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Highlights-
1. Arsenic (As) enhanced photoprotective processes and restricted biomass production.
2. Optical and functional absorption cross-section are useful indicators of As toxicity.
3. Non-photochemical quenching (NPQ-NSV) positively correlated to de-epoxidation
ratio.
4. Significant affinity between Fe and As bioaccumulation by D. lutheri was observed.

5. Variable fluorescence endorsed an easy and compliant method to show As toxicity.

Abstract-

Indicators signaling Arsenic (As) stress through physiology of microalgae using non-
destructive methods like variable fluorescence are rare but requisite. This study reports stress
markers indicating arsenic (As) toxicity (in two concentrations 11.25 pg/L and 22.5 pg/L
compared to a control) exposed to a microalga (Diacronema lutheri), using fast repetition rate
fluorometry (FRRf). Growth and physiological parameters such as cell density, chl a and the
maximum quantum yield F,/F,, showed coherence and impeded after the exponential phase
(day 9 - day 12) in As treatments compared to the control (p < 0.05). On contrary photo-
physiological constants were elevated showing higher optical (aru) and functional [Sigma
(opsm)] absorption cross-section for the As treatments (p < 0.05) further implying the lack of
biomass production yet an increase in light absorption. In addition, As exposure increased the
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energy dissipation by heat (NPQ-NSV) showing a strong relationship with the de-epoxidation
ratio (DR) involving photoprotective pigments. Total As bioaccumulation by D. lutheri
showed a strong affinity with Fe adsorption throughout the algal growth curve. This study
suggests some prompt photo-physiological proxies signaling As contamination and endorsing
its usefulness in risk assessments, given the high toxicity and ubiquitous presence of As in the
ecosystem.

Keywords - Diacronema lutheri, Arsenic bioaccumulation, Optical absorption cross section,

pigment concentrations, de-epoxidation ratio (DR).

Environmental implication

Arsenic is ubiquitous and hazardous to human health in trace amounts, given the dreadful
record of lethal cases from arsenic contamination, worldwide. Hence, new tools are warrant-
ed for this compelling necessity to monitor effects of arsenic in nature. This study proposes
new indicators of arsenic contamination through physiology of a microalgae (Diacronema
lutheri) using variable fluorescence. Furthermore, a linkage of physiological markers with
ecotoxicology using non-destructive, rapid and a precise method is reported. A strong corre-
lation of variable fluorescence and growth parameters exemplified the precision of the pro-
posed indicators. Such rapid, non-polluting, novel techniques are advantageous to environ-

mental risk assessors.

1. Introduction

Trace metal contamination has posed serious threats to aquatic and terrestrial organisms since
the time of heavy industrialisation and globalisation (Chiellini et al., 2020; Das et al., 2022a) .
Some trace metals prove to have essential roles in the metabolism of organisms, but only up
to a certain concentration, beyond which, it is often toxic (Zidour et al., 2019; Kadiene et al.,

2019; Das et al., 2019; Das et al., 2020b). Arsenic (As) is one such element that shows no



evidence for its essentiality in functioning of organisms and has been globally regarded as a
serious threat to life in general, from microbes to mammals (Morelli et al., 2005; Hussain et
al., 2021; Xiao et al., 2022). It is often described as a ubiquitous metal that can originate from
anthropogenic, geo-genic and/or natural pathways like erosion of soil, volcanic eruptions, etc.
(Z. Wang et al., 2020) . Industries such as fossil fuel, agricultural factories using arsenic
based pesticides, smelting or metal extraction factories are some examples of the man-made
sources of As (Morelli et al., 2005; Rathi and Kumar, 2021). In comparison to terrestrial
animals, marine organisms have higher load of total As concentration ranging from 1-1000
pg/g in dry weight which is almost 100 times more than land creatures ranging from 0.1 -10
Mg/g in dry weight (Cima et al., 2003; Duncan et al., 2015).

Being the primary producer of the marine ecosystem, phytoplankton
are often the earliest or the primary target that bear the consequences of arsenic toxicity in
marine coastal areas, which are often perceived as heavily impacted zones due to the active
commercial and industrial pursuits for decades (Aboal et al., 2022; Duncan et al., 2015).
Marine algal species forms the basis of the trophic energy flow of the ecosystem and has
profoundly proved its role as great indicators of the health of an ecosystem in many
ecotoxicological studies (Martins et al., 2015; Gan et al., 2019; Hussain et al., 2021; Li et al.,
2021; Das et al., 2022a). Previous literatures concerning algal toxicity, have laid theories and
explanation on the processes adapted by marine algae to combat the incessant exposure to
arsenic, discussing the detoxification pathways, bio-transformation of metal states, etc.
(Hasegawa et al., 2001; Morelli et al., 2005; Grotti et al., 2010; Maher and Eyre, 2011;
Duncan et al., 2015). Biotransformation is the process that involves uptake of inorganic metal
forms which then is either oxidized, reduced or methylated to organic states through an algal
cell or other organisms (Zhang et al., 2022). Such studies mostly reflected the changes in the

growth rate, pigment contents, morphological changes, biochemical alterations, and



bioaccumulation capacity highlighting on metabolic activities and population structure (Costa
et al., 2019; Li et al., 2021; Hussain et al., 2021; Das et al., 2022a). However, the effect of
trace metal exposure and its consequences on the photosynthetic machinery and the
associated physiological variables of an alga has not been much explored in the literature and
such reports can shed light on valuable physiological indicators when exposed to metal stress.
Variable fluorescence (VF) is such a technique that can be used for assessing physiological
condition/state of the algal photosynthetic apparatus often used in studies related to
limnology and laboratory cultures (Schallenberg et al., 2020; Ryan-Keogh and Thomalla,
2020; Schuback et al., 2016; Schuback et al., 2020). However, variable fluorescence can also
be used in the detection of toxicity or any form of stress providing prompt and efficacious
physiological indicators to evaluate the risk factors prevailing in the marine habitats (Suresh
Kumar et al., 2014; Banks, 2018; Gan et al., 2019; Beaulieu et al., 2020). This technique
makes it possible to study in a non-intrusive way the efficiency of the photosynthetic
processes of microalgae, in situ natural environment or in experiments whether or not related
to water quality issues. The key parameters concerning the functioning of the photosynthetic
apparatus used in previous studies were: the maximum quantum vyield (Fv/Fm) of
photochemistry in photosystem 1l (PSII), the maximum electron transport rate (ETRmax) in
relative (rETRmax) or absolute units (ETRmax(ll)), the absorption cross section of PSII
photochemistry (cpsy) and the non-photochemical quenching (NPQ) (Suresh Kumar et al.,
2014; Huang et al., 2015; Gan et al., 2019; Beaulieu et al., 2020). Identification of new
indicators specific to highly toxic contaminants like arsenic can assist the environmental
management and risk assessment groups to analyse the varied threats posed on the marine
ecosystem with much rapidity and precision by using variable fluorescence methods for stress

physiology (Gan et al., 2019).



In this work, we studied the marine algal species Diacronema lutheri, characterised with
phytosterol richness and a variety of mostly type A pigments (chla, c1, chlorophyllides) with
two dissimilar (in length) flagella (Ahmed et al., 2015; Das et al., 2022a). Diacronema lutheri
is an eco-friendly source for producing valuable compounds like phytosterol due to its natural
richness and is also majorly used in the sector of aquaculture especially as a feed for bivalves,
copepods which in turn are fed to fish larvae, shrimps in farms and other cultured organisms,
making it ecologically and economically valuable (Carvalho et al., 2009 ; Das et al., 2017,
Das et al., 2020a). Previous literatures reported that D. lutheri is a bioindicator species,
signalling stress from trace metals by lowering photosynthetic pigment, cell density and by
exemplifying capacity of bioaccumulating and bioconcentrating varied amount of essential
and non-essential trace metals (Das et al., 2022a). In this study our objective was to
comprehend the physiological anomalies caused due to arsenic exposure in D. lutheri using
the variable fluorescence technique through Fast Repetition Rate fluorometer (FRRf) in
linkage with pigment analyses by high-performance liquid chromatography (HPLC). Thus,
the goal is not only to characterize the impact of toxic metal on physiology of this species but
to have a functional understanding of the phenomenon of toxicity. The VF technique was
implemented to compare the photosynthetic processes occurring in photosystem 11 (PSII)
apart from which the monitoring of cell density, pigment contents and the bioaccumulation
capacity of D. lutheri was also analysed in control group and arsenic-exposed algal cells. In
natural environments, a complex and often a cocktail of metal exists and previous studies
reported that such coexistence of multiple trace metals can influence the toxicity and/or the
absorption of metals in the body of the organisms, such as Iron (Fe) or Manganese (Mn)
oxides influence the mobility of As. Hence, a range of trace metals were studied in order to
comprehend the bioaccumulation of other trace metals apart from As (Carneiro et al., 2022;

(Anawar et al., 2018). Hence, studies on such issues are warranted for the rapidity to detect



As contamination which can further aid on the risk assessment of utilising such ecologically
and economically important algal species in the medicinal or aquaculture farms, concerning

the pollutants present in the environment.

2. Material and methods

2.1 Test organism- Diacronema lutheri

The initial stock of the microalgae D. lutheri was acquired from the Roscoff Culture
Collection in France (RCC-1537). Laboratory cultures were then initiated in 6 L flasks using
artificial seawater prepared from osmosed water and artificial salt (coral salt-pro). All the
cultures were maintained under controlled laboratory conditions in an incubator with a 12h:
12h light/dark regime at 18° C with salinity 33. The cultures were supplemented or enriched
by adding vitamins and the Conway medium (Tlili et al., 2016; Arias et al., 2017; Gnouma et
al., 2017). The preparation of Conway medium was done by following previous studies (Tlili

et al., 2016; Arias et al., 2017; Das et al., 2022a).

2.2 Exposure to Arsenic (As)

The exposure of As to D. lutheri was executed in 6 L sterilised flasks in controlled laboratory
set-up similar to that of the culture conditions. A lower and a higher value of As
concentration (environmentally realistic) was used in this study, which were, 11.25 pg/L; and
22.5 pg/L. Our study followed the entire algal growth curve and reported the alterations in
the photosynthetic machinery in link with the pigment contents. The experiment was carried
out with the two concentrations of As exposure and a control treatment with each treatment

containing three replicates (n = 3).

2.3 Experimental set up and cell counts



Algal cells from the sterilised culture were passed on to the experimental flasks of 6 L along
with Conway medium and vitamins on the first day of the experiment (TO) comprising of 0.5
x10° cells/mL following the guidelines of the initial concentration for biomass reported in
Organization for Economic Cooperation and Development (OECD, 2011). To observe the
growth curve of D. lutheri, 2 ml samples from each treatment and replicate was taken in Ep-
pendorf tubes, fixed with 5 % lugol solution and stored at 4° C until analysis (Arias et al.,
2017) . The cell density of each condition was recorded with the help of an inverted micro-
scope (Olympus, IX 71, Tokyo, Japan) in triplicates by observing the cells on a Malassez cell
slide (haemocytometer, 0.1mm depth, Japan) by following the same protocol described in
(Das et al., 2022) . The entire growth curve of D. lutheri was followed from day 0 (TO) until

day 21 (T21) intermittently every 3 days.

2.4 Trace metal analysis

An inductive coupled plasma atomic emission spectrometer (Agilent 5110 SVDV ICP-OES,
United States) was used for all the analyses of trace metals in the algal biomass and in the
residual water of the exposed medium along with the control. The algal biomass was
collected on sterile membrane filters of size 0.45 micron and diameter of 47 mm with the
help of a filtration system. These filters collected from all the replicates of each treatment
were dried in a desiccator and the dried filters were then subjected to acid digestion with
nitric acid (HNO3) and hydrochloric acid (HCI) mixed in the ratio of 1:3 in Teflon tubes. In
each tube a final volume of 5 mL double distilled (MilliQ) ultrapure water was added and
then analysis for trace metal concentration with ICP-OES was done. For the residual metal
concentrations in the filtrate, water samples were collected in falcon tubes (15 mL) from all
the experimental conditions, fixed with 20 pL of ultrapure HNO; and kept in dark until
further analysis under ICP-OES without any required pre-treatment. The entire trace metal

analysis and the conservation of the quality of each element or standard solution utilised
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during this experiment was optimally maintained and a multi-elemental standard for trace
metal analysis was exerted as a reference for the identified trace metals (Ouddane, 1990; Das
et al., 2023). Trace metal values and analyses were validated by using Certified Reference
Materials (CRM) HISS-1 and PACS-3. A good concurrence between certified estimates and
the one obtained with the ICP was observed with <10% total analytical errors during all the

metal mineralization procedures.

2.5 Analysis of algal physiology by variable fluorescence

Variable fluorescence (VF) was studied here through the FRRF that was regulated with an
Act2-based laboratory system (Chelsea Technologies Group Ltd, UK) using a FastOcean
sensor. Measurements were realized on diluted samples (1:9 of medium, due to very high
biomass concentrations) collected at a specific time and order every three days until T21,
from each treatment and replicates to avoid any variability. The acquisition protocol for VF
measurements was the classical single-turnover (ST) protocol as described by (Aardema et
al., 2019) for instance. It consisted of 120 excitation flashes with a flash pitch of 2 ps and 40
relaxation flashes with a flash pitch of 60 ps. Excitation flashes were performed only with the
blue LED (450 nm) for this study since chlorophyll a (chl a) was the main photosynthetic
pigment of our strain. Fluorescence rises were parametrized with the classical model
(Oxborough et al., 2012) directly with the Act2RUN Software, which also allows to derive
the Sigma PSII parameter (ops in nm™ PSII™) corresponding to the functional absorption
cross section of PSII. From this two fluorescence rise measurements, the maximum (F./Fn,
dimensionless) and the effective (Fq’/Fm’, dimensionless) quantum efficiency of photosystem

I1 (PSII) were respectively calculated as:

Fy/ Fry = (Fiy = Fo)/Fan ovovoeereeeeeeeeoeeeeeeeeeeeeeeeen. Eq (1)

Fo'/Fn' = (F —F)/Fp o, Eq (2)



The absolute PSII photochemical flux was calculated for each light step (E) according to the
so-called ““absorption-algorithm” of (Oxborough et al., 2012), commonly used in aquatic
systems (Aardema et al., 2019; Serre-Fredj et al., 2021) and for experiments in laboratories
(Gan et al., 2019). This PSII flux is a volume-specific PSII photochemical flux, also called
JVPII (umol electrons m™ s™), which is an important step in calculating primary production
of microalgae (Schuback et al., 2021a) rather than the “Sigma algorithm” (also called JPII).
JVPII is the product of the effective PSII efficiency previously described (Fy’/Fr’), the
optical absorption cross section of the light harvesting pigments of PSII (a qy in m™) and the

irradiance E (umol photon m?s™):

]VPII = (F(,l/Fm,) X apun X E o Eq 3)

ALHI — [(FO X Fm) - (Fm - Fo)] X Ka ................................................... Eq (4)

The parameter K, (m™) is an instrument specific factor necessary for obtaining the volumetric
and absolute rate of electron transport JVPII according to the algorithm of Oxborough et al.,
2012 .

Computed JVPII versus light E were then fitted by a classical model (Eilers and Peeters,
1988) with the phytotools R package (Brunet et al., 2014) , in order to derive photosynthetic
parameters such like the absolute light utilization efficiency (o in pmol electrons (pmol
photons)™, the initial slope of the FLC) for each samples and experimental conditions

(Falkowski and Raven, 2013).

For each condition and light steps, a measure of non-photochemical energy dissipation was
also calculated with the normalized Stern-Volmer quenching coefficient (NPQ-NSV, McKew

et al., 2013) from the fluorescence rise parameters as:

NPQ — NSV = F§ /Fo oo Eq (5)



where Fy” was estimated according to Oxborough and Baker, 1997 as Fy” = Fo/ (FW/Fm +
Fo/lFn’) and F,” = (F’ — Fo’)/Fy’. For this study, only values at high light intensity (E = 800
pmol photon m? s™) are displayed because they were the most efficient to discriminate the
different experimental conditions. Finally, we compute 1/Tau’ (in the light regulated state, in
ms™), as the rate of re-opening of closed reaction centres of PSII (RCII). 1/Tau’ was derived
from the relaxation phase of the ST fluorescence rise by fitting an exponential decay curve to
the data using ACT2RUN software (as for the excitation phase fit). We displayed here
averaged values of 1/Tau” measurements consistent with the light intensity of culture
condition (that is to say for 3 low light steps of the FLC: E = 48, 106 and 176 pmol photon m
251, A detailed section of the material and methods (section 1S: Table 1S, 2S and 3S) was

added along with a flow chart of the entire process of VF measurements (Fig. 1S)

2.6 Pigment analysis

The samples for the pigment concentrations in D. lutheri were obtained by filtering the algae
from each treatment and replicate on GF/F Whatman filters in dark and were stored in -20°C
for not more than three weeks before the analysis. The filters were compressed by using a
grinder in order to extract the pigments with methanol followed by 30 pL drop-wise additions
of methylene chloride. Membrane filters of Polytetrafluoroethylene (0.45um) were used to
filter the extracts which were further concentrated by using a stream of nitrogen gas. The
extract for the pigment analysis was then subjected to salt removal by a 50:50 volume/volume
mixture of distilled water and methylene chloride. The organic portion of the extract was
further concentrated by dry evaporation with nitrogen gas. An addition of solvent (40 pL of
methanol) was done before analysis, from which 20 puL were injected in a High-Performance
Liquid Chromatography (HPLC, Shimadzu, Nexera XR provisioned with a C18 reverse-
phase column, Allure, Restek) instrument and the analysis of pigment concentration was

enforced by following a solvent delivery profile adapted from Arsalane et al., 1994 . In
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addition to chlorophyll a content, the de-epoxidation ratio (DR) was calculated as the ratio of
the photoprotective pigments that are involved in the xanthophyll cycle to denote any
possible stress response that triggered in the algal cells when exposed to As by following

equation (6) (Brunet et al., 2014; Ji et al., 2018 ; Das et al., 2022a):

DR = Diatoxanthin / (Diadinoxanthin + Diatoxanthin) .........c....ccoeevviiiiiinnnennn, Eq (6)

2.7 Statistical analysis

All the physiological parameters like F,/Fn, , Sigma (opsi), aLun, 1/Tau’, NPQ-NSV and the
pigment chl a along with algal cell density in each treatment including the control were
compared by analysis of variance (ANOVA) at p < 0.05, after meeting all the requirements of
normality and homogeneity of variance. To test the normality and the homogeneity a Shapiro
Wilk normality test and a Levene’s Test for Homogeneity of Variance were carried out
respectively. To compare the significance in each condition Tukey multiple comparisons of
means (95% family—wise confidence level) was applied to the data. The linear regression
between NPQ-NSV and the de-epoxidation ratio was done by using Pearson’s correlation at p

< 0.05. The analyses were accomplished with R studio (4.0.4).

3. Results

3.1 Biomass of D. lutheri

3.1.1 Chlorophyll a content and growth curve of D. lutheri

Chl a content displayed on Fig.1 (control, As (11.25 pg/L) and As (22.5 pg/L)) measured at

each interval of time from T3 until T21 shows an initial increase and then a declination in all
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the treatments. The chl a increased from T3 to T9 significantly for control (p <0.05). The
treatment As (11.25 pg/L) increased chl a from T3 to T9 and further to T15 significantly
(<0.01). Lastly, for the treatment As (22.5 pg/L) increased chl a significantly from T3 to T15.
At the lysis phase no significant reduction in the chl a content was observed for control at
T21 from T9, however, chl a reduced significantly in both the As exposed treatments at T21
from T15. In between the treatments, the control showed significantly higher chl a content at
all the time intervals (almost 3 times higher at T15), nevertheless, between the As exposed
concentrations significant differences were noticed from T9 until T21.

The changes in algal cell density (Fig. 1b) were coherent with the Chl a for all treatments
(control, As (11.25 pg/L) and As (22.5 pg/L) from T3 to T21). The cell density in control
was higher from T6 until T21, increasing significantly from T6, T9, T12 until T15 reaching
27.6 x10° cells/mL and thereafter decreasing in the lysis phase at T21. The cell density of As
(11.25 pg/L) increased significantly from T9 to T12 thereby decreasing at T21. Similarly, the
cell density in As (22.5 pg/L) treatment increased significantly from T6, T9 to T12 and
decreased at T21. However, in between the treatments, significant differences were observed
between control and As exposures at all the phases from T9 until T21. In between the two As

concentrations, algal cell density differed significantly from T12 until T21.
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Fig. 1a. Chlorophyll a content in D. lutheri for all the treatments from T3 to T21 of the algal
growth phase. Alphabets a, b, ¢ shows significant differences between incubation times; X, v,
z shows significant differences between treatments, at p < 0.05. Error bar denotes standard
deviation between the replicates in each treatment (n = 3). Fig.1b. The growth curve of D.

lutheri showing cell counts every three days for control, As (11.25 pg/L) and As (22.5 pg/L).
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Alphabets a, b, ¢, d shows significant differences between incubation times; X, y, z shows
significant differences between treatments, at p < 0.05. Error bar denotes standard deviation

between the replicates in each treatment (n = 3).

3.2 Physiological state of D. lutheri

The maximum quantum yield F,/Fn,, shows a very different temporal pattern from previous
parameters for control and arsenic-contaminated conditions (As (11.25 pg/L) and As (22.5
Hg/L)) at the same measurement frequency (from T3 to T21). The F./Fy, values for the control
displayed higher values than As conditions all along the incubation period although being
significantly higher (ANOVA, p < 0.05) after T12 until the lysis phase (T21). For control
treatment no significant differences were observed between the different incubation times, i.e.
throughout the growth curve. The treatment As (22.5 pg/L) showed lower values of F,/Fn,
than As (11.25 pg/L) at all the measured intervals however differences were not statistically
significant. The F./F,, values for As (11.25 pg/L) and (22.5 ug/L) decreased significantly
over the growth curve; from T3 to T6 and further to T15 thereafter getting almost stable until
T21. In general, there was an overall change in F,/F, values over time: at T3, the F./Fp, values
were greater than 0.35 for the 3 experimental conditions and they became less than 0.2 for the
As exposed treatments from time T15. For control, the values decreased at the beginning but
always remained above 0.3. This means that the physiological state of the As contaminated
cells deteriorated more than that of control. Low F,/F, values ranging between 0.3 and 0.4,
that is below the theoretical threshold of 0.7 corresponding to a very good physiological state,
are extremely common for microalgae cultures of very high concentrations: for example, the

recent studies of Gan et al., 2019 and Papry et al., 2021 reported similar observations on lead
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and arsenic toxicity respectively. These F./Fy, values are mainly explained by the light and

nutrient limitation conditions of very dense cultures.

@ Control @11.25png/l. ®B22.5 png/LL

ax

%
7
7
Z
Z
Z
Z
Z
Z
Z
Z
Z
Z
Z

T18 T21

T12
Time (Days)

Fig. 2. Maximum quantum vyield F,/Fn, values for control, As (11.25 pg/L) and As (22.5
Mg/L) treatments from T3 until T21 of the experiment. Alphabets a, b, ¢, d shows significant
differences between incubation times; X, y shows significant differences between treatments,
at p < 0.05. Error bar denotes standard deviation between the replicates in each treatment (n =

3).

3.3 Photo-physiological properties

Of all the parameters studied that describe photosynthetic processes by variable fluorescence
(FRRf technique), we present below the most relevant ones given our initial objectives. This
is why parameters describing the photosynthesis-energy relationships in absolute units [as the

absolute light utilization efficiency (ay)], were not selected for a detailed discussion, but is
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displayed in the Supplementary Material (Section 2.1S, Fig. 2S) and will be cited when
necessary. The parameter 1/Tau’ is also attached in the supplementary material in the section

2.4S (Fig. 4S).

3.3.1 Light absorption properties

Firstly, the functional light absorption of PSII [the Sigma (cpsi)) parameter] was always the
lowest for the control condition and the highest for As (22.5 pg/L) treatment from T3 to T21,
showing significant differences between the two groups (p < 0.05) (Fig. 3a). ops;; Showed for
both the As exposed treatments a strong and significant increase between T6 and T9
remaining constant until the end of the growth curve (T21). On the contrary for the control
condition, opgy did not change significantly with time (as for F./Fy,), showing a slight increase
at T15and T18.

Secondly, the optical absorption cross section parameter (a i) (Fig. 3b) of the light
harvesting pigments of PSII had a slightly different temporal variation pattern of cps;. The
comparison between the three exposures showed that As (22.5 ug/L) treatment had the
highest value of a_y at every sampling time. The control showed the lowest values differing
significantly from the As exposed treatments from T12 until T21. However, a, 4, showed,
unlike Sigma (cpsy), @ significant increase in control treatment from T3 to T9 and at T21. In
addition, As (22.5 pg/L) showed significantly higher a_n; values than As (11.25 pg/L),
whereas such significant differences between the low (11.25 pg/L) and high (22.5 pg/L)
concentration of As treatments were not observed for the two previous parameters, F./Fn, and
Sigma (opsy). Note that it is this increase in light absorption through a,ny that induces an
increase in the absolute light utilization efficiency (Fig. 2S), given the model described in

equation 3.
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Fig. 3a. Sigma (in nm? PSII™) values for control, As (11.25 ug/L) and As (22.5 pg/L)
treatment from T3 until T21. Fig. 3b. a_py (in m™) values of control, As (11.25 pg/L) and As
(22.5 pg/L) treatment from T3 until T21. Alphabets a, b, ¢ shows significant differences
between incubation times; X, y, z shows significant differences between treatments, at p <

0.05. Error bar denotes standard deviation between the replicates in each treatment (n = 3).
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3.3.2 NPQ-NSV

Fig. 4 shows the relationship between the NPQ-NSV and the de-epoxidation ratio (DR) in
control, As (11.25 pg/L) and As (22.5 pg/L), at all the measured time intervals. In the plot
area, the smallest icon for each individual treatment denotes the values for T3, thereby
increasing gradually with the time of exposure, with largest icons denoting T21. More
precisely, the figure 6 shows the positive correlation between the NPQ-NSV and the de-
epoxidation ratio (DR), when values of As (11.25 pg/L) and As (22.5 pg/L) were combined,
showing an R? value of 0.842 and a p-value of < 0.01. The relationship between NPQ-NSV
and DR in the control treatment showed a totally different slope and range of variation, which
could be related to different cell needs in control conditions, in terms of energy photo-
regulation, compared to cells under arsenic which show strong increases in light absorption.
Such positive and highly significant correlation illustrates the efficiency of energy dissipation
by photoprotective pigments in As conditions and control. No significant differences were

observed in between the two As concentrations.
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Fig. 4. Linear relationship between the values of NPQ-NSV and de-epoxidation ratio (DR)
As (11.25 pg/L) and As (22.5 pg/L) treatment from T3 (smallest icon) until T21 (largest
icon) for each individual treatment. The p value was calculated by comparing the treatments
with Pearson’s correlation.

3.4 Bioaccumulation of trace metals by D. lutheri

Fig. 5 shows the concentration of total As and Iron (Fe) bioaccumulated by D. lutheri in
control and the arsenic exposed treatments. The figure shows a scatter plot to highlight the
relationship between the As and Fe accumulation by D. lutheri, where the combined trend of
the arsenic exposed treatments [As (11.25 pg/L) and As (22.5 pg/L)] shows a linear positive
correlation with a p value of <0.01 (linear R, Pearson). On the contrary, the control shows no
such positive correlation between the concentration of As and Fe when bioaccumulated by
the microalgae. The figure displaying the concentration of total As bioaccumulated by D.

lutheri is added in the supplementary file (Fig. 3S).
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Fig. 5. Linear relationship between the bioaccumulation of total As and Iron (Fe) in control,
As (11.25 pg/L) and As (22.5 pg/L). The p value was calculated by comparing the arsenic

exposed treatments with Pearson’s correlation (n = 3).

4. Discussion

4.1 Toxicity of Arsenic to D. lutheri

The growth curve of D. lutheri in this study, showed a clear and strong slowdown in arsenic
exposed cells, consistently explained from all the parameters measured, like the cell density,
pigments and photo-physiology by variable fluorescence. The cell density of D. lutheri
showed a significant difference from the control after 9 days of As exposure irrespective of
the concentration. Non-essential trace metal exposures often caused a significant drop in cell
density or growth rates at the post exponential phase of an algal growth indicating the failure
to combat both the toxic chemicals and the declining amount of nutrients towards the end of
the growth period (Navarrete et al., 2019 ; Huang et al., 2021 ; Das et al., 2022a). Huang et

al., 2021 reported that the effect of As exposure on the cell growth was observed after 10
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days irrespective of the concentration used in their study. Our study reports that D. lutheri
could combat the effect of the stress from As exposure until the beginning of post exponential
phase (T= 12) which is noted in studies that use environmentally realistic concentration of
trace metals in their toxicological assays (Hussain et al., 2021; Huang et al., 2021; Das et al.,
2022a). Such withstand to the harmful effects can cause a number of physiological changes in
the photosynthetic machinery of microalgal cells that is trying to adapt to the added stress
(arsenic stress, in this study) (Dao and Beardall, 2016a; Dao and Beardall, 2016b; Gan et al.,
2019). These physiological changes analysed with the variable fluorescence were coherent
with the biomass patterns (cell density) further indicating a directly proportional relation with
the pigment concentrations (chl a and DR) evaluated in this study. For instance, the lower
values of the maximum photosynthetic quantum yield F./Fn, and the enhancement of the light
absorption capacity (Sigma and a, ;1) and of the non-photochemical energy dissipation NPQ-
NSV were here well in line with the pigment concentration like the lower chl a and the higher
ratio of de-epoxidation (photo-protective pigments) analysed for the arsenic exposed
treatments. Basically, the exposure to arsenic generated strong physiological responses due to
numerous disturbances caused by arsenic inside the algal cells. The control that showed an
increase in biomass did not show a joint increase in light absorption that could be a response
to self-shading. The strong increases of Sigma and much more of aLHII were therefore
specific to the conditions of intoxication by As. Previous studies have discussed the
phenomena of the gradual binding of trace metals to sulfhydryl groups that makes the
microalgae lose its absorptive potential to intake nutrients that are necessary for a proper
metabolic functioning (Hu and Zhou, 2010; Chia et al., 2015; Hussain et al., 2021; Das et al.,
2022a) . In addition, trace metals can substitute the magnesium binding and create loose
ligands that affect majorly the synthesis of photosynthetic pigments as a result generating

lower biomass (Dao and Beardall, 2016b; Dao and Beardall, 2016a; Grajek et al., 2020; Chu
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etal., 2022; Zong et al., 2021). Arsenic, being non-essential and highly toxic was reported to
disrupt cell membranes primarily and thereby affect uptake of nutrients by attaching
themselves to the thiol groups and replacing phosphate ions which in turn impairs the
antioxidant defense mechanisms (Chandrakar et al., 2018; Cai et al., 2021) and the energy

flux of the photosynthetic machinery (Zhang et al., 2021; Samanta et al., 2022).

As a whole, combining all the results of pigment profile, growth and the physiological
variables, some photosynthetic parameters are noted to be elevated for the arsenic
contaminated cells. On contrary, biomass and pigment concentrations were significantly
lowered compared to control. This phenomenon was explained by Jacob-Lopes et al., 2017,
as an inhibition of enzymatic activity like RuBisCO (ribulose-1,5-biphosphate carboxylase
oxygenase, EC: EC 4.1.1.39) which is a key enzyme responsible for the carbon fixation in
biomass. We report that the biomass in the arsenic exposed treatment in this study was
significantly hindered due to the lack of carbon fixation inside the microalgal cells that
presumably caused an increase in light absorption, but without altering the main
photosynthetic process, which is the electron flux between the two photosystems, as shown
by the strong absolute light utilization efficiency values (Fig. 2S). Indeed, the 1/Tau’(Fig 4S,
supplementary file) parameter indicating the rate of re-opening of a closed RCII with an
empty plastoquinone B site showed significant higher values between control and As-
exposed cultures. According to Dhir et al.,, 2011, a wide range of trace metals acutely
decreased the capacity of the fixation of carbon in Salvinia natans. The authors further
discussed that the major cause of a lower biomass was the disruption of the enzymatic
activity of RuBisCO usually caused when trace metals replace important elements like
magnesium and phosphate ions responsible for various biochemical reactions (Dhir et al.,
2011; DalCorso, 2012; Papry et al., 2021; Papry et al., 2022). Previous literatures further

discussed on the role of trace metals to dissociate varied units (by size) of RuBisCO which
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results in the blockage and/or an inhibition of it (Galmés et al., 2013; Portis, 2003) . The
replacement of essential nutrients (like Magnesium, Phosphate) and binding of trace metals
often diminishes the synthesis of photosynthetic pigments which further decreases the
activity of the RuBisCO enzyme (Galmés et al., 2013; Pietrini et al., 2003). The results of our
study reports that the main alteration caused in As exposed algal cells can be the incapacity
for the assimilation of carbon dioxide due to the attachment of the trace metals, which might
have inhibited the essential enzymatic activity like that of RuBisCO, retarding cell growth
and biomass (Mamun et al., 2019b; Mamun et al., 2019a; Chen et al., 2021). Furthermore, the
increasing light absorption along with the inability in carbon fixation over the course of the
exposure time, generated excessive energy flux to be managed by the cells. As a result, this
energy was dissipated as heat (NPQ-NSV) given the fact that the cells were unable to utilize
it successfully due to the binding of trace metals (Lacour et al., 2018; Schuback et al., 2021b;
Hoang et al., 2020). The increase in electron flux in the photosynthetic chain with regard to
the absolute light utilization efficiency without positive effect on growth, can be explained by
alternative electron flow as the cyclic electron flow around photosystem | (a well-known
process that cannot be studied by variable fluorescence) that could increase under stress
conditions for cells (Cardol et al., 2011) parallel to the NPQ -NSV (energy dissipation). This
study reports the strong relationship of the variable fluorescence indicator of higher energy
dissipation (NPQ-NSV) with the reversible process allying the photoprotective pigments
diadinoxanthin and diatoxanthin often known as the de-epoxidation ratio (DR) from the
arsenic exposed treatments with increasing time of exposure (Bertrand et al., 2001; Ji et al.,

2018; Zsiros et al., 2020; Das et al., 2022a).

4.2 Rapid indicators of metal toxicity
Previous literatures reported the efficiency of using FRRf technique in providing valuable

parameters that affects the PSII machinery in a range of microalgal species when exposed to
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various contaminants like Copper (Cu), Mercury (Hg) and organic contaminants like
herbicides, fungicides (Dao and Beardall, 2016a; Dao and Beardall, 2016b; Gan et al., 2019;
Beaulieu et al., 2020; Chen et al., 2021). Our study supports the fact that FRRf technique is
highly effective in providing physiological parameters, rapidly, that reflects the alterations
caused from As stress. Papry et al., 2021 also worked with FRRf on the issue of arsenic
toxicity for different experimental conditions, only with F,/F, parameter without
characterizing the effects of As on the modifications of energy photo-regulation in the cell
(NPQ-NSV, 1/Tau’). The maximum quantum efficiency F,/F, is often referred as a key
parameter due to its pertinence in reflecting the biological functioning inside the reaction
centers of the PSII (Kim Tiam et al., 2015; Mamun et al., 2019a; Mamun et al., 2019b; Chen
et al., 2021). Our results correspond to higher values of F,/Fn in the uncontaminated and
healthy cells of the control treatment differing significantly from the As exposed algal cells
(Moore et al., 2006; Moore et al., 2007; Zhu et al., 2019; Wang et al., 2020; Bhagooli et al.,
2021). In spite of its great significance, previous studies to a large extent could not optimally
use F./Fn as a suitable indicator to sublethal toxic exposures and denoted it as a species-
specific indicator, (Dao and Beardall, 2016a; Dao and Beardall, 2016b; Mamun et al., 2019a;
Mamun et al., 2019a; Chen et al., 2021) which is often dependent on available nutrient
concentrations (Napoléon et al., 2013). Our study supports this observation and proposes
some photo-physiological parameters like the a_n, Sigma and NPQ-NSV or 1/Tau
exemplifying higher sensitivity to As toxicity with respect to the time of exposure and
concentration. Among them, the optical absorption cross section of the light-harvesting
pigments (a_nn in m™) increased progressively at T9 for the higher As concentration,
significantly differing between each treatment at T12, whereas Sigma (functional absorption
cross section) increased at T9 and thereafter remained constant exhibiting no such significant

differences between the As exposed groups. Dao and Beardall, 2016a , identified that both
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the optical absorption and the functional absorption cross section significantly increased
when two freshwater microalgae as Chlorella sp and Scenedesmus sp was exposed to Pb. In
agreement to the above report, our study further suggests that a, yy is an attractive parameter
to rapidly detect As toxicity and can be used in signaling trace metal stress by environmental
risk assessors especially in contaminated groundwater that are often consumed by local
residents (Hussain et al., 2021).

The suitability of a small-sized antenna in light transmissivity and reduction of excessive
dispersion of energy to produce higher biomass is well known in the studies concerning
photosynthetic machineries (Polle et al., 2002; Dao and Beardall, 2016a; Dao and Beardall,
2016b; Bhagooli et al., 2021; Beaulieu et al., 2020). In this context, the elevation of both the
functional and optical absorption cross section, NPQ-NSV and 1/Tau in arsenic exposed algal
cells illustrate an abnormal physiological reaction and photo-regulation processes with regard
to conventional light conditions and the temperature of the culture conditions. Such
indications of toxicity from photo-physiological parameters are rarely investigated and can be
specified by the variable fluorescence technique deemed as being a non-destructive and a
rapid method (Gan et al., 2019; Chen et al., 2021). Previous studies also suggested that
during state transitions, relocation of the light harvesting complex (LHC) between the two
photosystems can be distorted when toxic chemical substances affect the phosphorylation of
LHC, which is necessary to modulate the energy involved in the photochemical reactions
(Falkowski and Raven, 2013; Unli et al., 2014; Dao and Beardall, 2016a). This omission of
phosphorylation of LHC due to the exposure to trace metals can extend the absorption cross
section, which is reported in literature and our results are in accordance with this finding
(Belatik et al., 2013; Falkowski and Raven, 2013). Along with the Sigma and a, y;;, we also
propose NPQ-NSV as a suitable indicator to arsenic stress related to the high energy

dissipation as a function of producing higher photoprotective pigments. It should also be
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noted that conventional photosynthetic parameters describing the Photosynthesis-Energy
relationships are less effective in characterizing the toxicity of arsenic exposures (in
Supplementary materials). It is the so-called primary parameters (Schuback et al., 2021a),
such as NPQ-NSV and also 1/Tau that are more effective for this. This inability was well
indicated by the non-photochemical quenching (NSV) parameter that was consistent with the
respective photoprotective pigment profile. Hence, the benign, non-polluting and rapid
protocols of FRRf used to detect toxicity of hazardous trace metals like arsenic can be
promoted in ecotoxicological assays in which the use of usual laboratory methods that are

tedious, time taking and often destructive are mostly in practice and is widespread.

4.3 Bioaccumulation of Arsenic

The adsorption of As by microalgae has been demonstrated as a complex process involving
bioaccumulation, biotransformation of inorganic As (AsY and As") to organic forms
(methylated, methylarsenic), along with cycling of As species in the environment (Kalla and
Khan, 2016; Papry et al., 2022). Previous literature also mentioned the possibility of
bioremediation of As by using microalgae given their role and efficiency in the mechanism of
biotransformation (Mamun et al., 2019a; Mamun et al., 2019b; Das et al., 2022a; (Papry et
al., 2022). Our study reports the highest total As concentration bioaccumulated by D. lutheri
from the As (22.5 pg/L) treatment at day 12 (post-exponential phase) of the algal growth
curve. In addition, the post exponential phase also marked the significant declination in cell
density, chl a content and maximum quantum efficiency (Fv/Fm) in As exposed D. lutheri
cells. The highest concentration of As accumulation by D. lutheri and the significant
differences between the low and the high concentration of As treatment in optical absorption
cross section at day 12 is also noteworthy. Previous studies on lead (Pb) toxicity by Dao and

Beardall, 2016b and later by Gan et al., 2019 reported that a series of photosynthetic
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parameters were inhibited on the basis of the concentration of Pb and the time of incubation.
According to Mamun et al., 2019a and Mamun et al., 2019b the presence of Fe plague on the
surface on the algal cells had an effect on the bioaccumulation of As. These studies further
reported that Fe plays an important role showing a positive correlation in forming a complex
with trace elements and nutrients prevailing in the environment (Mamun et al., 2019a;
(Mamun et al., 2019b); (Carneiro et al., 2022); (Hasegawa et al., 2022). In this study we had a
similar observation of a strong positive correlation between Fe and As concentration
bioaccumulated by D. lutheri. In our previous study a co-exposure of a cocktail of trace
metals with As also showed the altered bioconcentration factor and bioaccumulation
compared to the single exposure of As (Das et al., 2022) . Hence, uptake of As by microalgae
depends on varied factors, like that of the presence of other metals and nutrients and a
detailed study on the mechanism of biotransformation and/or speciation of As on D. lutheri is
yet unsettled, which can be considered in the future given the importance of this microalgal

species in commercial grounds.

5. Conclusion

This study shows the effect of As contamination on the physiology, pigment concentrations
and cell density of the algal species D. lutheri throughout the algal growth curve. The cell
density, chl a concentration decreased significantly in As exposed cells from day 9 until the
lysis phase day 21 when compared to the control. The maximum quantum efficiency (Fv/Fn)
showed coherence with the growth parameters whereas the photo-physiological parameters
like the functional [Sigma (opsy)] and the optical (a_n;) absorption cross section of D. lutheri
cells enhanced when exposed to Arsenic in both the low (11.25 pg/L) and high concentration
(22.5 pg/L). The inability to produce biomass, yet a high light absorption presumably led to

higher dissipation of heat (NPQ-NSV) in the As exposed algal cells. In addition, the FRRf
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parameter NPQ-NSV showed a strong correlation with the HPLC obtained de-epoxidation
ratio involving the photoprotective pigments only in the As exposed treatments differing
significantly from the control. Such indicators of As toxicity analysed with rapidity and
precision, involving non-destructive processes using microalgae are infrequent, but are
priorities in the area of environmental health assessments. Our study proffers such indicators
and suggests that the photo-physiological factors of D. lutheri exemplified better proxies for
signalling the environmentally realistic concentrations of As than conventional parameters. A
strong correlation between Fe and As bioaccumulation was observed in D. lutheri which is
the characteristic of Fe in sequestration of other trace metals. Hence in this study both
variable fluorescence and HPLC parameters showed coherence further justifying the accuracy
in implementing these novel indicators. Nonetheless, the use of environmentally realistic
concentration of As in our study helps not to restrict the proposed indicators to only

laboratory-based assays.
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Environmental implication

Arsenic is ubiquitous and hazardous to human health in trace amounts, given the dreadful
record of lethal cases from arsenic contamination, worldwide. Hence, new tools are warrant-
ed for this compelling necessity to monitor effects of arsenic in nature. This study proposes
new indicators of arsenic contamination through physiology of a microalgae (Diacronema
lutheri) using variable fluorescence. Furthermore, a linkage of physiological markers with
ecotoxicology using non-destructive, rapid and a precise method is reported. A strong corre-
lation of variable fluorescence and growth parameters exemplified the precision of the pro-
posed indicators. Such rapid, non-polluting, novel techniques are advantageous to environ-

mental risk assessors.
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Highlights-

6. Arsenic (As) enhanced photoprotective processes and restricted biomass production.

7. Optical and functional absorption cross-section are useful indicators of As toxicity.

8. Non-photochemical quenching (NPQ-NSV) positively correlated to de-epoxidation ratio.
9. Significant affinity between Fe and As bioaccumulation by D. lutheri was observed.

10. Variable fluorescence endorsed an easy and compliant method to show As toxicity.
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