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ARTICLE INFO ABSTRACT

Keywords: Microalgae are valuable resources for producing high-value compounds, but large-scale cultivation in open
Cyc.lofell“ cryptica raceway ponds (ORPs) faces challenges due to salinity and temperature fluctuations, which affect biomass yield
Salinity and quality. Developing strains with high productivity and stable quality across varying salinity and temperature
Temperature .. . . . . P

Fucoxanthin levels offers a promising approach to overcoming these challenges. Cyclotella cryptica, a marine diatom species, is
PUFASs known for its robustness under diverse salinity conditions, but its biochemical composition and frustule
Frustule morphology in respond to salinity remains largely unknown. Moreover, the responses of C. cryptica to temper-

ature fluctuations are largely unexplored, posing a barrier to its industrial application in ORPs. In this study,
C. cryptica was cultivated under six salinity levels (19-34 %o at 3 %o intervals) and five temperature regimes
(17-33 °C at 4 °C intervals) to investigate the effects of these environmental factors on growth performance,
macronutrient composition, fatty acid (FA) profile, and carotenoid content. Additionally, we examined the
biosilica content, frustule morphology, and the transcriptional levels of five frustule biogenesis related genes
(CcSinl1, CcSin2, and CcSAP1-3) to assess the impact of salinity and temperature on the biosilification process.
Our findings revealed that salinity exerts minimal effects on growth, macronutrient composition, FA profile, and
carotenoid content, whereas it induces significant variations in frustule morphology and biosilica deposition. In
contrast, temperature markedly influences all evaluated parameters. These insights into the adaptive mecha-
nisms of C. cryptica to salinity and temperature variations are crucial for optimizing the scale-up cultivation
strategy of this species in ORPs.

1. Introduction advantages [3]. However, the scale-up of microalgae cultivation en-

counters challenges due to environmental fluctuations, which can

Microalgae are increasingly valued for their rapid growth rates, high
photosynthetic efficiency, and capacity to produce a diverse range of
valuable bioactive compounds. These attributes make them promising
resources for industries such as pharmaceuticals, aquaculture feed, and
chemical feedstocks [1]. Moreover, microalgae have the unique ability
to utilize wastewater and flue gases for cultivation, transforming waste
into high-value products [2]. As a result, species such as Chlorella spp.,
Haematococcus lacustris, Phaeodactylum tricornutum, and Chaetoceros spp.
are now cultivated on a commercial scale, capitalizing on these
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significantly impact microalgal yield and quality. Understanding how
microalgae respond to various environmental factors is essential for
refining cultivation techniques and improving production efficiency and
stability.

Salinity and temperature are critical factors that influence the
growth and biomass composition of microalgae. For example, Pan et al.
explored the effects of various salinity levels (15 %060 %o0) on the
growth, photosynthetic activity, and biochemical composition of
Euchlorocystis marina [4]. They observed that cell density peaked at 15
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%o salinity, reaching 5.0 x 10° cells mL™}, which is approximately 1.3
times higher than at 60 %o salinity. Furthermore, the highest concen-
trations of chlorophyll a, chlorophyll b, and carotenoids were found at
15 %o, while maximum lipid and polysaccharide contents were noted at
60 %o salinity. These findings indicate that lower salinity levels favor the
reproduction and growth of E. marina, whereas higher salinity levels
enhance the accumulation of polysaccharides and lipids. Similarly, Chen
et al. investigated the impact of salinity on the lipid composition of
Nitzschia laevis, finding that high salt concentrations reduced neutral
lipids but increased the production of polar lipids such as phospholipids
and glycolipids [5]. Notably, the degree of fatty acid (FA) unsaturation
increased sharply from 10 to 20 g L ™! NaCl but decreased at 30 g L™}
NacCl, indicating an adaptive mechanism to maintain membrane stability
and function under salt stress. Temperature also significantly affects the
quality and yield of microalgal cultivation, as many biological processes
in microalgae, including carbon dioxide fixation and respiration, are
highly temperature-dependent [6]. Deviations from the optimal tem-
perature range, typically between 20 °C and 30 °C for most microalgae
species, can impair or even halt microalgal growth. For instance,
Phaeodactylum tricornutum exhibits a significantly lower specific growth
rate at 25 °C compared to 20 °C, while Chlorella vulgaris reaches its
maximum growth rate at 30 °C. Similar variations in biomass concen-
tration and biochemical composition in response to salinity and tem-
perature have been reported for various microalgae species, including
C. vulgaris, Nannochloropsis sp., Isochrysis galbana, and Tetraselmis chuii
[7-10]. These studies highlight the importance of salinity and temper-
ature as determinants of microalgal biomass productivity and
biochemical composition, emphasizing the need for comprehensive in-
vestigations into adaptation strategies to optimize large-scale cultiva-
tion systems.

The Open Raceway Pond (ORP), which accounts for approximately
95 % of total industrial microalgal production, is favored for large-scale
cultivation due to its cost-effectiveness and high efficiency [11]. How-
ever, maintaining optimal salinity and temperature within this system
presents significant challenges. Evaporation, a common issue in hot and
arid climates, can cause salinity levels to increase, particularly during
warm seasons [12]. For instance, in desert regions, daily evaporation
rates in an ORP can reach up to 1 cm in depth (approximately 0.2
L-m~2h™1), potentially doubling the salt concentration of the culture
medium within just four days if not replenished with freshwater [4].
This necessitates continuous freshwater addition, significantly
increasing water consumption and energy costs. Conversely, rainfall can
reduce salinity levels below desirable thresholds. In southern China, for
example, salinity in mariculture ponds typically ranges from 25 %o to 35
%o but can drop below 20 %o during the rainy season [13]. Given the
shallower depth and larger surface area of ORPs compared to shrimp
ponds, the impact of rainfall on salinity reduction is substantially more
pronounced in ORPs, often requiring the addition of salt to restore
appropriate levels. If not managed, these salinity fluctuations can lead to
the dominance of undesirable microalgal strains and a decline in the
desired species due to osmotic stress [13]. Temperature control is
equally critical in microalgal cultivation due to the temperature sensi-
tivity of these organisms. Non-optimal temperatures can result in sig-
nificant biomass losses, especially in outdoor systems where daily
temperature fluctuations can reach up to 10 °C [3,14]. Engineering so-
lutions such as heating and cooling systems are crucial for maintaining
temperatures close to optimal levels in microalgae cultivation. Pérez-
Lépez et al. noted that in outdoor facilities, including both photo-
bioreactors and ORPs located in temperate regions (51° 59'N, 5° 39’ E),
temperature control is the primary contributor to energy costs during
the scale-up of microalgae cultivation [15,16]. This finding underscores
the importance of efficient temperature management in minimizing
environmental impacts and operational costs associated with microalgal
production.

In addition to engineering approaches such as adjusting salinity with
freshwater or salt in ORPs, and modulating temperatures through
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heating and cooling systems, developing microalgae strains that can
produce high biomass across diverse salinity and temperature conditions
offers a promising solution to environmental challenges. Cyclotella
cryptica, a model species of the Bacillariophyta, is rich in carotenoids
and polyunsaturated fatty acids (PUFAs), known for their antioxidant,
anti-inflammatory, anti-obesity, and neuroprotective properties. The
silicified cell wall (frustule) of C. cryptica also shows significant potential
as a bio-nanomaterial for applications in drug delivery and hemostasis.
Notably, although C. cryptica is generally known as a marine diatom
species, it also has the ability to thrive in freshwater environments [17],
demonstrating its robust adaptability to salinity fluctuations when
cultivated in ORPs. Furthermore, this microalga and its closely related
species have been shown to remain viable across a broad temperature
range of 15-35 °C, supporting their potential for commercial applica-
tions [18-20]. While previous studies have explored the effects of
salinity and temperature on the growth performance of C. cryptica,
comprehensive information on its cellular responses, including
biochemical components, morphological features, and biosilica forma-
tion processes under varying conditions, is still limited.

In this study, we assessed the effects of salinity and temperature on
C. cryptica by analyzing various parameters including cell density,
biomass content, and macronutrient composition (carbohydrates, pro-
teins, and lipids). Additionally, we examined the FA profiles, carotenoid
content, biosilica content, and morphological characteristics of the
frustule. To further investigate frustule biogenesis in response to
different salinity and temperature conditions, we analyzed the tran-
scriptional patterns of five genes (CcSinl, CcSin2, CcSAP1-3) encoding
silicalemma transmembrane proteins using quantitative reverse
transcription-PCR (RT-qPCR). The findings from this research will
deepen our understanding of the adaptive responses of C. cryptica to
salinity and temperature fluctuations and offer critical insights for
optimizing large-scale cultivation in ORPs.

2. Materials and methods
2.1. C. cryptica strain and cultivation conditions

The marine diatom species C. cryptica used in this study was obtained
from the Microalgae Collection Center at Ningbo University. It was
cultivated under controlled conditions, maintained at a constant tem-
perature of 25 + 1 °C and exposed to white fluorescent lighting at an
intensity of approximately 45 pmol photons-m 25}, adhering to a 12-h
light/dark cycle. The algae were grown in NMB3# medium supple-
mented with 0.1 mM NaySiO3-9H,0 [21], prepared using artificial
seawater [22]. The salinity and initial pH of the medium were set to 25
%o and 8.0, respectively.

Microalgal cells, pre-cultured to the exponential phase, were inocu-
lated into fresh NMB3# medium at a ratio of 1:9 (v/v, algal cultures to
fresh medium). To establish a range of salinity conditions, six salinity
levels (19, 22, 25, 28, 31, and 34 %.) were prepared by adjusting the
concentration of ultrapure water or NaCl in the artificial seawater. A
salinity of 25 %o was used as the control treatment. For the temperature
experiments, photo incubators (Model GXZ-380B, Jiangnan, China)
were set to maintain temperatures of 17, 21, 25, 29, and 33 °C, with
25 °C designated as the temperature of the control group. The design of
the temperature and salinity gradients was primarily based on the
conditions that microalgae may encounter during cultivation in OPRs,
providing relevant information for the cultivation of C. cryptica in these
systems. All treatments were conducted in 500 mL conical flasks, each
containing 200 mL of NMB3# medium. The other cultivation conditions
were maintained as described above. During cultivation, the flasks were
shaken manually three times daily to prevent the cells from settling at
the bottom of the conical flasks.



Y. Zhao et al.
2.2. Investigation of growth performance

The optical density of microalgal cultures was monitored at 750 nm
(ODy5p) every two days using a Varioskan™ LUX spectrophotometer
(Thermo Fisher Scientific, USA) to estimate cell density. The specific
growth rate (, d™1) was calculated based on ODys0 using the formula
(1):

M (dil) = (lTl Nﬂfln th)/tlftz (1)

where t; and tp represent the start and end times of the cultivation
period, respectively, while Ny; and Ny, indicate the OD7s5q values at these
respective times. On the final day of cultivation, 10 mL of microalgal
culture was filtered using a pre-weighed Whatman GF/F microfiber filter
(pore size 0.7 pm). Then, the filter was rinsed three times with 10 mL of
ultrapure water, and subsequently dried in an oven at 60 °C for 48 h to
achieve a constant weight. Finally, the dry cell weight (DCW) was
determined gravimetrically.

2.3. Determination of macronutrients composition

On the final day of cultivation, microalgal cells were harvested by
centrifugation at 3220 xg for 10 min. The cell pellets were washed three
times with ultrapure water and then lyophilized for subsequent
analyses.

Carbohydrate content was determined using a modified phe-
nol-sulfuric acid method [16]. Initially, 1 mL of an enzyme blend
(papain and cellulase in equal proportions) was added to approximately
10 mg of lyophilized microalgal powder. The mixture underwent a series
of temperature treatments, starting with a 30-min incubation at 40 °C,
followed by a 10-min exposure to boiling water, and a 4-h incubation at
70 °C. Afterward, the mixture was centrifuged at 4 °C and 13,539 xg for
15 min to separate the supernatant. The supernatant was mixed with 4.5
mL of 95 % ethanol and allowed to stand for 12 h. Following another
centrifugation at 4 °C and 13,539 xg for 15 min, the pellet was resus-
pended in 2 mL of ultrapure water and vortexed at 1200 rpm for 1 min.
After resting at room temperature for 10 min, it was centrifuged once
more under the same conditions. The final supernatant was treated with
phenol and sulfuric acid, boiled for 20 min, and cooled in an ice bath for
10 min. Absorbance at 490 nm was measured using a Varioskan™ LUX
spectrophotometer (Thermo Fisher Scientific, USA). The carbohydrate
content was quantified using a glucose standard curve.

Lipid extraction was conducted using a modified chloroform-
methanol method [23]. Initially, 25 mg of dried microalgae (W;) was
mixed with 2.5 mL of methanol and 1.25 mL of chloroform. The mixture
was homogenized for 15 min and then placed on a shaker for lipid
extraction at 200 rpm over 12 h. After extraction, the mixture was
centrifuged at 13,539 xg to separate the supernatant, which was then
transferred to a clean tube. An additional 2.5 mL of chloroform and 4.5
mL of 1 % NacCl solution were added to the supernatant, followed by
vortexing at 1200 rpm for 15 min. After a subsequent centrifugation, the
lipid-rich lower phase was decanted into a pre-weighed tube (W3) and
evaporated under a stream of nitrogen gas. The tube was then dried,
weighed, and recorded as W3. Lipid content, expressed in mg per gram of
DCW, was calculated using the formula (2):

Lipid content (mg g~' of DCW) = (W5 — W;)/W; x 1000 2

Protein content was analyzed using a modified Coomassie Brilliant
Blue staining method [24]. Approximately 10 mg of microalgal powder
was first combined with 2 mL of extraction buffer, which consisted of 50
mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 1 mM EDTA, and 1 % Triton X-100. The mixture was
homogenized for 15 min to extract proteins. After homogenization, the
solution was placed in an ice bath for 3 h to enhance protein extraction.
The mixture was then centrifuged, and 500 pL of the supernatant was
collected. This supernatant was subsequently mixed with 2.5 mL of
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Coomassie Brilliant Blue reagent. The optical density of the solution was
measured at 595 nm (ODsgs), and the protein content was calculated
using a standard curve generated from bovine serum albumin.

2.4. Determination of FA profile and carotenoids content

The extraction of FAs was conducted following a previously
described method [25]. Approximately 10 mg of freeze-dried microalgal
powder was treated with 3 mL of 2 M KOH in methanol and vortexed
vigorously. This mixture was then heated at 75 °C for 30 min. After this
period, 1.5 mL of 3 M HCI in methanol was added, and the sample was
maintained at the same temperature for an additional 30 min to com-
plete the hydrolysis. Fatty acid methyl esters (FAMEs) were extracted
using n-hexane. Then, the extracted FAMEs were analyzed in triplicate
using gas chromatography-mass spectrometry (GC-MS) on an Agilent
Technologies system (Model 8890A-5977B, USA) equipped with a
7963A autosampler and a CD-2560 capillary column (100 m x 0.25 mm
x 0.2 pm, CNW, Germany). Pure helium was used as the carrier gas at a
flow rate of 0.81 mL min~'. The temperature program initiated at 140 °C
for 5 min, followed by a ramp of 4 °C min~! to 240 °C, held for 20 min.
FAs were identified and quantified based on their retention times, and
data were cross-referenced with the NIST14.L and Wiley7 spectral
databases.

Carotenoids were extracted from 5 mg of freeze-dried microalgal
powder using a 5 mL solution of chloroform:methanol (1:1, v/v) sup-
plemented with 0.1 % butylated hydroxytoluene to prevent oxidation.
The mixture was vortexed vigorously for 5 min and then subjected to
ultrasonication for 20 min in an ice-water bath to enhance the extraction
efficiency. Subsequently, the mixture was centrifuged at 13,539 xg at
4 °C for 5 min. The clear supernatant was then carefully filtered through
a 0.22 pm polytetrafluoroethylene filter to remove particulate matter.
All procedures were performed under dim light or dark conditions to
minimize carotenoid degradation, as recommended in previous studies
[25]. Carotenoid analysis was conducted using a high-performance
liquid chromatograph (HPLC, 1260 Infinity II, Agilent, Germany). The
chromatographic separation was achieved on an Agilent Eclipse XDB-
C18 column (250 mm x 4.6 mm, 5 pm) at a flow rate of 0.5 mL
min~'. The mobile phase consisted of water (Solution A) and acetonitrile
(Solution B). Detection was performed at a wavelength of 450 nm, with
the column maintained at a temperature of 25 °C. The injection volume
for each sample was 10 pL. Two carotenoids (fucoxanthin and dia-
dinoxanthin) were identified and quantified using commercially avail-
able standards (Sigma, USA).

2.5. Investigation of biosilica content and the morphological
characteristics of frustules

For the analysis of biosilica content [26], approximately 5 mg of
freeze-dried microalgal powder was initially mixed with 1 mL of ultra-
pure water. This mixture was then heated in a metal bath to 95°Cfor 1 h
to lyse the cells and prevent intracellular silicates from affecting the
results. Following this, the mixture was centrifuged at 13,539 xg for 5
min, and the resultant pellet was resuspended in 1 mL of methanol and
left to settle overnight. The suspension was centrifuged again, and the
frustules were washed repeatedly with methanol until they appeared
colorless. After the methanol was decanted, the frustules were washed
thoroughly with 1 mL of ultrapure water and centrifuged once more. The
clean frustules were then treated with 1 mL of 0.5 M NaOH and reheated
to 95 °C for 1 h to dissolve the biosilica. After cooling, the solution was
neutralized with 500 pL of 0.5 M H2SO4 and centrifuged. The absor-
bance of the resulting supernatant at 810 nm was measured using a
Microplate Reader (Varioskan LUX, Thermo Fisher Scientific, USA). The
ODgj0 was used to quantify the biosilica content, calculated against a
standard curve of sodium hexafluorosilicate.

Cells harvested on Day 12 were acidified using concentrated HCI (36
%-38 %) at 100 °C for 20 min, then rinsed with distilled water until
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neutral pH was achieved. The pellets were air-dried and mounted on
aluminum stubs for examination using a Hitachi S-4800 scanning elec-
tron microscope (SEM) (Hitachi, Japan). SEM micrographs were
analyzed to determine the following morphological parameters of the
frustules using ImageJ software: valve diameter, fultoportula number,
fultoportula diameter, costa number, rimoportula number, and cribrum
pore number. Additionally, the valve diameter and cribrum pore num-
ber were used to calculate the cribrum pore density. Notably, the cri-
brum pore number was specifically assessed on a quarter of the valve
that was free from obstruction by girdle bands or other contaminants,
while other parameters were measured across the entire valve.

2.6. Transcriptional patterns of genes related to frustule biogenesis

Microalgal cells harvested on Days 4, 8, and 12 were centrifuged at
3220 xg for 10 min. Total RNA was extracted using the Plant RNA kit
(Omega, USA). The integrity of the extracted RNA was assessed via
agarose gel electrophoresis, and its concentration was determined based
on OD339, OD3ygg, and ODygy using a NanoDrop ND1000 spectropho-
tometer (NanoDrop, USA). After the removal of genomic DNA, cDNA
synthesis was carried out using the PrimeScript™ RT Reagent Kit
(Takara, China).

RT-qPCR was performed using the Taq Pro Universal SYBR qPCR
Master Mix-Q712 (Vazyme, China) following the manufacturer's proto-
col on a CFX96 Touch (BioRad, USA) to evaluate the expression patterns
of five genes (CcSinl, CcSin2, and CcSAP1-3, JGI IDs: g20669.t1,
g25218.t1, g14294.t1, g8103.t1, g9622.t1) under varying salinity con-
ditions. Histone H4 (JGI ID g18763.t1) was used as the internal reference
gene for normalizing gene expression via the 2722¢T method. Primer
pairs were designed using Primer Premier 5 and are listed in Supple-
mentary Table S1. Prior to RT-qPCR, primer specificity was confirmed
by conventional RT-PCR using Es Taq MasterMix (CWBIO, China) under
the same reaction conditions.

2.7. Statistical analysis

The morphological properties of the frustules were examined by
analyzing 8-11 valves from each treatment. For other parameters such
as ODys50, DCW, FA profile, carotenoid composition, biosilica content,
and transcriptional levels of silicalemma transmembrane proteins, three
biological replicates were used. Statistical analyses were conducted
using one-way ANOVA at a significance level of 0.05, with post hoc
testing performed using the Least Significant Difference (LSD) test to
identify significant differences across salinity treatments. Statistical
calculations were performed using SPSS Statistics 25.0, and differences
were considered statistically significant at p < 0.05. All values are pre-
sented as mean + standard deviation (SD).
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3. Results and discussion

Fig. 1 provides a comprehensive overview of the impact of varying
salinity and temperature on several key biological parameters of
C. cryptica, including growth performance, macronutrient composition,
FA profiles, frustule morphology, and gene expression related to bio-
silification. In general, temperature changes have a broad and signifi-
cant effect on C. cryptica, substantially influencing all of the
aforementioned parameters. In contrast, salinity changes exert relatively
smaller effects, primarily affecting specific aspects of frustule
morphology and the transcriptional patterns of genes related to biosilica
deposition. These findings are explored in more detail in the following
sections.

3.1. Effects of different salinities and temperatures on growth
performance of C. cryptica

ODys50 is commonly used to monitor the growth of microalgal cul-
tures. However, it may not accurately reflect growth when variations in
cell size and pigment content occur across different salinity levels and
temperature conditions. In this study, growth performance was there-
fore evaluated using a combination of ODys, specific growth rate, and
final biomass concentration as more comprehensive indicators.

As depicted in Fig. 2a and Supplementary Table S2, C. cryptica
maintained similar ODy5o values across various salinity regimes at all
evaluated time points, with final OD;5( values around 0.15, indicating
no significant differences among the groups. Similarly, the specific
growth rates were consistent across different salinities, averaging 0.20
d~1, with no significant deviations observed (Fig. 2b). The final biomass
concentration, measured as DCW, varied slightly from 0.28 g L™ to
0.31 g L™! across the salinity spectrum, supporting the ODysq and spe-
cific growth rate findings (Fig. 2c).

Each microalga species exhibits a specific optimal salinity range for
achieving maximum growth and biomass concentration. Deviations
from this range can lead to biochemical and physiological disruptions,
osmotic stress, ion imbalances, and the generation of reactive oxygen
species. For the marine diatom C. cryptica, our results confirm that it can
thrive within a salinity range of 19-34 %o, showcasing a broad favorable
salinity tolerance. This robust adaptability aligns with previous studies,
underscoring the huge potential of this microalga for cultivation under
varied salinity conditions [27-29]. While marine microalgae can
tolerate some degree of salinity variation, it remains relatively uncom-
mon for a species like C. cryptica to sustain rapid growth across such a
broad salinity range. For instance, the marine diatom Thalassiosira
pseudonana achieved its highest cell density at a salinity of 25 %,
whereas both higher (30 %o) and lower (<20 %o) salinity levels led to a
significant reduction in cell density [30]. Furthermore, studies have
shown that marine species such as Tetraselmis chuii and Isochrysis galbana
display growth variations under different salinity conditions, with
optimal performance observed within narrower salinity ranges [31].
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‘ ‘ Fultoportula diameter 3>
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e - _ -~ _ IRt
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Fig. 1. Summary of the effects of varying salinity and temperature on C. cryptica.
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from the first and last days of the entire cultivation period.

The mechanisms for coping with salinity variation differ among
microalgae species. For example, Chlamydomonas reinhardtii, a fresh-
water species, responds to salt stress by forming multicellular aggregates
known as palmelloids, where cells cluster together and are encased
within an exopolysaccharide matrix and a common membrane [32].
Marine Chlorella autotrophica copes by producing high levels of proline
and accumulating inorganic ions to maintain osmotic balance [33].
Dunaliella spp., known for their halotolerance, can accumulate sub-
stantial amounts of glycerol, up to 17 % of DCW, to preserve cell turgor
pressure [34]. Unlike the strategies observed in some Chlorophyta spe-
cies, the marine diatom C. cryptica has been reported to employ two
distinct mechanisms to cope with osmotic variations. First, it enhances
the biosynthesis of endogenous compatible substances such as dime-
thylsulfoniopropionate (DMSP), proline, glycine betaine, and taurine.
Second, it increases the import of exogenous compatible solutes—such
as DMSP, glycine betaine, and amino acids—and potassium, while
concurrently exporting sodium [35,36]. These adaptive strategies likely
contribute to the capacity of C. cryptica to maintain high tolerance under
a wide range of salinity conditions, thereby showcasing its robust
adaptability to environmental fluctuations.

In contrast to the relatively stable growth observed under varying
salinity conditions, changes in temperature had a significant impact on
the growth performance of C. cryptica. Within the examined temperature
range of 17-29 °C, there was a noticeable increase in final ODy5 values,
rising from 0.09 at 17 °C to 0.16 at 29 °C. However, a further increase in
temperature to 33 °C resulted in a sharp decrease in OD75¢ to 0.08,
essentially halving the value observed at 29 °C (Fig. 2d and Supple-
mentary Table S2). This trend was consistent across other growth met-
rics as well. The specific growth rate, for instance, peaked at 29 °C with a
rate of 0.21 d~1, approximately 1.5 times the rate observed at 33 °C, and
showed little variation between 21 °C and 25 °C, maintaining rates of
0.18 d! and 0.19 d™?! respectively (Fig. 2e). Similarly, biomass con-
centration was highest at 29 °C, reaching 0.29 g L7, followed by 25°C
at 0.28 g L1, and 21 °C at 0.25 g L. The lowest biomass was recorded
at 33 °C, with a concentration of only 0.17 g L! (Fig. 2f). These ob-
servations highlight a critical temperature threshold for C. cryptica,
beyond which thermal stress adversely affects its cellular processes,
leading to decreased growth and biomass production. This temperature-
dependent variability underscores the need for controlled cultivation
conditions to optimize the growth and yield of this microalga.

While C. cryptica has emerged as a well-established model diatom
species for biotechnological applications [37,38], its responses to
various temperature regimes have rarely been reported. To date, only a
few studies have focused on the effects of temperature on the growth
performance of this microalga. Sriharan et al. cultivated C. cryptica at

two temperature levels, 20 °C and 30 °C, and reported significantly
higher cell density and biomass concentration at the higher temperature
[39]. In another study, Pahl et al. investigated the growth performance
of C. cryptica within a temperature range of 12.5-33 °C, identifying an
optimal temperature range of 22.5-25 °C [28]. However, that study did
not explore the effects of temperatures between 25 °C and 33 °C, leaving
a gap in understanding the upper temperature tolerance of this species.
In our study, we found that C. cryptica can survive within a tem-
perature range of 17-33 °C, identifying a favorable growth range of
25-29 °C. Temperatures exceeding 29 °C or dropping below 21 °C led to
considerable inhibition of growth. Although this range appears narrow
relative to Chlorophyta species such as Chlorella spp. and Scenedesmus
spp. [40,41], it is broader than that observed for other Bacillariophyta
such as Phaeodactylum tricornutum and Thalassiosira pseudonana
[42-44]. Given that the temperature regimes explored in this study
closely match the typical range of daytime temperatures across much of
the Earth, it suggests that C. cryptica may be well-suited for scaled-up
cultivation in diverse regions, particularly in temperate zones.

3.2. Biochemical compositions of C. cryptica under different salinity and
temperature levels

In this study, three major macromolecules in microalgae cells—-
proteins, carbohydrates, and lipids—along with value-added substances
such as FAs and carotenoids were analyzed. Across all six salinity levels
tested, C. cryptica exhibited the highest concentrations of protein
(316.2-343.3 mg g~ 1), followed by lipid (201.6-262.4 mg g~ 1), with
carbohydrates showing the lowest concentrations (67.5-85.3 mg g~!)
(Fig. 3a and Supplementary Table S3). Traditionally, C. cryptica is
recognized as a significant lipid accumulator, capable of achieving a
productivity of 20 g~rn_2~d_1 in open raceway ponds (ORPs) [45-47].
However, our results indicated that lipid content was lower than protein
content across all salinity conditions tested. This discrepancy may be
explained by the fact that the cells analyzed were in the early stationary
phase; it is well-documented that C. cryptica tends to increase lipid
accumulation during the late stationary phase, particularly under
nutrient-limited conditions [20].

It is widely known that salinity changes can influence the macro-
molecular profile of microalgae. Renaud and Parry, for instance,
examined the effects of varying salinity levels (10-35 %o) on the
chemical composition of three marine microalgae species—Isochrysis
sp., Nannochloropsis oculata, and Nitzschia sp.—noting that lipid contents
in Isochrysis sp. and Nannochloropsis oculata increased with salinity,
whereas those in Nitzschia sp. decreased [48]. In contrast to these spe-
cies, C. cryptica displayed no significant differences in the concentrations
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Fig. 3. Macronutrients composition of C. cryptica under different salinity (a) and temperature (b) levels. Values are exhibited in mean + SD (n = 3). * indicates

significant differences (p < 0.05).

of these macronutrients within the salinity range of 19-31 %.. However,
at 34 %o, both protein and carbohydrate contents were notably lower,
while lipid content was significantly higher compared to other condi-
tions. These findings suggest that salinity alterations within the 19-31
%o range have minimal impact on the macronutrient composition of
C. cryptica, but a salinity of 34 %o prompts a notable increase in lipid
accumulation at the expense of protein and carbohydrate levels.

As illustrated in Fig. 3b and Supplementary Table S3, significant
variations in the macromolecular content of C. cryptica were observed
among different temperature groups. Within the temperature range of
17-25 °C, the protein content showed an increasing trend, rising from
240.7 mg g~ DCW at 17 °C to a peak of 331.4 mg g~! DCW at 25 °C,
before gradually declining to 264.4 mg g~* DCW at 33 °C. The carbo-
hydrate content exhibited a similar pattern, initially increasing between
17 °C and 29 °C and then decreasing between 29 °C and 33 °C. In
contrast, the lipid content decreased initially from 17 °C to 25 °C but
then increased as the temperature rose from 25 °C to 33 °C, displaying a
trend opposite to that observed for protein and carbohydrates. Notably,
at the extreme temperatures of 17 °C and 33 °C, lipid content was higher
than protein content, while at the intermediate temperatures of 21 °C,
25 °C, and 29 °C, protein content surpassed lipid content. This redis-
tribution of cellular carbon flux under temperature stress, from carbo-
hydrate and protein synthesis towards lipid biosynthesis, is a common
response among diatoms, as reported in previous studies [49,50]. Our
findings corroborate these observations, indicating that lipid content
increases while protein and carbohydrate content decrease at the stress-
inducing temperatures of 17 °C and 33 °C. This response likely reflects
an adaptive mechanism allowing C. cryptica to adjust its metabolic
pathways to cope with unfavorable thermal conditions.

PUFAs, particularly omega-3 fatty acids such as eicosapentaenoic
acid (C20:5, EPA), are valuable compounds prominently present in
C. cryptica. Slocombe et al. recognized C. cryptica as an excellent source
for EPA production, ranking it second among 175 microalgal strains
from 21 classes [46]. Similarly, Cupo et al. analyzed the FA composition
of both autotrophic and heterotrophic C. cryptica cultures and noted that
EPA, along with palmitic acid (PA, C16:0) and palmitoleic acid (POA,
C16:1), dominated the FA profile regardless of the cultivation mode
[511.

In this study, we identified a total of 11 FAs in C. cryptica, categorized
into three saturated fatty acids (SFAs), two monounsaturated fatty acids
(MUFAs), and six PUFAs (Tables 1 and 2). Across all six salinity levels,
SFAs, MUFAs, and PUFAs constituted 29.7-31.0 %, 25.5-26.6 %, and
42.6-44.1 % of the total fatty acids (TFAs), respectively (Table 1).
Interestingly, the concentrations of SFAs, MUFAs, and PUFAs showed no
significant variation across different salinities. Consistent with previous

findings [46], PA, POA, and EPA were the most prevalent FAs in
C. cryptica, accounting for 20.2-21.2 %, 19.7-20.7 %, and 17.1-18.5 %
of TFAs, respectively. Additionally, hexadecatrienoic acid (HTA, C16:3),
hexadecadienoic acid (HDDA, C16:2), and docosahexaenoic acid (DHA,
C22:6) were present in moderate amounts, while arachidonic acid (AA,
C20:4) and linoleic acid (LA, C18:2) were found in trace quantities
(Table 1). Significant differences were noted in the contents of five
PUFAs—HTA, LA, AA, EPA, and DHA—across salinity levels (Table 1
and Supplementary Table S4). Notably, DHA content decreased with
increasing salinity, from 5.8 % of TFAs at lower salinity levels to 4.6 % at
higher levels. HTA content peaked at 31 %o (10.7 % of TFAs) but
remained relatively stable across the other salinity levels. These findings
indicated that while SFAs and MUFAs in C. cryptica remain relatively
unaffected by salinity, specific PUFAs exhibit significant fluctuations,
underscoring the nuanced impact of environmental salinity on the FA
biosynthesis of this microalga.

Temperature fluctuations had a more pronounced effect on the FA
profile of C. cryptica compared to the moderate variations caused by
different salinity levels (Table 2 and Supplementary Table S5). At 17 °C,
SFAs constituted only 27.6 % of TFAs. This proportion increased grad-
ually, reaching 36.1 % at 29 °C and then surged to 52.7 % at 33 °C,
nearly doubling the initial content observed at 17 °C. In contrast, PUFAs
demonstrated an inverse trend. At 33 °C, PUFAs accounted for 25.8 % of
TFAs, significantly lower than about 50 % and 60 % observed at 17 °C
and 25 °C, respectively. Specific FAs also showed considerable vari-
ability across different temperatures. For example, the content of PA was
around 21.0 % of TFAs at 25 °C but escalated to 34.6 % at 33 °C, making
it the predominant FA. Stearic acid (SA, C18:0), typically present in
trace amounts from 17 °C to 29 °C and across 19-34 %o salinity levels,
notably increased to 8.2 % at 33 °C. EPA, usually one of the three
dominant FAs at around 20 % of TFAs across all salinity levels and at
temperatures up to 29 °C, declined to levels comparable to myristic acid
(MA, C14:0), HDDA, HTA, and SA at 33 °C.

Prior research by Pahl et al. [28] examining the impact of temper-
ature on the FAs of C. cryptica found that the FA profile remained rela-
tively stable at 15 °C, 18 °C, and 25 °C. Our study, however, reveals a
divergence from these findings, possibly due to our use of an autotrophic
rather than a heterotrophic model for C. cryptica cultivation. Other
diatom studies support our results, indicating that the saturation degree
of FAs increases with rising temperature [52-54], thereby confirming
that C. cryptica follows this general trend.

Similar to other diatom species, C. cryptica is rich in carotenoids such
as fucoxanthin and diadinoxanthin. Guo et al. reported that C. cryptica
had the highest biomass concentration and fucoxanthin content among
13 microalgal species from seven genera when grown under
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Table 1
FAs and carotenoids composition of C. cryptica under different salinity levels.

Salinity (%o)

19 22 25 28 31 34
Fatty acids (%TFAs)
C14:0 8.5 + 8.8 & 9.2+ 9.3+ 8.8 + 8.8 +
0.4 0.5 0.5 0.7 0.6 0.7
C16:0 21,1+ 202+ 21.0+ 203+ 212+ 208
1.0 1.0 0.2 0.6 0.3 +0.1
c16:1 197+ 203+ 199+ 200+ 207+ 204
0.8 0.6 0.4 0.6 0.9 +0.6
C16:2 8.1+ 7.9 + 85+ 7.7 + 7.7 + 7.8 +
0.6 0.6 0.9 0.6 0.6 0.6
C16:3 9.5+ 9.7 + 9.7 + 107+ 96+ 9.5+
0.6" 0.5 0.3 0.7% 0.7 0.9"
C18:0 0.8 + 0.8 + 0.8 + 0.8 + 0.8 + 0.8 +
0.1 0.0 0.0 0.0 0.1 0.0
c18:1 6.4 + 6.0 = 5.6 + 5.5+ 5.9 + 5.9+
0.7 0.8 0.9 0.5 0.3 0.2
C18:2 0.8 + 0.9 + 1.0+ 1.6 £ 12+ 1.1+
0.1¢ 0.1¢ 0.1 0.2° 0.2° 0.1
C20:4 1.8+ 23+ 1.4+ 1.6 + 1.4+ 1.7 +
0.3 0.3% 0.2" 0.1° 0.4 0.4
C20:5 178+ 175+ 176+ 171+ 181+ 185
0.6% 0.4%" 0.9% 0.4° 0.4%° +1.0°
C22:6 5.5 + 5.8 + 5.4 + 5.4 + 46 + 47 +
0.5° 0.3% 0.3% 0.3 0.2 0.4°
SFAs 304+ 297+ 3.0+ 303+ 308+ 304
1.1 1.3 0.5 0.6 0.9 +0.7
MUFAs 261+ 263+ 255+ 256+ 266+ 264
1.4 1.0 1.3 0.1 0.9 +0.5
PUFAs 43.6+ 440+ 435+ 441+ 426+ 432
1.0 0.3 1.6 0.7 0.7 +0.8

Carotenoids (mg g~1)

Fucoxanthin 6.5 + 6.9 + 7.3+ 6.9 + 7.2 + 7.0 +
0.9 0.5 0.4 0.6 0.3 0.6

Diadinoxanthin 0.9 + 0.7 + 1.0 £ 1.0+ 0.9 + 12+
0.0 0.1° 0.1 0.2 0.0 0.3%

Note: Values are shown as mean + SD (n = 3). TFAs, total fatty acids; SFAs,
saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, poly-
unsaturated fatty acids. Values within the same column that share a common
superscript letter indicate no significant difference, while groups denoted by
non-overlapping superscript letters are considered significantly different (p <
0.05).

heterotrophic conditions [55]. Consistent with these findings [55,561,
our results show that across all six salinity levels, C. cryptica maintained
a stable fucoxanthin content of approximately 7.0 mg g~ (Table 1 and
Supplementary Table S4), and similar stability was observed for dia-
dinoxanthin, with contents around 1.0 mg g~ ! across the same salinity
range. Interestingly, while diadinoxanthin content at 34 %o was signif-
icantly higher than at 22 %o, there was no clear trend across varying
salinity levels, and no significant differences were noted in fucoxanthin
levels among the salinity groups. Within the temperature range of
21-29 °C, neither fucoxanthin nor diadinoxanthin levels showed sig-
nificant variations (Table 2 and Supplementary Table S5). However, at
the lower temperature of 17 °C, both carotenoids experienced substan-
tial reductions, with levels approximately half those recorded at 25 °C.
This observation aligns with the known response of microalgal cells to
non-optimal temperatures, which can disrupt cellular energy equilib-
rium and lead to an overproduction of free radicals. To counteract these
effects and promote survival, cells often increase the synthesis of pig-
ments with antioxidant properties [14]. For instance, Dunaliella salina
has been shown to ramp up p-carotene production under high temper-
atures [57]. In our study, while C. cryptica cultivated at 33 °C showed the
lowest fucoxanthin levels (2.5 mg g’l), it exhibited the highest dia-
dinoxanthin levels (1.5 mg g™!), suggesting that diadinoxanthin may
play a more critical role in scavenging free radicals under thermal stress
in this species.
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Table 2
FAs and carotenoids composition of C. cryptica under different temperature
conditions.

Temperature (°C)

17 21 25 29 33
C14:0 7.2+ 9.2+ 9.2 + 8.7 + 10.0 +
0.5¢ 0.6% 0.5% 0.6" 0.2%
C16:0 19.1 + 21.3 + 21.0 + 26.0 + 34.6 +
0.54 0.7 0.2¢ 0.7° 0.8%
C16:1 19.8 + 19.3 + 19.9 + 19.0 + 15.6 +
0.5% 1.22 0.4 0.1% 0.8"
C16:2 8.6 + 8.0 + 8.5+ 6.7 + 7.0 +
0.3% 0.5% 0.9° 0.7° 0.3
C16:3 111 + 8.9+ 9.7 + 121 + 5.9 &
0.8% 0.0 0.3° 0.3% 0.9
C18:0 1.3+ 0.9 + 0.8 + 1.4 + 8.2+
0.4 0.1b¢ 0.0° 0.2" 0.2%
c18:1 4.0+ 45+ 5.6 + 5.0 + 5.8 +
0.1 0.7° 0.9% 0.9% 0.1%
C18:2 3.9+ 45+ 1.0 + 1.0 + 1.2 +
0.4° 0.3% 0.1¢ 0.3¢ 0.3¢
C20:4 1.9 + 2.4+ 1.4 + 0.6 + 0.8 +
0.2 0.1% 0.2¢ 0.14 0.14
C20:5 19.3 + 17.2 + 17.6 + 16.6 + 8.9 +
0.2° 0.6° 0.9° 0.9b 0.6°
C22:6 3.8+ 3.9+ 5.4 + 2.8 + 1.9 +
0.2 0.2 0.3° 0.2¢ 0.24
SFAs 27.6 + 31.4 + 31.0 + 36.1 + 52.7 +
0.44 0.8¢ 0.5¢ 1.3° 0.9%
MUFAs 23.8 + 23.7 + 25.5 & 24.1 + 21.5 +
0.6° 1.8° 1.3 0.9° 0.8°
PUFAs 48.6 + 44.9 + 435 + 39.8 + 25.8 +
0.2° 1.5° 1.6° 1.0° 1.5¢

Carotenoids (mg g~1)

Fucoxanthin 4.8 + 6.5 + 7.3+ 7.0 + 25+
0.7° 017 0.4 0.7% 0.5

Diadinoxanthin 0.5 + 0.9 + 1.0 + 1.1+ 1.5+
0.2¢ 0.0 0.1° 0.1° 0.2%

Note: Values are displayed as mean + SD (n = 3). TFAs, total fatty acids; SFAs,
saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, poly-
unsaturated fatty acids. Values within the same column that share a common
superscript letter indicate no significant difference, while groups denoted by
non-overlapping superscript letters are considered significantly different (p <
0.05).

3.3. Effects of salinity and temperature on the frustule properties of
C. cryptica

The silica frustules of diatoms, characterized by their intricate
patterning, large specific surface area, charged surfaces, outstanding
thermal stability, and high absorbability, have garnered significant
attention for various industrial applications, including drug delivery,
hemostatic materials, microlenses, and biosensors [58]. C. cryptica ex-
hibits a frustule structure composed of two centric valves interconnected
by multiple girdle bands, resembling a petri dish-like configuration.
Each valve consists of an external (distal) and an internal (proximal) face
(Fig. 4a and a). The proximal valve is distinguished by round, uniformly
distributed cribrum pores arranged in radial patterns and separated by
costae (Fig. 4b). Conversely, the distal valve features areolae structures
(Fig. 4b"), which include relatively large, oval or elongated foramina and
cribrum pores. Additionally, distinctive features such as rimoportulae on
the valve rim and fultoportulae, comprising a central tube traversing the
valve and three surrounding satellite pores, are prominently visible
(Fig. 4¢, d, ¢, and d'). The morphological characteristics and physico-
chemical properties of these frustules are influenced by environmental
parameters, impacting their potential effectiveness as biomaterials
[59,60]. Understanding how cultivation conditions affect frustule phe-
notypes is therefore essential for optimizing their performance in tar-
geted applications. This knowledge enables the strategic adjustment of
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Fig. 4. SEM micrographs of proximal (a) and distal valve (a'), cribrum pores (b) and foramen structure (b'), rimoportula (¢ and ¢'), fultoportulae (d and d'), as well as
valves under different salinity (e-h) and temperature (i-1) regimes. The cyan and yellow circles indicate fultoportulae and rimoportula, respectively, while the deep
cyan and yellow circles (or ellipses) indicate abnormal fultoportulae and rimoportula, respectively. The red marks in panels b and b’ indicate cribrum pores and
areolae structures, respectively. All scale bars are 1 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

growth parameters to consistently produce frustules with desired
properties, enhancing their utility in various technological domains.
Salinity and temperature are critical environmental factors that
significantly impact frustule phenotypes in diatoms, affecting charac-
teristics such as valve outline, pore size, and biosilica content [61,62].
Despite their known importance, specific impacts of these factors on the
frustules of C. cryptica have not been extensively studied. In our obser-
vations, variations in both salinity and temperature led to noticeable
changes in the morphological properties and the degree of silicification
of the valve. For example, at the extremities of the salinity range
tested—17 %o and 34 %o—valves (not all) appeared elliptical rather than
the typical round shape (Fig. 4e and f). Furthermore, at higher salinity
levels (31 %o and 34 %o), we noted valves with multiple fultoportulae and
abnormalities such as absent or redundant rimoportulae (Fig. 4f-h).

Temperature also played a significant role in modifying frustule prop-
erties. At lower temperatures (17 °C and 21 °C), there was an enhanced
degree of biosilicification, characterized by cribrum pores displaying
reduced size and increased density (Fig. 4i and j). In contrast, at higher
temperatures (29 °C and 33 °C), biosilica deposition seemed to be
compromised, as evidenced by the presence of broken or interconnected
cribrum pores (Fig. 4k and 1).

To comprehensively assess the influence of salinity and temperature
on the biosilicification process in C. cryptica, quantitative analyses were
conducted on both cellular morphologies and biosilica content.
Morphological characteristics were evaluated based on SEM micro-
graphs, focusing on multiple parameters. In the context of salinity
exposure, seven distinct morphological traits were measured: valve
diameter, diameter and quantity of central fultoportulae, number of
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costae, rimoportulae, and both the number and density of cribrum pores.
However, the examination of temperature effects was confined to four
morphological features—valve diameter, fultoportula number, costa
number, and rimoportula number. This was due to the significant vari-
ability in the biosilica deposition of C. cryptica under different temper-
atures, which rendered parameters such as fultoportula diameter,
cribrum pore number, and cribrum pore density difficult to identify
accurately. Additionally, the biosilica content was quantitatively
determined for all experimental treatments, facilitating a holistic un-
derstanding of environmental impacts on the biosilicification of
C. cryptica.

As depicted in Fig. 5a, the valve diameter of C. cryptica demonstrated
an incremental increase from 9.8 pm at a salinity of 19 %o to 12.5 pm at
34 %o, indicating a positive correlation between valve diameter and
salinity levels. While specific studies on the salinity and temperature
impacts on valve diameter in C. cryptica have not been conducted pre-
viously, analogous research on C. meneghiniana and other diatoms offers
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valuable comparative perspectives. For instance, Roubeix and Lancelot
reported significant reductions in both cell width (correlating with valve
diameter) and height in C. meneghiniana with rising salinity levels [63].
Similarly, Aizdaicher and Markina observed a marked decline in cell
height in Corethron hystrix with increased salinity, although the cell
width remained stable across a salinity range of 16-32 %o [64]. Tha-
lassiosira pseudonana displayed comparable trends, with cell height
decreasing and cell width remaining constant under heightened salinity
conditions [65]. In contrast, the present study recorded the highest valve
diameter in C. cryptica at 34 %o (approximately 12.5 pm) and the lowest
at 19 %o (approximately 9.8 um), thereby showcasing a consistent in-
crease in valve diameter with elevated salinity levels (Fig. 5a). This
divergence from the patterns observed in previous studies suggests a
distinctive frustule biogenesis response in C. cryptica to salinity varia-
tions. Additionally, the valve diameter of C. cryptica exhibited signifi-
cant variability across different temperature conditions. Within a
temperature spectrum of 17 °C to 33 °C, the valve diameter expanded
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Fig. 5. Morphological properties (a-k) and biosilica content (h) of frustule under different salinity and temperature levels. Values are shown as mean + SD (for a-k,
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from 6.2 pm at 17 °C to 10.1 pm at 25 °C, before contracting to 7.3 pm at
33 °C, thus following a quadratic response pattern (Fig. 5b and Sup-
plementary Table S6).

Fultoportulae and rimoportulae, structures intimately linked with
the secretion of chitin fibrils that facilitate cell aggregation and buoy-
ancy regulation, have been studied in several diatoms [66,67]. How-
ever, research into how environmental factors influence these structures
shows no clear, consistent pattern. For instance, Shirokawa et al.
observed an increased number of fultoportulae in C. meneghiniana when
cultured in seawater compared to freshwater [67], while Hikansson and
Chepurnov found only minor salinity-induced variations in fultoportula
numbers in the same species [68]. Another study on Thalassiosira deci-
piens reported the absence or reduction of fultoportulae and rimo-
portulae at lower salinities (15 %o and 20 %), which was not observed at
higher concentrations (25 %o and 30 %) [69]. In our current analysis, the
diameter of fultoportulae across various salinity levels remained
consistent at approximately 125.0 nm, with no significant differences
detected among the groups (Fig. 5c and Supplementary Table S6). The
greatest number of fultoportulae was noted at 31 %o, significantly sur-
passing the counts at lower salinities (19 %o and 22 %o). However, the
variation in fultoportula numbers did not present a distinct pattern with
salinity, as values at 28 %o and 34 %o resembled those at 19 %o, 22 %o, and
25 %o (Fig. 5d and Supplementary Table S6). The number of fulto-
portulae remained relatively stable across different temperature condi-
tions, fluctuating between 1.0 and 1.3 (Fig. 5e). Regarding rimoportula
numbers, a minimal count was observed at 19 %o, increasing to a peak at
34 %o, indicative of an upward trend with rising salinity (Fig. 5f). This
structure exhibited a bell-shaped pattern across temperature treatments,
diminishing at both the lower (17 °C and 21 °C) and higher (29 °C and
33 °C) temperature extremes (Fig. 5g). Moreover, the number of costae,
typically corresponding one-to-one with rimoportula, mirrored the
variation trends observed in rimoportula numbers under both salinity
and temperature conditions (Fig. 5f-i).

Cribrum pores are essential for facilitating the exchange of sub-
stances between the internal cell environment and the external milieu,
playing a pivotal role in the metabolic processes of diatoms [70].
Research indicates that the size of cribrum pores may adapt to salinity
variations to sustain a consistent diffusive flux, thus enabling diatoms to
assimilate comparable amounts of nutrients across different salinity
levels [71]. Consequently, the dimension of cribrum pores has often
been utilized as a critical metric to elucidate the impacts of environ-
mental factors on frustule biogenesis. For example, Vrieling et al.
observed a reduction in cribrum pore size in Thalassiosira punctigera and
T. weissflogii under reduced salinity conditions [72], a trend similarly
noted in other diatom species such as Cocconeis placentula and Navicula
salinarum [73,74]. 1t is generally acknowledged that cribrum pore size
increases with elevated salinity [62]. In this study, we shifted our focus
to evaluating the number and density of cribrum pores in C. cryptica
under varied salinities to derive new insights into cellular responses. As
depicted in Fig. 5j, the minimum number of cribrum pores, approxi-
mately 7666 per valve, was recorded at a salinity of 19 %o, which was
significantly lower compared to other salinities tested. The peak value of
approximately 11,196 pores per valve was observed at 22 %o, with no
notable differences among the salinity levels of 28 %o, 31 %o, and 34 %o.
Given the variation in valve diameter with salinity (Fig. 5a and Sup-
plementary Table S6), which could influence the total number of cri-
brum pores, we also calculated cribrum pore density. As shown in
Fig. 5k, the density of cribrum pores exhibited a peak of 143.8 pores per
square micron at 19 %o and a low of 91.6 pores per square micron at 34
%o, displaying an initial increase followed by a decrease across the
salinity gradient from 19 %o to 34 %.. Furthermore, while accurate
quantification of cribrum pore number and density under varying tem-
perature conditions proved challenging, SEM micrographs indicated
that higher temperatures might facilitate an increase in these parame-
ters, as evidenced in Fig. 4i-1. These findings underscore that C. cryptica
appears capable of adjusting cribrum pore density in response to
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different salinity and temperature conditions.

Biosilica content, a crucial parameter for evaluating the extent of
biosilicification, is extensively studied to elucidate the impacts of abiotic
factors on frustule biogenesis. Despite extensive research, consensus on
how various environmental factors influence biosilicification remains
elusive. For instance, Tuchman et al. reported that C. meneghiniana
exhibited reduced biosilica content at higher salinity levels [75], a
finding subsequently corroborated by Olsen and Paasche in Thalassiosira
pseudonana [76]. In contrast, McMillan and Johansen observed that
T. decipiens grown under low salinity conditions showed decreased size
and silicification compared to those in high salinity environments [69].
On the contrary, Roubeix and Lancelot found that cell silicification
remained consistent across various salinity levels [63], while Vrieling
et al. noted that T. punctigera and T. weissflogii developed denser, more
hydrated biosilica under lower salinity [72]. In this study, we measured
biosilica content relative to DCW to mitigate potential biases introduced
by variations in valve size. As demonstrated in Fig. 51 and Supplemen-
tary Table S6, the biosilica content was highest at 19 %o (approximately
47.0 mg g~! DCW) and 22 %o (around 46.0 mg g~! DCW), both signif-
icantly exceeding values at other salinity levels, which ranged from 38.3
to 41.3 mg g~ ! DCW. These findings align with those of Tuchman et al.,
Olsen and Paasche, and Vrieling et al., but differ from those of Roubeix
and Lancelot, suggesting a decline in biosilicification with increasing
salinity. Furthermore, additional studies indicate that temperatures
surpassing the thermal optimum result in diminished silica production
[44]. Consistently, the highest biosilica content in our study (64.0 mg
g~! DCW) was observed at 17 °C, while the lowest (30.3 mg g~! DCW)
occurred at 33 °C, indicating a linear decrease with rising temperatures.

3.4. Verification of transcriptional levels of silicalemma transmembrane
proteins under different salinities

To substantiate the observation that the biosilicification process in
C. cryptica diminishes with increasing salinity and temperature, we
evaluated the transcriptional levels of genes involved in frustule
biogenesis across various salinities and temperatures using RT-qPCR.
Silaffins, which are well-documented for their involvement in biosilica
deposition [77,78], have been difficult to identify in C. cryptica due to
the absence of conserved amino acid sequences across diatom species.
Consequently, our analysis included five silicalemma transmembrane
proteins, some of which—or their homologs in Thalassiosira pseudona-
na—are known to significantly influence the microstructures and bio-
silica deposition within the frustules [78-80]. These assessments were
conducted at three different time points: Days 4, 8, and 12.

Within different salinity conditions, transcriptional patterns of the
five genes were clustered into three distinct groups (Fig. 6a—e). The first
group, which includes CcSinl, CcSAP2, and CcSAP3 (Fig. 6a, d, and e),
displayed consistently reduced transcriptional levels across all three
time points as salinity increased, indicating a strong sensitivity of these
genes to salinity variations. The second group, represented by CcSin2
(Fig. 6b), showed relatively stable transcriptional levels on Days 4 and 8,
but experienced a decrease at Day 12 with increased salinity, suggesting
a role in long-term adaptation to salinity. In contrast, CcSinl, CcSAP2,
and CcSAP3 may be implicated in both immediate and prolonged
salinity responses [27]. The third group, comprised solely of CcSAPI
(Fig. 6¢), maintained stable transcriptional levels under all tested
salinity regimes at all time points, suggesting minimal influence of
salinity on its expression.

In terms of temperature impacts, dramatic fluctuations in the tran-
scriptional levels of all five genes were noted across the temperature
spectrum at all three time points (Fig. 6f-j). For instance, the tran-
scriptional level of CcSinl at 17 °C was significantly higher—4.8, 9.5,
and 26.8 times, respectively—than at 33 °C (Fig. 6f). Similarly, CcSAP2
and CcSAP3, which are highly responsive to temperature, showed more
than a 40-fold increase in transcription at 17 °C compared to 33 °C
(Fig. 6i and j). Even CcSAP1, which exhibited stable transcription under
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Fig. 6. Transcriptional abundances of genes associated with frustule biogenesis under different salinity (a—e) and temperature (f-j) levels. Values are presented as
mean + SD (n = 3); the groups at 25 %o salinity and 25 °C temperature serve as the control groups for the salinity and temperature treatments, respectively.

varying salinity levels, registered a substantial decrease in transcription
with rising temperatures (Fig. 6h). These findings underscore the critical
role that both salinity and temperature play in influencing biosilica
deposition by modulating the transcription of genes associated with
silicalemma transmembrane proteins.

4. Conclusions

This study comprehensively evaluated the effects of salinity and
temperature on C. cryptica, demonstrating that salinities ranging from
19 %o to 34 %o exert minimal influence on the growth performance and
biochemical composition of this diatom. Notably, the concentrations of
fucoxanthin and EPA were consistent across the tested salinity levels,
maintaining averages of approximately 7.0 mg g~ * of DCW and 18 % of
TFAs, respectively. Additionally, C. cryptica exhibited robust survival
across a broad temperature spectrum of 17 °C to 33 °C. However, tem-
peratures at the extremities of this range (17 °C and 33 °C) impeded
growth and induced significant alterations in macromolecular compo-
sition, FA profile, and carotenoid content. These findings underscore the
remarkable adaptability of C. cryptica to environmental fluctuations,
highlighting its potential for scaled-up cultivation in OPRs.

Furthermore, our analysis revealed that both salinity and tempera-
ture profoundly affect the biosilicification process in C. cryptica.
Enhanced biosilica deposition correlated with increasing salinity and
temperature, as supported by RT-qPCR analyses of genes associated with
frustule biogenesis. Morphological adaptations were evident in
increased valve diameter, rimoportula number, and costa number at
higher salinities, whereas biosilica content inversely correlated with
salinity. Cribrum pore density exhibited an increase from 19 %o to 25 %,
followed by a decrease up to 34 %.. Temperature impacts on bio-
silicification were marked by an initial increase and subsequent decrease
in valve diameter, rimoportula number, and costa number with rising
temperatures, while fultoportula number remained consistent across all
temperatures. Moreover, a linear decline in biosilica content was
observed with increasing temperature. Collectively, these results high-
light the intricate interplay between environmental factors and the
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physiological and biochemical responses of C. cryptica, providing valu-
able insights for its cultivation and application perspectives in biotech-
nological sectors.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.algal.2024.103751.
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