Applied Microbiology and Biotechnology (2020) 104:8025-8036
https://doi.org/10.1007/500253-020-10822-6

APPLIED MICROBIAL AND CELL PHYSIOLOGY m

Check for
updates

Gene expression concerning fatty acid and amino acid metabolism
in Chlorella vulgaris cultured with antibiotics

Wenjing Wang' - Yanging Sheng’

Received: 24 March 2020 /Revised: 16 July 2020 / Accepted: 6 August 2020 / Published online: 14 August 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

The green alga Chlorella vulgaris has potential as a source of clean bioenergy with abundant metabolites and a high oil content, and
antibiotics are often applied to remove bacteria from culture to obtain axenic algal strains. In this work, ceftazidime and gentamicin
sulphate (GS) were added separately and in combination in the aseptic processing of C. vulgaris, and gene expression and metabolites
were evaluated. The results showed that ceftazidime and GS effectively inhibited the proliferation of Cyanobacteria and Bacteroidetes,
respectively. Overall, the effects of antibiotics on C. vulgaris differed: GS increased the algal concentration, whereas ceftazidime alone
and in combination with GS treatment decreased the specific algal growth rate. Based on comparative transcription analysis, 5917 and
5899 differentially expressed genes (DEGs) were respectively upregulated and downregulated by ceftazidime, 963 and 3921 DEGs by
GS, and 4532 and 1675 DEGs by the ceftazidime and GS combination. Pathway enrichment analysis showed that the downregulated
DEGs in the ceftazidime groups were enriched in the fatty acid biosynthesis pathway but that the upregulated DEGs in the GS group
were enriched in the fatty acid degradation pathway. Some pathways related to amino acid metabolism were markably influenced by
antibiotic treatment. The results further indicated that antibiotics affected the intracellular concentration of fatty acids and amino acids in
C. vulgaris. This study provides a new viewpoint regarding the response of C. vulgaris to antibiotics in the process of obtaining axenic
algal strains.

Key Points

* Ceftazidime and gentamicin sulphate influenced bacterial proliferation.

» Downregulated differentially expressed genes mapped to the fatty acid biosynthesis pathway.
* Antibiotics affected intracellular concentrations of fatty acids and amino acids.

Keywords Amino acid metabolism - Axenic treatments - Fatty acid metabolism - Transcription analysis

Introduction fatty acids, carbohydrates, pigments, nucleic acids, vitamins, and
minerals (Sakarika and Kornaros 2019; Deviram et al. 2020).

Algae are often considered a clean bioenergy source owing to  The green alga Chlorella vulgaris is an attractive algal species
their ability to accumulate and release proteins, polyunsaturated ~ for this purpose due to its rapid growth and ease of cultivation
(Chapman et al. 2019; Mathimani et al. 2019). Indeed, the intra-
P — pRE— — cellular substances of these species are regarded as commercially
D a5 alable for ol el deand (At t . 2020, and i
material, which is available to authorized users. cultivation of algae is crucial for scientific study or commercial
application as biofuel. For processing, antibiotics are always ap-
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capacity in algal culture, their effects on algal gene expression in
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density of 1 x 10° cells mL ™" (Wang et al. 2016), and the
growth of algae is thus frequently inhibited by bacterial con-
tamination (Lopez et al. 2019). Interactions between algae and
symbiotic bacteria are complex. In general, algae aid bacterial
growth by releasing dissolved organic carbon (Cirri and
Pohnert 2019); conversely, bacteria can promote or inhibit
algal proliferation (Cirri and Pohnert 2019; Lopez et al.
2019). In addition to nutrient competition, bacteria might in-
hibit algal productivity by diverting algal cellular resources
from rapid growth to passive defence (Kazamia et al. 2012).
Overall, bacteria have positive or negative effects on algal
physiological and metabolic processes (Nguyen et al.
2019; Sun et al. 2020).

Many antibiotics, e.g. ampicillin, penicillin, azithromycin,
kanamycin, and tetracycline, can achieve axenic culture. For
example, Fu et al. (2017) determined the activity of 13 antibiotics
and found that azithromycin, doxycycline, florfenicol, and oxy-
tetracycline had significant toxic effects on algae. The physiolog-
ical changes in algae depend on the concentration of antibiotics
in culture (Dias et al. 2015). However, the inhibition efficiency or
physiological change in bacteria and/or algae by these antibiotics
in terms of the changes in gene expression and metabolic pro-
cesses of algae during aseptic processing is still unclear.
Although no remarkable changes in algal growth rates have been
detected with some antibiotics (Wang et al. 2019), gene expres-
sion levels relating to algal metabolites might be influenced by
antibiotics (Gordon and Pfleger 2018). The changes of gene
expression levels would affect algal activity in the further appli-
cation of axenic alga obtained by antibiotic treatment.

Selecting more appropriate antibiotics with clear interaction
mechanisms on algae is important for algal axenic cultivation and
further scientific research. Ceftazidime and gentamicin sulphate
(GS) are two common broad-spectrum antibiotics used in
humans. Ceftazidime and GS can inhibit infections by
Pseudomonas, Proteus, Serratia, and Staphylococcus, which
are also common strains of bacteria in algal culture (Wang and
Sheng 2019; Wang et al. 2019). In this study, ceftazidime and
GS were selected for application in aseptic cultivation of the
unicellular green alga C. vulgaris to investigate effects of these
on the gene expression and the ecological response of
C. vulgaris. The objectives of this study were to (1) determine
gene expression levels in C. vulgaris cells treated with ceftazi-
dime, GS, and their combination and (2) examine amino acid and
fatty acid biosynthesis and metabolism through de novo tran-
scriptome and metabolite analyses.

Materials and methods
Experimental design

The unicellular green alga C. vulgaris FACHB-24 was ac-
quired from the Freshwater Algae Culture Collection of the
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Institute of Hydrobiology (Wuhan, China) and cultivated in a
successional photobioreactor (60 cm high and 5 cm diameter)
containing 800 mL of BG11 medium (Sharma et al. 2018).
The cells grew at 30 °C under irradiance of 70 umol photons
m %! with continuous illumination provided by white fluo-
rescent lamps. The algal density was measured under an
Olympus CX23 light microscope (Olympus, Tokyo, Japan).
The specific growth rates were calculated using the following
formulas:

= ln(Nj/Ni)/(tjfti)

where p is the specific growth rate and N; and N, are the
biomass at time # and time #, respectively. For chlorophyll
determination, algal cells in 5 mL of culture were collected by
centrifugation and washed three times with phosphate-
buffered saline (pH = 7). Chlorophyll and carotenoids were
extracted with 5 mL of a 90% acetone solution for 24 h at
4 °C, after which the solution was centrifuged at 10,000xg for
15 min. The absorbance of the supernatant was measured with
a spectrophotometer (TU1901, Beijing Purkinje General
Instrument Co Ltd., Beijing, China) at 470 nm, 646.8 nm,
and 663.2 nm. Quantitative determination of chlorophyll a
and chlorophyll » and carotenoids was performed as reported
by He et al. (2018).

In pre-experiments, 0—30 mg L' ceftazidime, 0—
65 mg L ! GS, and their combination were added to
C. vulgaris cultures to evaluate effects on growth
(Supplemental Fig. S1 and Fig. S2); 10 mg L' ceftazidime
and 25 mg L' GS were observed to have a minor effect on the
growth rate of C. vulgaris but a high inhibition effect on bac-
teria. C. vulgaris samples were treated with different concen-
trations of ceftazidime, GS, and their combined solutions
based on the results of the pre-experiments. An algal culture
without antibiotic addition was used as the control. All treat-
ments (experiments and control) were conducted with six bi-
ological replicates.

Changes in the symbiotic bacterial community
Bacterial abundance

Determination of bacterial abundance and composition was
performed in triplicate. The bacterial count was determined
by 4',6-diamidino-2-phenylindole (DAPI) staining with an
Axio Observer Al inverted fluorescence microscope (Carl
Zeiss, Oberkochen, Germany). Briefly, 1 mL of sample was
added to a sterilized glass tube containing 1 mL of 10 ug L™
concentration of DAPI and 1 mL of Triton X-100 (0.1%), and
the mixture was homogenized for 30 s and allowed to stand in
the dark for 10 min prior to filtration through 0.22-pum black
polycarbonate filters (GSWP02500, Millipore, Burlington,
MA, USA). The filters were examined with UV light using
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an epifluorescence microscope and an oil immersion objec-
tive. Each field was adjusted to 50-200 cells, and 30 fields
were counted for each sample. The results are expressed as
cells per millilitre.

Bacterial community composition

The culture was filtered through 0.45-um filter membranes
(HABG047S6, Millipore, Burlington, MA, USA) to obtain
filtrates containing bacteria, which were passed through a
0.22-um membrane (GVWP04700, Millipore, Burlington,
MA, USA) to collect the bacterial cells. The 0.22-um filter
membrane with bacterial cells was cut into small pieces and
placed in a sterile tube, and bacterial DNA was extracted with
a Bacterial DNA Isolation Kit according to the manufacturer’s
protocol (Qiagen, Hilden, Germany). The extracted DNA was
subsequently measured using a NanoDrop ND-1000 spectro-
photometer (ThermoFisher Scientific, Waltham, MA, USA)
and amplified by polymerase chain reaction with the follow-
ing primers targeting the V4-V5 region of bacterial 16S ribo-
somal DNA: 515F (§5'-GTGCCAGCMGCCGCGG-3’) and
907R (5'-CCGTCAATTCMTTTRAGTTT-3"). The PCR
products were purified using the DNA gel extraction kit
(ThermoFisher Scientific, Waltham, MA, USA), and a DNA
library was constructed using an Ion Plus Fragment Library
Kit 48 rxns (ThermoFisher Scientific, Waltham, MA, USA).
After DNA library quantification, the bacterial sequences
were analysed using an IonS5TMXL sequencing platform
(ThermoFisher Scientific, Waltham, MA, USA). Low-
quantity reads were removed by Cutadapt (V1.9.1). Sample
data were split according to barcode, and the barcode and
primer sequences were removed to obtain raw reads (Rognes
et al. 2016). The raw reads were BLAST searched, and adapt-
er sequences were removed to obtain clean reads. Uparse
V7.0.1001 software was employed to perform quality control
and to cluster sequences into operational taxonomic units
(OTU) (Haas et al. 2011). Species were annotated using the
Mothur method and the SSU rRNA database (Edgar 2013).
MUSCLE version 3.8.31 was used to BLAST search the se-
quences to determine relationships among all OTU sequences
(Quast et al. 2013). Alpha diversity was analysed using Qiime
version 1.9.1 (Caporaso et al. 2010).

RNA isolation, library preparation, and sequencing

After treatments, samples were filtered (5000xg, 15 min),
washed three times with K3PO, buffer (pH 7) to remove bac-
terial cells, and then stored in liquid nitrogen for RNA extrac-
tion in triplicate. Total RNA was extracted with TRIzol
(Invitrogen, Carlsbad, CA, USA), treated with RNase-free
DNase I (Takara Biomedical Technology (Beijing) Co. Ltd.,
Beijing, China), and purified using a NanoPhotometer® spec-
trophotometer (Implen, Westlake Village, CA, USA). The

RNA concentration was determined using a Qubit® 2.0 fluo-
rometer (Life Technologies, Carlsbad, CA, USA), and the
integrity was assessed using an RNA Nano 6000 assay kit
with an Agilent 2100 Bioanalyser (Agilent Technologies,
Palo Alto, CA, USA). RNA library preparation was conducted
by the Novogene Company (Beijing, China). The twelve raw
data, including biological replicates, were submitted to the
Sequence Read Archive of the NCBI database. The accession
numbers of the data are from SRR9673436 to SRR9673447.

Sequencing libraries were prepared using the NEBNext®
Ultra™ RNA library prep kit (New England Biolabs, Ipswich,
MA, USA) for the Illumina platform. Briefly, mRNA was
purified using poly-T oligo-attached magnetic beads and then
fragmented using divalent cations under elevated temperature.
cDNA was then synthesized, and the library fragments were
purified using the AMPure XP system to obtain cDNA frag-
ments of length 250-300 bp. Before polymerase chain reac-
tion, USER Enzyme (New England Biolabs, Ipswich, MA,
USA) was added to the size-selected, adaptor-ligated cDNA
and incubated at 37 °C for 15 min and then 95 °C for 5 min.
The products were purified, and the library quality was
assessed using the Agilent Bioanalyser 2100 system. Raw
data in FASTQ format were processed using in-house Perl
scripts (Xu et al. 2016). Clean reads were obtained by removal
of reads containing the adapter and poly-N as well as low-
quality reads from the raw data. Base call accuracy was esti-
mated to be 99.9% with a score of 30 and 99% with a score of
20. The percentage of GC was calculated as the GC ratio of
sequences. All downstream analyses were performed using
clean high-quality data. After transcriptome assembly, gene
functions were annotated using seven databases: the NCBI
non-redundant protein sequence (NR), NCBI non-redundant
nucleotide sequence (NT), Protein Family (PFAM), Clusters
of Orthologous Groups of Proteins (KOG/COG), Protein se-
quence (Swiss-Prot), Kyoto Encyclopedia of Genes and
Genomes Ortholog Database (KEGG), and Gene Ontology
(GO) databases.

Analysis of differentially expressed gene

A g value 0of < 0.005 and logy(fold change) of> 1 was set as
the threshold for significant differential expression. The anal-
ysis of DEG in C. vulgaris between the control and treatment
groups was performed using the DESeq R package (v1.10.1)
(Gao et al. 2018). DESeq was employed to provide statistical
analysis for determining DEGs using a model based on a
negative binomial distribution. Benjamini and Hochberg’s ap-
proach was used to analyse p values, and genes with an ad-
justed p value of <0.05 by DESeq were considered differen-
tially expressed. KEGG is utilized as a database resource for
understanding gene functions and biological system utilities
(Kanehisa et al. 2007), including cells, organisms, and eco-
systems, from molecular-level information, especially for
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large-scale molecular datasets generated by genome sequenc-
ing and other high-throughput experimental technologies
(http://www.genome.jp/kegg/). In addition, KOBAS
software was applied to test statistical enrichment of DEGs
in KEGG pathways (Mao et al. 2005).

Determination of medium-long-chain fatty acid
contents

Samples for fatty acid determination were collected by centri-
fugation (5000%g, 15 min) and washed with phosphate-
buffered saline (pH = 7.0). Approximately 500 mg of sample
in triplicate were placed in a 2-mL glass centrifuge tubes with
2 mL of a CH3;0H-CHCI; mixture addition, and the tubes
were placed in an ultrasonic bath for 30 min. The supernatants
were transferred into new centrifuge tubes, and 1 mL of a
H,S0O,~MeOH solution was added for 30 min in a water bath
at 80 °C to achieve methyl esterification (Breuer et al. 2013).
The samples were extracted with n-hexane, washed with ul-
trapure water, and transferred to sampling bottles. Methyl sa-
licylate was used as an interior label for fatty acid
determination.

Thirty-four Nu-Chek-Prep fatty acid methyl esters (Nu-
Chek-Prep. Inc., Elysian, MN, USA), including hexanoic acid
(C6:0), octanoic acid (C8:0), decanoic acid (C10:0),
undecanoic acid (C11:0), dodecanoic acid (C12:0), tridecylic
acid (C13:0), myristic acid (C14:0), myristoleic acid (C14:1),
pentadecanoic acid (C15:0), cis-10-pentadecenoic acid
(C15:1), palmitic acid (C16:0), palmitoleic acid (C16:1),
heptadecanoic acid (C17:0), cis-10-heptadecenoic acid
(C17:1), stearic acid (C18:0), oleic acid (C18:1N9), linoleic
acid (C18:2N6), a-linolenic acid (C18:3N3), y-linolenic acid
(C18:3 N6), arachidic acid (C20:0), cis-11-eicosenoic acid
(C20:1), cis-11,14-eicosadienoic acid (C20:2), cis-11,14,17-
eicosatrienoic acid (C20:3N3), cis-8,11,14-eicosatrienoic acid
(C20:3N6), arachidonic acid (C20:4N6), cis-5,8,11,14,17-
eicosapentaenoic acid (C20:5N3), heneicosanoic acid
(C21:0), behenic acid (C22:0), erucic acid (C22:1N9), cis-
13,16-docosadienoic acid (C22:2), tricosanoic acid (C23:0),
tetracosanoic acid (C24:0), cis-4,7,10,13,16,19-
docosahexaenoic acid (C22:6N3), and nervonic acid
(C24:1), were selected as the standard solution for standard
curve generation. The standard solution of mixed Nu-Chek-
Prep fatty acid methyl esters was set to nine concentrations:
ImgL ', 5mgL " 10mgL",25mgL", 50 mgL",
100 mg L', 250 mg L', 500 mg L', and 1000 mg L.
Two ratios 2.67% and 5.26% of each component to total con-
centration were set in the standard solutions, respectively. The
chromatographic peak area and retention time were extracted
using MSD ChemStation Data Analysis (Agilent
Technologies International Ltd., Palo Alto, CA, USA).
Medium-long-chain fatty acids were quantified based on stan-
dard curves using an Agilent 6890N/5975B gas
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chromatograph-mass spectrometer (Agilent Technologies,
Palo Alto, CA, USA) with an Agilent HP-INNOWAX col-
umn (30 m x 0.25 mm ID x 0.25 pm). Quality control samples
were analysed and set at a certain interval in the sample queue
to monitor the system stability.

Amino acid determination

For amino acid profiling, | mL of methanol/acetonitrile/water
(2:2:1, v/v/v) was added to 500 mg of homogenized sample
with six replicates. The mixture was sonicated for 20 min, and
then proteins were precipitated at —20 °C for 1 h. After cen-
trifugation, the supernatant was dried under vacuum at a low
temperature. The residue was resuspended in 100 pL of an
acetonitrile/water solution and centrifuged (12,000xg,
15 min), and the supernatant was used for further analysis with
an Agilent 1290 Infinity LC (Agilent Technologies, Palo Alto,
CA, USA) and a 5500 QTRAP MS system (AB Sciex,
Darmstadt, Germany). The detection conditions were the
same as those of a previous report (Bai et al. 2018).
Chromatographic peak areas and retention times were extract-
ed using MultiQuant software (AB Sciex, Framingham, MA,
USA). Both amino acid and derivative standards were analyt-
ical reagents (Sigma-Aldrich Corporation, Burlington, MA,
USA) and were used as the standards to verify the identity
of chromatographic peaks. A p value of <0.05 identified by
DESeq indicated significantly differential amino acid produc-
tion between the treatment and control groups.

Results
Diversity and abundance of the bacterial community

In the cultures with ceftazidime and GS, bacterial abundances
decreased by ~80%, and bacterial diversities also declined,
with the combination of ceftazidime and GS having the
highest inhibitory effect on bacterial growth (Fig. 1a). The
mean raw reads in the CK, ceftazidime, GS, and combined
ceftazidime and GS groups were 84,546, 84,966, 81,825, and
85,692, respectively (Table 1). The results showed that anti-
biotics reduced both bacterial community richness and diver-
sity. GS treatment resulted in higher Chaol and ACE values
than those in the ceftazidime group. The combined GS and
ceftazidime group presented the highest Shannon index value,
followed by the ceftazidime group and the GS groups. Seven
phyla were identified among the symbiotic bacterial commu-
nities (Fig. 1b). Bacteroidetes was the most abundant bacterial
phylum, accounting for an average of 38% of the total se-
quences in the control, followed by Proteobacteria (33%),
Cyanobacteria (5%), Armatimonadetes (0.3%), and
Planctomycetes (0.2%). The relative abundances of
Bacteroidetes, Proteobacteria, and Cyanobacteria in the
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Fig.1 Abundance and composition of symbiotic bacteria in algal culture.
“Others” included phyla with unclassified bacteria and phyla with a
relative abundance of < 0.01%. (a) Effects of antibiotics on cell density
of symbiotic bacteria. (b) Changes of symbiotic bacteria community with
antibiotic addition

ceftazidime group were 45.6%, 48.95%, and 1.44%, respec-
tively. However, the abundances of the above-mentioned phy-
la were 1.28%, 47.45%, and 14.16% in the GS group and
62.13%, 11.32%, and 5.83% in the combined ceftazidime
and GS groups, respectively. Among all treatments,
Proteobacteria, Proteobacteria, and Bacteroidetes exhibited
the highest relative abundances in the ceftazidime group,
followed by those in the GS group and the combined ceftaz-
idime and GS groups.

Variations in algal growth rates

Ceftazidime and GS caused different changes in the specific
growth rate of C. vulgaris, and the cell density was closely related
to the concentration of these antibiotics. Compared with the

control, ceftazidime reduced algal concentration, and GS in-
creased algal growth; the specific growth rate was decreased by
the combination of ceftazidime and GS (Fig. 2). After cultivation
for 15 days, ceftazidime reduced algal growth by 14.5%, GS led
to a 12.7% increase in algae, and the combination of both anti-
biotics resulted in slight inhibition of 3.4%. Quantitative deter-
minations of Chl a, Chl b, and carotenoids were performed at
15 days, with concentrations decreasing after culture with ceftaz-
idime or GS. The highest contents of Chl a, Chl b, and caroten-
oids were in the samples treated with both ceftazidime and GS, at
3.81+0.13 ug mL™", 2.46+0.14 pg mL ™', and 1.56+
0.13 pug mL™", respectively.

Annotation of transcriptional sequences

A total of 629,569,872 reads were mapped to the assembled
genome; 618,243,408 clean reads and 95.22 G bases with a
66% GC content were detected. Base-call accuracies of 92%
for Q scores of 30 and 97% for Q scores of 20 were obtained.
Split joints were used to obtain reference sequences for subse-
quent analyses with Trinity (v2.4.0) (Table 2), and the assembly
ultimately shows an average length of 2027 bp, N50 of 3026 bp,
and N90 of 1010 bp (Supplemental Fig. S3). Seven libraries were
constructed for gene function annotation, and 58,415 unigenes
were annotated and matched to 63.23%, 40.64%, 63%, 29.71%,
48.02%, 25.37%, and 63% of the sequences in the NR, NT,
PFAM, KOG/COG, Swiss-Prot, KEGG, and GO databases, re-
spectively (Fig. 3a). The percentage of homologous sequences
matched in the Nr database between Chlorella and closely relat-
ed algae is shown in Fig. 3b. Due to the lack of genomic infor-
mation for C. vulgaris FACHB-24, the results of analysis using
the sequences for algae were diverse. The top hits included
Chlorella sorokiniana (32.9%), Micractinium conductrix
(14.6%), and Chlorella variabilis (4.9%). Genes were
mapped to KEGG pathways and assigned GO terms.
Genes related to cell processes (913 genes, A), environ-
mental information processing (561 genes, B), genetic
information processing (3508 genes, C), metabolism
(5764 genes, D), and organismal systems (180 genes,
E) were annotated based on the KEGG database
(Fig. 4). The following GO results were obtained:

Table 1 Alpha diversity index of bacterial communities
Samples Raw reads Effective (%)  Good’s coverage GC ~ Community richness Community diversity

Chaol ACE Shannon Simpson
CK 84,546 + 793 94.95 + 4.18 1 5828 +£582  54.84 +4.65 3.90 = 0.03 0.66 = 0.00
Ceftazidime 84,966 + 663 94.43 + 335 1 52,17 £225 53.82£223 254+016  0.72+0.18
GS 81,825+ 126  97.95+0.24 1 5252+142 5398 +128  225+007 068 +0.17
Ceftazidime + GS 85,692 + 283 93.64 + 3.62 1 51.50 + 4.83 52.19+454 261+0.16 0.65=+0.06
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biological process (31), cellular component (15), and
molecular function (9) (Supplemental Fig. S4).

DEG analysis

Among the differentially expressed genes, 5917 unigenes
were upregulated and 5899 unigenes downregulated in the
ceftazidime group compared with the control group; 963
unigenes were upregulated and 3921 unigenes downregulated
in the GS group (Fig. 5), and 4532 unigenes were upregulated
and 1675 unigenes downregulated in the combined ceftazi-
dime and GS group. According to pathway enrichment anal-
ysis, the upregulated DEGs were enriched in pathways of

DNA damage and DNA replication in all groups. In the cef-
tazidime group, enrichment in the pathways of linoleic acid
metabolism was found for upregulated DEGs (Supplemental
Fig. S5a), whereas downregulated DEGs were enriched in
pathways of several amino acid metabolism pathways, includ-
ing valine, leucine, and isoleucine biosynthesis; pyruvate me-
tabolism; and glycine, serine, and threonine metabolism
(Supplemental Fig. S5b). For the GS group, upregulated
DEGs were enriched in pathways of fatty acid degradation;
valine, leucine, and isoleucine degradation; pyrimidine metab-
olism; nucleotide excision repair; and mismatch repair
(Supplemental Fig. S5¢); downregulated DEGs were enriched
in the pathway of fatty acid biosynthesis (Supplemental Fig.

Table 2 Summary quality

measurement details of RNA Sample Raw reads Cleanreads  Cleanbases Q20 (%) Q30(%)  GC (%)

samples
CK_1 65,560,510 65,783,116 922G 97.38 92.15 66.48
CK 2 65,566,066 65,785,486 9.87 G 97.31 92.98 66.38
CK_3 65,568,824 65,784,994 925G 97.16 92.68 66.6
Ceftazidime_1 69,956,786 68,604,226 10.16 G 97.44 9323 66.52
Ceftazidime 2 69,969,134 68,606,786 1092 G 97.43 93.23 66.6
Ceftazidime 3 69,971,442 68,660,056 103G 97.52 93.43 66.48
GS 1 74,328,142 71,630,660 11.77 G 97.52 93.43 66.87
GS_2 74,321,748 71,634,022 11.75 G 97.52 93.43 66.92
GS 3 74,327,220 71,634,062 11.98 G 97.37 93.14 66.72
(Ceftazidime + GS)_1 68,926,966 66,343,704 995G 9735 93.01 66.46
(Ceftazidime + GS) 2 69,180,328 66,777,618 10.02 G 97.36 93.08 66.43
(Ceftazidime + GS)_3 70,235,122 67,476,640 10.12 G 97.52 93.47 66.47
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Fig. 3 Information on transcriptional sequences. (a) The NR, NT,
PFAM, KOG/COG, Swiss-Prot, KEGG, and GO databases were used

for Chlorella gene annotation. (b) Species distribution for homologous
Chlorella sequences

S5d). Regarding the combined ceftazidime and GS group,
upregulated DEGs showed enrichment in pathways of pyru-
vate metabolism, tryptophan metabolism, and fatty acid deg-
radation (Supplemental Fig. S5¢) and downregulated DEGs in
pathways of fatty acid biosynthesis, porphyrin and chloro-
phyll metabolism, and arginine and proline metabolism
(Supplemental Fig. S5f).
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Fatty acid and amino acid metabolism transcript
information

Fourteen pathways of fatty acid metabolism were annotated in
the KEGG database. As shown in Fig. 6a, 966 genes were
annotated as involved in fatty acid metabolism. The detailed
genes and pathways are as follows: arachidonic acid metabo-
lism (Ara-, 46 genes); unsaturated fatty acid biosynthesis
(Bio-, 80 genes); cutin, suberin, and wax biosynthesis (Cut-,
3 genes); ether lipid metabolism (Eth-, 54 genes); fatty acid
biosynthesis (Fat-B, 75 genes); fatty acid degradation (Fat-D,
109 genes); fatty acid elongation (Fat-E, 29 genes);
glycerolipid metabolism (Gl/y-L, 126 genes);
glycerophospholipid metabolism (Gly-P, 188 genes); linoleic
acid metabolism (Lin-, 13 genes); sphingolipid metabolism
(Sph-, 60 genes); steroid biosynthesis (Ste-, 79 genes); ketone
body synthesis and degradation (syn, 52 genes); and o-
linolenic acid metabolism (alp-, 52 genes). Compared with
those in the control, 79 genes and 74 genes were

KEGG classification
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A, cell processes; B,
environmental information
processing; C, genetic
information processing; D,
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systems
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Fig. 6 Annotated genes and
DEGs involved in lipid acid
metabolism. (a) Changes of gene
number of lipid acid metabolism
in C. vulgaris under antibiotic
addition. (b-d) The number of
DEGs in ceftazidime, GS, and the
combined ceftazidime and GS
groups, respectively
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downregulated and upregulated in the ceftazidime group, re-
spectively (Fig. 6b). In the GS group, 46 genes were down-
regulated and 43 genes upregulated compared with the control
(Fig. 6¢). In the combined ceftazidime and GS group, 82 and
38 genes were downregulated and upregulated, respectively,
compared with the control (Fig. 6d). Furthermore, pathways
of arachidonic acid metabolism and o-linolenic acid metabo-
lism were enriched according to KEGG pathway analysis
(Supplemental Figs. S6 and S7). With regard to arachidonic
acid metabolism, the 7g/4 gene, which is involved in
lysophosphatidic acid acyltransferase or arachidonic acid syn-
thesis, was upregulated. However, other genes involved in
arachidonic acid synthesis, including GpX, Ggtl 5, and
Lta4H, were downregulated (Supplemental Table S1). The
gene which encodes EC 3.1.14 and the gene FarA for EC
3.1.1.32 involved in «-linolenic acid synthesis were upregu-
lated. The gene Mfp2 for peroxisomal fatty acid beta-
oxidation multifunctional protein and the AcX gene for perox-
isomal acyl-coenzyme A oxidase 3 were downregulated in the
combined ceftazidime and GS group. The products of gene
Mfp2 and AcX are responsible for transformation of o-
linolenic acid into 3-hydroxyacyl-CoA dehydrogenase (3-
0x0-OPC4-CoA) in the o-linolenic acid metabolism.
According to KEGG analysis, the DEGs were enriched in
several pathways of amino acid metabolism (Supplemental
Table S2). Specifically, upregulated DEGs showed enrich-
ment in pathways of arginine and proline metabolism; cyste-
ine and methionine metabolism; glycine, serine, and threonine
metabolism; glutathione metabolism; and alanine, aspartate,
and glutamate metabolism. In contrast, downregulated DEGs
were enriched in pathways of valine, leucine, and isoleucine
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degradation; glutathione metabolism; cysteine and methionine
metabolism; and beta-alanine metabolism. Therefore, antibi-
otics might have various influences on different amino acid
production pathways, resulting in redirections of amino acid
metabolisms.

Fatty acid quantification

The contents of medium-long-chain fatty acids in algal extracts
were determined under optimal conditions (Fig. 7). The total
concentration of fatty acids decreased in the treatment groups
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Fig. 7 Concentrations of medium-long-chain fatty acids in C. vulgaris.
“A” or “a” indicates a significant (p < 0.05) increase or decrease, respec-
tively, in fatty acid concentration between the treatment and control
groups



Appl Microbiol Biotechnol (2020) 104:8025-8036

8033

compared with the controls. A total of 0.048 pg cells ' of
medium-long-chain fatty acids was observed in the control,
which was higher than that in the ceftazidime (0.018 pg cells ),
GS (0.022 pg cells "), and combined ceftazidime and GS
(0.022 pg cells ') groups. The palmitic acid (C16:0), stearic
acid (C18:0), o-linolenic acid (C18:3N3), myristoleic acid
(C14:1), oleic acid (C18:1N9), and behenic acid (C22:0) levels
in the control group were also higher than those in the treatment
groups. Nevertheless, linoleic acid (C18:2N6), palmitoleic acid
(C16:1), arachidic acid (C20:0), and hexanoic acid (C6:0) were
more abundant in the treatment groups than in the control.
There were no remarkable changes in concentrations of the
fatty acids heptadecanoic acid (C17:0), cis-10-heptadecenoic
acid (C17:1), myristic acid (C14:0), erucic acid (C22:1N9),
tetracosanoic acid (C24:0), heneicosanoic acid (C21:0), and
tricosanoic acid (C23:0), between the treatment and control

groups.
Amino acid production

Twenty-eight amino acids were detected in C. vulgaris cells
(Table 3). Ornithine, lysine, and histidine levels increased in

all treatment groups compared with controls. In the ceftazi-
dime group, the levels of 7 and 12 amino acids increased and
decreased, respectively, compared with the control; 7 and 17
amino acids increased and decreased in the GS group, respec-
tively. In the combined ceftazidime and GS group, 4 amino
acids increased and 24 decreased due to the synergistic effects
of the antibiotics. Overall, significant differences in amino
acid levels between the treatment and control groups were
observed (p < 0.05).

Discussion
Role of bacterial communities in culture

Both ceftazidime and GS inhibited the proliferation of bacteria
and changed the bacterial compositions in contaminated
culture. Cyanobacteria, Bacteroidetes, and Proteobacteria
were the main bacterial phyla in culture, likely because of
their close interactions with C. vulgaris. Zhu et al. (2019)
recognized that Bacteroidetes benefited the growth of
C. vulgaris more than Proteobacteria and Cyanobacteria

Table 3 Fold changes of amino

acids in experiments compared Component Name Ceftazidime p value GS p value Ceftazidime + GS p value

with control
Taurine 4.99 8.8E-06 0.69 0.0328 3.90 6.3E-05
Ornithine 1.64 0.0003 3.31 7.4E-06 1.84 0.0124
Lysine 1.48 0.0231 2.34 1.4E-05 1.37 0.0424
Histidine 1.14 0.8321 1.18 0.6232 1.36 0.0032
Putrescine 0.82 0.4934 1.30 0.0342 0.85 0.0120
Threonine 091 0.9280 1.01 0.9267 0.72 0.0533
Arginine 0.77 0.7312 0.88 0.3829 0.69 0.4373
Glutamate 0.88 0.0477 1.10 0.4722 0.68 0.0327
Glycine 0.78 0.0342 1.21 0.5936 0.65 0.0015
Aspartate 1.18 0.6123 1.12 0.6125 0.63 0.0024
Asparagine 0.80 0.0731 1.00 - 0.62 0.0103
Isoleucine 0.75 0.0338 0.82 0.0321 0.57 0.0036
Alanine 0.70 0.0032 0.87 0.0423 0.56 0.0043
Cystine 1.19 0.7352 0.57 0.0583 0.56 0.0057
Spermidine 1.10 0.4821 1.34 0.0414 0.55 0.0056
Serine 0.68 0.0324 0.82 0.0030 0.55 0.0051
Methionine 0.55 0.0793 0.82 0.0432 0.53 0.0048
Tyrosine 0.77 0.0383 0.79 0.0324 0.53 0.0073
Tryptophan 0.57 0.0617 0.69 0.0426 0.51 0.0779
Valine 0.68 0.0283 0.73 0.0722 0.51 0.0684
Hydroxyproline 0.75 0.0023 0.82 0.0065 0.50 0.3022
Leucine 0.58 0.0120 0.65 0.0153 0.46 0.0063
Citrulline 0.53 0.0048 1.17 0.0024 0.38 0.0452
Cysteine 0.70 0.0337 0.41 0.0399 0.37 0.4453
Phenylalanine 0.41 0.0023 0.48 0.0010 0.36 0.0002
Proline 0.37 0.0001 0.47 0.4320 0.32 0.0001
Choline 0.39 0.0002 0.45 0.1423 0.32 0.0001
Glutamine 0.42 0.0011 0.47 0.3213 0.28 1.1E-06

Six biological replicates and three technical replicates were conducted for amino acid analyses
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did. In particular, allelopathic interactions of cyanobacteria
with C. vulgaris have been observed (Song et al. 2017).
Indeed, ceftazidime and GS induced Proteobacteria to be-
come the dominant bacterial phylum in algal culture, though
Bacteroidetes showed the highest abundances in the com-
bined antibiotic groups. Bacteroidetes may benefit the growth
of C. vulgaris under the combined antibiotics. Thus, the com-
bined ceftazidime and GS treatment may be an appropriate
solution to avoid harmful bacteria but retain beneficial bacte-
ria for the aseptic treatment of C. vulgaris.

Effects of ceftazidime and GS on C. vulgaris

In this study, ceftazidime inhibited C. vulgaris growth, where-
as GS enhanced growth (Fig. 2). The inhibition caused by
ceftazidime may be explained by the population of
C. vulgaris being decreased because it was previously shown
before that ceftazidime is able to reduce the C. pyrenoidosa
population (Yu et al. 2017). Although there are few reports
discussing the interaction of GS with algae, many studies have
reported that this antibiotic can affect algal growth and repro-
duction (Gonzalez-Pleiter et al. 2013). In this study, the com-
bination of ceftazidime and GS had different effects on the
physiology of C. vulgaris compared with those caused by
ceftazidime or GS alone. Similarly, a previous study reported
that this combination of antibiotics might have synergistic
effects on the growth of C. vulgaris (Wang et al. 2019).
Such an effect was confirmed in our study, as downregulated
DEGs in the combined ceftazidime and GS treatment were
mapped to pathways of porphyrin and chlorophyll metabolism
and carotenoid biosynthesis. Furthermore, the downregulation
of gene expression related to pigment metabolism was in ac-
cordance with the decreased concentration of chlorophyll and
carotenoids in C. vulgaris. Despite no significant differences
in Chl a, Chl b, and carotenoid contents between the com-
bined ceftazidime and GS and control groups, some genes
related to chlorophyll and carotenoids were markably regulat-
ed by the combined ceftazidime and GS treatment.

Antibiotics regulated fatty acid biosynthesis and
degradation

Ceftazidime and GS caused notable changes in the expression
levels of DEGs enriched in fatty acid biosynthesis and degra-
dation pathways, even the ceftazidime and GS combination,
which had a small effect on the growth rate and the concen-
trations of chlorophyll and carotenoid in the algae. In this
work, downregulated DEGs were mapped to the pathway of
fatty acid biosynthesis (Supplemental Fig. S8). In general, the
first step of fatty acid biosynthesis is performed by acetyl-CoA
carboxylase complex which catalyses the irreversible carbox-
ylation of acetyl-CoA to produce malonyl-CoA (Bilbao et al.
2017). The downregulated gene AccB for acetyl-CoA
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carboxylase biotin carboxyl carrier protein would cause a de-
cline in fatty acid biosynthesis. The downregulated gene
FabF/FabH related to 3-oxoacyl-coenzyme A synthesis con-
trols the condensation of acetyl-coenzyme A to acetoacetyl
coenzyme A (Young et al. 2006). In contrast, in this study,
the pathway of fatty acid degradation was enriched by upreg-
ulated DEGs. Both AcoX1/AvoX3 encoding acyl-CoA oxidase
and AcceD encoding acyl-CoA dehydrogenase are involved in
fatty acid degradation (Kong et al. 2017), and both were up-
regulated in the combined ceftazidime and GS group, indicat-
ing enhanced degradation of fatty acids.

Intracellular variations in fatty acids were quantified by gas
chromatography-mass spectrometry, and fatty acids decreased
in the treatment groups compared with the control by over
50%, suggesting that ceftazidime and GS inhibit fatty acid
biosynthesis. The contents of oleic acid (C18:1N9) and «-
linolenic acid (C18:3N3) also decreased in the combination
group, as demonstrated by the downregulation of FatA, which
is involved in fatty acyl-acyl carrier protein thioesterase A
production (Chen et al. 2012). The upregulated genes Ter/
Tsc/Cerl (0 encode enzymes for hexanoic acid synthesis and
were associated with an increasing concentration of hexanoic
acid (C6:0) with the combined ceftazidime and GS treatment.

Antibiotic-regulated amino acid metabolism

The amino acid composition of algae is an important aspect
regarding their use for biofuel production (Sakarika and
Kornaros 2019). The backbone of amino acids is mainly ob-
tained from fructose-6-phosphate, phosphoenolpyruvate, and
the citric acid cycle (McCusker et al. 2014). Ceftazidime and
GS induced various changes in the expression levels of genes
related to fructose-6-phosphate and phosphoenolpyruvate me-
tabolism and the citric acid cycle (Supplementary Fig. 8). In
this study, the upregulated DEGs in the ceftazidime group
showed enrichment in the KEGG pathway of valine, leucine,
and isoleucine biosynthesis, whereas enrichment in their deg-
radation pathway was found for upregulated and downregu-
lated DEGs in the GS group. In addition, upregulated and
downregulated DEGs in the combined ceftazidime and GS
group were associated with phenylalanine, tyrosine, and tryp-
tophan biosynthesis pathway. Therefore, ceftazidime, GS, and
their combination might have strong effects on the various
amino acid productions in C. vulgaris.

Ceftazidime and/or GS is able to regulate the concentration
of intracellular amino acids in algal cells. For instance, an
enhanced histidine level was found to be a response to upreg-
ulation of AldH, and the encoded enzyme is involved in alde-
hyde metabolism (Brocker et al. 2013). In our study, gluta-
mine and arginine levels decreased in the combined ceftazi-
dime and GS group (Table 3), which was probably caused by
downregulation of GlnA and SpeC/SpecF, which encode glu-
tamine and arginine synthetases (Chandra et al. 2010). The
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results suggest that appropriate application of ceftazidime and
GS can regulate specific intracellular amino acid production in
C. vulgaris.

In conclusion, the results indicate that ceftazidime and/or
GS reduce bacterial infection in algal culture; the combination
of antibiotics achieved the highest inhibition of bacterial abun-
dance with the lowest impact on C. vulgaris growth.
Simultaneously, chlorophyll production, carotenoid biosyn-
thesis, fatty acid biosynthesis, and amino acid production in
algal cells were remarkably affected by ceftazidime and/or
GS. Transcription analysis reflected the activities of the anti-
biotics in detail, and the results provide clues to the physio-
logical changes observed in C. vulgaris. In total, the recovery
of physiological metabolites should be considered when
selecting antibiotics for bacterial removal in algal strain
applications.
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