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Chlorella sorokiniana to ciprofloxacin reveal
molecular mechanisms for antibiotic removal

Zhuo Li," Shuangxi Li," Tianrui Li," Xinxin Gao," and Liandong Zhu'-%*

SUMMARY

Microalgae-based technology is an effective and environmentally friendly
method for antibiotics-contaminated wastewater treatment. To assess the
tolerance and removal ability of Chlorella sorokiniana to ciprofloxacin (CIP),
this study comprehensively revealed the responses of C. sorokiniana to CIP expo-
sure and its degradation processes through physiological and transcriptomic an-
alyses. Although the photosynthetic system was inhibited, the growth of
C. sorokiniana was not negatively affected by CIP. Dissolved organic matter
was analyzed and indicated that humic-like substances were released to alleviate
the stress of CIP. In addition, the maximum removal of CIP was 83.3% under
20 mg L " CIP exposure. HPLC-MS/MS and RNA-Seq analyses suggested that
CIP could be bioaccumulated and biodegraded by C. sorokiniana through the
reactions of hydroxylation, demethylation, ring cleavage, oxidation, dehydroge-
nation, and decarboxylation with the help of intracellular oxidoreductases, espe-
cially cytochrome P450. Collectively, this research shows that C. sorokiniana have
a great potential for removing CIP from wastewater.

INTRODUCTION

Fluoroquinolones (FQs), as a class of common antibiotics, are usually used to treat respiratory, urinary and
skin infections in humans and animals (Van Doorslaer et al., 2014). As a third-generation fluoroquinolone,
ciprofloxacin (CIP) is frequently detected in the environment, and its concentration could reach up to 31 mg
L™ "in pharmaceutical wastewater effluent (Larsson et al., 2007), 14 mg L~ "in municipal wastewater effluent
(Fick et al., 2009) and 5.02 mg L in surface water (Gothwal and Shashidhar, 2017). The emerging occur-
rence of CIP might persistently affect the growth, reproduction and survival of aquatic organisms, causing
the severe problems for human beings (Westerhoff et al., 2005). In addition, the existence of antibiotics in
the environment can also induce the development and dissemination of antibiotic resistance (Rodriguez-
Mozaz et al., 2015). Therefore, it is imperative to develop effective strategies to reduce CIP discharges into
the aquatic environment.

Some non-biotic processes such as the photocatalytic degradation process and advanced oxidation pro-
cesses can efficiently remove CIP (Chen et al., 2022; Kumar et al., 2022; Phoon et al., 2020). However,
because of the high operational and system maintenance costs, these physicochemical methods might
have a low viability from the commercial perspective (Homem and Santos, 2011). Microalgae, as a species
for a cost-effective and environmentally friendly treatment process, have exhibited a high potential for anti-
biotic removal (Aron et al., 2021; Cheah et al., 2018; Xie et al., 2019). Zhou et al. (2014) used four freshwater
green microalgae (Chlamydomonas reinhardtii, Scenedesmus obliquus, Chlorella pyrenoidosa and Chlor-
ella vulgaris) to remove metals and pollutants including CIP, and clearly demonstrated the capability of the
microalgae to remove most of the selected antibiotics. Recently, Peng et al. (2022) investigated the perfor-
mance and mechanism of levofloxacin removal by Chromochloris zofingiensis in heterotrophic mode,
reaching 79%-95% removal efficiency under different concentrations of levofloxacin. Xie et al. (2020)
demonstrated that Chlamydomonas sp. Tai-03 was capable of efficient removal of CIP by biodegradation
(65%) and photolysis (35%). There are two pathways considered for possible contribution in antibiotic
removal. On the one hand, microalgae can act as photosensitizers to promote the indirect photolysis of
antibiotics through the excretion of extracellular organic matter (Wei et al., 2021). On the other hand, an-
tibiotics can enter the cell by adsorption and transmembrane transport and are decomposed into small
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molecules by intracellular oxidoreductases (Xiong et al., 2018). However, such observations are still limited
for some wastewater microalgae such as C. sorokiniana, which is fast-growing with efficient nutrient
removal abilities for wastewater treatment operations.

In general, the toxicological effects of CIP on microalgae are closely related to their species. Cyanobacteria
are particularly susceptible to antibiotics, taking an example that the concentration for 50% of maximal ef-
fect (ECsp) of Synechocystis sp. against CIP was 39 ug L™' (You et al., 2021). In contrast, eukaryotic algae are
generally less affected by CIP. Nie et al. (2008) investigated the response of C. vulgaris to CIP exposure, and
proved that the growth of C. vulgaris was inhibited by CIP under all concentrations, and the inhibition ef-
ficiency raised from 9.2% to 72.4% when the concentration ranged from 2.0to 31.25 mg L~ after 96-h expo-
sure. Hagenbuch and Pinckney (2012) found that the half-max inhibitory concentrations (ICsg) of CIP to two
species of marine diatoms, Cylindrotheca closterium and Navicula ramosissima were 55.43and
72.12 mg L™, respectively. Xiong et al. (2017) found that Chlamydomonas mexicana showed an evident
growth inhibition only under concentrations higher than 40 mg L™" of CIP. In addition, a recent study
showed that the 72h- and 96h-ICsg values of CIP for Chlorella sp. were 15.11 and 2.92 mg L™, respectively
(Gomaa et al., 2021). However, it is still not clear about the performance of such wastewater microalgae
C. sorokiniana under CIP exposure from the viewpoint of physiological and transcriptomic responses.
Therefore, more investigation is required to explore the response mechanisms and tolerance of such mi-
croalgae to CIP exposure, as well as the main mechanisms of the degradation process of CIP and the or-
ganism activities involved.

To summarize, previous studies mainly focus on the removal performances of microalgae to treat antibi-
otics including CIP; however, the knowledge of relative growth and stress responses was still limited. In
addition, some reported studies pay more attention to the toxic effects of CIP on microalgae, whereas
the degradation of CIP and the corresponding mechanisms are still unknown in literature. In this study, cul-
ture growth, photosynthetic system and extracellular polymers alterations were examined to investigate
the physiological and transcriptomic influences of different CIP concentrations on C. sorokiniana. Mean-
while, the removal efficiencies of CIP under different concentrations were also determined and the
according proportion of photolysis, hydrolysis and biodegradation was analyzed. Notably, with the help
of high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS), CIP elimination
routes and degradation mechanisms were comprehensively investigated. Subsequently, RNA-sequencing
analysis of C. sorokiniana was performed under different CIP concentrations. Based on transcriptomic
responses, the physiological alterations in microalgae were fully explained. Therefore, this research will
provide deep insights to understand the responses of microalgae upon exposure to CIP and form a foun-
dation to recognize the biodegradation process of CIP in microalgae, thus facilitating the development
and practical application of microalgae for wastewater treatment, especially for those containing
antibiotics.

RESULTS AND DISCUSSION

C. sorokiniana growth analysis

The effects of CIP on C. sorokiniana growth were evaluated during the cultivation of 10 days. As shown in
Figure 1A and Table ST, the dry weight of C. sorokiniana had no significant (p < 0.05) difference between
four experimental groups and control group, indicating that the growth of C. sorokiniana was not affected
by CIP stress. The specific growth rate (shown in Figure 1B) proved this conclusion, with no difference be-
tween the groups from the overall viewpoint, except for the day 3 when microalgae might have adapted to
the growth environment with a sudden burst of growth. Similar findings were also seen in other studies on
the effects of CIP on the growth of microalgae such as Chlamydomonas sp. Tai-03 (Xie et al., 2020). The
results provided good supporting evidence for C. sorokiniana to treat CIP, while the growth of such organ-
isms for the treatment of CIP was also not inhibited in other studies (Xiong et al., 2017).

Photosynthetic parameters analysis

Photosynthetic pigments, as important photosynthetic substances in microalgae, play essential roles in a
series of vital photosynthetic processes, like light capture, energy absorption and transformation. The chlo-
rophyll contents of C. sorokiniana were investigated on the 10" day to determine the effect of CIP on
photosynthetic pigments. As shown in Figures 2A, a significant positive correlation between chlorophyll
a content and CIP concentration was observed, whereas there was no significant difference on chlorophyll
b content in the presence of any CIP concentration. As the concentration of CIP increased from 0 to 20 mg
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Figure 1. The growth of C. sorokiniana under CIP exposure

Time(d)

Effects of CIP on C. sorokiniana growth in terms of dry weight (A) and specific growth rate (u) (B) with different concentrations of CIP (0, 1, 5, 10 and 20 mg L=

during 10 days of cultivation. Error bars represent SD(n = 3).

' while the chlorophyll b content only

L™, the chlorophyll a content increased from 5.45 to 7.90 mg g~
increased from 1.62 to 2.18 mg g~ . Besides, carotenoid contents also increased slightly, although there

was no significant difference between groups with the CIP concentrations of 0 and 1, 5 and 10 mg L™".

The variability of photosynthetic pigments’ contents visually reflected the photosynthetic activity of
C. sorokiniana. Because of its sensitivity to growth conditions, nutrient availability and various abiotic
stresses, PSl| efficiency is employed to evaluate the stress response of microalgae (Lovyagina and Semin,
2016). As a rapid and non-invasive technology, chlorophyll fluorescence test is widely used to assess the
performance of PSIl under different conditions (Kumar et al., 2014). Therefore, the effects of CIP on
C. sorokiniana in terms of ecological physiology and toxicology were measured by chlorophyll a fluores-
cence transient on days 0, 2, 4, 6, 8, and 10, respectively. As shown in Figures 2B and Table S2, the Fv/
Fm values of the control group increased slightly from 0.63 to 0.69, whereas the maximum Fv/Fm value
of the test group at 20 mg L™ CIP concentration reached 0.73. However, the results of day 10 indicated
that the maximal photosynthetic efficiency of C. sorokiniana showed no significant differences as the in-
crease of CIP concentration, which is consistent with the analysis of microalgae growth. On the other
hand, OEC values, described in Figure 2C, presented an opposite pattern to Fv/Fm values, with a slow
decrease with time, except for a slight recovery on the 10" day. Meanwhile, the value of OEC obviously
decreased as the CIP concentrations increased. OEC, as one of the most sensitive components in the
photosynthetic electron transport chain, reflected the state of water photooxidation in photosynthetic or-
ganisms (Gomes et al., 2017). The decreased efficiency of the OEC indicated that CIP impaired the water-
splitting apparatus.

As shown in Figure 2D, when exposedto 0, 1,5, 10 and 20 mg L=" CIP, the ®PSII of C. sorokiniana gradually
decreased from 0.937 to 0.753 on day 10. At the same time, Figure 2D demonstrated that the experimental
groups with different concentrations of CIP caused an evident decrease in ®PSlI, compared to the control
group, where there was no significant change in ®PSIl within 10 days. ®PSIl reduction would alter the
photochemistry and electron transport of PSll, which is associated with energy dissipation through regu-
lated and unregulated non-photochemical pathways (Juneau et al., 2002). NPQ results in Figure 2E proved
that the non-photochemical quenching was inhibited by the addition of CIP. As the most important photo-
protective mechanism, NPQ is triggered by the high pH gradient (ApH) across the thylakoid membrane
induced by high light irradiation (Lambrev et al., 2012). Therefore, the decrease of ®PSIl and NPQ sug-
gested that CIP toxicity affected the mechanism of fluorescence quenching by non-photochemical pro-
cesses. Besides, although PSll reaction center was damaged, induced by impaired PSll-associated electron
transport, the synthesis of photosynthetic pigments was still stimulated, which was also observed in
C. sorokiniana exposed to free nitrous acid (Abbew et al., 2021).
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Figure 2. The photosynthetic parameters of C. sorokiniana under CIP exposure

Effects of CIP on C. sorokiniana photosynthetic pigments (A) and parameters as indicated by Fv/Fm (B), OEC value (C), ®PSII (D) and NPQ (E) with different
concentrations of CIP at 0, 1, 5, 10 and 20 mg L' during 10 days of cultivation. Error bars represent SD(n = 3). The different letters indicate significant

differences (p < 0.05) between the control and experimental treatments.

DOM analysis

DOM characterization analysis

Secreted by organisms, DOM content variation is commonly considered to contribute to microbial activity
(He etal., 2018; Zhao et al., 2018). In the present study, the EEM spectra of DOM released by C. sorokiniana
at different CIP concentrations was measured using EEM-PARAFAC. Three components of DOM were
identified based on the PARAFAC model using OpenFluor database, as described in Figure 3. Component
C1 (emission maximum 419 nm with 330 and 265 nm excitation maxima) was considered to be a fulvic acid-
type component, which is reported as a ubiquitous matter found in almost all environments (Amaral et al.,
2020; Yamashita et al., 2011). Another humic-like component C3 had an emission maximum at 478 nm and
two excitation maxima (260 and 355-365 nm), possibly corresponding to the microbial humic-like compo-
nents on the basis of the results of Yamashita et al. (Bistarelli et al., 2021; Yamashita et al., 2011). Compo-
nent C2, on the other hand, had emission/excitation maxima at 338 nm and 280 nm, respectively, and was
strongly characterized as the amino acid tryptophan, reflecting recent biological production (Brym et al.,
2014).

Fluorescent components and indices analysis

The maximum fluorescence intensity (Fa,) of the three identified components in the present study of EEM-
PARAFAC models was shown in Figures 4A, 4B, and 4C. It was indicated that the F,,, of Component C1
(fulvic acid-type component) increased markedly as the increase of CIP concentration, and the value up-
surged from 0.43 to 2.02 with CIP concentrations range from 0 to 5 mg L™ and slowly rose to 2.56 as
the increase of CIP concentration to 20 mg L™ In addition, Component C2, amino acid tryptophan

4 iScience 25, 104638, July 15, 2022



iScience ¢? CellPress
OPEN ACCESS

Components C1 Components C2 Components C3
600 0.035 600 600 0.025
550 0.030 550 550
) 0.020
T 0.025 500 500 f
£ 450 0.020 450 450 { 0.015
uEJ 400 § 0.015 400 400 0.01
350 0.010 350 350
300 0.005 300 300 0.005
250 0 250 250 0
300 350 400 450 300 350 400 450 300 350 400 450
Ex. (nm)
0.5
0.30 03k
0.25 O
S o2 02
£
© 0.15
©
° 0.10 01
0.05
0.0F
0.00
250 360 3%0 460 4;0 5(‘)0 5;0 600 250 3(’)0 3%0 4(‘!0 45;0 5(‘!0 55‘50 600 250 300 350 400 450 500 550 600

Wavelength(nm)

Figure 3. The three fluorescent components (Components 1, 2 and 3) identified by the PARAFAC model

substances, decreased approximately 35.4% as the increase of CIP concentration. Humic-like substances
C3 experienced a fluctuating upward tendency, as shown in Figure 4C. Changes in extracellular secretions
were in part a response of C. sorokiniana to the stress of CIP. Humic acid had been proved to possess bind-
ing plots for FQs, specifically the CIP, the aromatic ring of which was highly affected (Zhao et al., 2019). The
increased level of this substance in DOM might explain why the growth of C. sorokiniana was not affected
under CIP stress in this study. Tryptophan, as one precursor to the synthesis of ultraviolet-absorbing sec-
ondary metabolites such as scytonemin, could relatively avoid harmful effects of long-term UV radiation
exposure (Xu et al., 2013). To a certain extent, its reduction in DOM led to the damage of the photosyn-
thetic system of C. sorokiniana.

Figures 4D and 4E indicated the disparities of biological index (BIX) and humic index (HIX) of experimental
groups based on EEM spectra. BIX and HIX are complementary tools and are particularly suitable for the
determination of DOM origin and aging in a simple and fast manner. In this study, BIX showed downward
trends ranging from 0.97 to 0.33 in all treatments, whereas HIX showed converse trends ranging from 0.46
to 0.80. BIX is introduced to determine the characteristic of biological activity (Huguet et al., 2009), and
higher HIX values indicate a deeper humification degree and higher humic acid content (Du et al., 2021).
The shift in the values of these two parameters indicated that the productivity of C. sorokiniana was
reduced under stress. However, HIX still remained low (<1) compared to another study (Jia et al.,
2017b), indicating that microbial metabolic activity remained at a relatively high level.

Analysis of CIP removal

CIP removal efficiency of C. sorokiniana

The removal of CIP by C. sorokiniana was investigated on a daily basis during the exposure period. The
maximal removal efficiency of CIP was 83.30% at CIP concentration of 20 mg L (Figure 5A), indicating
that C. sorokiniana had a great potential to remove CIP at a relatively high concentration. However, only
16.69%, 17.13% and 59.83% removal efficiencies were achieved for treatments with the CIP concentration
of 1,5and 10 mg L™", respectively. The analysis of the removal efficiency also revealed an interesting phe-
nomenon that the CIP degradation efficiency by C. sorokiniana increased as the increase of pollutant con-
centrations, especially for the treatment with 20 mg L~" CIP, achieving 76.06% removal efficiency within two
days. The finding was in accordance with the study of Cheng et al. 2017, 2018, who found that the
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Figure 4. Box-whisker plot of the maximum fluorescence (Fmax) for the three fluorescence components and Fl, HIX, BIX in five groups
(A) Comp 1, (B) Comp 2, (C) Comp 3, (D) BIX, (E) HIX.

degradation efficiency of Chlorella PY-ZU1 for tilmicosin and ethinyl estradiol increased as the increase of
pollutant concentrations. However, the reason for such a large difference between the different groups in
this study might be because of the stress expression of C. sorokiniana. In addition, the removal of CIP by
C. sorokiniana might begin with the adsorption and transmembrane transport of CIP, ending with intracel-
lular redox. It was more difficult for C. sorokiniana to adsorb CIP under a lower concentration, resulting in a
lower removal efficiency.

Analysis of elimination routes

In general, the removal of CIP occurs via three main routes, including hydrolysis, photolysis and bioremoval
(Oberoi et al., 2019; Xiao et al.,, 2021; Xiong et al., 2018). In this study, the degradation pathway of CIP at
20 mg L' was analyzed (Figure 5B). Owing to the hydrophobic characteristic of CIP, only 3.28% was
removed by hydrolysis, whereas the photolysis of CIP accounted for 6.28% of removal. In summary, bio-
removal remained the dominant pathway for CIP degradation by C. sorokiniana, accounting for 73.73%
of the total removal, which confirmed that C. sorokiniana had great potential to treat high concentrations
of CIP. It should be noted that because photolysis and hydrolysis were analyzed independently, their effi-
ciency increased despite the fact that the total degradation efficiency remained almost constant.

The photolysis and biodegradation pathway of CIP

As shown in Figure 6 and Table S3, five intermediates were identified for the CIP photolysis process. The
results indicated that oxidation in the piperazine ring was the main photocatalytic degradation pathway.
This is in accordance with a recent study where it was found that piperazine ring oxidation was an important
pathway of CIP elimination in neutral or alkaline solution (Li et al., 2020b). On the one hand, the interme-
diate product m/z 261 was formed by the dealkylation in the piperazine ring of m/z 304. On the other hand,
the attack by hydroxyl radicals in solution caused the conversion of compound m/z 304 to m/z 286 by the
defluorination process. In this pathway, the fluoroquinolone ring in the molecules of m/z 360, m/z 332, m/z
304, m/z 286 and m/z 261 remained intact. Similar intermediates were also found in photocatalytic degra-
dation in the UVA/TiO, system, graphite felt anodic oxidation and ozonation (Lu et al., 2020; Chen et al.,
2021; Li and Hu, 2018).

6 iScience 25, 104638, July 15, 2022
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Figure 5. CIP removal and elimination routes by C. sorokiniana
CIP removal at 1, 5, 10 and 20 mg L™" during 10 days of degradation with error bars representing SD(n = 3) (A). And time course profiles of different
elimination routes of 20 mg L™" CIP with the percentage of biodegradation, biosorption, photolysis and hydrolysis during the CIP removal process (B).

In addition, eleven intermediates were determined during CIP biodegradation. Two intermediates, m/z
332 and m/z 261, were also detected in the photolysis process, indicating that oxidation and dealkylation
in piperazine played equally important roles in biodegradation. Furthermore, the quinolone structure of
CIP, including cyclopropyl group and quinolone ring, could be destroyed during the biodegradation pro-
cess because of various oxidoreductases in microalgae. As shown in Figure 6, m/z 324 was generated by the
direct loss of cyclopropyl and attack of hydroxyl radicals of m/z 332, in which hydroxylases secreted by cells
were crucial. On the basis of m/z 332, the breakage of the carbon-carbon double bond formed the inter-
mediate m/z 272, and further formed m/z 216 by decarboxylation. After dehydrogenation and deamina-
tion, m/z 216 was converted into cyclohexane substance m/z 174, which could be decarboxylated to
form m/z 130. Finally, m/z 130 would open the ring to form alkane substance m/z 182, which would be
oxidized to CO; and H,0O by cells. Meanwhile, deamination and hydroxylation induced the formation of
m/z 262 from m/z 261. In addition, after the cyclopropane group on the m/z 262 was removed, m/z 190
could be produced by the addition of a methyl group, as previously reported, and the carbon-carbon dou-
ble bond in m/z 262 was simultaneously opened by oxygenase. m/z 190 experienced the removal of ketone
groups and the action of oxygenase to form the final product m/z 152.

In this study, biodegradation mechanisms for CIP and the differences between photolysis and biodegra-
dation processes were clearly demonstrated. The piperaquine ring and the fluorine atom might both be
removed by either photolysis or biodegradation process. Cyclopropyl, which was generally difficult to
be destroyed in photolysis, was removed by various enzymatic reactions in the biodegradation process.
At the same time, the carboxyl and ketone groups on the structure of quinolone were also certainly
removed during the biodegradation process. The roles of these moieties in antibacterial activity have
been described in other studies. For example, cyclopropyl was part of the enzyme-DNA binding complex
with a hydrophobic interaction with DNA (Ma et al., 1999). The F atom could boost the antibacterial activity
of CIP, and the loss of fluorine proved that the toxicity was reduced to microalgal cells (Chen et al., 20271;
Maia et al., 2014). The opening of the epoxide ring and carbon-carbon double bond might also indicate
that hydroxylase, oxidase and oxygenase were involved in biodegradation of CIP.

Transcriptome sequencing and analysis

A comparative transcriptome analysis was performed through RNA-seq, to further explore the molecular
mechanisms acting in C. sorokiniana in response to CIP stress. Nine cDNA libraries involving the three
treatment groups were constructed from three biological replicates of C. sorokiniana treated with Col
(without CIP), CIP+ (5 mg L=" CIP), CIP++ (20 mg L=" CIP). The total number of transcripts was 140,019,
9526 unigenes of which were assembled. All of the above high-quality unigenes experienced annotation
analysis and 8005 unigenes were identified via Gene Ontology (GO).
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Figure 6. Proposed degradation pathway for CIP photolysis (black box) and biodegradation (red box) by C. sorokiniana

TPM values were used to quantify the expression levels of all the identified unigenes. The median and quar-
tile values of differential gene expression are shown in Figure 7A. By the methods previously described, DE-
Gs were easily identified between the CIP treatments and the control (CIP+/Col and CIP++/Col). As shown
in Figure 7B, there were a total of 334 DE-Gs in CIP+/Col, in which 164 were upregulated and 170 were
downregulated. In contrast, there existed a total of 427 DE-Gs in CIP++/Col, where 247 were upregulated
and 180 were downregulated. The above results indicated that a high concentration of CIP (CIP++) not only
resulted in more DE-Gs in total, but also induced more upregulated genes than downregulated genes.
Venn diagram (Figure 7C) was constructed to analyze the common and specific DE-Gs under CIP stress.
Based on these DE-Gs, genes that potentially responded to CIP stress specificity in C. sorokiniana were
functionally identified.

Functional analysis of DE-Gs

Differentially expressed genes in CIP+/Col and CIP++/Col were compared and functionally annotated by
the GO functional annotation classification system, and classified in 38 terms of three clusters including 12
in biological processes, 13 in cellular components and 13 in molecular functions (shown in Table S4). CIP,
transported from the outside to the inside of the microalgae cell, could be catabolized by the enzymatic
reaction of C. sorokiniana. Meanwhile, the biological processes of C. sorokiniana also needed to be regu-
lated to survive under CIP stress. Therefore, in the follow-up analysis, genes related stimulus response,
photosystem, transmembrane activity and metabolism of substances and energy were analyzed.

Differentially expressed genes related to stimulus response

In general, the concentration of reactive oxygen species in microalgae cells would increase under environ-
mental stress, probably resulting in cell death (Liao et al., 2015). Thus, DE-Gs associated with reactive ox-
ygen species (ROS) partially reflected the oxidative damage received by the cells. The expression of ascor-
bate peroxidase (APX), one of antioxidative enzymes, significantly increased 4.76 times in CIP++/Col,
whereas no difference was found in CIP+/Col (shown in Table 1) (Yun et al., 2019). Simultaneously, the
expression of genes related to glutathione, one of nonenzymatic antioxidants (Kusvuran, 2021), increased
3.86 times in CIP++/Col. Considering the growth of microalgae in this study, it can be concluded that
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Figure 7. DEGs of C. sorokiniana under CIP exposure

High-throughput RNA sequencing (RNA-seq) analysis of DE-Gs in the roots of C. sorokiniana exposed to CIP stress.

C. sorokiniana was treated with 0, 10, and 20 mg L™" CIP for 10 days for RNA-seq with three biological replicates per CIP
concentration. Boxplots of TPM values in log10-scale in different samples showing the distribution of these values about
the median (A). Three biological replicates were set in 0 mg L~" CIP treatment group (Col-1; Col-2; Col-3), 10 mg L~ CIP
treatment group (CIP + -1; CIP + -2; CIP + -3) and 20 mg L=" CIP treatment group (CIP++-1; CIP++-2; CIP++-3). And the
number of DE-Gs between control and CIP treatment groups (B) and venn diagrams of the DE-Gs (C).

oxidative stress would not be induced by a low CIP concentration. However, the synthesis of antioxidant
substances would be enhanced to eliminate the ROS in the cells and prevent the microalgae cells from
oxidative damage in the face of a high CIP concentration. Multidrug resistant genes, i.e.,
DETOXIFICATION 16-like (gene-C2E21_4753), pleiotropic drug resistance 1 (gene-C2E21_1044) and multi-
drug resistance-associated 1 (gene-C2E21_0081), played an important role in the drug-resistance of
C. sorokiniana through the promotion of the discharge of exogenous pollutants into the extracellular
compartment (Tang et al., 2021).

Differentially expressed genes related to photosystem

The increased chlorophyll contents were supported by the observed upregulation of chlorophyll-binding
or biosynthesis-associated genes in C. sorokiniana. For example, coproporphyrinogen Ill oxidase chloro-
plast precursor, as one of the most important enzymes of chlorophyll synthesis (Santana et al., 2002),
accordingly overexpressed 3.47 and 2.33 times in treatment CIP+/Col and CIP++/Col. Delta-aminolevu-
linic acid dehydratase, which is related to the synthesis of porphobilinogen as one type of chlorophyll-a in-
termediate (Abbew et al., 2021), was evidently increased 2.25 times in treatment CIP+/Col. Meanwhile,
gene related to chlorophyllide a oxygenase activity (gene-C2E21_1445) was found to be upregulated in
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Table 1. Differentially expressed genes related to stimulus response of C. sorokiniana induced by CIP

CIP+/Col CIP++/Col CIP++/CIP+
log2Fold Fold log2Fold Fold log2Fold Fold
Gene ID change change change change change change Annotations
gene-C2E21_5809 - - 1.17 2.25 (up) - - ascorbate peroxidase
gene-C2E21_4135 - - 1.04 2.06 (up) 1.15 2.21 (up) S-formylglutathione hydrolase
gene-C2E21_6607 - - 1.72 3.29 (up) 1.88 3.69 (up) 2-cys peroxiredoxin
gene-C2E21_2197 1.14 2.21 (up) - - - - 2-cys peroxiredoxin BAS1
gene-C2E21_3071 1.12 2.18 (up) 1.15 2.21 (up) - - Hydroxylamine reductase
gene-C2E21_0778 1.41 2.66 (up) 1.29 2.44 (up) - - Hydroxylamine reductase
gene-C2E21_4753 - - 1.10 2.15 (up) 1.31 2.48 (up) DETOXIFICATION 16-like
gene-C2E21_1044 2.28 4.86 (up) 1.59 3.01 (up) - - Pleiotropic drug resistance 1
gene-C2E21_0081 1.72 3.29 (up) - - - - multidrug resistance-associated
1 isoform X8
gene-C2E21_5810 —-1.14 2.20 (down) - - - - L-ascorbate peroxidase 6 isoform
X1 isoform A

“-" indicated “P-adjust > 0.05" or “not significantly different expressed” or “|log2FC|<1".

treatment CIP++/Col. In addition, genes related to carotenoid biosynthesis were found to be overex-
pressed in both groups. The increased pigment content might be an attempt to mitigate oxidative stress.

The DE-Gs associated with photosynthetic system Il were also listed in Table 2. The response of microalgae
in the face of different levels of CIP stress was different. For treatment CIP+/Col, gene related to photo-
system |l repair were upregulated, whereas the structural function of chloroplasts was not greatly affected.
However, genes related to chloroplast photosynthetic function were obviously upreguated or downregu-
lated in treatment CIP++/Col. The precursor processing gene of D1 protein, which constituted the heter-
odimer core of Photosystem Il (PSII) with the D2 protein and was related to photodamage repair (Antonacci
etal., 2020; Tian et al., 2021), was evidently dwonregulated 2.15 times in treatment CIP++/Col. Meanwhile,
the downregulated genes also encompassed protein subunits involved in photosynthetic electron transfer
such as Cyt b6/f complex subunits and ferredoxin (5.38 and 2.36, respectively). Thus, the cells’ regulation
mechanism resulted in a 4.35-fold overexpression of the gene encoding thioredoxin in treatment CIP++/
Col, and other studies also demonstrated that thioredoxin was effective in preventing chlorophyll degra-
dation and promoting biomass increase (Zhang et al., 2020). In addition, the expression of chlorophyll a/b-
binding protein, an antenna protein (Adamiec et al., 2015), was also affected by the stress of CIP. In
summary, it is the co-expression of these DE-Gs that caused the photosynthetic system to exhibit differ-
ences, as described in the photosynthetic parameters analysis.

Differentially expressed genes related to transmembrane activity

Differentially expressed genes related to CIP transport were shown in Table 3. The expression of two ABC
transporters genes (gene-C2E21_3505 and gene-C2E21_147) was 2.53 and 2.06 times higher in treatment
CIP++/Col, which might be responsible for CIP transport as they showed no differences in treatment CIP+/
Col. Similar findings for the function of ABC transports were also seen in other studies, where distinctive
drugs were found to be involved in the transmembrane transport of polycyclic aromatic hydrocarbons
(PAHSs) (Stingley et al., 2004). In particular, in an early proteomics study in the investigation of the effects
of FQs on Pseudomonas aeruginosa, Zhou et al. found that the ABC transporter was expressed in CIP-in-
termediate and -resistant strains but not in the sensitive strain (Zhou et al., 2006), which provided certain
explanations for the effective removal of CIP only at high concentrations in this study. Notably, the expres-
sion of zinc ion-related transporter proteins (gene-C2E21_1856, gene-C2E21_6330 and gene-C2E21_8904)
was positively correlated with the concentration of CIP. As an important enzyme cofactor for RNA polymer-
ase, Zn(ll) is closely associated with protein synthesis, which might promote the cellular synthesis of en-
zymes related to the removal of CIP (Li et al., 2020d). Besides, Zn(ll) also promoted the synthesis of cop-
per-zinc superoxide dismutase, which defended against oxidative stress for cells (Wang et al., 2019),
whereas genes associated with the transporter protein of copper element were obviously upregulated
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Table 2. Differentially expressed genes related to photosystem of C. sorokiniana induced by CIP

CIP+/Col CIP++/Col CIP++/CIP+
log2Fold Fold log2Fold Fold log2Fold Fold

Gene ID change  change change  change change  change Annotations

gene-C2E21_2115 1.80 3.47 (up) 1.22 2.33 (up) - - coproporphyrinogen lll oxidase chloroplast
precursor

gene-C2E21_1445 - - 1.07 2.11 (up) - - Elongation factor P, chlorophyllide a oxygenase
[overall] activity

gene-C2E21_1775 1.17 2.25 (up) - - - - delta-aminolevulinic acid dehydratase

gene-C2E21_4366 1.25 2.37 (up) - - —1.15 2.22 (down) homogentisate chloroplastic, carotenoid
biosynthetic process

gene-C2E21_5515 - - 1.04 2.05 (up) - - Carotene biosynthesis-related CBR

gene-C2E21_0737 1.13 2.19 (up) - - - - cell division isoform B, photosystem Il repair

gene-C2E21_9305 - - —1.11 2.15 (down) - - photosystem Il D1 precursor processing PSB27-
chloroplastic isoform X1

gene-C2E21_4125 - - —2.46 5.49(down) —2.53 5.79 (down)  Chlorophyll a-b binding chloroplastic

gene-C2E21_1397 - - 1.25 2.38 (up) - - Chlorophyll a-b binding of LHCII type chloroplastic

gene-C2E21 5933 - - —2.43 5.39 (down) - - subunit of the chloroplast cytochrome béf complex

gene-C2E21_7182 - - —1.24 2.37 (down) - - Ferredoxin

gene-C2E21_5675 - - 1.19 2.29 (up) - - ferritin- chloroplastic

gene-C2E21_5085 2.26 4.81 (up) 2.13 4.36 (up) - - Thioredoxin-like 1- chloroplastic

gene-C2E21_2271 -1.03 2.05 (down) - - - - thioredoxin chloroplastic

"o

indicated “P-adjust > 0.05" or “not significantly different expressed” or “|log2FC|<1".

in both treatment CIP+/Col and CIP++/Col. The downregulated MFS transporter, whose function is to
transport metals into and out of cells, is mainly classified as an efflux transporter protein (Khatiwada
et al., 2020).

Differentially expressed genes related to metabolism

As previously mentioned, the presumed degradation process of CIP by C. sorokiniana mainly included a
series of biochemical processes such as hydroxylation, oxidation and reduction. Thus, the gene expres-
sions of metabolic enzymes involved might be changed. Because of the difference in CIP removal efficiency
between different concentrations of CIP, DE-Gs between treatment CIP+/Col and CIP++/Col were also
distinct. Cytochrome P450 and its isoform generally considered to be the key enzyme for oxidizing and
metabolizing drugs were 2.07 and 2.24 times upregulated in treatment CIP++/Col (as shown in Table 4).
Previous research verified that cytochrome P450 was involved in the metabolic process of CIP (Xie et al,,
2020), and thus further explained the difference in removal efficiency between low and high concentrations
of CIP. 20G-Fe(ll) oxygenase superfamily biochemically catalyzed hydroxylation, halogenation, desatura-
tion, epimerization, cyclization, ring expansion, C-C bond cleavage, demethylation and so on (Jia et al.,
2017a). Overexpression of gene associated might be inextricably linked to the degradation of CIP by
C. sorokiniana, because it mainly relied on these reactions for bio-removal. Moreover, the expressions
of various oxidoreductase genes in cells were obviously upregulated, including NADPH-dependent difla-
vin oxidoreductase 1isoform X1, cysteine dioxygenase, NADP-dependent malate dehydrogenase, bifunc-
tional acetaldehyde-alcohol dehydrogenase isoform B and ferric-chelate reductase. In addition, energy is
critical in the transportation and metabolism of CIP. Thus, the expression of gene-C2E21_9142 and gene-
C2E21_6345 (ATPase) were 2.03 and 2.40 times upregulated.

Conclusion

In this study, the growth conditions of C. sorokiniana under CIP stress and its removal were investigated
through RNA-seq. The results showed that the growth of C. sorokiniana was not affected by changes in
CIP concentration. The increase in humic acid in the extracellular environment of cells attenuated the toxic
effects of CIP, and the upregulated expression of antioxidant substances and efflux pump helped to resist
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Table 3. Differentially expressed genes related to transmembrane activity of C. sorokiniana induced by CIP

CIP+/Col CIP++/Col CIP++/CIP+
log2Fold  Fold log2Fold Fold log2Fold  Fold
Gene ID change change change change change change Annotations
gene-C2E21_3505 - - 1.34 2.53 (up) - - ABC transporter ATP-binding
gene-C2E21_1472 - - 1.05 2.07 (up) 1.51 2.84 (up) ABC transporter B family member
28 isoform X2
gene-C2E21_5763 —1.69 3.22 (down) —1.13 2.18 (down) - - MFS transporter
gene-C2E21_6330 1.42 2.67 (up) 1.43 2.69 (up) - - zinc transporter
gene-C2E21_1856 1.00 2.00 (up) 2.00 3.99 (up) - - zinc transporter
gene-C2E21_8904 - - 1.78 3.43 (up) 1.45 2.73 (up) Zinc (Zn2)-Iron (Fe2) Permease
(ZIP) Family isoform A
gene-C2E21_1820 1.47 2.77 (up) 1.73 3.31 (up) - - CTR type copper ion transporter
gene-C2E21_8394 - - 1.27 2.41 (up) - - voltage-gated ion channel superfamily
gene-C2E21_0103 - - -1.09 2.13 (down) - - inactive cadmium zinc-transporting

ATPase HMA3

"o

indicated “P-adjust > 0.05" or “not significantly different expressed” or “|log2FC|<1".

oxidative stress and reduce cellular damage from CIP, facilitating cells to adapt to the exposure of CIP and
avoid cell death. The photosynthetic system was negatively affected under CIP stress, causing the decrease
of OEC, ®PSIl and NPQ values of C. sorokiniana. In addition, CIP could be effectively removed by
C. sorokiniana with the removal efficiency of 83.30% at 20 mg L™, and the biodegradation was the domi-
nant removal mechanism in the algal cells. According to the metabolite identified by HPLC-MS/MS, the
photolysis and biodegradation pathways of CIP by C. sorokiniana were proposed, which might orientate
the future finding and further investigation in the biodegradation pathway of fluoroguinolone antibiotics.
Furthermore, transcriptome sequencing results inferred the mechanism of CIP degradation by
C. sorokiniana. ABC transporters might play an essential role in the transmembrane transport of CIP by
C. sorokiniana. Intracellular CIP might experience the catabolic process of oxidative hydroxylation and
ring opening mineralization by the cytochrome P450, 20G-Fe(ll) oxygenase superfamily, dioxygenase,
etc. The activity of ATPase was enhanced, and more energy was obtained for the transport and degrada-
tion of CIP through hydrolysis of ATP. Future research could focus on ways to increase the removal of low
concentrations of CIP. Besides, more investigation should be conducted about the key genes in the degra-
dation of CIP.

Limitations of the study

One of the main limitations of the study is that the intermediates of CIP were speculated based on HPLC-
MS/MS results and previous study. Future study may focus on chemically studying compounds contents of
the system to determine main intermediates.
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Table 4. Differentially expressed genes related to metabolism of C. sorokiniana induced by CIP

CIP+/Col CIP++/Col CIP++/CIP+
log2Fold  Fold log2Fold  Fold log2Fold  Fold
Gene ID change change  change change change change  Annotations
gene-C2E21_2725 2.87 7.33 (up) 4.04 16.40 (up) 1.16 2.24 (up) 20G-Fe(ll) oxygenase superfamily
gene-C2E21_9291 1.00 2.00 (up) 1.14 2.20 (up) - - NADPH-dependent diflavin oxidoreductase
1 isoform X1
gene-C2E21_7633 - - 1.05 2.07 (up) - - cytochrome P450
gene-C2E21_3034 1.17 2.24 (up) 1.31 2.48 (up) cytochrome P450 55A3 isoform A
gene-C2E21_4846 - - 2.31 4.94 (up) 214 4.42 (up) cysteine dioxygenase
gene-C2E21_7353 - - 1.1 2.16 (up) 1.21 2.31 (up) NADP-dependent malate dehydrogenase
gene-C2E21_1830 - = 1.17 2.25 (up) 1.61 3.04 (up) bifunctional acetaldehyde- alcohol
dehydrogenase isoform B
gene-C2E21_5734 - - 1.06 2.09 (up) - - ferric-chelate reductase
gene-C2E21_3542 - - —1.05 2.07 (down) - - FAD-dependent oxidoreductase
gene-C2E21_3699 - - -1.17 2.25 (down) - - NADPH:quinone reductase
gene-C2E21_9142 1.02 2.03 (up) - - - - ATPase AAA
gene-C2E21_6345 - - 1.26 2.40 (up) - - ATPase family AAA domain-containing 2

"o

indicated "P-adjust > 0.05" or “not significantly different expressed” or “|log2FC|<1".
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Chlorella sorokiniana The Institute of Hydrobiology, Cat#FACHB-25

Chinese Academy of Sciences

Chemicals, peptides, and recombinant proteins

Ciprofloxacin Shanghai Macklin Biochemical Cat#C11901815; CAS:85,721-33-1
Co.,Ltd.
Sodium hydroxide Sinopharm Chemical Reagent Cat#10019762; CAS:1319-73-2
Acetone Shanghai lingfeng chemical CAS:67-64-1
reeagent Co.,Ltd.
Acetonitrile Fisher chemical Cat#A998-4; CAS:75-05-8
Formic acid Sinopharm Chemical Reagent Cat#10010118; CAS:64-18-6
Critical commercial assays
TRIzol® Reagent Invitrogen Cat#15596018
DNase | DNase | Cat#2270A
TruSeqTM RNA sample preparation Kit lllumina Cat#RS-200-0012
Super-Script double-stranded Invitrogen Cat#11917020

cDNA synthesis kit

Software and algorithms

UV-VIS spectrophotometer Shimadzu UV-2600

Portable microalgae fluorescence meter AquaPen AquaPen-C AP 110-C

MATLAB R2021a MathWorks https://www.mathworks.com/products/
get-matlab.html?s_tid=gn_getml

drEEM toolbox Murphy et al., (2013) http://dreem.openfluor.org/

Spectrophotometer FS5 Edinburgh Instruments Ltd. FS5

High-performance liquid chromatography Agilent Agilent Technologies 1200 Series

(HPLC)

HPLC column Agilent Eclipse XDB-Cg column (5 um, 4.6 X 250 mm)

Liquid Chromatography High Resolution Absciex TripleQTOF5600+

Mass Spectrometer

2100 Bioanalyser Agilent G2939AA

NanoDrop Technologies Thermo Scientific ND-2000

IBM SPSS Statistics 20 IBM https://www.ibm.com/support/pages/node/723799

Origin 2020 OriginLab https://www.originlab.com/index.aspx?go=PRODUCTS/

OriginStudentVersion

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Zhuo Li (zhuoliz000@whu.edu.cn).

Materials availability
This study did not generate new unique reagents.
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Data and code availability

This study did not generate any unique datasets. All data generated during this study are either supplied in
the figures and the supplemental information or will be shared by the lead contact upon request. This pa-
per does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Microbe strains

Chlorella sorokiniana, provided by the Institute of Hydrobiology, Chinese Academy of Sciences, was culti-
vated in the medium of autoclaved BG-11 nutrient media at the pH of 7.2 in a conical flask of 100 mL. The
BG-11 medium was purchased from Qingdao Hope Bio-Technology Co,.Ltd., consisting of NaNO3 (1.5 g
L"), K;HPO, (0.04 g L), MgSQO4-7H,0 (0.075 g L™, CaCl,-2H,0 (0.036 g L™, citric acid (0.006 g L),
ferric ammonium citrate (0.006 g L™", Nay-EDTA (0.001 g L™, Na,CO;5 (0.02 g L™" and 1.0 mL of trace
metal solution per liter. The trace metal includes H3BO3 (2.86 g L"), MnCls-4H,0O (1.86 g L,
ZnSO4-7H,0 (0.22 g L"), CuSQO4-5H,0 (0.08 g L"), Nay;MoO4-4H,0 (0.39 g L") and Co(NO3)-6H,O
(0.05gL™"). Under an appropriate light condition of 200 pmol/m? (light-to-dark ratio 12 h/12 h) and suitable
temperate of 28°C, the microalgal culture was manually shaken four times a day to avoid the growth of mi-
croalgae cells along the flask wall.

To examine the effect of CIP and its removal efficiency by C. sorokiniana, exponentially growing microalgae
cells were exposed to media composed of different CIP concentrations of 1, 5, 10 and 20 mg L' Besides, a
series of batch experiments were conducted to investigate the elimination routes of CIP at 20 mg L™". The
microalgal elimination routes for CIP were considered to be photolysis, hydrolysis and bioremoval. Photol-
ysis and hydrolysis tests were conducted to investigate their contribution during CIP removal process.

METHOD DETAILS
Chemicals

CIP was purchased from Shanghai Macklin Biochemical Co., Ltd. 2 g L™ stock solution of CIP was prepared
using weak alkaline solution (0.02% w/w NaOH). Then, the CIP solution was subjected to filtration steriliza-
tion through a 0.22 um membrane filter. Other reagents used in this study are analytical or HPLC grade.

Microalgae growth analysis

The optical density of the microalgae sample was analyzed using a UV-2600 spectrophotometer (Shi-
madzu, Japan) at 680 nm (ODggg). The linear relationship between ODggo and the cell dry weigh of
C. sorokiniana (DW) was established, and the standard curve was calculated by Equation (1):

DW (g/L) = 0.1672 x ODggo -0.0015 (Equation 1)

In the study, specific growth rate was used to describe the change in biomass concentration over time. The
specific growth rate (u) was determined by the range of correlation points in the exponential growth period
of microalgae, based on the relationship between In(DW) and time, which was described by Equation (2).

_ In(DW;/DWy)
k= t/to

where DW; and DW, correspond to the dry weight of microalgae biomass at time t; and to, respectively.

(Equation 2)

Analysis of photosynthetic parameters in response to CIP

The contents of chlorophyll a and b as well as carotenoid were analyzed using the methods of a previous
study (Li et al., 2020a). Specifically, 8 mL algal culture was obtained and centrifuged at 4°C, 8000 rpm for
10 min. Then, the supernatant was removed and 8 mL 90% acetone was added into centrifugal tubes.
The microalgal suspension was placed in a refrigerator for dark treatment at 4°C for 24 h, and subsequently
was centrifuged at 4°C, 8000 rpm for 10 min. The supernatants were measured at absorbance of 470, 652
and 665 nm by the UV-2600 spectrophotometer. The concentrations of chlorophyll a, b and carotenoid
were calculated by the following Equations (3), (4), and (5):
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Chla (mg/L) = 16.72 X ODgs — 9.16 X ODys (Equation 3)
Chlb (mg/L) = 34.09 X OD¢s, — 15.28 X ODyes (Equation 4)
Carotenoid (mg /L) = (1000 X ODy7o — 1.63 x Chlorophyll a ) /221 (Equation 5)

The contents of photosynthetic pigments were expressed as mg g~ by dividing the concentration of each
pigment by dry weight of C. sorokiniana.

Chlorophyll fluorescence parameter was measured by a portable microalgae fluorescence meter (Aquapen
110-C, Czech Republic). 3 mL algae culture was obtained and dark-adapted for at least for 20 min, thereby
performing photosynthesis, according to the manufacturer’s operating manual (Li et al., 2020c¢). Four chlo-
rophyll fluorescence parameters were analyzed, based on the operating program data, including F,/F, and
efficiency of OEC, ®PSIl and NPQ.

Calculated as following Equation (6), F./F,, reflected the maximum quantum efficiency of photosystem II,
while OEC reflecting the efficiency of the oxygen-evolving complex, calculated as following Equation (7)
(Liu et al., 2020):

FV/Fm - S (Equation 6)

Fo .
OEC = m (Equation 7)

where F, and F, are the maximum and minimum fluorescence in dark-adapted state, respectively.

As one of the most important parameters that revealed the physiological state, ®PSII measured the effi-
ciency of PSIl photochemistry and was calculated as following Equation (8):

F, - F

(Equation 8)
Non-photochemical quenching (NPQ) was quantified using the maximum fluorescence measured in the
dark-adapted sample by Equation (9) (Kiran and Mohan, 2021):

Fn — F

NPQ = % (Equation 9)

Extracellular polymeric substance analysis

The characterization of dissolved organic matter (DOM) was determined by the combined use of three-
dimensional excitation-emission matrix (EEM) and parallel factor analysis (PARAFAC) (Murphy et al.,
2013). All algal samples were centrifuged and the supernatants were passed through 0.45 mm membrane
filters before measurement. Subsequently, they were measured by a fluorescence spectrophotometer (FSs,
Edinburgh Instruments Ltd., England), equipped with a pulsed xenon lamp (150 W). The scan ranges were
set from 200 to 500 nm for excitation (Ex) with 5-nm sampling intervals, and the emission (Em) spectra from
250 to 600 nm were obtained in 1 nm increments. The Ex and Em slit bandwidths were set as 5 and 1 nm,
respectively. A PARAFAC analysis was performed in MATLAB (Version 2020, MathWorks, USA) using the
drEEM toolbox to separate the different fluorescent components of the DOM.

The verified excitation and emission loadings are used as a precondition to model the un-scaled data, and
then multiply by the maximum excitation and emission loadings to obtain the maximum fluorescence (Fiax)
of each component in Raman. According to the method described by Chai et al. (2019), Humic Index (HIX)
and Biological Index (BIX) were calculated based on EEM spectrum as follows:

HIX = Z Iem 434—480nm/ ( Z Iem 300 —344nm t Z Iem 434—480nm) (Aex 254nm) (Equation 10)
BIX = Iem 380nm/lem 430nm(;{ex 310nm) (Equation 1 1)

where lom and Aex are emission and excitation intensity at different wavelengths.

CIP removal analysis

Microalgal culture (5 mL) was sampled daily to determine the residual concentration of CIP. The culture me-
dia were centrifuged at 4°C, 8000 rpm for 10 min to separate the microalgal cells, and the supernatants
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were filtered through 0.45 pm membrane filters. The concentrations of CIP in different groups were
analyzed by high performance liquid chromatography (HPLC, Agilent Technologies 1200 Series, Agilent,
USA) under 269 nm. 20 pL of supernatant was injected into an Eclipse XDB-C4g column (5 pum,
4.6 x 250 mm, Agilent) at 30°C. The mobile phase was acetonitrile/ultrapure water with 0.1% (v/v) formic
acid (25/75, v/v) at a flow rate of 1 mL/min. The retention time of CIP was 2.816 min under this chromato-
graphic analysis conditions.

CIP intermediates were identified using the Liquid Chromatography High Resolution Mass Spectrometer
(Absciex). The intermediates obtained include both photolytic and biodegradation pathways in the
biodegradation experiments. The mobile phase of HPLC conditions was gradient elution mode (shown
in Table S5) with a flow rate at 0.4 mL min~" in Kinetic C18 column (100 mm % 2.1 mm, 2.6 um). Accurate
MS patterns of CIP and its biodegradation products, were analyzed in negative ionization scanning
mode (m/z 100 to 1000).

Transcriptome analysis

20 mL of culture media was exposed to 5 and 10 mg L~" CIP for 10 days, and control groups were centri-
fuged and the cells were collected. Total RNA was extracted from the tissue using TRIzol® Reagent, ac-
cording to the manufacturer’s instructions (Invitrogen), and genomic DNA was removed using DNase | (Ta-
Kara). Then, RNA quality was determined by 2100 Bioanalyser (Agilent) and quantified using the ND-2000
(NanoDrop Technologies). Only high-quality RNA sample (OD260/280 = 1.8~2.2, OD260/230 > 2.0,
RIN>6.5, 285:18S > 1.0, >1pg) was used to construct sequencing library.

RNA-seq transcriptome library was prepared following TruSeqTM RNA sample preparation Kit from Illu-
mina (San Diego, CA) using 1 pg of total RNA. Messenger RNA was isolated and synthesized double-
stranded cDNA by using a SuperScript double-stranded cDNA synthesis kit (Invitrogen, CA) with random
hexamer primers (Illumina). Then, the synthesized cDNA was subjected to end-repair, phosphorylation and
‘A’ base addition. Libraries were size selected for cDNA target fragments of 300 bp, followed by PCR ampli-
fication. Then RNA-seq sequencing library was sequenced.

The clean reads obtained for 9 samples were first mapped to the Chlorella sorokiniana reference genome
GCA_002245835.2 (https://www.ncbi.nlm.nih.gov/genome/31394?genome_assembly_id=367175). The
gene expression level was first standardized by calculating transcripts per kilobase per million mapped
reads (TPM). DEGs expression analysis was performed by DESeq2 with false discovery rate correction
(FDR) P-adjusted <0.05, while DEGs with [log2FC|>1 and P-adjusted <0.05 were considered to be signif-
icantly different expressed genes.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the experiments were carried out in triplicates and results were presented as means +standard error.
One-way analysis of variance(ANOVA) followed by Tukey’s HSD Post Hoc multiple comparison analysis was
conducted by IBM SPSS 20 to analysis the significant differences between different experimental groups.
Values were considered significant at P< 0.05.
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