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INTRODUCTION

Ocean acidification (OA) is one of the most alarming issues 
regarding present-day climate change and is associated with rising 
atmospheric CO2. Concentration of CO2 in the atmosphere 
was about 270 ppm before the industrial revolution, but the 
present-day concentration reaches approximately 400 ppm and 
is expected to reach 800-1000 ppm by the end of this century 
(IPCC, 2014). Oceans are estimated to undergo significant 
changes due to the rising atmospheric CO2 levels. The diffusion 
of atmospheric CO2 in the ocean and the subsequent formation 
of carbonic acid have already resulted in a 30% increase in [H+] 
concentration in seawater with a net decrease of 0.1 pH unit and 
will continue to lower pH by an additional 0.2-0.3 pH units by 
the end of the century. This lowering in ocean pH is referred to 
as ocean acidification. The ocean acts as a sink of CO2 and once 
dissolved in seawater, CO2 reacts with water to form carbonic 
acid (H2CO3). However, ocean stores CO2 as dissolved inorganic 
carbon (DIC), which remains in the form of dissolved CO2 and 
H2CO3 (1%) while the rest is in the form of HCO3 (90%) and 
CO3

2- (9%) (Brewer, 1997; Wolf-Gladrow et al., 1999; Rost et al., 
2008). pH changes have profound influences on the growth and 
interspecific competition of common algal species in natural 

waters (Ogbonda et al., 2007; Liu & Vyverman, 2015). Effects of 
pH on algae can be observed in two ways: it may directly impact 
the enzyme activities in algal cells, affecting their growth (Tan 
et al., 2018); in another way, pH changes are the direct result 
of changes in CO2 levels in the water, which is crucial for algal 
photosynthesis and ultimately influences their growth rate. It 
is generally believed that cyanobacteria have a greater affinity 
for CO2  in water than green algae, and cyanobacteria usually 
dominate in high-pH environments (Shapiro, 1984). A lower pH 
within an alkaline range of 8.0-9.5 could reduce the dominance 
of cyanobacteria to some extent and increase the biomass of 
some green algal species (Liu & Vyverman, 2015). An improved 
understanding of how the phytoplankton community will 
respond to a high CO2 environment in the future is required 
to gain insight into the biological pump and the ocean’s ability 
to act as a long-term sink for atmospheric CO2. Phytoplankton 
plays a pivotal role in marine biogeochemical cycles by 
participating in nutrient cycling, organic matter decomposition 
and hence maintain carbon flow in the aquatic environment. 
Phytoplankton fixes CO2 and supplies 90% of the total organic 
carbon in the ocean. Depending on the other aquatic growth 
factors both diatoms and cyanobacteria respond to the high 
CO2 environment differently. It is reported that elevated pCO2 
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can increase photosynthesis rate and cyanobacterial blooms 
(Shetye et al., 2013; Eggers et al., 2014). It is assumed that, 
in optimum temperature and available nutrient environment, 
primary productivity can be enhanced. Increased rate of CO2 
fixation due to high primary production can result in high 
bicarbonate acquisition by phytoplankton. The idea is that, 
increasing seawater pCO2 facilitates the diffusive uptake of 
CO2, thereby reducing the energy demand for active carbon 
acquisition (Giordano et al., 2005; Reinfelder, 2011). The energy 
that is saved by reducing the operation of this so-called “carbon 
concentrating mechanism (CCM)” may be diverted into the 
acquisition of other resources, ultimately leading to faster 
growth. Studies made on diatom physiology are in agreement 
with this concept, though the result varies with the species 
variation (Rost et al., 2003; Hopkinson et al., 2011; Trimborn 
et al., 2013; Gao & Campbell, 2014). On the other hand, species-
specific CO2 compensation point might play a major role in 
controlling different rates of CO2 acquisition by phytoplankton 
and growth response of major phytoplankton groups (Tortell, 
2000). Tortell et al. (2002) found that alteration in dissolved 
CO2 did not modify total primary productivity and biomass, 
but high CO2 treatment facilitated dominance of diatoms over 
the prymnnesiophyte Phaeocystis (colonial) in the equatorial 
Pacific, and vice versa at low CO2, without any noticeable change 
in CO2 uptake. In coastal seas and estuaries of North-Eastern 
India, diatoms and dinoflagellates dominate over cyanobacterial 
species in all seasons (Biswas et al., 2004; Chowdhury et al., 
2012). Increased growth of bloom-forming diatom species 
can result in high bicarbonate uptake, consequently turning 
coastal seas and estuaries a CO2 sink (Chowdhury, 2020). So, 
increased growth rate of diatom species via high carbon uptake 
and assimilation can be proved as a useful suggestion for a 
better carbon sink in estuaries and coastal seas. Studies showed 
variations in response of marine photosynthetic autotroph 
communities towards elevated pCO2 which suggests response 
towards rising CO2 and lowering pH is species specific (Price 
et al., 2011). So it is also important to observe the changes 
in dominant phytoplankton species in high CO2 and low pH 
environment to predict the effect of global climate change in 
term of Ocean acidification by keeping it into the mind that, 
a small but significant stimulation of primary production in 
oceanic environment in response to elevated CO2 concentration 
(Hein & Sand-Jensen, 1997) during Short-term experiments 
was witnessed. Introduction of plant growth- promoting factors, 
like gibberellic acid, can promote phytoplankton growth in 
the aquatic medium. Gibberellic acid is a simple gibberellin, 
a pentacyclic diterpene acid, which promotes growth and is 
known for use in cultural studies. Adding gibberellic acid to the 
culture medium can have different responses. GA3 (200 mg/L) 
increased the growth of P. tricornutum, resulting in 52% more 
dry biomass compared to the control and a yield of 0.6 mg/L 
of eicosapentaenoic acid (EPA) from the culture. A  yield of 
0.18 mg/L fucoxanthin was obtained for P. tricornutum cultivated 
with GA3 (2 mg/L) supplementation (Fierli et al., 2022). The 
plant hormone, gibberellic acid (GA), stimulated growth of a 
marine diatom, Cyclotella cryptica (Reimann et al., 1963). Four 
concentrations of GA (5 × 20 × 25 × and 35×10−6 g/mL) were 
added to axenic cultures of  C. cryptica.  By measuring cell 
densities, cell counts, and turbidity, it was confirmed that 

GA at 20×10−6 g/mL was the most effective dose for growth 
stimulation. There was an increase in the total number of cells 
produced and a shorter lag phase of growth at this concentration. 
Coulter counter measurements of cell size, as well as ocular 
micrometer measurements, indicated there was no significant 
variation in cell volumes of GA grown cells over that of the 
controls (Adair & Miller, 1984). This study reports the use of 
gibberellic acid as growth promoting factor towards a natural 
mixed phytoplankton population. GA3 caused an increase 
in chlorophyll content in unicellular algae Chlamydomonas 
and Anacystis (Kadioglu, 1992), Microcystis aeruginosa (Pan 
et al., 2008) and Chlorella vulgaris (Falkowska et al., 2011). 
Gibberellic acid application can be a suitable and inexpensive 
way to increase algal biomass (Mansouri & Talebizadeh, 2017).

METHODOLOGY

Natural phytoplankton were isolated from waters of the Sundarban 
mangroves (21°32´- 22°40´ N and 88°05´-89° E), North East Coast 
of India. Collected phytoplankton were grown and maintained in 
f/2 medium at 18 °C and 3200 lux of illumination. The algal species 
in f/2 medium were spiked with gibberellic acid amount of 14 mg 
in each culture vessel of set 2 and set 1 without adding gibberellic 
acid. The culture vessels of both sets were spiked with Sodium 
bicarbonate to have final concentration of 500 µM, 1000 µM, 
2000 µM, 3000 µM, 4000 µM. Every day, changes in phytoplankton 
number and their size, changes in pH, were measured under 
a phase contrast microscope in triplicate for 6 days and values 
reported here was the meaning of the experimental data. Nutrient 
concentration in the medium was not limited during the course 
of the experiment. Initial and final Chlorophyll a concentration 
of each vessel was measured by following the standard method 
(Parsons et al., 1992).

1 mL of samples from each flask was taken in a Sedgwick Rafter 
counting chamber for enumeration.

RESULT

Changes in Culture Medium pH

Changes in culture medium pH were observed, and pH was 
increased with the increase in phytoplankton population while 
pH in the control medium was changed from the initial value 
of 8.3 to 8.345, but it was increased from 8.3 to 8.5 in the 
culture medium with gibberellic acid. pH in the culture vessels 
was lower (0.01 to 0.19% per day) in the control relative to the 
culture medium with gibberellic acid, which showed 0.02 to 
1.56% increase per day.

Uptake of Bicarbonate by Phytoplankton in Response 
to its Increasing Concentration in the Presence and 
Absence of Gibberellic Acid in the Culture Medium

The bicarbonate concentration was 1.186 mmol kg-1 in the 
ambient medium from where the phytoplankton sample 
was collected. In the control vessels of in-vitro culture same 
concentration was added.
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Response of Selected Species Towards Increasing 
Bicarbonate Spiked in the Culture Medium

Five selected diatom species, Nitzschia longissima, Ditylum 
brightwellii, Asterionellopsis glacialis, Coscinodiscus radiatus, 
Skeletonema costatum, and one dinoflagellate species, 
Protoperidinium, occurring in the sample collected from the 
Saptamuhki estuary were considered to study their response 
towards increasing bicarbonate concentration relative to the 
ambient medium with and without gibberellic acid during in-
vitro culture, and the results are given in figures 1 to 5. Results of 
the experiment were taken into consideration till the 6th day after 
the experiment was initiated, as the population of all species 
reached to the maximum number on the 6th day. The specific 
growth rate of all species was higher in the culture medium with 
gibberellic acid than the control. Chain-forming small centric 
diatom, S. costatum, showed the maximum growth relative to 
other species (Figure  1). The first vessel contained 500 µM 
excess bicarbonate than the control. Phytoplankton growth rate 
was 0.11-0.16 d-1 and 0.25-0.43 d-1 in control and the gibberellic 
acid-treated medium, respectively. The experiment was repeated 
using 1000 µM, 2000 µM, 3000 µM, 4000 µM excess carbonate 
than the ambient medium and in all cases phytoplankton growth 

rate was found significantly increased in the medium with 
gibberellic acid than the control with excess HCO3

- (0.12-0.52 d-1 
versus 0.03-0.2 d-1, 0.22-0.61 d-1 vs 0.13-0.2 d-1, 0.28-0.49 d-1 vs 
0.01-0.24 d-1, 0.24-0.58 d-1 vs 0.07-0.26 d-1). Total phytoplankton 
count showed a maximum number in 200 ml culture medium 
with 4000 µM bicarbonate on the 6th day of the experiment and 
was found to be 49,100 cells in the medium with gibberellic acid 
vs 16,800 cells in the control with no excess bicarbonate. Among 

Figure 1: Total cell number of different species in culture meidum a) without gibberellic acid and b) with gibberellic acid on 6th day of experiment

Figure 2: Total cell number in different culture vessels with (black bars) 
and without (white bars) gibberellic acid

a

b
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the six selected species, the relative abundance of S. costatum 
was found to be 30-55% in the culture medium with gibberellic 
acid and 30-46% in the control.

DISCUSSION

A study by Thangaraj and Sun (2020), S. dohrnii in a high carbon 
environment (2216 µM in 25 °C) showed a high growth rate 

(1.23±0.15 d-1) in the medium. The experiments conducted 
by Bach et al. (2019) with pCO2 in the culture mesocosm 
ranged from 375 to 1406 µatm, had one of the highest carbon 
contributing genera, Skeletonema. In their study, without any 
growth stimulant, in a high CO2 environment, the diatom 
community showed a long lag phase and attained a growth 
peak on day 17 of the study, as evident by the chlorophyll 
concentration in the medium. In all CO2 concentrations in 
the mesocosm, Skeletonema showed a highest cell density in 
5 to 10 days of study. Causes of diatom responses to high CO2 
are difficult to uncover in experimental set-ups as there might 
be inter-related phenomena in phytoplankton growth culture 
(Bach et al., 2017). A laboratory study by Wu et al. (2014) in 
high CO2 experiments with Thalassiosira sp. and Coscinodiscus 
sp. found that high CO2 uptake enhances growth rates of larger 
diatoms with respect to cell volume. Based on the Positive 
correlation between cell size and diffusion gradients, evidence 
account for the beneficial effect of a high amount of CO2, in 
carbon acquisition for bigger-celled diatoms like Coscinodiscus 
(Pasciak & Gavis, 1974; Wolf-Gladrow & Riebesell, 1997; 
Flynn et al., 2012; Shen & Hopkinson, 2015). This observation 
is physiologically well substantiated. But study by Bach 
et al. (2019) showed small species like Skeletonema and 
Chaetoceros also responded well in high CO2 environment 
which has the similarity with present study. Kim et al. (2006) 

Figure 3: Chlorophyll concentration in different culture vessels on the 
final day of culture

Figure 4: Growth of a) Dytilum brightwellii, b) Asterionellopsis, c) Coscinodiscus, d) Skeletonema cf costatum, e) Protoperidinium, f) Nitzschia 
logissima in the culture vessels without gibberellic acid

a

c

e f

d

b



Chowdhury

270	 Curr Bot  ●  2025  ●  Vol 16

showed that increasing CO2 stimulated the growth of the 
diatom Skeletonema costatum in coastal waters of southern 
Korea. Riebesell et al. (2007) demonstrated that increased 
CO2 concentration enhanced the efficiency of the biological 
carbon pump during a diatom bloom in a coastal mesocosm 
experiment. In Antarctic sea ice diatom Nitzschia sp. ICE-H, 
high CO2  concentration (1000  ppm) triggered reduced 
activities in both extracellular and intracellular  carbonic 
anhydrase could suggest that the carbon concentrating 
mechanisms of  Nitzschia  sp. ICE-H may have a reduced 
effect in elevated CO2 (Chang-Feng et al., 2017). In the 
present study, in the control culture (without gibberellic acid) 
pinnate diatoms showed overall lower growth up to day 4 of 
the culture. At Day 5 and Day 6, 3 pinnate diatom species 
showed increase in cell numbers. The presence of gibberellic 
acid might be helping the Nitzschia sp. in growth and cell 
division in a high CO2 environment in the current study. 
Cell number of Dinoflagellate Protoeridinium also increased 
at day 6 of the experiment. Some of the toxic dinoflagellate 
species do not show any considerable change in a high pCO2 
environment (Guanyong et al., 2017), and dinoflagellate 

Alexandrium tamarense did not show any biomass increase in 
increased pCO2 (i.e. 180-1200 µatm) (Eberlein et al., 2014). 
Centric diatom, Coscinodiscus, cell numbers reached from 
1200 to 2500 per litre from day 2 to day 3 in this experiment. 
Diatom Asterionellopsis glacialis grown under increasing CO2 
levels ranging from 320 to 3400 µatm underwent an increase 
in chain length, with rising CO2 concentrations (Barcelos e 
Ramos et al., 2014).  Many of the estuarine diatom species 
change their cellular carbon allocation from cellular storage to 
increased exudation of dissolved organic carbon in increased 
dissolved CO2 concentration (Chowdhury et al., 2016). 
From these culture experiments, it can be understood, that 
elected species of estuarine centric diatom Coscinodiscus and 
Skeletonema have a shorter lag phase than the pinnate diatoms 
in control culture without any stimulants. In the culture 
vessels with gibberellic acid and with different bicarbonate 
concentrations, 6 selected species showed shorter lag phase 
than experimental vessels without gibberellic acid. An increase 
in cell numbers for selected species accelerated after day 2 
of the experiment with the gibberellic acid. Uptake rate of 
bicarbonate concentration increased as a result of higher 

Figure 5: Growth of a) Dytilum brightwellii, b) Asterionellopsis, c) Coscinodiscus, d) Skeletonema cf costatum, e) Protoperidinium, f) Nitzschia 
logissima in the culture vessels with gibberellic acid
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growth stimulated by gibberellic acid in set 2 culture vessels. 
In an experiment with Trichodesmium erythraeum and Melosira 
sulcata, a cyanobacterium and centric diatom species, the 
presence of gibberellic acid resulted in an accelerated rate of 
cell division, and the interval between successive divisions 
was reduced to 4-8 hours in the case of T. erythraeum and 7-14 
hours in the case of M. sulcata, in the case of T. erythraeum, the 
optimum dose of gibberellic acid increased the initial 
population of 66 cells/10 mL to 672 cells in seven days, and for 
M. sulcata the optimum dose was 1.0 mg/L which increased 
the initial population of 55 cells/10 mL to 364 cells in six days 
(Ramamurthy & Seshadri, 1966). Chlorophyll concentration 
in the culture medium showed an increase in concentration 
and from 3 µg L-1 to 8 µg L-1 in the medium without gibberellic 
acid and 3 µg L-1 to 12 µg L-1 with gibberellic acid at the 6th day 
of the experiment. Chlorophyll concentration increased 
in the gibberellic acid spiked medium, but did not reach a 
high peak, as S. costatum, the highest contributing genus, 
falls under the small size class, and chlorophyll content is 
low per cell. Chlorophyll concentrations reached much 
higher concentrations than previously reported values in the 
southern Ross Sea during the summer phytoplankton bloom 
in 2022-2023 (Portela et al., 2025). But the result may not 
be the same in all cultural set-ups. Availability of light in 
the culture vessel may play an important role in determining 
chlorophyll concentration as changes in photo physiology of 
phytoplankton cells to changing light intensity can control 
Chl-a concentration per cell which may not necessarily 
correspond to increased phytoplankton biomass (Graff 
et al., 2016) in natural condition.

The phytoplankton showed increased uptake with increasing 
bicarbonate concentration in the control medium, and the 
highest uptake was observed on the 6th day of the experiment. 
The culture vessels spiked with gibberellic acid showed higher 
uptake relative to the control, and the difference was significant 
(ANOVA: F=4.17, P=0.075).

CONCLUSION

A natural phytoplankton community can fix CO2 by uptaking 
bicarbonate ions from the water. The uptake rate of bicarbonate 
is species specific and controlled by different environmental 
factors. A high CO2 environment in culture enhances the CO2 
uptake and growth. From this study, it can be concluded that, 
in optimum nutrient concentration, temperature, and salinity, 
high CO2 concentration, along with gibberellic acid, facilitates 
bicarbonate uptake by estuarine diatoms, especially centric 
diatom species, resulting in rapid cell division and growth. So, 
if cell division and growth of large centric diatom species can be 
stimulated, the increase in species-specific bicarbonate uptake 
may lead to a lowering of CO2 concentration and the effect of 
acidification.
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