be related to high
levels of glutathione found in heterotrophic
cells. Glutamate in heterotrophic cells
remained high and unchanged after the
ammonium supply (2h). However, it signif-
icantly decreased after 6 hours from the N
addition. This result could be explained by
the activation of the enzyme glutamate
dehydrogenase to refurnish of α-ketoglu-
tarate the Krebs cycle, a prominent
metabolic pathway in cells under het-
erotrophic growth condition.37 Another
alternative is that the enzyme glutamate
dehydrogenase is involved in detecting the
redox status of the cell and as such, it can
represent a stress monitoring protein.27 It is
captivating to note that the asparagine pre-
sent in cells in heterotrophy condition, to
some extent, increased during the N depri-
vation. A future study will be conducted to
evaluate the activity of phosphoenolpyru-
vate carboxylase enzyme in these cells,
which usually supplies oxoacetate to the
Krebs cycle to support the aspartate (Asn
precursor) and amino acid synthesis.

                             Article

Table 1. Changes of free amino acid concentrations in Galdieria sulphuraria, growing in autotrophy and heterotrophy, either under N
starvation or after ammonium addition. The values reported are the average of three separate experiments±Standard Error (SE).

                                                                                       Time (h) –N                                                                     Time (h) +N
Growth              Amino Acid                       0                           6                              24                          2                          6                      24
condition          ( mol mL-1 PCV)                                                                                                                                                                 

Autotrophy             Glu                                     7.10±0.67Aab               9.39±0.92Aab                    9.21±0.69Aab                 5.65±0.15Ab              11.39±2.01Aa           7.90±1.14Aab

                                 Asn                                     2.95±0.73Aad                0.84±0.05Ab                     1.59±0.73Aab                 5.73±0.38Ac               3.41±0.47Ad           1.20±0.23Aab

                                 Gln                                      0.74±0.13Aa                 1.93±0.19Ab                    1.98±0.56Aabc                4.48±0.89Ac               1.42±0.34Aab           7.79±0.48Ad

Heterotrophy         Glu                                     16.97±1.41Ba               17.23±0.82Ba                    18.84±0.94Ba               20.36±1.81Ba             10.36±0.46Ab           5.22±1.26Ad

                                 Asn                                     1.16±0.22Bac                2.80±0.16Bb                      3.31±0.50Ab                2.61±0.44Bab              0.99±0.21Bc            0.67±0.29Ac

                                 Gln                                      0.67±0.15Aa                 1.80±0.38Aa                      0.70±0.20Ba                 1.62±0.55Aab              4.45±0.48Bbc           6.90±1.30Ac

The superscript letters indicate the statistical significance, identical letters identify means that are not significantly different; different letters identify statistically different means (P < 0.05). Upper case letters indi-
cate the comparison between autotrophic and heterotrophic conditions. 
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Conclusions
In conclusion, the pigment and amino

acid contents in Galdieria sulphuraria were
profoundly dependent on the nitrogen status
of the cells. Relevant differences were
found between cells cultured in autotrophy
or in heterotrophy, where the energy
required for growth and metabolism
depended on photosynthesis, or only on the
respiration of added organic substrate, as in
heterotrophic cells.
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