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Certain microalgal species tolerate high CO> concentrations and proliferate faster with elevated
CO; than with ambient air. This feature makes them attractive for carbon sequestration, a tool for
mitigating climate change due to increasing atmospheric CO». Scenedesmus species are among
these microalgae. Scenedesmus obliquus strain HTB1 is a microalgal strain isolated from the
Baltimore Inner Harbor (brackish water) and has shown a faster growth with 10% CO> compared
to air. However, how HTB1 grows under different salinity and if the salt response is affected by
elevated CO; remains elusive. Two experiments were set up to address these questions. The first
experiment tested the impact of salinity gradient (0, 17.5, 20, 22.5, 25, 27.5, and 30 ppt) on
HTBI1 under ambient air. With increasing salinity, HTB1 cells became smaller, and the cultures
changed color from green to brown, yellowish brown, and then to pale white. The pigment
analysis showed that HTB1 reduced several pigments (i.e. zeaxanthin, lutein, chlorophyll b) in

response to salt stress. However, HTB1 produced higher concentrations of canthaxanthin under



the salt stress. The growth of HTB1 decreased with increasing salinity and was inhibited when
the salinity was greater than 22.5 ppt. In the second experiment, we compared the impact of
salinity (0, 10, and 20 ppt) on HTB1 under air and 10% CO», respectively. HTB1 cultures
showed little color change with increasing salinity under 10% COx. In contrast, the change of
culture color from dark green to brown was observed with increasing salinity when HTB1 was
grown with air. Interestingly, the growth of HTB1 was less inhibited with salt under 10% CO>
than with air, suggesting that elevated CO> mitigates the salt stress of HTB1. Lutein and
canthaxanthin increased with increasing salinity when HTB1 was grown with 10% CO». Our
results indicate that increased salinity has more of a negative effect on the growth of
Scenedesmus obliquus HTB1 when grown with air than with 10% COx. This study provides

insight into the impact of salt stress on algal morphology, growth, and pigment composition.
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List of Figures

Figure 1. Effect of salinity on the morphology, cell size, and growth of S. obliquus HTBI.
Brightfield microscopy images showing HTB1 cells grown under four different salt

concentrations (0, 20, 25, and 30 ppt) on day 10.
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Figure 2. Effect of salinity on the morphology, cell size, and growth of S. obliquus HTB1. Panel
A presents Coulter counter data, showing the variations of HTB1 cell size under 7 different
salinities on the same day. Panel B shows the growth of HTB1 (measured by OD7s0, mean +/- 1

std, n=3) at 7 different salinities over 10 days.
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Figure 3. Photographs showing the color of HTB1 grown in different salinities (0, 17.5, 20, 22.5,

25,27.5, 30 ppt) over 10 days. n=3 (The first bottle was empty due to insufficient algal biomass).

Vi



Pigment
Others
2000
Neoxanthin
Violaxanthin
Zeaxanthin
1500+ Beta—carotene
= Canthaxanthin
! ChiA
s ChIB
© 10001 Lutein
<
5004
0.
0 17.5 20 22.5 25 275 30

Salinity (ppt)
Figure 4. Effects of salinity gradient on pigment abundance (mean area +/- 1 std, n=3) in
Scenedesmus obliqguus HTB1 cultures. The abundance of dominant pigments under different

salinity levels after 10 days is shown.
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Figure 5. Effects of salinity gradient on pigment abundance in Scenedesmus obliqguus HTBI
cultures after 10 days. The correlations between each pigment and salinity are shown here. Each

data point is the mean of three replicates.
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Figure 6. Photographs showing the results of the subsequent S. obliguus HTB1 salinity
experiment conducted under two conditions: 10% CO. and ambient air. The bottles with blue are
for the “AIR” group, and the orange caps are for the “CO-” group. Three salinity levels 0, 10,
and 20 ppt were tested. Based on prior experimental results, 20 ppt was considered the high end

of salinity level. Each treatment has triplicates. The volume lost is due to daily subsampling.
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Figure 7. The growth of S. obliquus HBT1 under 3 different salinities (0, 10 and 20 ppt) with air
and 10% CO., respectively, measured by OD750 (A) and ash-free dry weight (B) over 14 days
(mean +/- 1 std, n=3). Panel C compares the growth of HTB1 under air and 10% CO, with all

salinity data. Lines are smoothed fits to the data with 95% confidence intervals (gray shaded

areas).
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Figure 8. HPLC chromatograms and pigment profiles of S. obliqguus HTB1 under ambient air and

elevated 10% COs.after 14 days.
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Figure 9. Pigment content (w/w, mean +/- 1 std, n = 3) of major pigments across salinity levels in

air (A) and 10% CO; (B) treatments after 14 days.
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1. Introduction

Microalgae are the key carbon fixers in nature and important food sources in the food chain.
Certain algal species inherit specific characteristics, making them valuable for health product
development, carbon sequestration, and wastewater remediation [1]. For instance, microalgae like
Scenedesmus obliquus are known for their rapid growth and high photosynthetic efficiency,
making them promising candidates for various applications, including pigment and biofuel
production [2,3]. Certain microalgae are rich sources of pigments and compounds with significant
potential in developing health-oriented natural products [4,5]. Culture conditions are often
manipulated to enhance the yield of these valuable products [6,7], with common factors
influencing algal growth including light, nutrient availability, temperature, pH, CO> concentration,
and salinity [6]. Salinity stress, CO; and nutrient scarcity are frequently applied to boost lipid
accumulation [8,9]. Notably, green microalgae species like S. obliquus, Acutodesmus dimorphus,
and Chlorella vulgaris show elevated lipid production under increased salinity conditions [10—13].
On the other hand, high salinity can damage the integrity of microalgal cell membranes [14]. In
general, the effects of both salinity and CO: on the pigment composition of microalgae remain less
studied.

Many green microalgae can tolerate high concentrations of CO2 making them ideal candidates for
removing COz in power plant flue gas. There is growing interest in understanding how
photosynthetic organisms such as plants and microalgae adapt to elevated CO,, with studies
highlighting changes in carbon fixation, morphology, and metabolic properties [15—-17]. While
these mechanisms are common across species, S. obliquus shows robust growth and metabolic
flexibility under elevated CO., making it an ideal species for exploring their carbon capture
applications. Industrial processes, particularly power and cement production, contribute
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substantially to atmospheric CO2 [18]. Microalgae present a promising solution for mitigating CO»
emissions in flue gas [18-20]. In addition to their carbon capture benefits, algal biomass can yield
economically valuable bioproducts such as biofuels and biochemicals, which can offset carbon
mitigation costs [18,20].

Species within the genus Scenedesmus, belong to the class Chlorophyceae within the green algae
phylum [21]. They are renowned for their ability to thrive in diverse environmental conditions,
making them robust and adaptable microalgae [22,23]. These species are characterized by rapid
growth and high photosynthetic efficiency, positioning them as prime candidates for applications
in pigment and biofuel production [2,3]. S. obliquus, in particular, demonstrates exceptional
growth under elevated CO», reaching a specific growth rate of 1.28 d™', productivity of 0.28 g L™!
d™', and a theoretical CO; fixation rate of 0.56 g L' d™' at 10% CO: [14]. Under salinity stress
conditions, S. obliquus displays enhanced growth and lipid accumulation when supplemented with
COg,, indicating that CO> enrichment may alleviate salinity-induced stress and promote biomass
production [24]. A previous study notably reported that increased salinity, combined with CO,
supplementation, promoted the growth of Scenedesmus obliquus [14].

S. obliquus strain HTB1 was isolated from the Baltimore Inner Harbor where salinity varies from
0-20 ppt. Previous studies found that HTB1 can grow in a wide range of CO> concentrations and
grow faster with 10% CO; than air [17,25]. Another study demonstrated that HTB1 also
proliferates with nutrients extracted from chicken manure [26]. In addition, HTB1 grows well in
large bioreactors charged with power plant flue gas (data not shown). HTB1 has been used to
explore its industrial potential for CO2 mitigation. In this study, we investigated how S. obliquus

HTBI responds to the salinity change and the impact of salt stress on HTB1 under both air and



10% CO:> conditions. The overall goal is to understand how the change in salinity affects the

morphology, growth, and pigment composition of S. obliquus HTB1.



2. Materials and Methods

2.1 Culture preparation and growth monitoring

S. obliquus strain HTB1 was cultivated and maintained in our laboratory using BG11 medium
[25]. For the first experiment, a 12 L culture of HTBI was scaled up in BG11 medium. For the
salinity test, BG11 media with different salinity levels (0, 17.5, 20, 22.5, 25, 27.5, and 30 ppt) were
prepared. Each salinity condition was tested in triplicate. A total of 21 culture bottles were set up
each containing 500 mL HTB1 culture (Fig. 3). The 0 ppt condition served as the control. The
starting optical density (OD7s0) of HTBI1 culture was 1.3. For the second experiment, salinity
gradients of 0, 10, and 20 ppt were tested. The seed culture was prepared following the procedure
described for the first experiment. Eighteen bottles (1L) were divided into two treatments (n=3),
with air or 10% COz. Nine bottles were supplied with 10% CO2, while the other nine were aerated
with filtered ambient air. The CO; level was monitored and regulated by a CO; sensor (GasLab
model CM-0121). Ambient air and CO; were mixed through a Brooks Instrument Flow Controller
to achieve 10% COz. The CO: concentration was measured constantly with GasLab v2.3.1.4 port
COM4.

HTB1 was grown at room temperature (25 °C) with a light intensity of 100 pmol photons m™=s™.
A subsample (15 ml) was taken for growth measurement. Both ash-free dry weight (AFDW) and
OD750 were measured.

2.2 Growth and cell size measurement

Morphological observations of HTB1 were performed using a Zeiss light microscope (Axioplan,
2012 model, West Germany) to evaluate cell shape and size across different salinity treatments.

For cell counting and size distribution, 0.2 pL of culture was mixed with 10 mL of filtered IsoFlow



Sheath Fluid in a Coulter counter cuvette and analyzed using a Beckman Coulter Counter
(Multisizer 4e, Coulter counter) under default settings.

The growth rate of HTB1 was monitored daily over 10 days using a spectrophotometer (Superkent
Instrument model S-1000) by measuring OD7so.

To determine ash-free dry weight (AFDW), 5 mL of culture was filtered through 0.47 um filters.
The filters were dried overnight in an oven (Model 10 lab oven, Quincy Lab, Inc), and measured
using an analytical scale (Mettler Toledo AT201). Subsequently, the filters were incinerated in a
muffle furnace (Thermolyne, Thermo Scientific) at a high temperature (490 °C) for 30 minutes to
remove organic matter. After cooling, the remaining ash-free dry weight was measured using the
same analytical scale.

2.3 Pigment analysis using HPLC

Freeze-dried biomass (0.012 mg) was collected for each treatment and placed in a mortar with
approximately 1 mL of extraction solvent (dichloromethane, 25:75 v/v). The cells were ground at
least three times using liquid nitrogen. The mortar and pestle were rinsed with additional extraction
solvent, and all liquids were transferred to a 12 mL glass vial. The samples were centrifuged at
2,000 g for 10 minutes to pellet the cell debris, and the supernatant was transferred to a fresh 12
mL glass tube, and then dried under a nitrogen stream. Once fully dried, 1 mL of extraction solvent
was added to re-dissolve the pigments. The solution was filtered through a 0.20 um Hydrophobic
Fluoropore membrane (Merck KGaA, Darmstadt, Germany) into a measurement vial. For HPLC
analysis, = the  mobile phase consisted of two  solvents: solvent A
(dichloromethane:methanol:acetonitrile, 5:85:5.5:4.5 v/v) and solvent B
(dichloromethane:methanol:acetonitrile, 25:28:42.5:4.5 v/v). The mobile phase was set to 100%

solvent A from 0 to 8 minutes. From 8 to 14 minutes, solvent A decreased from 100% to 0%, while



solvent B increased from 0% to 100%. Solvent B remained at 100% from 14 to 60 minutes.
Samples were run through a HiChrom Ultrasphere 5 p ODS column (4.6 x 250 mm) (HiChrom
Limited, Berkshire, UK) and detected at 480 nm. Astaxanthin was used as the standard and its
content was quantified using previously established methods [27]. Pigment concentrations were
compared to a 20 mg/L astaxanthin standard [28]. Calibration standards for astaxanthin were
prepared to generate calibration curves for quantification. The concentrations of these pigments in
the samples were determined by comparing their peak areas to those of the calibration standards.
This method is based on established protocols [27,29].

2.4 Statistics and analysis

All calculations and plots were performed in an R environment (version 4.3.3). Figures were
created using the ggplot2 package (version 3.5.0), while data processing was conducted using the
'tidyverse' package [30]. Smoothed model fits (method = "lm") were carried out using the geom

smooth function from ggplot2 [31].



3. Results and Discussion

3.1 Phenotypic and growth changes of HTB1 under salinity stress

Microscopic observations of HTB1 cells under varying salinity conditions revealed significant
morphological changes as salinity increased (Fig. 1). Under control conditions (0 ppt), the cells
maintained a consistent spherical shape with dark green pigmentation and at 20 ppt, cells
somewhat retained their green color. However, they appeared pale at 25, 27.5, and 30 ppt,
indicating stress at higher salinities. Data from Coulter counter analysis further supported these
findings, showing that cell size increased at 20 ppt but decreased at higher salinities (Fig. 2A). At
0, 17.5, and 20 ppt, cell sizes peaked at 6 um, while cell sizes peaked at approximately 3 um when
salinity was in the range of 25-30 ppt. The presence of dual peaks at 22.5 ppt (3 and 6 pm) may
represent a critical cell size transition point for HTB1 under salt stress. Elevated salinity often
triggers osmotic stress, which can lead to changes in cell size, shape, and even intracellular content,
as cells adapt to maintain homeostasis [15,16]. Collectively, these data imply that HTB1 may
undergo morphological change and pigment loss in response to elevated salinity pressure.

The growth of HTB1 was highest at 0 ppt, declined gradually with increasing salinity, and was
inhibited when the salinity exceeded 22.5 ppt (Fig. 2B). The most severe growth inhibition
occurred at 30 ppt. The 20 ppt salinity appears to be the growth threshold for Scenedesmus species
where its growth slows down [34]. It has been reported that the growth of S. obliquus was reduced
significantly when salinity was higher than 15 ppt [35]. Taken together, elevated salinities affect
the morphology, growth, and pigmentation of HTB1. HTB1 reduced cell size and pigmentation in
response to osmotic stress at higher salinities and did not grow well when the salinity was higher
than 22.5 ppt.

3.2 Culture color and pigment changes of HTB1 under salinity stress
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The progressive change in culture color with increasing salinity was evident over the 10-day
incubation period (Fig. 3). By day 2, subtle variations in color were noticeable across the salinity
gradient. By day 4, the culture color shifted from green-brown to yellow-brown and ultimately to
pale white as salinity levels increased from 17.5 to 30 ppt. This color pattern remained stable
through days 8 and 10 (Fig. 3). Notably, one replicate at 27.5 ppt is an outlier due to an error in
salinity preparation, resulting in an actual salinity of 22.5 ppt. The transition from dark green to
pale white across the salinity gradient implies that HTB1 alters its pigment composition under
elevated salt conditions. Interestingly, the pronounced decline in pigment abundance at 30 ppt
suggests this salinity level may impair cellular functions and reduce pigment synthesis (Fig. 4).
Previous studies on S. obliquus also documented similar color transitions from green to yellow to
pale white when exposed to high salinity [34,36-38].

Salinity changes also posed a significant impact on the pigment composition of HTBI. The
decreasing trends of lutein, chlorophyll b, beta-carotene, neoxanthin, violaxanthin, and zeaxanthin
with increasing salinity (Fig. 5) suggested that elevated salinity levels adversely affected the
biosynthesis or degradation of these pigments. These pigments are essential for light harvesting
and photoprotection, and their reduction may reflect stress responses or impaired metabolic
activities under stress, such as high light stress [39]. From 17.5 ppt to 30 ppt salinity, both lutein
and chlorophyll b exhibited a decreasing trend in the peak area (Fig. 4). Beta-carotene decreased
as salinity increased. Secondary pigments such as neoxanthin, violaxanthin, and zeaxanthin were
present but generally decreased with rising salinity. Notably, canthaxanthin concentration
increased from 332 £ 55 to 426 + 57 as salinity increased from 17.5 ppt to 25 ppt, contrary to the
trends of other pigments. The increased production of canthaxanthin under high light stress has

been reported in Dactylococcus dissociates [40]. However, at 30 ppt salinity, all pigments



(including canthaxanthin) declined (Fig. 5), suggesting that pigment biosynthesis of HTB1 was
inhibited. Excessive salt stress also inhibits pigment production of other microalgae like Dunaliella
salina, Haematococcus pluvialis and Scenedesmus sp. [41].

The scatterplot between pigments and salinity shows that canthaxanthin had a positive relationship
with salinity, while other pigments were negatively related to salinity (Fig. 5). The increasing trend
of canthaxanthin with elevated salinity (up to 25 ppt) is particularly interesting. Ketocarotenoid is
known for its antioxidant properties, canthaxanthin may play a protective role under salinity-
induced oxidative stress [42]. The increase of canthaxanthin in HTB1 could be a physiological
response to mitigate damage from reactive oxygen species generated under saline stress. Similar
findings have been reported in other microalgae, where increased canthaxanthin production was
associated with physio-chemical stress conditions [43].

3.3 Increased tolerance and biomass yield of HTB1 under 10% CO: incubation

Because the growth of HTB1 was inhibited with higher salinity (>22.5 ppt) (Fig. 2B), we tested
the salinity range (0, 10, and 20 ppt) in the second experiment. Interestingly, HTB1 cultures with
10% COz remained a dark green color at 0, 10, and 20 ppt salinity, while the cultures with ambient
air changed color at 10 and 20 ppt (Fig. 6). For the cultures with ambient air, HTB1 culture changed
slightly from dark green to light green at 10 ppt but changed from dark green to brownish color at
20 ppt after day 6. It was evident that HTBI1 tolerated salinity stress with less change in pigment
color with 10% COs.

Under the same salinity condition, the growth of HTB1 with 10% CO> outperformed that with
ambient air, as shown by the OD7s50 and ash-free dry weight (AFDW) measurement (Fig. 7A and
7B). For AFDW, the mean weight of HTB1 was higher in the 10% CO; treatment than in the air

treatment by 17.8%, 20.8%, and 20.1% for 0, 10, and 20 ppt salinity, respectively. It appears that



elevated CO2 enhanced the salt tolerance of HTBI1, particularly under 10 ppt salinity conditions.
However, at salinity levels above 20 ppt, growth remained somewhat inhibited. Elevated CO> may
help mitigate salinity stress by improving photosynthetic efficiency and pigment production [44].
It has been reported that increased CO» enhances stress tolerance in microalgae [45,46]. CO; likely
plays a role in maintaining cellular functions during stress by optimizing photosynthesis and aiding
in carbon fixation, which supports cellular metabolism under challenging conditions [47]. This
trend was consistent across various experimental conditions, showing that CO; improves both
biomass yield and chlorophyll concentration, even at elevated salinity levels, similar to[47]. Our
results suggest that the growth of HTB1 benefits from CO; enrichment, especially under moderate
salinity stress (at 10 ppt).

The growth difference of HTB1 under different salinities appeared to be greater by the OD
measurement than the AFDW measurement (Fig. 7A vs 7B). The growth curves of HTB1 with 3
different salinities measured by OD7so did not always align with those measured by AFDW. This
discrepancy is likely due to the difference in methodology. Optical density at 750 nm is a rapid,
non-destructive method to estimate cell density based on light absorption. It provides an indirect
estimation of biomass by measuring the turbidity caused by suspended cell particles. OD7so can be
influenced by factors such as cell size, shape, and intracellular components. Changes in
morphology, pigment concentration, or extracellular compounds can cause OD readings to vary,
even when actual biomass remains relatively stable. In contrast, AFDW measures the organic
biomass directly, excluding inorganic materials like salts or minerals. This makes AFDW a more
accurate method for assessing the organic content of the cells, although it does not account for
changes in cell morphology or pigment content that might affect OD measurements.

3.4 Altered pigment profiles of HTB1 under 10% CQO; incubation
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The HPLC analysis revealed various pigment profiles of HTBI under different treatments of
ambient air and elevated 10% CO> concentrations (Fig. 8). Eight key pigments were identified
including zeaxanthin, violaxanthin, neoxanthin, lutein, canthaxanthin, chlorophyll b, chlorophyll
a, and beta-carotene. Interestingly, the change of pigment composition with salinity differed
between the air and 10% CO; groups. Under ambient air conditions, the content of major pigments
such as lutein, chlorophyll a, and chlorophyll b declined as salinity increases (Fig. 9A ). This trend
was consistent with the results from Fig. 4 and 5, suggesting that increased salinity negatively
affected pigment content. In corroboration, a decline in photosynthetic pigment biosynthesis under
osmotic stress was reported in other photosynthetic microorganisms such as in cyanobacteria [48].
The pigment composition of HTB1 grown with 10% CO- revealed an opposite trend in contrast to
those grown with air (Fig. 9B). Lutein and chlorophyll b contents increased with salinity levels,
including 0 ppt (lutein: 0.14 + 0.12 w/w, chlorophyll b: 0.07 = 0.06 w/w), 10 ppt (lutein: 0.19 +
0.01 w/w, chlorophyll b: 0.1 = 0.01 w/w), and 20 ppt (lutein: 0.19 + 0.03 w/w, chlorophyll b: 0.08
+ 0.005 w/w), suggesting that elevated CO, might mitigate the effects of salinity stress and boost
pigment storage and photosynthetic efficiency. The increase in canthaxanthin under the CO;
treatment may further indicate a protective role for this carotenoid, which is known to act as an
antioxidant and photo-protectant [50,51].

The trends observed in canthaxanthin content (Fig. 9) also align with previous research suggesting
that this carotenoid may accumulate in response to stress conditions, particularly in the presence
of CO; [52]. The role of canthaxanthin in photoprotection could be a key factor in algal survival
under stressful environments, such as high-salinity conditions.

3.5 Pigment yield
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Six pigments including neoxanthin, violaxanthin, zeaxanthin, beta-carotene, canthaxanthin, and
lutein exhibited distinct concentration patterns across salinity levels of 0, 10, and 20 ppt under
ambient air and elevated carbon dioxide (CO>) conditions (Fig. 10). Except for beta-carotene and
lutein at 0 ppt, pigment concentrations were generally higher under 10% CO> compared to air.
This suggests that elevated CO; enhanced HTB1’s photosynthetic capacity by increasing pigment
production, consistent with the significantly greater ash-free dry weight (AFDW) observed under
10% COx relative to air (Fig. 7B).

The six pigments responded to salinity change differently under elevated CO>. With 10% COo,
neoxanthin and beta-carotene peaked at 10 ppt (Fig. 10), while violaxanthin and zeaxanthin were
most abundant at 0 ppt. Canthaxanthin, in contrast, steadily increased with rising salinity, reaching
its highest level at 20 ppt. Lutein was highest at salinities of 10 and 20 ppt under elevated COs..
Overall, elevated CO2 enhanced the production of most pigments, particularly at moderate salinity
levels. These increases likely provide photoprotective and antioxidant benefits, enabling HTB1 to
better cope with environmental stress. The distinct responses of individual pigments highlight how

HTBI1 refines its metabolic processes to adapt to varying salinity and CO; conditions.
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4 Conclusion

When HTB1 was cultivated with ambient air, salinity changes significantly influenced its pigment
composition. The observed decline in lutein, chlorophyll b, beta-carotene, neoxanthin,
violaxanthin, and zeaxanthin levels with increased salinity suggests that higher salt concentrations
may impair the biosynthesis and/or degradation of these pigments. As salinity increased, HTB1
cells shrank in size, and the culture color shifted progressively from green to brown, yellow-brown,
and eventually to pale white or yellow.

Interestingly, canthaxanthin levels exhibited a rising trend from 17.5 ppt to 25 ppt, contrasting
with the responses of other pigments under salt stress. The elevation of canthaxanthin levels under
salt stress may serve as a physiological adaptation, potentially helping HTB1 in saline conditions.
The growth of HTB1 declined with increasing salinity and was notably inhibited at levels above
22.5 ppt.

The growth inhibition was less severe under 10% CO> than ambient air, indicating that elevated
COz may alleviate salt stress in HTB1. Furthermore, both lutein and canthaxanthin yields increased
with higher salinity when HTB1 was cultivated in 10% COx. This study provides valuable insights
into the effects of salt stress on algal physiology and pigment production and deepens our
understanding of the physiological responses of S. obliquus to salt stress under air and elevated

CO; conditions.
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