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Abstract

Spirulina platensis, a photosynthetic cyanobacterium, has garnered attention for its potential role in environmental reme-
diation due to its ability to absorb and metabolize toxic heavy metals. Understanding its response toward toxicity of one
of the most common contaminants, Cr(VI) is crucial for assessing its efficacy in bioremediation efforts. This study aims to
investigate the physiological and biochemical responses of Spirulina platensis to varying concentrations of Cr(VI) from 0.5
to 5 ppm, shedding light on its potential as a bioindicator for environmental contamination and its suitability for bioremedia-
tion purposes. The impact of Cr(VI) on cell density, biosorption, pigment levels, nutrient content, fluorescence response,
and photosynthetic efficiency was examined. The study revealed a gradual reduction in cell density, biomass production,
and biosorption efficiency with increasing Cr(VI) concentrations. Pigment levels, carbohydrate, protein, and lipid content
showed significant decreases, indicating physiological stress. Fluorescence response and photosynthetic efficiency were also
adversely affected, suggesting alterations in electron transfer dynamics. A threshold for chromium toxicity was observed
at 0.5 ppm, beyond which significant physiological disturbances occurred. This investigation highlights the sensitivity of
Spirulina platensis to Cr(V]) toxicity and its potential as a bioindicator for heavy metal contamination. Metal sorption was
highest in 0.5 ppm Cr(VI) with 56.56% removal. Notably, at lower concentrations, Cr(VI) acted as an intermediate electron
acceptor, enhancing the electron transport chain and potentially increasing biomass under controlled conditions. The find-
ings underscore the importance of understanding the mechanisms underlying heavy metal stress in microalgae for effective
environmental remediation strategies. The research highlights the dual role of chromium(VI) in influencing S. platensis,
depending on the concentration, and underscores the importance of understanding metal ion interactions with photosynthetic
organisms for potential applications in bioremediation.

Introduction Anthropogenic activities such as mining, metal alloy and

steel production, and the use of paints and dyes contribute

Chromium, a versatile transition metal, exhibits multiple
oxidation states from+6 to —2, often occurring in aquatic
environments as either Cr(IIT) or Cr(VI) depending on the
pH [1]. The more toxic Cr(VI) form poses risks to proteins
and DNA by generating various reactive oxygen species.
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to environmental chromium pollution, elevating the risks
of soil and water contamination through waste incineration
for energy [2]. This contamination escalates the risk of bio-
magnification in plants and animals. Chromium(VI) inter-
feres with photosynthesis in photosynthetic organisms by
affecting the Q,4, an intermediate electron acceptor in PSII,
reducing the Electron Transport Rate (ETR). The expo-
sure could also potentially cause damage to the skin, eyes,
blood, respiratory system, and immune system of animals
[3, 4]. The tiny photosynthetic algal cells like cyanobacteria,
exhibited a tolerance to heavy metal toxicity, making them
essential for water quality management due to their diverse,
oxygen-evolving capabilities and metal biosorption potential
[5]. The mechanisms through which cyanobacteria mitigate
heavy metal pollution in polluted water bodies are complex.
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Many researchers have shown the role of phytochelatins or
metallothionein peptides in the adsorption and absorption
processes [6]. Within this context, Spirulina platensis, a
filamentous blue-green cyanobacterium belonging to the
Oscillatoriaceae family, stands out as a significant primary
producer in aquatic ecosystems [7].

Thus, it would be interesting to explore the novel insights
into the interaction between S. platensis and Cr(VI), deline-
ating the critical threshold of chromium toxicity and its mul-
tifaceted impact on the microalga’s physiology, growth, and
photosynthetic efficiency. By pinpointing a toxicity thresh-
old of chromium(VI) levels, this study not only advances our
understanding of metal stress on algal systems but also sheds
light on the nuanced mechanisms of response and adaptation
within S. platensis. The innovative exploration of quantum
coherence and tunneling phenomena in relation to photo-
synthetic efficiency under metal stress introduces a novel
perspective to the study of algal biology and environmental
stressors [8, 9]. Furthermore, the detailed examination of
chromium’s effects on photosynthesis, cellular morphol-
ogy, and pigment composition, alongside the potential for
chromium biosorption, positions this work at the forefront
of research in bioremediation technologies. This compre-
hensive analysis underscores the intricate balance between
beneficial and detrimental impacts of chromium on S. plat-
ensis, offering valuable insights for environmental manage-
ment and the sustainable use of algae in biotechnological
applications.

Materials and Methods

Cyanobacteria Culture Conditions and Cr(VI)
Treatment

Spirulina platensis (ATCC-29408), a multicellular blue-
green microalga (prokaryote) was collected from the germ-
plasm section of the Centre for Conservation and Ultilisa-
tion of Blue-Green Algae (CCUBGA), Indian Agricultural
Research Institute, New Delhi, India. At the Phycology
Laboratory, Centre of Biotechnology, University of Alla-
habad, India, axenic stocks were kept on Zarrouk medium
agar slants. The cyanobacteria species were grown in 250-
mL flask bioreactors with Zarrouk medium (pH 7.8) and
10-mM sodium thiosulfate [10], at a constant light intensity
of 60-mol photons2 sl a temperature of 25 °C, and 50%
relative humidity during the 16-h:8-h light—dark cycle. The
culture media were mixed with ampicillin and streptomycin
to inhibit the growth of Gram-positive and Gram-negative
bacteria, respectively [11]. The use of antibiotics in cyano-
bacteria culture serves to maintain a sterile environment
conducive to the growth and study of the target organism,
minimizing the risk of experimental artifacts caused by
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microbial contamination. It ensures that the observed effects
are attributed solely to the cyanobacteria under investigation,
thus enhancing the reliability and validity of the experimen-
tal results. To get enough biomass for the studies, cyanobac-
teria were sub-cultured. Triplicates of each experiment were
run [12]. After the onsets of mid-log phase in the culture,
the different concentrations of Cr(VI) (0.5, 1, 3, and 5 ppm)
were added in the sample.

Heavy Metal Stock Solutions

The hexavalent form of chromium, Cr(VI) was prepared by
dissolving 2.75 g of K,Cr,0, (SD Fine Chemicals) in dis-
tilled water and making up the volume to 1 L. This stock
solution (1000 ppm) was used in entire experiments to pre-
pare different concentrations of Cr(VI) solution (0.5, 1.0,
3.0, and 5.0 ppm) for further analysis [10, 11].

Determination of S. platensis Growth in Varying
Cr(VI) Concentration

The cultures’ growth was routinely monitored by measur-
ing optical density and looking under a microscope. By
measuring the optical densities, dry cell mass, and growth
rates, growth performance was assessed. Cell densities were
used to calculate growth rates. In brief, a 5-mL sample was
taken from each culture flask on each sampling day fol-
lowing complete hand mixing with glass beads to obtain a
homogeneous cell suspension. The optical density at 750 nm
(OD750) was measured using a UV-VIS spectrophotometer
(Systronics, 2202) at every alternate day, starting from day
1 and up to 20th day. The dry cell mass (DCW) of growing
algal biomass was obtained by filtering 5-mL aliquots of
culture through previously weighed glass microfiber (GF/C,
37 mm in diameter) filters. The weight was invariant after
each loaded filter was dried at 70 °C for 24 h to remove 99%
moisture from the sample. To obtain the biomass DCW, the
DCW from the blank filter was subtracted from the DCW
from the loaded filter.

Chromium Biosorption by Cyanobacterial Species

To initiate the sorption studies, we prepared the required
concentrations of Cr(VI) by diluting the stock solution with
growth media in 500-mL Erlenmeyer flasks. The desired con-
centrations (0.5, 1.0, 3.0, and 5.0 ppm) were achieved by add-
ing specific volumes of the stock solution to 200 mL of growth
media in each flask. Subsequently, we introduced 10% homog-
enized cyanobacterial culture (w/v), prepared via homog-
enizer, as inoculants into the flasks. Furthermore, the flasks
were placed in a controlled environment (at a constant light
intensity of 60 mol photons?® s', a temperature of 25 °C, and
50% relative humidity during the 16-h: 8-h light-dark cycle)
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within a growth chamber and incubated for 14 days. Control
flasks, containing growth medium inoculated with cyanobac-
terial culture but without Cr(VI), were subjected to the same
experimental conditions as the treated flasks. After the 14-day
incubation period, the biomass was separated from the medium
by centrifugation at 7000xg for 20 min. The analysis of Cr(VI)
uptake by the S. platensis biomass and the residual amount in
the liquid was conducted using the diphenylcarbazide (DPC)
colorimetric method after the 14 day of incubation [13]. The
standard curve of the DPC method was constructed between
the known concentration of Cr(VI) and absorbance at 540 nm.
The graph showed a perfect fit (R>=0.98) up to 3-ppm Cr(VI)
concentration, hence the range of this method was considered
from O to 3 ppm. The higher concentration was estimated by
the dilution method.

Estimation of Chlorophyll-a, Carotenoid,
and Phycocyanin

1.0-mL culture was taken on the late exponential phase at the
duration of 14th day for the estimation of Chl-a. Centrifuga-
tion of the culture was done at 11,200xg for 10 min after that
supernatant was discarded and 1-mL methanol was added
in the pellet. The mixture was incubated for 30 min in deep
freezer which is followed by heating in water bath for 5 min.
The previous cycle was repeated 4-5 times to obtain maxi-
mum pigment. After final cycle, the mixture was centrifuged
at 2800xg after which the optical density was measured at
660 nm by double-beam spectrophotometer and methanol
used as a blank/reference. The obtained values multiplied with
13.42 for the yield of chl-a [14]. Total carotenoids was esti-
mated according to [10], the carotenoid content was estimated
same as per sample prepared for chl-a and optical density was
measured at 460 nm by double-beam spectrophotometer and
methanol used as a blank/reference. The obtained values mul-
tiplied with 12 for the yield of carotenoids. 1.0-mL culture
was taken on the late exponential phase at the duration of 14th
day in the Eppendorf tube for the estimation of phycocyanin.
The culture was centrifuged at 11,200xg for 10 min after that
supernatant was discarded and adds 1.0-mL 0.1-M potassium
phosphate buffer (61.5 mL K,HPO,+38.5 mL KH,PO,, pH
7.0) solvent in the pellet. The Eppendorf tube was wrapped
with the aluminum foil and kept it in deep freezer for over-
night, after that freeze and thaw cycle was repeated multiple
times. Optical density was measured at 660 and 620 nm by
double-beam spectrophotometer and 0.1-M potassium phos-
phate buffer used as a blank/reference [15]. Amount of phyco-
cyanin was measured by the following formula:

ODyyp — (0.474) X OD¢yg

PhycocyaninConcentration(pug/mL) = 534

Measurement of Toxicity, Modulated Fluorescence,
and Photosynthetic Inhibition

The initial photoluminescence saturation was measured
using a Photosynthetic Efficiency Analyzer (PEA), which
allows for the rapid assessment of fluorescence induction
kinetics in photosynthetic organisms. The Pulse Amplitude
Modulation dual-channel yield analyzer (FL-3300, Heinz
Walz GmbH, Effeltrich, Germany) was used to test Spirulina
platensis’s sensitivity in conditions supplied with various
doses of Cr(VI). This technique involves exposing the sam-
ple to a saturating light pulse, followed by the measurement
of fluorescence signals over time. The kinetics of fluores-
cence are then analyzed to extract parameters related to the
efficiency and performance of the photosynthetic apparatus.
The effective fluorescence yield of photosystem II (PS II)
is calculated using the amplitudes of regularly spaced rec-
tangular saturation pulses, which is a toxicity analyzer that
is very sensitive to chlorophyll fluorescence. The various
light types such as measuring light, saturating pulse, actinic
light, far-red, variable fluorescence, and quenched fluores-
cence light sources were utilized for PAM analysis [16-20].
Before fluorescence analysis, an equilibrium state for the
photosynthetic electron transport was induced in S. platensis
test cultures by placing samples in completely dark condi-
tions (by putting in the black box) for 30 min. Low-inten-
sity modulated light was used to monitor the fluorescence
in order to prevent the PSII primary electron acceptor (Q,)
from degrading. The PAM analyzer was used to determine
the impact of increasing Cr(VI) toxicity on different ana-
lytic photosynthetic parameters, including Fast Induction,
Kautsky Effect, Q ,-Reoxidation, Quenching Analysis, Fluo-
rometric Analysis, and Photosynthetic Efficiency Analyzer.

The variable/maximum fluorescence ratio (F,/F,,), pho-
tochemical quenching (Q,), and non-photochemical quench-
ing (NPQ) were determined using the measurements of the
fluorescence intensity of S. platensis cells activated by PAM
blue light at 650 nm [21, 22].

Effective Overall Quantum Yield(Y) of PSII
Z(Fm_F())/szFv/Fm (1)

Relative photosynthetic inhibition is calculated using the
following equations.

Relative Photosynthetic Inhibition(%) = 100(Y2 -7, ) / Yz(Y, < Yz)

@)
Q, = (F\,Fs)/ (Fy = Fg) 3)
NPQ = (F\, - F,) / F}, 4)

where F) is the “Initial fluorescence at dark-adapted condi-
tion, i.e., fluorescence measured just before the application

@ Springer



231 Page4of13

of a saturation pulse,” F,, is the “maximum fluorescence
at dark-adapted condition” (fluorescence measured during
a saturation pulse), F;,’ is the “maximum fluorescence at
light-adapted condition,” and F) is the “Initial fluorescence
at light-adapted condition.”

Influence of Varying Cr(VI) Toxicity on Biochemical
Composition of S. platensis

The test S. platensis species were raised in Zarrouk medium
with the addition of various Cr(VI) concentrations up until
the pre-stationary phase. Centrifugation was used to remove
the cells from the culture broth after the proper amount of
cell development (9072 g for 10 min). With deionized water,
the cells were washed twice before being dried and weighed.
The [23] and [24] techniques were used to calculate the esti-
mated amounts of protein and carbohydrates in the gener-
ated biomass. A modified gravimetric technique of the [25]
method was used to determine the total lipid.

Statistical Analyses

All the experiments were conducted in the triplicates. Soft-
ware called Graph Prism (version 5.0) was used for the sta-
tistical analysis and standard mean values were used to plot
the graph with standard error. The significance of the results
(P <0.05) was verified using one-way analysis of variance
(ANOVA). PAST software (Version 2.17) was used to carry
out the main component analysis.

Results

Impact of Hexavalent Chromium on Spirulina
platensis Cell Density

Investigating the influence of varying Cr(VI) concentrations
on Spirulina platensis revealed a gradual reduction in optical
density with increased Cr(VI) toxicity, ranging from 0.5 to
5 ppm. The least decline was observed at 0.5-ppm Cr(VI),
with filamentous structures, typically found below the sur-
face, appearing atop. Growth rates showed variability with
increased Cr(VI) levels, leading to an earlier commence-
ment of the mid-log phase. At 0.5 ppm, a slight reduction in
cell density suggested minimal stress (P <0.05) (Fig. 1a).
However, the growth curve exhibited a sharp drop at higher
Cr(VI) concentrations (between 1 and 5 ppm), indicating
a significant level of physiological stress. Increasing the
Cr(VI) concentration changed the appearance of these Spir-
ulina platensis cells, a photosynthetic cyanobacterium, as
seen in Supplementary Fig. 2. However, at concentrations
between 1 and 5 ppm, a sharp fall in growth curves indicated
considerable stress. The appearance and biomass production
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Fig.1 a Effect of Cr(VI) on the growth curve of Spirulina platen-
sis. All the values were significant at P <0.05 on ANOVA analysis.
b Effect of various Cr(VI) concentrations on biomass yields of Spir-
ulina platensis. All the values were significant at P <0.05 on ANOVA
analysis

of these photosynthetic cyanobacteria were notably affected
by Cr(VI) concentrations above 0.5 ppm [10] (Fig. 1b).

Biosorption of Cr(VI) Uptake in Spirulina platensis

A higher value of Cr(VI) shows a lesser amount of biosorp-
tion than the lower amount of Cr(VI). 5.0-ppm Cr(VI) has
37.723% removal, whereas 42.7%, 45.26%, and 56.56%
adsorption were observed in 3.0-ppm, 1.0-ppm, and 0.5-ppm
Cr(VI), respectively (P <0.05) (Fig. 2).
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Fig.2 Biosorption (percentage removal) of the Cr(VI) in Spirulina
platensis. All the values were significant at P <0.05 on ANOVA anal-
ysis

Impact of Cr(VI) on Chlorophyll-a, Carotenoid,
and Phycocyanin

Cr(VI) presence significantly affected chlorophyll-a and
carotenoid levels, with measured concentrations decreas-
ing with increasing Cr(VI) levels. The amount of chloro-
phyll-a content (Fig. 3a) was 4.47 ug/mL~!, 3.61 pg/mL~",
2.89 pg/mL~!, 1.97 ug/mL~!, and 1.36 pg/mL~! in con-
trol, 0.5 ppm, 1.0 ppm, 3.0 ppm, and 5.0 ppm, respectively
(Fig. 3b), whereas the carotenoid content was 3.94 ug/mL ™",
2.16 ug/mL~", 1.36 pg/mL™~", 1.09 ug/mL~", and 0.55 ug/
mL~! in control, 0.5 ppm, 1.0 ppm, 3.0 ppm, and 5.0 ppm,
respectively (Fig. 3c) (P <0.05). Phycocyanin content also
decreased across the tested Cr(VI) concentrations, indicat-
ing substantial physiological impact. The phycocyanin con-
tent was recorded at 3.87 ug/mL~"!, 2.22 ug/mL~"!, 1.89 pg/
mL~!, 1.45 ug/mL~!, and 1.01 pg/mL~" in control, 0.5 ppm,
1.0 ppm, 3.0 ppm, and 5.0 ppm, respectively (P <0.05).

Impact of Cr(VI) on Carbohydrate, Protein,
and Lipids

Total carbohydrate and protein levels significantly dropped
in the presence of Cr(VI), highlighting its detrimental effect
on S. platensis essential for cell division. The amount of
total carbohydrate was 55.4 ng/mL~!, 40.35 ng/mL"~!,
28.79 ng/mL~"!, 12.45 ng/mL"!, and 10.5 ng/mL~" in con-
trol, 0.5 ppm, 1.0 ppm, 3.0 ppm, and 5.0 ppm, respectively
(P <0.05) (Fig. 4a) and the protein yield was 0.45 ng/mL~!,
0.19 ng/mL~", and 0.18 ng/mL"~" in control, 0.5 ppm, and
1.0 ppm, respectively (P <0.05) (Fig. 4b). The reduction in
the carbohydrate and protein level in the presence of Cr(VI)

indicates a negative impact on the S. platensis, as they are the
basic requirements for cell division. Conversely, lipid yield
percentage varied across different Cr(VI) concentrations,
reflecting adaptive responses to stress. The percentage lipid
yield content was 1.534e +8 ng/mL ™!, 2.525e 4+ 8 ng/mL~!,
2.15e+8 ng/mL!, 1.975¢ + 8 ng/mL~", and 1.725¢ + 8 ng/
mL~! in control, 0.5 ppm, 1.0 ppm, 3.0 ppm, and 5.0 ppm,
respectively (P <0.05) (Fig. 4c).

Fast-Fluorescence Induction

The photo-illumination of the cyanobacteria cells in the
responsible actinic light (Using PAM-fluorometer) was used
to analyze the kinetics of fluorescence linked to electron
transport between PSI and PS Il in S. platensis at the mid-
and late-log phase. The pulse of high irradiance off and on
saturated light allows the fluorescence yield. Initial photolu-
minescence saturation was minimally affected by Cr(VI) tox-
icity, suggesting negligible impact on the initial fluorescence
values and electron transport kinetics between PSI and PSII
during mid- and late-log phases, shown in Supplementary
Fig. 2. This finding suggests that the primary photochemical
processes in the photosynthetic apparatus, particularly those
related to the PSII reaction centers, may remain relatively
unaffected by low concentrations of chromium. The initial
photoluminescence saturation reflects the efficiency of the
PSII reaction centers in capturing and utilizing light energy
for photosynthesis. When this parameter remains minimally
affected by Cr(VI) toxicity, it suggests that certain aspects
of the photosynthetic machinery may exhibit resilience to
environmental stressors. This resilience of the initial pho-
toluminescence saturation to Cr(VI) toxicity is notewor-
thy, as it implies that certain aspects of the photosynthetic
machinery may maintain functionality even in the presence
of environmental stressors.

Fluorescence Response of the Chlorophyli-a,
Carotenoid, and Purified Phycobiliprotein

The fluorescence response varied among the pigments,
with chlorophyll-a and carotenoid showing lower fluo-
rescence values compared to phycobiliprotein, indicating
differences in photo-acclimation capacity. The estimated
maximum chlorophyll fluorescence value (Fm,) was 0.42
which is very low as compared to the other pigments (Sup-
plementary Fig. 3a), hence the 1 ug mL~! concentration
of cyanobacterial chlorophyll solution showed very slight
photo-acclimation. The estimated maximum fluorescence
value of carotenoid (Fm,) was 0.062 which is very neg-
ligible as compared to the other pigments (Supplementary
Fig. 3b), hence the 1 ug mL™! concentration of cyanobacte-
rial carotenoid solution showed no photo-acclimation. The
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Fig.3 Estimation of pigments at various concentrations of the Cr(VI) a Chlorophyll-a, b Carotenoid, and ¢ Phycocyanin. All the values were

significant at P <0.05 on ANOVA analysis

estimated maximum fluorescence value of phycobiliprotein
was (Fy,pb) 1.45 (Supplementary Fig. 3c).

Kautsky Effect and Quenching Analysis

Fluorescence analysis revealed alterations in electron tun-
neling efficiency at varying Cr(VI) concentrations, affect-
ing photochemical quenching and possibly indicating dam-
age to photosynthetic components at higher Cr(VI) levels.
The maximum fluorescence value was highest in untreated
S. platensis, i.e., Fy; unreatea) 0-44. The observed reduc-
tion in electronic tunneling force in 0.5 ppm, 1.0 ppm,
3.0 ppm, and 5 ppm was 20.5%, 29.5%, 27.3%, and 36.4%,
respectively, which may be because of the alteration of

@ Springer

quantum tunneling of an electron in the downstream pro-
cess. The highest value of fluorescence was recorded in
S. platensis at the late exponential phase at saturating and
actinic beam. Photochemical quenching value increases
in 0.5 ppm & 1 ppm with respect to control. Cr(VI) may
be acting here as an alternate electron acceptor intermedi-
ate which may be the reason behind the increase in the
photochemical quenching. In higher concentrations (3 ppm
& 5 ppm), photochemical quenching is highly reduced
which may be because of damage to certain essential pho-
tosynthesis components. NPQ decrease in the 0.5 ppm &
3.0 ppm is very slight; this means the trace Cr(VI) level
(0.5 ppm & 3 ppm) does slightly impact the NPQ analysis
[Supplementary Fig. 6a, b (Table 2)].
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Photosynthetic Efficiency Analyzer (PEA)
and Q,-Reoxidation

Photosynthetic efficiency is highly reduced while increasing
the Cr(VI) level. In 0.5 ppm, 1 ppm, & 3 ppm, the PEA was
reduced by 44.78, 42.76, & 38.04%, respectively, while in
5 ppm it is highly reduced by 52.78%. The abrupt change in
5 ppm is visible also in the transient S-state level where it
mirrors each other (Table 1). From here it can be assumed
that the major reason behind the reduced photosynthesis effi-
ciency may be the interrupted transfer of photons to the adja-
cent antenna (Supplementary Fig. 4). The Q4-Reoxidation
indicates the electron flow from PSII to Q, reoxidation
and vice-versa (Supplementary Fig. 5). These parameters
have shown that the reoxidation potential of the microbe
in presence of Cr(VI) is gradually reduced as the Cr(VI)

concentration increased (Table 1). The values were recorded
at 0.65, 0.64, 0.52, 0.56, and 0.53 for control, 0.5 ppm,
1 ppm, 3 ppm, and 5 ppm, respectively.

Transient S-States and Meter Analysis

Chromium stress influenced state transitions and photon
transfer efficiencies, with significant impacts noted at 5-ppm
Cr(VI). A negative peak means that EET from the bulk Chls
transfers to the PBSs and the lower Chls. The findings sup-
port the Lake Model of photon transfer in S. platensis, with
Cr(V]) stress leading to observable changes in electron and
photon transfer dynamics. The impact of concentration of
chromium up to 3 ppm is similar where the transfer of an
electron to lower chls is slightly hampered by 11.5% whereas
a marginal 27.9% reduction is observed in 5-ppm Cr(VI)
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Table 1 Evaluated value of the maximal fluorescence (F,,) in SP at mid-, late-log phase, and exogenous different concentrations of Cr(VI)

Variables Parameter
Fast-fluorescence Kautsky Fluorimeter (£, Q,-re-oxida-  PEA (F),) Quenching Transient
induction (£, effect (Fy) tion (Fy) analysis (F),) S-states
(Fy)
SP at log phase 3.0 0.44 —0.601 —0.65 297 0.13 —0.61
0.5 ppm 3.0 0.35 —0.446 —-0.64 1.64 0.28 —-0.52
1.0 ppm 3.0 0.28 —0.453 -0.52 1.40 0.32 —-0.55
3.0 ppm 3.0 0.32 —-0.477 —0.56 1.84 0.27 —0.56
5.0 ppm 3.0 0.31 —0.450 -0.53 1.70 0.28 —-0.44

concentration. The transfer of photons is shown in Supple-
mentary Fig. 7. The results showed that the state transition is
strongly influenced by cellular Cr stress that leads to masks
of the state transition. Meter analysis also proves the trend
of transient S-states, where the impact of Cr VI at 5.0 ppm
was highest, whereas a very slight impact of other concentra-
tions of Cr VI (0.5-3.0 ppm) was observed shown in Sup-
plementary Fig. 8.

Principal Component Analysis

PCA differentiated the effects of Cr(VI) on photosynthetic
performance, particularly highlighting the decline in quan-
tum yield and changes in photochemical and non-photo-
chemical quenching with increased Cr(VI) concentrations,
assisting in the quick analysis of photosynthetic acclima-
tion and productivity potential in the presence of hexava-
lent chromium. For all parameters, PCA clearly separated
the data into two main components. For photochemical

quenching, non-photochemical quenching, and quantum
yield content, respectively, the highest variances of 86.00%,
1.47%, and 85.00% were observed (Fig. 5). The photosyn-
thetic acclimation-producing characteristics were identified
by PCA scores decreasing quantum yield performance while
adjusting the Cr(VI) concentration of the non-photochemical
quenching for the increasing concentration of hexavalent
chromium accumulation. PCA was additionally applied in
multifactor analysis to quickly analyze the productivity prob-
ability area [10].

Discussion

This research explored the intricate interplay between Cr(VI)
stress and the photosynthetic machinery of Spirulina plat-
ensis and sheds light on the adaptive responses and physi-
ological alterations induced by heavy metal contamination.
Photon absorption, electron transfer, and pigment dynamics

Fig.5 Principal component
analysis at the two independ- Neg
ent variable, i.e., light quality
and Cr(VI) concentration. All
the values were significant at
P <0.05 on ANOVA analysis

Fv/Fm,

o

6

| Cr (VI)Concentration

LIGHT QUALITY
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intricately regulate the photosynthesis, a fundamental pro-
cess in sustaining life. The photonic energy is transformed
into chemical energy, involving a wide range of microor-
ganisms, including oxygenic cyanobacteria. This process
starts when photons are absorbed by antennae and funneled
through the PSII reaction centers. The fate of an absorbed
photon can be categorized into four pathways: dissipation
as heat; transfer to neighboring pigments; photochemical
quenching; or fluorescence emission. In photochemical
quenching, the photon’s energy is utilized in PSII to drive
the electron transport chain. The excited electron may return
to its ground state, releasing energy as either heat or fluo-
rescence, or it can be transferred to adjacent pigments, such
as chlorophyll-a, f-carotenoid, and phycobiliprotein. This
energy transition in fluorescence involves the electron mov-
ing back to its ground state through vibrational relaxation,
passing through several intermediate levels along the way
[26-30]. The primary pigments involved in this conversion
to photoelectric energy are chlorophyll-a, -B-carotenoid, and
phycobiliprotein, with each photon absorbed by chlorophyll-
a elevating an electron from its ground state [31]. Expo-
sure of cyanobacteria to darkness initiates a slow start in
photosynthetic carbon uptake, which is followed by a rapid
increase in fluorescence to a quasi-steady state before it
decreases again [32-35].

The response of Spirulina platensis to varying concentra-
tions of chromium(VI) demonstrates distinct effects, with
a notable threshold at 0.5 ppm for chromium(VI) toxic-
ity. Under chromium(VI) stress, distinct patterns emerge,
delineating the threshold of toxicity and the consequential
physiological shifts within S. platensis. Below this con-
centration, the algae’s biomass decreases at a slower rate
compared to the control, whereas above 0.5 ppm, there is
a significant decline in biomass. The intermediate elec-
tron accepting role of 0.5-ppm chromium(VI) potentially
explains the observed biomass increase at this concentration
by enhancing electron transport and environmental utiliza-
tion efficiency [10, 13]. However, concentrations exceeding
0.5 ppm appear to inhibit metabolic functions, leading to
biomass reduction. The observed threshold effect at 0.5 ppm
of chromium(VI) underscores the nuanced response of S.
platensis to heavy metal exposure. Below this threshold, a
moderated increase in biomass is noted, attributed to the
potential role of chromium(VI) as an intermediate electron
acceptor, enhancing electron transport efficiency. However,
concentrations exceeding 0.5 ppm precipitate a marked
decline in biomass, indicative of metabolic inhibition and
cellular damage. These findings corroborate earlier studies
on metal toxicity in S. platensis, highlighting the species’
sensitivity to environmental contaminants.

Similar observations were made by [36], regarding the
impact of lead(II), copper(Il), and zinc(Il) on S. platen-
sis, with notable biomass reduction at 0.2 ppm of these

contaminants. Furthermore, the process of biosorption,
vital for Cr(VI) removal, exhibits a concentration-dependent
response, with diminished efficacy at higher concentrations.
This phenomenon suggests a saturation of binding sites on
the surface of S. platensis cells, potentially limiting their
capacity for Cr(VI) uptake [37]. Such insights into biosorp-
tion dynamics have implications for bioremediation strate-
gies, necessitating optimization to enhance metal removal
efficiency in contaminated ecosystems [26]. Elevated Cr(VI)
levels also impact oxygen evolution, carbon fixation, pig-
ment quality, and cell division, reflected in reduced cell mass
and altered growth curves. The study reveals that Cr(VI)
affects photosynthesis, with alterations in photo-luminance
and photosynthetic activity varying with photon energy
frequency.

The impact of chromium(VI) stress on photosynthetic
pigments elucidates the intricate balance between light-
harvesting and photoprotection mechanisms in S. platensis.
While chlorophyll-a remains a primary target for photon
absorption, secondary pigments such as carotenoids and
phycobiliproteins emerge as critical players in mitigating
oxidative stress and regulating light acclimation. Table 2
shows that the photo-luminance of Cr(VI) is linked to a
drop in photosynthesis activity due to the work function of
photon energy, while an increase in photosynthesis activity
is seen up to a certain frequency range (per photon energy)
in autotrophic organisms [10, 22].

Secondary stress-protecting pigments like carotenoids
and phycocyanins, although less abundant than chloro-
phyll-a, decrease more significantly under Cr(VI) stress.
The importance of phycobiliproteins in light harvesting
is underscored, especially under higher light conditions,
with Cr(VI) exposure altering cell morphology (Fig. 2) and
pigment levels. The observed alterations in pigment lev-
els and cell morphology underscore adaptive capacity of
cyanobacteria to environmental stressors. The increase in
phycobiliproteins is evident in the fluorescence induction
parameter, suggesting that the enormous amount of phyco-
biliprotein in S. platensis plays a vital role in photoprotection

Table 2 Effect of light and dark adapted SP at mid- and late-log
samples and exogenous Cr(VI) addition on chlorophyll florescence
parameters of Spirulina platensis

Treatments (PPM) Chlorophyll florescence

FJF, 0, NPQ
SPA 0.73 0.780 1.33
SPB 0.75 0.805 1.29
0.5 ppm 0.85 0.831 1.22
1.0 ppm 0.79 0.866 1.01
3.0 ppm 0.61 0.700 1.16
5.0 ppm 0.531 0.580 1.47
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by regulating the light-harvesting mechanism. This is due to
the formation of Phycobilisomes, a large peripheral mem-
brane-associated, light-harvesting complex that provides a
large surface area for light acclimation [10]. Cr(VI) exposure
also leads to reduced carbohydrate and protein levels, essen-
tial for cell division, and alters lipid synthesis, indicating a
stress response that includes phycobilisome synthesis for
photoprotection. The increased amount of total lipids in the
presence of Cr(VI) compared to the control shows elevated
stress levels leading to the synthesis of phycobilisome in the
cell. Lipids are also compounds synthesized to reinforce cell
behavior. The reduction in the level of lipid synthesis while
increasing the Cr(VI) level from 0.5 to 5.0 ppm indicates a
negative impact on lipid metabolism [13, 38].

Moreover, the Kautsky effect and photochemical quench-
ing responses unveil disruptions in electron transfer pro-
cesses and energy dissipation pathways under Cr(VI) stress.
The observed decline in electron flux and photochemical
quenching efficiency at higher Cr(VI) concentrations signi-
fies compromised photosynthetic performance and height-
ened cellular stress. The reduced Kautsky effect suggests
that Cr(VI) is affecting the flux transfer from PSII to Q, or
Q, to the reaction center, requiring further investigation.
The synthesis of carbohydrates utilizing electronic energy
generates the major flux, which functions as the driving
force for the electron’s movement in the reaction center
[39]. The reduced levels of carbon fixation are evident in
the decreased levels of biomass in the presence of Cr(VI).
Therefore, Cr(VI) is influencing the system’s electron flux.
The reduced Q, reoxidation also supports this claim. The
photosynthesis cycle commences after photonic energy is
absorbed by PSII. This energy is then utilized to transfer an
electron from the S-cycle [36]. Hence, the decrease in the
electron flux in the cycle will also affect the S-state, as evi-
denced by the Transient S-state observations. Importantly,
the reduction is not on par with the parameters within the
cycle, indicating that Cr(VI) does not affect the S-complex’s
electron transfer to PSII, at least in S. platensis. Thus, Cr(VI)
is directly influencing the primary quantum level phenom-
enon: coherence and tunneling [40]. The coherence of the
state means the exciton can detect multiple pathways of the
energy landscape simultaneously and determine the most
efficient route, resulting in an efficient energy transfer pro-
cess. Both quantum coherence and quantum tunneling work
together to find the best possible route for the electron to
reach the final electron acceptor without losing its energy
[41]. However, the decreased levels of Q, reoxidation,
Kautsky fluorescence, and biomass indicate that Cr(VI) is
directly influencing the positioning of the micro-array of the
photosystem’s multiple components, affecting the quantum
coherence and quantum tunneling phenomenon. This mecha-
nism is also observed in the photochemical quenching (PQ)
response. At low levels of Cr(VI), PQ appears to enhance,

@ Springer

while at higher levels, it is observed to decrease. Cr(VI)
may act as an intermediate electron acceptor, which is why
photochemical quenching increases. At higher concentra-
tions (3 ppm & 5 ppm), photochemical quenching is sig-
nificantly reduced, indicating permanent damage to essen-
tial photosynthesis components. Excess photonic energy,
which cannot be easily accommodated by the photosystem
machinery, is dissipated as heat, which can be quantified by
the non-photochemical quenching (NPQ) [42]. PQ is highly
increased at 5 ppm, indicating that 5-ppm Cr(VI) signifi-
cantly increases heat loss in the microorganism, reducing
photosynthesis efficiency. Therefore, it can be assumed
that higher concentrations of Cr(VI) introduce a high-stress
level in the organism, causing them to route light energy into
heat dissipation [43—46]. These findings also highlight the
complex interaction between quantum coherence, electron
tunneling, and photoprotective mechanisms in S. platensis,
offering valuable insights into the molecular underpinnings
of metal-induced phototoxicity.

However, it is essential to acknowledge potential limita-
tions in the experimental design, such as the reliance on
laboratory-based assays and simplified growth conditions.
Additionally, extrapolating findings from S. platensis to
broader ecological contexts warrants caution, considering
the species-specific responses to Cr(VI) stress. The find-
ings emphasize the need for further research to explore the
detailed molecular mechanisms underlying these responses,
with implications for improving the resilience of S. platensis
and other microalgae to environmental contaminants. Future
research endeavors should aim to elucidate the molecular
mechanisms underlying metal-induced toxicity and explore
potential synergies with microbial consortia for enhanced
bioremediation efficacy [47-50].

Conclusion

Our study on S. platensis responses to Cr(VI) stress offers
valuable insights into the intricate mechanisms of metal tol-
erance, spanning physiological, biochemical, and molecu-
lar adaptations. These findings advance our understanding
of algal biology under heavy metal stress and underscore
the potential of Spirulina-based bioremediation strate-
gies in contaminated environments. The investigation into
transient S-states revealed a distinct mechanism by which
higher concentrations of Cr(VI) disrupt the quantum leap
process, impairing the organism’s viability. Interestingly,
lower Cr(VI) concentrations (0.5 and 1.0 ppm) appeared to
enhance photochemical quenching, suggesting a nuanced
role of Cr(VI) as an intermediate electron acceptor. Micro-
scopic analysis corroborated these findings, highlighting
morphological changes induced by elevated Cr(VI) levels.
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Moreover, the observed high non-photochemical quench-
ing values underscored the rapid dissipation of absorbed
electronic energy as heat, indicative of hindered exciton
energy transfer in the presence of high Cr(VI) concentra-
tions. Data from the Photosynthetic Efficiency Analyzer
(PEA) provided quantitative insights into how these altera-
tions in morphology and electrical characteristics directly
impact the photosynthetic efficiency of S. platensis. While
our study contributes significantly to our understanding of
metal—algal interactions, it is essential to acknowledge its
limitations. The reliance on laboratory-based assays and
simplified growth conditions may not fully capture the
complexities of real-world ecosystems. Future research
endeavors should aim to elucidate the molecular mecha-
nisms underlying metal-induced toxicity and explore
potential synergies with microbial consortia for enhanced
bioremediation efficacy. Future research should also focus
on refining bioremediation strategies utilizing S. platensis
and other microorganisms in contaminated environments.
Additionally, efforts to characterize the molecular basis of
metal tolerance mechanisms in algae hold promise for the
development of targeted interventions to mitigate metal pol-
lution challenges and safeguard aquatic ecosystems.
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