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The present study was undertaken to examine the impact of varying concentrations

of divalent zinc cation (Zn2+) on the growth, antioxidant levels, fatty acid

composition, and related gene expression in a pennate diatom, Phaeodactylum

tricornutum. As a prevalent environment contaminant, zinc is introduced into

aquatic ecosystems via agricultural and industrial processes, exerting toxic effects

on aquatic biota. P. tricornutum was exposed to gradient Zn2+ concentrations

(0.99–1000.23 mM), with growth tracked spectrophotometrically. Antioxidant

biomarkers, fatty acid profiles, and Zn-responsive gene expression were analyzed

via biochemical assays, gas chromatography, and qRT-PCR, respectively. The

results showed that appropriate concentrations of Zn2+ were essential for the

growth of P. tricornutum, but high concentrations of Zn2+ (1000.23 mM) significantly

inhibited its growth. Zinc stress also led to the production of reactive oxygen

species (ROS), which in turn triggered oxidative stress, as evidenced by changes in

antioxidant enzyme activities and lipid peroxidation levels. Furthermore, zinc stress

affected the fatty acid composition of P. tricornutum, particularly in the group

exposed to high concentrations of Zn2+. There was a notable reduction in the levels

of polyunsaturated fatty acids (PUFAs) and highly unsaturated fatty acids (HUFAs),

while the levels of saturated fatty acids (SFAs) and monounsaturated fatty acids

(MUFAs) increased. Gene expression analyses indicated alterations in the expression

of zinc transporter proteins and antioxidant-related genes, suggesting that P.

tricornutum adapts to zinc stress through the regulation of gene expression.

These findings provide new insights into the understanding of the physiological

and molecular responses of microalgae to zinc pollution and a scientific basis for

evaluating the potential impacts of zinc pollution on aquatic ecosystems and

developing bioremediation strategies.
KEYWORDS
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frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2025.1562111/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1562111/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1562111/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1562111/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1562111/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1562111/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2025.1562111&domain=pdf&date_stamp=2025-03-10
mailto:qiaohj@ldu.edu.cn
mailto:xuyingjiang2020@163.com
https://doi.org/10.3389/fmars.2025.1562111
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2025.1562111
https://www.frontiersin.org/journals/marine-science


Ma et al. 10.3389/fmars.2025.1562111
1 Introduction

As a common contaminant, zinc is released into natural waters

from livestock farming wastewater, municipal wastewater, and

various industrial effluents including those from electroplating,

electronics, and metal cleaning (Chong et al., 2000; Chan et al.,

2014; Chen et al., 2022). Generally, zinc has also been extensively

used as feeding additives to increase fishery production in

aquaculture (Shahpar and Johari, 2019). However, only partial

zinc can be metabolized by livestock, causing a large number of

residues in the excreta (Hardy et al., 1987). The element is thus

easily discharged to the water through leaching and direct runoff,

and thus spreading heavy metal contamination.

As a heavy metal, zinc exhibited various hazards on the aquatic

life. High concentrations of zinc can be toxic to aquatic organisms,

leading to impaired growth, respiratory systems, reproduction, and

survival rates in fish and invertebrates. Studies have shown that zinc

exposure can disrupt physiological functions in aquatic species.

Zinc can damage gill tissue, interfere with acid-base and ion

regulation, and result in hypoxia (Damseth et al., 2024). Zinc

exposure can also affect the growth rate and development

processes of fish, impairing their estrogenic and androgenic

functions, leading to abnormal differentiation (Paschoalini and

Bazzoli, 2021).

Zinc contamination also affects the growth and function of

aquatic plants and phytoplankton, crucial for aquatic ecosystems.

High zinc levels (2.20-3.30 mg L-1) significantly reduce the growth

rate and final yield of Synechocystis aquatilis f. aquatilis by

approximately 60% and 50%, respectively, compared to lower

concentrations (0.21 mg L-1) (do Carmo e Sá et al., 2004).

Elevated divalent zinc cation (Zn2+) levels have been shown to

decrease the variable chlorophyll fluorescence (Fv/Fm) in Chlorella

pyrenoidosa, indicating rapid PSII inactivation (Plekhanov and

Chemeris, 2003). Mallick and Mohn (2003) observed substantial

inhibition of PSII photochemistry in Scenedesmus after zinc

exposure (Mallick and Mohn, 2003). Küpper et al. (1998)

proposed that heavy metals inhibit photosynthesis by substituting

Mg2+ in chlorophyll, with related detrimental effects described in

higher plants and green algae (Küpper et al., 1998). The formation

of metal-substituted chlorophylls has also been identified in

cyanobacteria and Chlorella (De Filippis, 1979; Eckardt et al., 1992).

Elevated zinc concentrations can also cause oxidative stress by

generating reactive oxygen species (ROS) that harm cellular

components, though the exact mechanism remains unclear

(López-Millán et al., 2005). It is suggested that this stress may

disrupt metabolic processes, including the antioxidant defense

system or photosynthetic electron transport (Nable, 1988;

Cakmak, 2000). Tripathi and Gaur (2004) demonstrated that high

zinc concentrations increased lipid peroxidation and membrane

permeability while depleting sulfhydryl content in Scenedesmus

(Tripathi and Gaur, 2004). Ajitha et al. (2021) suggested a

significant decrease in protein content in green algae at elevated

zinc and mercury levels. Weckx and Clijsters (1997) also found that

toxic zinc concentrations stimulated lipoxygenase activity and lipid
Frontiers in Marine Science 02
peroxidation. Zinc may affect the marine nitrogen cycle by reducing

the growth of phytoplankton, which causes a reduced release of

amino acids and alters the types of released algae-derived amino

acids (Huang et al., 2019). Additionally, zinc can inhibit

photosynthetic electron transport, generating harmful oxygen

species like O·�
2 and H2O2 (Kappus, 1985). Weckx and Clijsters

(1997) observed elevated H2O2 levels in Phaseolus vulgaris 172

hours after zinc treatment.

This study focuses on the commonly found pennate diatom

Phaeodactylum tricornutum in coastal marine environments, aiming

to elucidate the effects of varying concentrations of Zn2+ on its growth,

antioxidant levels, fatty acid composition and related expression of key

genes. The findings of this study are intended to provide valuable

insights into the impact of Zn2+ concentrations in seawater on the

growth and metabolic processes of marine phytoplankton.
2 Materials and methods

2.1 Cell cultures and chemical treatments

The axenic P. tricornutum CCMP2561 was obtained from the

Laboratory of Applied Microalgae Biology, Ocean University of

China. Cells were cultivated in f/2 medium (Guillard and Ryther,

1962), and shaken at 22 ± 1°C and 100 rpm under illumination

from LED lamps with an irradiance of 100 µmol m-2 s-1 on a 14: 10

h light: dark photoperiod. The late-logarithmic growth phase

cultures were used as inoculums, which were centrifuged at 4000

g for 5 min and resuspended into the fresh medium. Final serial

concentrations (0.99, 7.88, 70.88, 1000.23 mM) of Zn2+ (the zinc salt

is ZnCl2) were then added to P. tricornutum cultures. The P.

tricornutum cultures were harvested at the logarithmic growth

phase to compare growth, antioxidant activity, zinc-related gene

expression and fatty acid composition. All treatments were carried

out in triplicate. Cultures were sampled every day. Cell growth was

determined using optical density (OD) readings at 750 nm with a

UV-2010 (Hitachi, Japan) spectrophotometer in a 1 cm-light-

path cuvette.
2.2 Antioxidant assays

Generally, 50 mL cultures were collected, centrifuged, and

washed 2 times with phosphate buffered saline buffer (PBS, 50

mMNa2HPO4 and 50 mM NaH2PO4 at pH 7.4) at 4000 g for 10

min. Cell pellets were then homogenized in 1mL PBS and then

centrifuged at 3000 g, 4 °C for 10 min. The supernatant was collected

for superoxide dismutase (SOD) activity, malondialdehyde (MDA)

content and reduced glutathione (GSH) content analysis using the

commercial kits (Nanjing Jiancheng Bioengineering Co. Ltd, Nanjing,

PR China) according to the manufacturer’s instructions. Protein

concentration in the supernatant was measured by the Bradford

assay (Bradford, 1976) to normalize the enzyme activity (U/mg prot)

or chemical content (nmol/mg prot or mg/g prot).
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2.3 Extraction and analysis of fatty acids

We analyzed the fatty acid composition as described in our

previous publication (Qiao et al., 2015). On the seventh day of algal

cell growth, around 0.1-0.5 g of algal cells were gathered by centrifuging

in a screw-capped test tube measuring 12 cm × 1.5 cm. Five hundred

microliter of toluene with the internal standard (0.1 mg glyceryl

triheptadecanoate) and 1 mL of 0.5 M NaOH methanol solution

were gradually added. After vortexing and mixing, the mixture was

placed in a water bath at 80°C for 20 min, with constant shaking. Once

cooled to room temperature, add 1 mL of 10:100 (v/v) acetyl chloride

in anhydrous methanol and repeat the above warm bath step. After

cooling the mixture to room temperature for 5 min, add 1 mL of 6%

K2CO3 and 400 mL of n-hexane, vortex and mix well, and the

supernatant was separated by centrifuging at 4000 g for 1 min, with

the upper layer being collected. The resulting fatty acid methyl esters

were then subjected to analysis via gas chromatography (GC-1949;

Panna, Changzhou, China) equipped with a fused silica capillary

column (Supelco SP-2560: 100 m × 0.25 mm, film thickness 0.20

µm; Bellefonte, PA, USA). The heater was kept at 260°C using nitrogen

as the carrier gas, while the column temperature increased from 140 to

260°C at a rate of 10°C per min. Fatty acids were identified by

correlating the relative retention times with those of the reference

standards (Merck, Rahway, NJ, USA).
2.4 RNA extraction and quantitative real-
time PCR

Each treatment group collected 250 mL of algal culture, which

was centrifuged at 12,000 g for 10 min at 4°C to obtain the pellet. The

pellet was then frozen in liquid nitrogen and stored at -80°C. Total

RNA was extracted using the Trizol method, and reverse

transcription was performed using the PrimeScript RT Reagent Kit

(including gDNA Eraser, TaKaRa Biotech Co., Dalian, China) to

synthesize single-stranded cDNA. qRT-PCR was conducted using the

cDNA templates generated from the reverse transcription reaction

and 14 pairs of specific primers (see Table 1). The products were

detected using the StepOnePlus™ Real-Time PCR System (Thermo,

USA). Some primers were sourced from literatures (Zhang et al.,

2020), while the remaining primers (pFAD6、PTD4、PTD5a、

PTD5b and PTD6) were designed using Primer Premier 5.0

software. The 18S rDNA gene was used as the internal control (Du

et al., 2019). Primer efficiencies were validated via standard curves

and data were processed using the 2-DDCt method.
2.5 Statistical analysis

Statistical evaluations were conducted utilizing one-way

analysis of variance (ANOVA), followed by Duncan’s post hoc

test, to assess differences among groups. Before applying

ANOVA, we assessed homogeneity of variances through Levene’s

test. Each experiment was conducted in triplicate. Results are

expressed as mean ± standard deviation (SD), with statistical

significance established at P < 0.05.
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3 Results and discussion

3.1 Effects of Zn2+ on the growth of
P. tricornutum

Within 24 hours after inoculation, no significant differences were

observed among groups (Figure 1). After this period, while the

growth of P. tricornutum was significantly inhibited at a

concentration of 1000.23 mM (Zn4), the growth trends in the other

two treatment groups at varying Zn2+ concentrations were similar to

that of the Zn1 group. Specifically, the growth of Zn3 group (70.88

mM) exhibited slight inhibition compared to the Zn1 group.

Zinc is an essential micronutrient for many enzymatic and

metabolic processes in algae. Within the range of Zn2+

concentrations from 0.99 to 70.88 mM, P. tricornutum is capable

of normal growth. Huang et al. (2022) also reported that P.

tricornutum can tolerate Zn2+ at a concentration of 60 mM
without any adverse effects on growth. However, excessive

concentrations of Zn2+ can be toxic, leading to inhibited growth,

as seen in the Zn4 group. The slight inhibition observed in the Zn3

group might be attributed to the Zn2+ concentration approaching

the threshold of toxicity for this species and affecting essential

physiological processes such as photosynthesis or enzyme activities,

which are crucial for growth. Excessive Zn2+ displaces Mg2+ in

chlorophyll and Rubisco carboxylase, impairing light capture and

carbon fixation efficiency, ultimately inhibiting photosynthesis

(Nowicka, 2022). The significant inhibition at 1000.23 mM could

be due to the disruption of cellular homeostasis, leading to oxidative

stress and damage to cellular components. This is in line with

findings that high concentration of Zn2+ can induce the production

of ROS, which can cause oxidative damage to lipids, proteins, and

DNA (DalCorso, 2012; Hamed et al., 2017; Ajitha et al., 2021). To

further elucidate the disruption of cellular homeostasis caused by

ROS, we assessed the antioxidant levels of P. tricornutum under

varying Zn2+ concentrations.
3.2 Effects of Zn2+ on antioxidant activity
of P. tricornutum

As illustrated in Figure 2a, by the 7th day of the experiment, MDA

content in P. tricornutum cells showed a trend of initial increase

followed by a decrease with rising Zn2+ concentrations. In particular,

the MDA content in the Zn2 and Zn3 treatment groups increased to

varying degrees compared to the Zn1 group. Conversely, the MDA

content in the Zn4 group was significantly lower than that in the Zn3

group (P < 0.05). The superoxide dismutase (SOD) enzyme activity

increased with increasing Zn2+ concentration (Figure 2b), with the Zn4

group exhibiting the highest enzyme activity. Additionally, as depicted

in Figure 2c, GSH content exhibited a similar trend to that of MDA

content. Notably, the GSH content of the Zn3 group was higher than

those of the other treatment groups.

MDA serves as a biomarker for lipid peroxidation, reflecting the

extent of cellular damage induced by ROS (Niki, 2008). There was a

tendency for the MDA content to increase in the Zn2 and Zn3 treated

groups compared to the Zn1 group, indicating that these
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concentrations induced cellular oxidative stress. Furthermore, the

decrease in MDA content in Zn4 group, despite the high Zn2+

concentration, could be attributed to the downregulation of fatty

acid-related genes, such as PFAD6 and PTD4 (Figure 3). This

downregulation may reduce the availability of polyunsaturated fatty

acids (PUFAs), which are more prone to lipid peroxidation (Table 2).

Consequently, the reduction in TFAC and the downregulation of fatty

acid desaturase genes may collectively contribute to the observed

decrease in MDA levels. This suggests that P. tricornutum may

adjust its fatty acid metabolism to mitigate oxidative stress under

high Zn2+ conditions. Moreover, the trend of SOD enzyme activity
Frontiers in Marine Science 04
increasing with Zn2+ concentration reinforces the notion of a complex

response to oxidative stress. The highest SOD activity in the Zn4 group

indicates that the cells attempted to mitigate the effects of high ROS

levels. GSH serves as a critical antioxidant by scavenging ROS,

stabilizing thiol-containing enzymes, and participating in the

regeneration of reduced vitamin E, thereby reflecting the organism’s

capacity to combat oxidative stress (Averill-Bates, 2023). The observed

changes in GSH content and MDA levels suggest a relationship

between oxidative stress and antioxidant defense mechanisms. The

increased GSH content in the Zn3 group suggests an adaptive response

to moderate zinc-induced oxidative stress.
TABLE 1 Sequences of primer pairs used in the real-time quantitative PCR.

Gene ID Gene Name Abbreviation primers

PHATRDRAFT_22658 18S rDNA gene 18S rDNA F: AGTTCCGACACAGCCAACAG

R: TTCAAACGGGTCCGCGGA

Phatr3_J22166 Zinc transporter zupT ZUPT F: CTGCAGAGGAATGCGGTACT

R: TCCTCGTGGTCCGATACACT

Phatr3_Jdraft1654 two-pore calcium channel TPC1A F: CGACGAATTGCGTCCATGTC

R: TTATCGACTCCTTCGCGCTC

Phatr3_J43314 vacuolar iron transporter 1 VIT F: GTTGTGGATCACGAGCAACG

R: ACCAACAACAACGTCAGGGT

Phatr3_J21548 ATP-binding cassette transporter ABCT F: CCATCTTGGCCTTGTACGGT

R: GTTGCCGACTTGGGAAACAC

Phatr3_J27240 gamma glutamylcysteine synthetase g-ECS F: GGCGTCGAAGAAGTGGATGA

R: TGAGCGTGACCTTATCGCAG

Phatr3_J22357 glutamine synthase GS F: CATGGTCAACACGGTCCTCA

R: AGTCCGCGTTCAGTCAACAT

Phatr3_J9478 phytochelatin synthase PCS F: AGCTATGCAACCTGTGGACC

R: ATCGCGACGAATGGGATTCT

Phatr3_EG02342 P1B, P type ATPase HMA2 F:AAACGCCAGAGAGAGGAAGC

R: GCGGCATTGTCAGAGAGAGT

PHATRDRAFT_50443 The Delta6 Fatty Acid Desaturase pFAD6 F: GTATGATCTCTCCGGCTGGC

R: CATAGCGCGTCCTTTTTCGG

PHATRDRAFT_22510 The Delta4 Fatty Acid Desaturase PTD4 F: TCCACACGTATGTATCGCGG

R: CTGCGAAGTGAAGGGATGGT

Phatr3_J46830 The Delta5 Fatty Acid Desaturase PTD5a F: GTTCTTCCGTGCGTTTTGC

R: TGGTGTAAGCGTGGTGGGT

Phatr3_J22459 The Delta5 Fatty Acid Desaturase PTD5b F: GCACCGTGGGTTACTTCTT

R: ATTTACAGCCACCAATGAGAT

Phatr3_J29488 The Delta6 Fatty Acid Desaturase PTD6 F: GGCAGGAAGTCAAGACCCAC

R: GCAGCAATTCGCCAATGTAG
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3.3 The change of fatty acid profiles

Analysis of fatty acid composition on the seventh day of

cultivation identified the main fatty acids across treatments as

C14: 0 (5.29% to 6.64%), C16: 0 (10.83% to 16.11%), C16: 1n-7

(17.19% to 19.74%), and C20: 5n-3 (13.25% to 26.88%) (Table 2).

Total fatty acid content (TFAC) exhibited a gradual decrease with

increasing Zn2+ concentration, with the Zn3 and Zn4 groups

showing a significant decrease compared to the Zn1 group (P <

0.05). The saturated fatty acid (SFA) and monounsaturated fatty

acid (MUFA) contents of the Zn4-treated group were significantly

increased, whereas polyunsaturated fatty acid (PUFA) and highly

unsaturated fatty acid (HUFA) were significantly decreased (P <

0.05). The DHA to EPA ratio in the Zn4 group also significantly

increased relative to the other groups (P < 0.05). As the

concentration of Zn2+ increases, the TFAC shows a gradually

declining trend, with those in the Zn3 and Zn4 groups being

significantly lower than that in the Zn1 group (P < 0.05).

Alterations in fatty acid profiles under different Zn2+

concentrations are potentially linked to the cellular response to

oxidative stress. Oxidative stress can modify membrane fatty acid
Frontiers in Marine Science 05
composition to maintain appropriate cell membrane fluidity and

ensure normal membrane physiological functions. Akladious and

Mohamed (2017) used sunflower as a study material and found that

Zn stress significantly altered the fatty acid composition in

sunflower leaves. Singh et al. (2002) and others explored the

changes in lipid and fatty acid profiles in cyanobacteria under

stress conditions. In the present study, the total fatty acid content

(TFAC) exhibited a gradual decline with increasing Zn2+

concentration, especially in the Zn4 group, showing a significant

decrease compared to the Zn1 group. In addition, SFA and MUFA

significantly increased and PUFA and HUFA contents significantly

decreased in the Zn4 group compared with the other groups, which

may be related to the impact of zinc stress on the structure and

function of cell membranes. The DHA/EPA ratio was calculated as

the ratio of DHA to EPA content, and the DHA/EPA ratio

increased by 7.7-fold in Zn4 compared to Zn1 (Table 2), which

may indicate alterations in the activities of fatty acid desaturases

under different Zn2+ concentrations, thereby affecting both the

synthesis and desaturation processes of fatty acids (Coughlan

et al., 2022).
3.4 Expression of fatty acid synthesis-
related genes

Figure 3 shows the expression levels of five fatty acid desaturase

genes under different Zn2+ concentrations. These genes include

PFAD6, PTD4, PTD5a, PTD5b, and PTD6, which play crucial roles

in fatty acid metabolism. PFAD6 is involved in the conversion of

C16:2n-4 to C16:3n-4, increasing the unsaturation of fatty acids.

PTD4 and PTD5a/b are involved in the elongation and desaturation

of fatty acids, leading to the production of eicosapentaenoic acid

(EPA) and docosahexaenoic acid (DHA). PTD6 is also involved in

the desaturation process. Under the zinc stress, the relative

expression levels of five fatty acid desaturase genes showed a

trend of first increasing and then decreasing (P < 0.05). Among

them, PFAD6 and PTD4 genes had the highest expression levels

under the concentration of Zn2. The expression of PFAD6 gene was

the lowest at the Zn2+ concentration of Zn4, which was significantly
FIGURE 2

Effects of different Zn2+ concentrations on expression of zinc-related genes. The effect of different Zn2+ concentrations on the activities of (a) MDA
content, (b) SOD enzymes, and (c) GSH content. The different letters indicate that there was signifcant diference between different treatment groups.
FIGURE 1

Effect of different Zn2+ concentrations on the OD750 of
P. tricornutum.
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lower than that of the Zn1 group. The expression of PTD4 gene

under the concentration of Zn4 was also significantly lower than

those of the Zn2 and Zn3 groups (P < 0.05); However, there was no

significant difference compared to the Zn1 group (P > 0.05). The

Zn2+ concentration of Zn3 can significantly increase the expression

of PTD5a, PTD5b and PTD6. However, the expression of all three

genes reached the lowest level at the Zn4 group, which was

significantly lower than that of the Zn1 group. This is consistent

with the trend in fatty acid composition, where a reduction in

desaturase expression led to a decrease in unsaturated fatty acid

content in the Zn4 group.

Fatty acid desaturases play critical roles in the regulation of cell

membrane lipid composition and the adaptation to environmental

stresses (Xiao et al., 2022). In the present study, P. tricornutummay

adapt to oxidative stress by regulating these genes, and thereby

change its fatty acid desaturation capacity to maintain membrane

fluidity and stability (Goodarzi et al., 2020). Domergue et al. (2002)

demonstrated that PTD5 can adapt to a variety of substrates and

efficiently carry out desaturation reactions to synthesize EPA

through pulse experiments. The most well-known one is the

desaturation of C20: 4n-3 to produce EPA (Smith et al., 2021). In
Frontiers in Marine Science 06
the present study, a marked downregulation of PTD5a and PTD5b

expression was observed in the Zn4 group (Figure 3), which

corresponded with a significant reduction in the relative content

of EPA. Consequently, this led to an increased DHA/EPA ratio

(Table 2). A small amount of DHA can be synthesized in P.

tricornutum. PTD4 primarily collaborates with certain elongases

to elongate and desaturate ARA (C20: 4n-6) and EPA, resulting in

the production of DPA (C22: 5n-3) and DHA (C22: 6n-3) (Dolch

and Maréchal, 2015; Shanab et al., 2018). Corresponding to

alterations in fatty acid content, the expression of PTD4 was

significantly downregulated in the Zn4 treatment group

(Figure 3), which was associated with a notable reduction in DPA

and DHA levels compared to the control group. This reduction

subsequently led to a decrease in the content of HUFAs (Table 2).

PFAD6 is predominantly localized on the inner membrane of

chloroplasts and belongs to the prokaryotic pathway of fatty acid

metabolism. This enzyme primarily facilitates the conversion of

C16: 2n-4 to C16: 3n-4, thereby increasing the unsaturation of fatty

acids, which is crucial for preserving chloroplast membrane fluidity

(Dolch and Maréchal, 2015; Zhu et al., 2018). Notably, PFAD6 (a

chloroplast-localized desaturase) exhibited peak expression at Zn2
TABLE 2 The fatty acid profiles (% of total fatty acids) and total fatty acid content (TFAC, mg g-1) of P. tricornutum cells under different Zn2+

concentrations on day 7.

Fatty acid
Groups

Zn1 Zn2 Zn3 Zn4

C14:0 6.63 ± 0.21a 6.6 ± 0.13a 6.42 ± 0.14a 5.29 ± 0.26b

C14:1 0.86 ± 0.26a 0.9 ± 0.23a 0.73 ± 0.26a 1.68 ± 0.55b

C16:0 10.83 ± 0.58a 11.19 ± 0.54a 11.02 ± 0.19a 16.11 ± 1.91b

C16:1n-7 17.46 ± 0.51a 17.19 ± 0.64a 17.36 ± 0.05a 19.74 ± 1.92b

C18:0 0.95 ± 0.16a 1.15 ± 0.42a 1.16 ± 0.21a 2.80 ± 0.67b

C18:1n-9 0.71 ± 0.04a 0.76 ± 0.06a 1.09 ± 0.30a 3.94 ± 0.46b

C18:2n-6 1.97 ± 0.21 1.87 ± 0.14 1.81 ± 0.01 –

C18:3n-6 0.60 ± 0.06 0.66 ± 0.06 0.64 ± 0.09 –

C18:4n-3 0.35 ± 0.03 0.35 ± 0.04 0.32 ± 0.06 –

C20:4n-6 0.91 ± 0.14 1.06 ± 0.02 1.21 ± 0.12 –

C20:5n-3 26.88 ± 0.83a 25.93 ± 1.25a 26.38 ± 1.06a 13.25 ± 0.53b

C22:0 0.24 ± 0.01 0.14 ± 0.12 0.21 ± 0.02 –

C24:0 1.35 ± 0.13 1.34 ± 0.1 1.40 ± 0.09 1.52 ± 0.29

C22:6n-3 0.75 ± 0.06a 0.64 ± 0.09a 0.62 ± 0.06a 3.36 ± 0.66b

nd 29.52 ± 0.79 30.21 ± 1.12 29.62 ± 1.15 32.31 ± 4.96

SFAs 20.01 ± 0.60a 20.42 ± 0.77a 20.21 ± 0.27a 25.73 ± 2.58b

MUFAs 19.02 ± 0.40a 18.86 ± 0.56a 19.18 ± 0.25a 25.36 ± 1.82b

PUFAs 31.45 ± 0.50a 30.51 ± 1.22a 30.98 ± 1.19a 16.6 ± 0.71b

HUFAs 28.53 ± 0.70a 27.64 ± 1.17a 28.21 ± 1.12a 16.6 ± 0.71b

DHA/EPA 0.26 ± 0.21%a 0.23 ± 0.43%a 0.22 ± 0.26%a 0.20 ± 3.50%b

TFAC 124.13 ± 9.54a 105.99 ± 12.58ab 79.5 ± 4.62b 72.01 ± 0.71b
1Values (mean ± SD of three replicate) within the same row with different letters are significantly different (P < 0.05).
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(70.88 mM), followed by a sharp decline at higher concentrations

(Figure 3). This sensitivity suggests that chloroplast membrane

fluidity is preferentially compromised under zinc stress,

potentially explaining the growth inhibition observed in Zn3

(Figure 1). In summary, the changes in fatty acid desaturase and

fatty acid composition were consistent, and zinc stress led to

changes in fatty acid desaturase and fatty acid composition, which

may be one of the strategies of P. tricornutum to adapt to zinc stress.
3.5 Expression of zinc-related genes

To further elucidate the effects of Zn2+ concentration on the

P. tricornutum cells, we assessed the expression of genes related to

Zn2+ transport, chelation, and excretion. Generally, Zn2+ was

transported into cell by the transmembrane zinc transporter

(ZUPT) and two-pore calcium channel (TPC1A) (Grass et al.,

2002; Zhang et al., 2020). ZUPT was significantly upregulated at

Zn3 group (P < 0.05), which suggested enhanced Zn2+ uptake at this

concentration (Figure 4). However, TPC1A exhibited a significant

decrease in the Zn4 group, indicating that high concentrations of

Zn2+ downregulated calcium ion channels to reduce cellular uptake
Frontiers in Marine Science 07
of Zn2+. The genes of gamma glutamylcysteine synthetase (g-ECS),
glutathione synthase (GS), and phytochelatin synthase (PCs) play

an important role in heavy metal tolerance and detoxification by

synthesizing glutathione and phytochelatin (Ducruix et al., 2006;

Kumar et al., 2016). These genes underwent a trend of first

increasing and then decreasing, with GS and PCs significantly

decreasing in the Zn4 group (P < 0.05). Phytochelatins often

chelate heavy metal ions in the vacuole, so the expression levels

of vacuolar iron transporter (VIT) and ATP-binding cassette

transporter (ABCT) responsible for the transport of Zn2+ from

the cytoplasm to the vacuole were assessed (Salt et al., 2008;

Labarbuta et al., 2017). The expression of the ABCT gene showed

no significant differences among all groups (P > 0.05), while the VIT

gene was significantly upregulated in the Zn3 group (P < 0.05),

increasing nearly 4.8 times compared to the Zn1 group. Free Zn2+ in

the cytoplasm can be exported from the cell through P1B-type

ATPase transporters (HMA2) (Kushwaha et al., 2018; Li et al.,

2022). We observed that HMA2 also underwent a trend of first

increasing and then decreasing, with the Zn3 group significantly

higher than the other groups (P < 0.05).

From the above results, it can be speculated that the expression

levels of ZUPT and TPC1A genes gradually increase with increasing
FIGURE 4

Effects of different Zn2+ concentrations on expression of zinc-related genes. The different letters indicate that there was signifcant diference
between different treatment groups.
FIGURE 3

Effects of different Zn2+ concentrations on expression of fatty acid desaturases. The different letters indicate that there was signifcant diference
between different treatment groups.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1562111
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ma et al. 10.3389/fmars.2025.1562111
Zn2+ concentration to enhance zinc uptake (Figure 4), but the

uptake channel is downregulated when the concentration of Zn2+

exceeds the cell’s tolerance level. With the increase in Zn2+ intake,

the cells also activate their antioxidant system to counteract the

oxidative stress caused by Zn2+, as mainly reflected in the rising

trends of SOD and GSH (Figures 2b, c), as well as the high

expression of GS and PCs (Figure 4). The increase in GSH is

beneficial for promoting the function of PCs, which is consistent

with previous reports (Leitenmaier and Küpper, 2013; Kushwaha

et al., 2018). Meanwhile, the detoxification effect of vacuoles on

heavy metals has also been enhanced, with extremely high levels of

VIT gene expression (Figure 4). Studies have shown that plants

regulate the accumulation and sequestration of heavy metals

through transport proteins in the vacuole, thereby reducing their

toxicity (Jogawat et al., 2021). The high expression of the VIT gene

involved in the transport and storage mechanisms of metals is

closely associated with heavy metal tolerance (Thapa et al., 2012).

As another transport protein on the vacuole, ABCT shows a non-

linear relationship with Zn2+ concentration, indicating that this

gene may not be involved in the transport of Zn2+. While

detoxifying in the vacuole, the cells also activate Zn2+ efflux on

the plasma membrane, as indicated by the high expression of

HMA2, which is consistent with previous reports (Zhang et al.,

2020) (Figure 4).
4 Conclusion

Our study demonstrated that appropriate Zn2+ concentrations

promote the growth and production of antioxidant activities in P.

tricornutum, whereas Zn2+ concentrations that reach a threshold

inhibit algal growth and lead to oxidative stress. To counteract this

oxidative stress, P. tricornutum cells increased the expression of

antioxidant enzymes, enhanced heavy metal detoxification,

upregulated the expression of fatty acid desaturases, and altered

fatty acid composition to improve membrane fluidity. In

conclusion, this study elucidates the response of P. tricornutum to

different Zn2+ concentrations, emphasizing the critical need for

monitoring and managing Zn2+ concentrations in aquatic

environments. However, the study’s focus on short-term

responses to of P. tricornutum zinc stress highlights the need for

future research to explore long-term adaptation mechanisms and

the responses of other phytoplankton species. Such studies will

provide a more comprehensive understanding of the impacts of zinc

pollution on diverse aquatic communities and enhance the

applicability of the findings to broader ecosystems.
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