
 
 

 

 
 

Lincomycin-induced transcriptional alterations in the green alga raphidocelis subcapitata

Zhang, Qiang; Bai, Yi; Chen, Zhi; Mo, Jiezhang; Tian, Yulu; Guo, Jiahua

Published in:
Applied Sciences (Switzerland)

Published: 01/12/2020

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.3390/app10238565

Publication details:
Zhang, Q., Bai, Y., Chen, Z., Mo, J., Tian, Y., & Guo, J. (2020). Lincomycin-induced transcriptional alterations in
the green alga raphidocelis subcapitata. Applied Sciences (Switzerland), 10(23), [8565].
https://doi.org/10.3390/app10238565

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/lincomycininduced-transcriptional-alterations-in-the-green-alga-raphidocelis-subcapitata(04baeda2-a935-4ac5-9a45-eb7ffa803866).html
https://doi.org/10.3390/app10238565
https://scholars.cityu.edu.hk/en/persons/jiezhang-mo(5dc6d56d-057b-4243-b883-4132690ac16f).html
https://scholars.cityu.edu.hk/en/publications/lincomycininduced-transcriptional-alterations-in-the-green-alga-raphidocelis-subcapitata(04baeda2-a935-4ac5-9a45-eb7ffa803866).html
https://scholars.cityu.edu.hk/en/publications/lincomycininduced-transcriptional-alterations-in-the-green-alga-raphidocelis-subcapitata(04baeda2-a935-4ac5-9a45-eb7ffa803866).html
https://scholars.cityu.edu.hk/en/journals/applied-sciences-switzerland(177a6bac-fb69-482b-857a-904787385d4c)/publications.html
https://doi.org/10.3390/app10238565


applied  
sciences

Article

Lincomycin-Induced Transcriptional Alterations in
the Green Alga Raphidocelis subcapitata

Qiang Zhang 1, Yi Bai 1, Zhi Chen 2, Jiezhang Mo 3, Yulu Tian 1 and Jiahua Guo 1,*
1 Shaanxi Key Laboratory of Earth Surface System and Environmental Carrying Capacity, College of Urban

and Environmental Sciences, Northwest University, Xi’an 710127, China; zhang-qiang@nwu.edu.cn (Q.Z.);
yibai2226@gmail.com (Y.B.); tianyulu@nwu.edu.cn (Y.T.)

2 Department of Building, Civil and Environmental Engineering, Concordia University,
Montreal, QC H3G 1M8, Canada; zhichen@bcee.concordia.ca

3 Department of Chemistry, City University of Hong Kong, Kowloon, Hong Kong 518057, China;
jiezmo2-c@my.cityu.edu.hk

* Correspondence: jiahua_guo@nwu.edu.cn; Tel.: +86-18992338259

Received: 8 November 2020; Accepted: 27 November 2020; Published: 30 November 2020 ����������
�������

Abstract: Lincomycin (LIN), as a waterborne contaminant, may pose a threat to algal health and may
affect the provision of ecosystem services. In addition, the molecular mechanisms of lincomycin in algae
are still unknown. Here, we attempted to use the transcriptome analysis to elucidate for the first time
the potential impact of LIN at an environmentally relevant concentration on the algal growth, and verify
the hypothesis that lincomycin can disrupt algal protein synthesis by combining with its subunits
of ribosome at high-LIN level. In this study, 7-day growth inhibition tests and RNA-seq sequencing
were conducted in Raphidocelis subcapitata (R. subcapitata) in response to a LIN at the concentrations of
0.5 µg L−1 (low), 5 µg L−1 (medium), and 400 µg L−1 (high) treatment groups. A negligible influence on
algal growth and merely 21 (21 up- and 0 downregulated) differentially expressed genes (DEGs) was
observed at low concentration of LIN, and medium groups showed a 13.4% inhibition and 92 (64 up-
and 48 downregulated) DEGs, while high-LIN dosing caused 65.4% reduction in algal growth and 2514
(663 up- and 1851 downregulated) DEGs. In 0.5 and 5 µg L−1 groups, LIN upregulated the genes in the
process of photosynthesis consisting of photosynthesis-antenna proteins, and porphyrin and chlorophyll
metabolism pathways, suggesting that photosynthesis at low LIN exposure was more sensitive than algal
growth. Whereas DEGs in the 400 µg L−1 group were mostly enriched in carbohydrate, carbon fixation
in photosynthetic organisms, and nucleotide metabolism pathways. Furthermore, genes involved in
detoxification processes were nearly downregulated in high-LIN group. In addition, genes encoding
the antioxidant enzymes in the peroxisome pathway such as superoxide dismutase (sod2), peroxin-2
(pex2), 2,4-dienoyl-CoA reductase ((3E)-enoyl-CoA-producing) (decr2) were upregulated, which are
responsible for deleting extra intracellular reactive oxygen species (ROS) caused by LIN to protect algal
health, suggesting the occurrence of oxidative stress. Taken together, this is the first meticulous study
unraveling the molecular mechanism of antibiotics in algae.

Keywords: RNA-seq; antioxidant system; detoxification; carbon fixation; growth inhibition

1. Introduction

Nowadays, the potential impact of antibiotics on the environment is an important topic of
discussion and research, owing to their widespread use and slow degradation rate [1]. Lincomycin
(LIN) is a commonly used antibiotic by pig and chicken farms. In 2013, the annual consumption was
estimated to be 7000 tons in China [2]. LIN is not fully metabolized by animals and the majority is
excreted through urine and feces, and therefore pass into the environment. Moreover, LIN is stable in
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the aquatic system, and has a half-life time up to 15 days and even 2033 days in certain conditions [3,4].
In line with this, a substantial amount of LIN has been measured in surface waters within the level of
175 to 1413 ng L−1 and was deemed a priority compound based on its ecological risk to algae [5–7].

In most aquatic systems, algae form the bases of food webs and are directly involved in nutrient
cycling in the aquatic environment. To conserve their ecosystem services, certain algae have been served
as model experimental organisms in toxicological risk assessments [7,8]. In particular, the freshwater
green alga Raphidocelis subcapitata (R. subcapitata) is commonly employed to assess the chemical risk,
owing to its global distribution, easy cultivation, and high sensitivity towards chemical exposure,
establishing an excellent ecotoxicological dataset [9]. However, the majority of the ecotoxicity data are
confined to EC50 levels on account of algal growth. Besides, the realistic exposure level of chemicals
was far below the acute toxicity test concentrations, approximately 1–6 orders of magnitude lower [10].
Therefore, it is crucial to move to chronic testing using environmentally relevant concentrations,
focusing on alteration at the genomic level [11]. LIN can disrupt the protein synthesis in bacteria
by combining with the 50 S subunits of ribosomes and restrain the peptide linkage formation in
transcription [12]. However, the chloroplast of plants represented a high homology with bacteria [13].
On this basis, it is inferred that LIN may inhibit the photosynthesis of photosynthetic organisms by
disturbing the process of transcription and translation in their chloroplasts [14]. The responses of
bacteria to LIN or macrolides with similar modes of action were demonstrated by estimating the
physicochemical parameters. For example, the total photosynthesis rate of Desmodesmus subspicatus
was detected to reduce 0.12 units after exposure to LIN for 4 days at 0.4 mg L−1 [15]. Moreover,
roxithromycin (ROX) can inhibit fatty acid synthesis to refrain the algae growth by Fourier transform
infrared spectroscopy [16]. Extra ROS is likely to produce in algal cells at antibiotics exposure
(e.g., roxithromycin and clarithromycin) [17–19]. However, the toxic molecular mechanism in green
algae R. subcapitata remains largely unknown.

The transcriptomic analysis by next-generation sequence (NGS) can facilitate the identification of
molecular-level changes that underlie responses to chemical stressors [20]. This technique has been used
to detected algal responses to environmental pollutants (e.g., nonylphenol and erythromycin) [10,21].
For instance, transcriptome analysis demonstrated that carbon fixation in photosynthesis, photosynthesis,
fatty acid synthesis, and other pathways were changed at 0.09 mg L−1 ROX dosing groups in R.
subcapitata [9]. However, there is still a lack of transcriptome studies on the antibiotic lincomycin (LIN)
to algae.

In this study, a 7-day growth inhibition test was performed to examine the effects of LIN on alga
R. subcapitata, consisting of the three concentrations of 0 µg L−1 (control), 0.5 µg L−1 (low), 5 µg L−1

(medium), and 400 µg L−1 (high), and followed by performing the transcriptomic analysis. It was
hypothesized that high LIN exposure may disturb the pathways of the carbon fixation process in
photosynthetic organisms, such as photosynthesis and the fatty acid pathway. The goals of this
research were (1) to evaluate whether LIN at the environmental concentration levels affects the health
of R. subcapitata and (2) to clarify the potential molecular mechanism of action of LIN inhibiting the
algal growth, and further test whether this mode of action is the same as in bacteria.

2. Materials and Methods

2.1. Algal Cultivation Conditions

The Blue-Green (BG11) medium (pH = 7.1 ± 0.02) was prepared according to the principles of
OECD 201 guideline [8]. Algae in 150 mL of medium were cultivated in 250 mL flasks in triplicate.
Flasks and BG11 medium were autoclaved at 121 ◦C for 30 min for sterilization, and the inoculation
concentration was adjusted to 1.0 × 104 cells mL−1 with the help of a hemocytometer. All flasks were
covered with cotton plugs, and muslins were placed in the culture chamber under illuminance of
5500 for 24 h at a controlled cultivation temperature of 22 ± 2 ◦C. Cell density was determined by a
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hemocytometer using a microscope, the growth curve was drawn to monitor the growth changed
caused by LIN.

2.2. Toxicity Test

The growth inhibition tests were performed according to the standard procedure of OECD 201 [8].
Initially, 10 mg L−1 of stock solution of LIN was prepared by BG11 medium. After passing through the
membrane to ensure that the solution is sterile, the LIN stock solution was serially diluted and spiked
into growth medium to obtain four test concentrations comprising 0 µg L−1 (control), 0.5 µg L−1 (low),
5 µg L−1 (medium), and 400 µg L−1 (high). Alga was cultured to reach log phase and then inoculated
into BG11 medium in triplicate to ensure a preliminary cell density of 2 × 104 cells mL−1. To evaluate
chronic effects and to guarantee sufficient algal biomass for the following RNA extraction in the high
LIN treatment group, the growth inhibition test was extended from 4 days to 7 days specified by
the OECD [8]. The number of algal cells was counted on days 2, 4, and 7 with the hemocytometer.
The algae samples on day 7 were centrifuged at 10,000 rpm for 15 min, quickly immersed in liquid
nitrogen, and then stored at −80 ◦C for RNA sequencing.

2.3. RNA Sequencing

The algal total RNA was isolated using the Trizol method [22], and a NanoDrop 2000 (Thermo
Scientific, Waltham, MA, USA) was applied to verify the purity and quantity of RNA. The RNA
integrity number (RIN) value was measured above 8 by 2100 Bioanalyzer (Agilent, Palo Alto, CA, USA).
Purified RNAs were used to establish the cDNA libraries following Illumina’s (Shanghai Personal
Biotechnology Co., Ltd, Shanghai, China) instructions. These libraries were then sequenced on Illumina
NovaSeq (Shanghai Personal Biotechnology Co., Ltd, Shanghai, China) to acquire the formal image
data output.

2.4. RNA-seq Data Analyses

The output Image data were transformed by software to obtain raw data in FastQ format. We used
Cutadapt (v. 1.1) to trim the sequences of 3 ’end bands and discard the low-quality value (QV < 20)
in the raw data [23]. To make the different genes and gene expression levels comparable between
different samples, we adopted Fragments Per Kilo bases per Million fragments (FPKM) to normalize
the expression of genes. We applied Hisat2 (v. 2.1.0) to estimate the matching degree of the filtered
reads to Raphidocelis subcapitata 1.0 (GCA-003203535.1) [24], then the HTSeq was applied to count the
read value for each gene (v. 0.11.1) [25]. The total number of reads mapped to unique locations for
each sample varied from 35,303,248 to 40,270,036, and the matching coverage ranged from 95.46% to
96.08%. Afterward, Pearson correlation coefficients among each group were calculated and visualized
by using the R package. Expressed genes with the |log2 Fold Change (FC)| > 1 and adj p value < 0.05
in comparison of the control to LIN-treated group were identified to differentially expressed genes
(DEGs) with the “DESeq” package [26]. Samples in each treatment group were clustered using the
“DESeq” package in R software to conduct principal component analysis (PCA) [26]. Volcano plots and
heatmap were plotted with “ggplot2” and “Pheatmap” packages, respectively [27,28]. The amount of
DEGs in each group was illustrated by plotting a Venn diagram. Gene Ontology (GO) and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway were applied to analyze DEGs.

The “TopGO” package was used for GO enrichment analysis, whose results were classified
in terms of molecular function (MF), biological process (BP), and cell component (CC). The top 10
GO terms were chosen by the minimal p value in each GO classification were chosen for display.
The enriched pathways were distinguished by a condition of p value < 0.1 in KEGG pathway analysis.

2.5. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

We performed qRT-PCR to verify the expression levels of gene profile obtained from RNA-seq,
including uroporphyrinogen-iii decarboxylase (hemE) and cysteine dioxygenase (cdo1) in the porphyrin
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and chlorophyll metabolism and so on. A housekeeping gene, ubiquitin-conjugating enzyme E2 G1
(ubc), from R. subcapitata was applied to normalize all gene expression levels. All PCR procedures are
listed in the supplementary data in detail.

2.6. Statistical Analyses

All experiments were conducted in triplicate. Statistical analysis between LIN dosing and control
groups was evaluated by one-way analysis of variance (ANOVA). A p value < 0.05 (*) indicated a
significant difference (GraphPad Prism 5). Pearson correlation analysis was conducted to estimate
the correlation between NGS and qRT-PCR assays, and a significant correlation was distinguished by
p value < 0.05.

3. Results

3.1. Growth Inhibition Test Analysis

The growth inhibition plot of R. subcapitata during 7-day exposure to LIN is shown in Figure 1.
Here, the algal growth under control conditions and low exposure of LIN (0.5 µg L−1 and 5 µg L−1) are
in good agreement. At the highest tested concentration (400 µg L−1), a significant reduction in growth
is observed after 2 days of cultivation. Cell density in medium and high LIN treated groups showed a
significant decrease comparing with controls in day 7 with the growth inhibition of 13.4% and 65.4%,
respectively (Figure 1).
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Figure 1. A 7-day growth inhibition plot of R. subcapitata. Asterisk (*) demonstrates a significant
difference (p < 0.05) in control and LIN dosing groups. Data expressed as mean ± SD of three parallel
measurements (n = 3).

3.2. Analysis of DEGs

Based on BLAST results, a total of 13,383 (100%), 13,347 (99.73%), 7511 (56.12%), and 3680 (27.49%)
genes, respectively, were matched in the Ensembl, UniProtID, GO, or KEGG databases. The correlation
coefficient (R2) in each group was beyond 0.93 as found by conducting Pearson’s correlation analysis
(Figure 2a), which showed a strong correlation. In line with this, a PCA of our 12 samples represented
that the triplicate samples in each treatment group clustered together (Figure 2b); gene expressions in
low and medium groups were not separated from those in control groups. With the increase in LIN
concentration, a clear separation appeared, suggesting that high exposure of LIN may give rise to
adverse effects, which is demonstrated by the significant inhibition of algal growth.
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Figure 2. Transcriptomic analysis of LIN dosing groups in alga R. subcapitata on day 7. (a) Correlation
test of DEGs in each group. (b) PCA of FPKM profiles of DEGs after adding ROX. (c) A heatmap of
centered and scaled FPKM values of DEGs in all dosing groups of R. subcapitata. (d) Venn diagram
of the distribution of DEGs in each group. C: control group; L: low treatment group; M: medium
treatment group; H: high treatment group.
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The LIN exposure sample was compared with the control to identify DEGs, and NGS screening
identified 21 (21 up- and 0 downregulated), 92 (64 up- and 28 downregulated) in low and medium
groups, respectively. High groups represented a significantly differentially expressed compared with
the low exposure (low and medium) groups, which identified 2514 (663 up- and 1851 downregulated)
genes. (Figure 2c,d and Figure S1). To verify the accuracy of RNA-seq analysis, two DEGs involved
in porphyrin and chlorophyll metabolism pathways were detected by qRT-PCR. The results of this
experiment are represented by linear regression curves of fold change levels determined by qRT-qPCR
and NGS data, and therefore conform to the reliability of NGS analysis (Figure S2). For instance,
genes hemE and cdo1 demonstrated a moderate to high correlation estimated by qRT-PCR analysis
with the p value = 0.0044 and R2 = 0.57, and p value < 0.0001 and R2 = 0.86, respectively.

3.3. Analyses of GO and Functional Pathway

GO enrichment analysis was applied to identify the biological functions significantly related to
DEGs, and the top 30 GO terms that consist of CC, MF, and BP in all LIN dosing groups are listed
in Supplementary data (Figure S3). Furthermore, the majority of GO terms in the low group were
similar to the medium group, and mainly related to photosynthesis and chloroplast. For instance,
the top terms of CC and MF were both GO: 0009523 photosystem II and GO: 0009507 chloroplast in
low and high treatment groups. These results were also verified by the enrichment pathway related to
photosynthesis, chlorophyll metabolism, etc. in low groups. The top six enriched GO terms in the high
group were associated with the processes of lipid metabolism and microtubules (e.g., lipid metabolic
process, microtubule-based process, fatty acid biosynthetic process, fatty acid metabolic process in BP,
microtubule binding, and tubulin binding in MF).

4. Discussion

Transcriptome analysis was performed to assess the hypothesis that high LIN exposure may
disrupt the pathways of carbon fixation in photosynthetic organisms: photosynthesis and fatty acid
pathways. In line with this, genes involved in carbon fixation in photosynthetic organisms were mostly
upregulated, but none of the enriched pathways involved in the protein synthesis and translocation were
detected. This evidence demonstrated that algae and bacteria have different LIN targets. The problem
of residues of LIN has drawn public concern [29]. Based on it, this study demonstrated the negligible
impact of LIN on the algal growth under the environmental concentration (0.5 µg L−1), while it showed
a positive effect on the transcriptome analysis of all the DEGs involved in the photosynthesis: antenna
proteins and porphyrin and chlorophyll metabolism were increased. While at the high exposure,
genes involved in starch and sucrose metabolism, pentose and glucuronate interconversions, taurine
and hypotaurine metabolism, and purine metabolism were dysregulated. Notably, 3680 DEGs in the
high-LIN groups account for 27.49% of the total annotated genes. After mapping to the KEGG database,
only a small fraction of DEGs can be enriched in the KEGG pathway database. Given that 60% of
growth inhibition was detected in the high group, it was believed that the unmapped DEGs may have
crucial functions during algal growth. Furthermore, most of the genes in phases I, II, and III involved
in xenobiotic metabolism were downregulated. The enriched signaling pathways were discussed in
the following sections to explore the impacts of LIN on R. subcapitata.

4.1. Genes involved in Photosynthesis

The exposure of R. subcapitata to 0.5 and 5 µg L−1 LIN for 7 days led to the promotion of pathways
of photosynthesis: antenna proteins and porphyrin and chlorophyll metabolism pathways, suggesting
that the photosynthesis activity was increased. Genes lhca2, lhca4, and lhcb1 in low LIN treatment groups
and lhca4, lhcb1, and lhcb2 in the medium were upregulated. Lhcb1 and Lhcb2 encoding light-harvesting
chlorophyll a/b binding proteins, which serve as supplementary roles in the process of state transitions
in Arabidopsis [30]. Gene Lhca4 is associated with the red-most fluorescence emission of photosystem I
of the antenna complex, which contains two stromal binding sites with chlorophylls. The upregulated
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Lhca4 may thus promote the binding of chlorophyll and further lead to an increase of photosynthesis
activity in the medium group [31]. The conjecture was proved as well by the increased expression
levels of genes chlD, chlH, hemA, hemD, hemE, hemL, and por in porphyrin and chlorophyll metabolism
pathway in medium LIN treatment samples. These elevated genes suggested the promotion of the
synthesis of chlorophylls a and b, which may further promote the process of light capture and energy
transition [32]. A similar effect was observed on the Euglena gracilis after chloramphenicol exposure [33].
While the growth inhibition test demonstrated that there is no significant increase in algal growth at low
(0.5 µg L−1) LIN exposure, and significant growth inhibition at 5 µg L−1. This suggested that for this
antibiotic LIN, photosynthesis is more sensitive than growth, presumably due to photosynthesis is the
first procedure in converting light to energy [34,35]. Similar effects were detected in the toxicity tests of
tylosin to R. subcapitata [35]. A decreased content of chlorophyll was detected when the concentration
of antibiotics rises. For instance, after 0.5 mg L−1 ROX exposure of Chlorella pyrenoidosa, the content of
chlorophyll was reduced remarkably [36].

In the high-LIN dosing groups, the majority of upregulated genes were detected in the pathway
of carbon fixation in photosynthetic organism. C3 photosynthetic pathway also known as Calvin
Benson cycle, which with C4-dicarboxylic acid cycle (C4 photosynthetic pathway) play important
roles in carbon fixation involved in the photosynthesis [37]. In this study, the expression level of
genes rpa, gapa, and aldo in the Calvin Benson cycle at high-LIN exposure were mostly up-regulated
(Table 1). It suggested the enhancement of C3 cycles at high-LIN exposure is conducive to accelerate
CO2 concentrating process [9,38]. At the same unfavorable conditions, the promotion of the carbon
fixation pathway in R. subcapitata was detected after 0.09 mg L−1 roxithromycin and 0.12 mg L−1

erythromycin, respectively [9,10].

4.2. Genes Related to Xenobiotic Metabolism

Biodegradation, including phase I, II, and III detoxification processes, is an effective way to excrete
xenobiotics in algae [39,40]. In this study, after exposure to high LIN concentrations, the genes involved
in all phases were nearly downregulated. In phase I, the expression of Cyt p450 and Cyt b5 genes were
decreased. Cyt b5 functions as a catalyst in adjusting the activity of cyt p450 [41]. Downregulation
of cyt b5 may thus reduce the activity of cyt p450, which converts the lipophilic xenobiotics to more
water-soluble compounds by facilitating the excretion of certain compounds [42]. In line with this, ERY,
which has the same characteristics as LIN, inhibited the cytochrome p450 activity in R. subcapitata [10].
The amidase family, which is involved in mycothiol-mediated detoxification, can be used to regenerate
mycothiol, which is a common protective agent under environmental stress conditions and it mainly
serves to improve cell robustness and survival [43]. AOs catalyzing the oxidation of amines to aldehydes
have been proposed as sources of reactive oxygen species (ROS) in the apoplast [44]. Surprisingly,
AOs were up-regulated in the high-LIN group, suggesting the elevated ROS in algae, which is a marker
of oxidative stress. In phase II (conjugation progress), expression of gpx was decreased in high-LIN
groups. Gpx shows a potent effect on the detoxification of peroxides from the cells and/or tissues,
which protect various organisms from oxidative stresses [45,46]. Hence, the decreased gpx may reduce
the detoxification ability in algae. In phase III of detoxification in photosynthesizing lives, exogenous
substances are discharged into the cell wall or vacuole through exocytosis [47,48]. Surprisingly,
ABC transporter family genes (ABC transporter family A, B, I, G), acting as an ATP-powered efflux pump
that transport xenobiotic across biological membranes, were down-regulated. This may lead to higher
toxicity by prolonging dwell time and the effect of LIN in R. subcapitata [49,50]. In accordance with this,
a reduction of ABC transporter family genes was detected in both 80 (ABC transporter family A, G) and
120 µg L−1 ERY-dosing groups (ABC transporter family A, B, I, G) [10].
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Table 1. List of main KEGG pathways changed by lincomycin treatment (p < 0.1).

Pathway Category Up-gene Down-gene p Value FDR

Control vs. Low

Photosynthesis—antenna
proteins Energy metabolism lhca2, lhca4, lhcb1 - 1.43 × 10−7 4.30 × 10−7

Porphyrin and chlorophyll
metabolism

Metabolism of cofactors
and vitamins hemE, hepe - 0.0044 0.0065

photosynthesis Energy metabolism psbY - 0.096 0.096

Control vs. Medium

Photosynthesis - antenna
proteins Energy metabolism lhca4, lhcb1, lhcb2 - 2.60 × 10−16 2.34 × 10−15

Porphyrin and chlorophyll
metabolism

Metabolism of cofactors
and vitamins

chlD, chlH, hemA, hemD,
hemE, hemL, por - 2.51× 10−8 1.13× 10−7

Control vs. High

Pentose and glucuronate
interconversions Carbohydrate metabolism rpe, xk1 ugdh, ugp2, ugt 0.0022 0.15

Starch and sucrose
metabolism Carbohydrate metabolism glgA, isa, spp, tps, waxy E2.4.4.14, E3.2.1.2, E3.2.1.4,

ugp2 0.0034 0.15

Amino sugar and nucleotide
sugar metabolism Carbohydrate metabolism E3.2.1.14, uap1 E1.6.2.2, gmpp, rhm, ugdh,

ugp2 0.056 0.74

Taurine and hypotaurine
metabolism

Metabolism of other
amino acids - ado, cdo1 0.014 0.41

Arginine and proline
metabolism Amino acid metabolism aguA, E3.5.1.4 p4ha, pip 0.065 0.74

Purine metabolism Nucleotide metabolism apa1_2, ndk, pk adk, ade2, adprm, E2.7.1.20,
fhit, purH, relA, rrm1, rrm2 0.038 0.74

Pyrimidine metabolism Nucleotide metabolism ndk, udk, upb1 cmpk1, pyrB, rrm1, rrm2 0.098 0.90

Carbon fixation in
photosynthetic organisms Energy metabolism aldo, gapa, tbl1 Gapdh, ppdK 0.063 0.74
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4.3. Genes Involved in Amino Acids, Nucleotide, and Carbohydrate Metabolism

In high-LIN groups, pathways of carbohydrate metabolism, amino acids, and nucleotide
metabolism were enriched. Among this, carbohydrates are common energy and carbon storage
products in algae [51]. In the present study, pentose and glucuronate interconversions and starch and
sucrose metabolism pathways involved in carbohydrates pathway were both affected. After high-LIN
exposure, UDPglucose 6-dehydrogenase (ugdh) involved in the synthesis of enzyme UDP-glucose was
decreased. The decreased UDP-glucose may change the cytoderm structures and inhibit the process of
lipid secretion in R. subcapitata [52]. Starch and sucrose play vital roles in storing energy in algae [53].
The downregulation of starch and sucrose metabolism may disrupt the photosynthesis process at
high-LIN exposure [53]. Similarly, the metabolomic analysis revealed that the inhibition of amino
acids, starch, and sucrose metabolism in algae Chlorella vulgaris may lead to photosynthesis inhibition,
oxidative stress, and cell membrane damage [53]. Pathway of taurine and hypotaurine metabolism
was also inhibited in high-LIN dosing groups. Taurine was correlated with chlorophyll content in
heterotrophic dinoflagellates [54]. Moreover, in the present study, the downregulated ado and cdo1 genes
were involved in the synthesis of hypotaurine. As a taurine precursor, hypotaurine is produced by
cysteine. At high-LIN treatment groups, genes cysteine dioxygenase (cdo) and cysteamine dioxygenase
(ado) involved in two ways of producing cysteine were both downregulated [55]. Besides, hypotaurine
is an endogenous antioxidant, the decrease of these two genes ado and cdo1 suggested a reduction
of intracellular hypotaurine level, which is proof of cellular responses to oxidative stress [56]. Thus,
high-LIN exposure may inhibit algal growth by interfering with the hypotaurine synthesis. Furthermore,
we observed that the majority of genes involved in nucleoside, nucleotide, and purine/pyrimidine
pathways were downregulated in response to high-LIN treatments. In accordance with this, b-lactams,
aminoglycosides, and quinolones treatments strikingly inhibited the nucleoside metabolism by
decreasing the expression levels of nucleoside, nucleotide, and purine/pyrimidine base in Escherichia coli
and further bring about a reduction of nucleotide building blocks [56]. It suggests that antibiotics may
result in higher levels of DNA damage by disrupting the nucleotide metabolism [56]. Furthermore,
pyrimidine metabolism and purine metabolism were changed after high roxithromycin exposure [9].

4.4. Genes Involved in Antioxidant Defense

Three genes involved in the peroxisome pathway consist of superoxide dismutase (sod2), peroxin-2
(pex2), 2,4-dienoyl-CoA reductase ((3E)-enoyl-CoA-producing) (decr2) were upregulated at high-LIN
exposure. We suggest that the antioxidant system was activated to cope with the generate extra ROS,
and further result in oxidative damage including the impairment of photosynthesis, and finally leads to
growth inhibition of algae [57,58]. Besides, macrolide antibiotic roxithromycin treatment can activate
the antioxidant system of algae by giving rise to the production of excessive ROS. It is demonstrated
by the increase of oxidative stress biomarkers (MDA) content in alga R. subcapitata [18]. Superoxide
dismutase (SOD) is a key enzyme in the antioxidant system, which functions as a pioneer in defending
against ROS to protect organisms [59]. Based on this, it is demonstrated that the enhanced of SOD
after 80 µg L−1 Clarithromycin exposure in algae Chlorella vulgaris [19]. Previous studies also reported
that elevated SOD activities attenuate the oxidative damage caused by several pollution exposures
(e.g. antibiotics dichlorohydrofluorescein and dichlorofluorescein, heavy metals Hg2+, Cd2+, Pb2+ and
Cu2+) [57,60]. Furthermore, three genes were downregulated consist of long-chain acyl-CoA synthetase
(acsl), acyl-CoA oxidase (acox1), and alanine-glyoxylate transaminase (agxt). acsl and acox1 were related
to the synthesis of fatty acid synthesis; the decrease of these two genes may cause chloroplast damage
and finally refrain the algae growth [61]. In concordance with this, the restraint of fatty acid synthesis
was detected by Fourier transform infrared spectroscopy after ROX exposure in R. subcapitataa [16].
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5. Conclusions

Exposure to LIN at the environmental level showed no significant effect on the growth of
algae, while nearly 65.4% of growth inhibition was found in the high-LIN concentration group.
The pathways related to photosynthesis were altered in all LIN treatment groups. The low and
medium levels of LIN altered the transcriptome of alga R. subcapitata including photosynthesis-antenna
proteins and porphyrin and chlorophyll metabolism pathways. Our results suggested that LIN at
environmental concentrations can hardly affect algal growth, and photosynthesis at a low level was
more sensitive than algal growth, while upregulated DEGs in carbon fixation in the photosynthesis
pathway were detected at high LIN treatment groups. By contrast, the enriched pathways including
nucleotide metabolism (purine and pyrimidine metabolism), amino acid metabolism and carbohydrate
metabolism were detected in the high-LIN treatment groups. Furthermore, in high-LIN treatment
groups, DEGs involved in antioxidant defense process suggested the occurrence of oxidative stress
caused by LIN. Transcriptome analysis suggested diverse modes of action of LIN in R. subcapitata
and bacteria.
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