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ABSTRACT  Schizochytrium is a promising source for the production of docosa-
hexaenoic acid and astaxanthin. The effects of different methanol concentrations on
astaxanthin, biomass, and production of the lipids, squalene, and total sterol in
Schizochytrium limacinum B4D1 were investigated. Astaxanthin began to accumulate
when the methanol concentration reached 3.2% and peaked at 5.6% methanol, with a
2,000-fold increase over that in the control. However, under cultivation with 5.6% meth-
anol, the biomass, lipids, squalene, and total sterol decreased to various degrees. Tran-
scriptomic analysis was performed to explore the effects of different methanol concen-
trations (0%, 3.2%, and 5.6%) on the expression profile of B4D1. Three key signaling
pathways were found to play important roles in regulating cell growth and metabolism
under cultivation with methanol. Five central carbon metabolism-associated genes were
significantly downregulated in response to 5.6% methanol and thus were expected to
result in less ATP and NADPH being available for cell growth and synthesis. High metha-
nol conditions significantly downregulated three genes involved in fatty acid and
squalene/sterol precursor biosynthesis but significantly upregulated geranylgeranyl
diphosphate synthase, lycopene B-cyclase, and B-carotene 3-hydroxylase, which are in-
volved in astaxanthin synthesis, thus resulting in an increase in the levels of precursors
and the final production of astaxanthin. Additionally, the transcriptional levels of three
stress response genes were upregulated. This study investigates gene expression profiles
in the astaxanthin producer Schizochytrium when grown under various methanol con-
centrations. These results broaden current knowledge regarding genetic expression and
provide important information for promoting astaxanthin biosynthesis in Schizochytrium.

IMPORTANCE Schizochytrium strains are usually studied as oil-producing strains, but
they can also synthesize other secondary metabolites, such as astaxanthin. In this
study, methanol was used as an inducer, and we explored its effects on the produc-
tion of astaxanthin, a highly valuable substance in Schizochytrium. Methanol induced
Schizochytrium to synthesize large amounts of astaxanthin. Transcriptomic analysis
was used to investigate the regulation of signaling and metabolic pathways (mainly
relative gene expression) in Schizochytrium grown in the presence of various concen-
trations of methanol. These results contribute to the understanding of the underly-
ing molecular mechanisms and may aid in the future optimization of Schizochytrium
for astaxanthin biosynthesis.

KEYWORDS Schizochytrium limacinum, carotenoids, fatty acid, transcriptome

chizochytrium, which belongs to the thraustochytrids, is a unicellular, eukaryotic,
heterotrophic marine microorganism. It is known for rapid growth and extensive
accumulation of metabolites such as polyunsaturated fatty acids and carotenoids.

October 2019 Volume 85 Issue 19 e01243-19 Applied and Environmental Microbiology

Citation Du H, Liao X, Gao Z, Li Y, Lei Y, Chen
W, Chen L, Fan X, Zhang K, Chen S, Ma Y,
Meng C, Li D. 2019. Effects of methanol on
carotenoids as well as biomass and fatty acid
biosynthesis in Schizochytrium limacinum B4D1.
Appl Environ Microbiol 85:e01243-19. https://
doi.org/10.1128/AEM.01243-19.

Editor Isaac Cann, University of lllinois at
Urbana-Champaign

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Chunxiao Meng,
mengchunxiao@126.com, or Demao Li,
li_dma@tib.cas.cn.

H.Du, X. Liao, Z. Gao, and Y. Li contributed
equally to this work.

Received 5 June 2019

Accepted 12 July 2019

Accepted manuscript posted online 2
August 2019
Published 17 September 2019

aem.asm.org 1


https://doi.org/10.1128/AEM.01243-19
https://doi.org/10.1128/AEM.01243-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:mengchunxiao@126.com
mailto:li_dm@tib.cas.cn
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.01243-19&domain=pdf&date_stamp=2019-8-2
https://aem.asm.org

Du et al.

Previous studies have focused mainly on the production of oils, especially docosa-
hexaenoic acid (DHA), an important -3 fatty acid (1, 2). High-productivity strains can
accumulate lipids to 50% to 70% of their dry cell weight (DCW), with DHA constituting
30% to 70% of the total fatty acids (3-5).

Thraustochytrids are often pigmented and have been found to contain carotenoids
(5-8), including astaxanthin, canthaxanthin, B-carotene, zeaxanthin, and echinenone (6,
7, 9). Carotenoids, through their potent antioxidant activity and potential benefits to
human health, may assist in the treatment of cancer and eye vision (10). The main
application of carotenoids is as a colorant in food and feed, and the market for carotenoids
in the nutrition, pharmaceutical, and cosmetic industries is continuously growing (3). The
strong antioxidant characteristic of astaxanthin makes it the most important carotenoid in
Schizochytrium (11, 12). Astaxanthin’s important role in cancer prevention (3) has
attracted growing attention; researchers have studied its synthesis and have empha-
sized its value in the pharmaceutical and food industries (13). Natural sources of
astaxanthin have been found in krill (14), microalgae (15), and the yeast Phaffia
rhodozyma (16). However, the proportion of astaxanthin in those organisms is relatively
low, ranging from 0.1% to 0.4% (17). In contrast, the cyst cells of Haematococcus
pluvialis and its mutant strains contain astaxanthin to 4% of the DCW and have been
successfully used in industrial applications (18, 19). The composition of carotenoids in
Haematococcus, 80% of which comprises astaxanthin, may be advantageous for astax-
anthin concentration and mass production. However, Haematococcus is an obligate
photoautotroph and grows more slowly than heterotrophs, thus hindering increases in
productivity. Because Schizochytrium strains are unicellular, eukaryotic, and hetero-
trophic, they are potential strains for astaxanthin production.

The astaxanthin synthetic pathway has been studied in some higher plants and
microalgae (20-22). However, little is known regarding the pathway of Schizochytrium’s
astaxanthin biosynthesis. In a previous study, Zhang et al. have proposed potential
pathways for the production of fatty acids, squalene, sterol, and carotenoids in Schizochy-
trium and have also observed an interesting phenomenon in which the red color of
Schizochytrium darkens with the induction of butanol (23), owing to astaxanthin
accumulation.

Methanol, a short-chain alcohol, was used in this study. To better understand the
molecular basis of the observed effects of methanol on the production of highly
valuable substances (mainly astaxanthin), we conducted transcriptomic analysis of
Schizochytrium limacinum B4D1 grown under different methanol concentrations. The
results broaden the scientific understanding of astaxanthin biosynthesis in Schizochy-
trium and provide an important new functional genomics information resource. These
results should facilitate future genetic studies on the molecular mechanisms and cell
factory construction of Schizochytrium for astaxanthin biosynthesis.

RESULTS

Effects of methanol on biomass and metabolites in S. limacinum B4D1. (i)
Effects of methanol on biomass, lipid accumulation, and fatty acid composition.
The effects of methanol on S. limacinum B4D1 at different concentrations (0%, 1.6%,
3.2%, 4.8%, 5.6%, and 6.4%) were examined. Methanol determination indicated that a
small proportion of methanol was volatilized (~23%) and utilized (~10%) during
cultivation, but most of the methanol (~67%) remained in solution (Fig. 1), indicating
that a small amount of methanol entered the S. limacinum B4D1 cells.

With increased methanol concentrations, both the DCW and lipid yield of S. limaci-
num B4D1 decreased (Fig. 2A). The proportion of lipid increased slightly or remained
unchanged under culture with lower methanol concentrations (=3.2%) but declined
significantly (P = 0.05) at higher methanol concentrations (=4.8%) (Fig. 2B). These
results were consistent with the microscopic images of S. limacinum B4D1. The cellular
morphology changed slightly under lower methanol concentrations (=3.2%) but
changed significantly under higher methanol conditions (=4.8%). Notably, when S.
limacinum B4D1 was treated with 5.6% methanol, some cells began to lyse, which
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FIG 1 Determination of methanol utilization, methanol volatilization, and methanol residual in all
groups. Shown are mean values and SEs of results from three separately grown cultures. Calculation
formulas were as follows: methanol utilization = C; - C,; methanol volatilization = C, - C,. (C,, initial
methanol concentration; C,, methanol concentration [with inoculation] at the end of fermentation; C;,
methanol concentration [without inoculation] at the end of fermentation.)

causes substances in the cell to flow out of the cell. In addition, the lipid body was
significantly decreased when the methanol concentration increased from 4.8% to 6.4%
(Fig. 3).

Methanol addition also significantly altered the fatty acid profiles of S. limacinum
B4D1 and notably increased the proportions of DHA and eicosapentaenoic acid (EPA).
Cie60 and DHA were the main saturated fatty acids and polyunsaturated fatty acids,
respectively. Interestingly, the proportion of C, 4., was relatively stable at low methanol
concentrations (=3.2%) but significantly decreased (P =< 0.05) at high concentrations
(=4.8%) (Fig. 4A). Moreover, the DHA ratio also showed little variation at low methanol
concentrations but markedly increased (P = 0.05) at high concentrations. However,
because of the sharp decline in biomass and lipid content, the DHA content (mg/g)
decreased significantly (P < 0.05) after treatment with high methanol concentrations
(=4.8%) (Fig. 4B). In addition, docosapentaenoic acid (DPA) showed a pattern similar to
that of DHA, whereas EPA increased with increasing methanol concentrations.

(ii) Effects of methanol on squalene and sterol accumulation. Methanol also had
significant effects on the accumulation of squalene and sterols in S. limacinum B4D1.
When the methanol concentration increased from 1.6% to 3.2%, the squalene content
increased significantly (P =< 0.05) but markedly decreased (P =< 0.05) under other meth-
anol concentrations (Fig. 5A). In addition, the content of cholesterol, stigmasterol, and
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FIG 2 Effects of methanol on dry cell weight (DCW) and lipid yield (A) and lipid content (B) of S.

limacinum B4D1. Shown are mean values and SEs of results from three separately grown cultures. An
asterisk indicates statistically significant differences in comparison to controls.
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FIG 3 Photomicrographs of S. limacinum B4D1 cells treated with methanol at concentrations of 0%
(control) (A), 1.6% (B), 3.2% (C), 4.8% (D), 5.6% (E), and 6.4% (F). Scale bar, 10 um.

lanosterol decreased under methanol stress (Fig. 5B), and the inhibition increased with
increasing methanol concentrations.

(iii) Effects of methanol on carotenoid accumulation. The liquid culture of S.
limacinum B4D1 with methanol stress was muddy orange or red, because of the accumu-
lation of carotenoids. Among these carotenoids, astaxanthin was the main pigment of S.
limacinum B4D1. The total astaxanthin content did not increase significantly under low
methanol concentrations (=3.2%); however, it increased sharply (P < 0.05) under 4.8%
methanol and peaked under 5.6% methanol, showing a >2,000-fold increase over the
control levels. Furthermore, trans-astaxanthin was the most abundant isomer in all
groups (more than 90% of total astaxanthin) (Fig. 6). In addition, the B-carotene,
canthaxanthin, and lycopene content increased with increasing methanol concentra-
tion. Among the five groups with methanol added, the largest effect on B-carotene
accumulation was observed under 5.6% methanol, whereas canthaxanthin and lyco-
pene accumulated at 6.4% methanol.

Transcriptomic analysis. We performed gene expression profiling of S. limacinum
B4D1 in fermentation culture under three different methanol concentrations (0%
[control; C], 3.2% [low; L], and 5.6% [high; H]). After removing low-quality reads and
trimming adapter sequences, we found that more than 2.07 X 10° = 7.04 X 104, 4.23 X
10 £ 3.51 X 105 and 3.31 X 10° = 6.60 X 10° read pairs mapped to the reference
genome under each condition, reaching 14.08 X, 28.69X, and 22.46X coverage, re-
spectively (Table 1). A total of 1,918 genes showed differential expression patterns
between L and C conditions: 927 and 991 genes were upregulated and downregulated,
respectively. The number of differentially expressed genes (DEGs) between H and C
conditions was 4,891, including 2,597 upregulated genes and 2,294 downregulated
genes (Table 2). In total, 6,027 DEGs were identified by pairwise comparisons of the
three different conditions. All genes mentioned herein are listed in Tables S1 to S5 in
the supplemental material.

Transcriptomic analysis revealed that the mRNA levels of three genes for key
signaling pathways that affect cell growth and metabolism changed with methanol
stress. In the Ras signaling pathway, the gene encoding Ras (GTPase KRas) was signif-
icantly downregulated (1.60-fold), thus decreasing Ras activity and inhibiting cell
growth. In the phospholipase D signaling pathway, the gene encoding phospholipase
D1/2 (PLD) was significantly upregulated (nearly 2-fold), thus presumably enhancing
phosphatidate production, activating the mTOR signaling pathway, and enhancing cell
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FIG 4 Effects of methanol on the fatty acid compositions of S. limacinum B4D1. (A) Percentage of total fatty
acids; (B) percentage of dry cell weight. Shown are mean values and SEs of results from three separately
grown cultures. An asterisk indicates statistically significant differences in comparison to controls.

survival. Since gene expression may also depend on posttranscriptional regulatory
mechanisms, this and other interpretations of the metabolic consequences should be
considered tentative. Furthermore, in the AMPK signaling pathway, expression of the
gene encoding 5'-AMP-activated protein kinase (AMPK) was significantly increased
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FIG 5 Effects of methanol on the squalene content (A) and sterol content (B) of S. limacinum B4D1.
Shown are mean values and SEs of results from three separately grown cultures. An asterisk indicates
statistically significant differences in comparison to controls.
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FIG 6 Effects of methanol on the composition of S. limacinum B4D1 carotenoids. (A) Content of
carotenoids except astaxanthin; (B) astaxanthin content. Shown are mean values and SEs of results from
three separately grown cultures. An asterisk indicates statistically significant differences in comparison to
controls.

(1.56-fold), thereby increasing the activity of hydroxymethylglutaryl coenzyme A (CoA)
reductase (HMGCR) to inhibit cholesterol synthesis; in addition, HMGCR also downregu-
lated expression of the gene encoding sterol regulatory element-binding transcription
factor 1 (SREBP1), thus further inhibiting the synthesis of fatty acids. In addition, genes
encoding propionate CoA- transferase (pct), pyruvate dehydrogenase E2 component
(DLAT), and phosphate acetyltransferase (pta), which are involved in pyruvate metab-
olism, were upregulated (1.42-, 1.59-, and 2.36-fold, respectively), thus enhancing
acetyl-CoA production to some extent. However, most of the genes involved in fatty
acid synthesis were significantly downregulated, thus resulting in lower fatty acid
bioaccumulation.

(i) Differential gene expression in the central carbon metabolism pathway.
According to gene annotation information, the expression of genes involved in the
central carbon metabolism pathway among the three methanol concentration condi-
tions (C, L, and H) were identified. Table S2 compares the transcript abundance
for enzymes involved in central carbon metabolism pathways, including glycolysis
(Embden-Meyerhof-Parnas pathway [EMP]), the tricarboxylic acid (TCA) cycle, and the
pentose phosphate pathway (PPP). In EMP, in comparison with the C condition, 12
DEGs were identified under the H condition, with 2 genes upregulated and 10 genes
downregulated. Notably, the hexokinase (HK), 6-phosphofructokinase (pfkA), and pyru-
vate kinase (pyk) genes, encoding three key enzymes, were all significantly downregu-

TABLE 1 Summary of RNA-Seq data in three groups

Group® No. of mapped reads Total no. of bases (nt) Coverage (X)
C 2.07 X 109 2.80 X 108 14.08
L 423 X 108 5.71 X 108 28.69
H 3.31 X 10° 447 X 108 22.46

aC, control (0% methanol); L, 3.2% methanol concentration; H, 5.6% methanol concentration.
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TABLE 2 Analysis of DEGs in comparison of methanol conditions®

Comparison of No. of upregulated No. of downregulated

conditions No. of DEGs genes genes
LvsC 1,918 927 991

Hvs C 4,891 2,597 2,294
HvsL 4,451 2,362 2,089

aC, control (0% methanol); L, 3.2% methanol concentration; H, 5.6% methanol concentration.

lated (P = 0.05), in comparison with the control (nearly 7-, 3-, and 13-fold decreases,
respectively). There were 11 DEGs involved in the TCA cycle under the H condition, with
5 genes upregulated and 6 genes downregulated. The expression of genes encoding
isocitrate dehydrogenase (IDH1, IDH3), 2-oxoglutarate dehydrogenase (sucA, sucB), and
citrate synthase (gltA), which are rate-limiting enzymes, fluctuated with increasing
methanol concentrations. In addition, genes encoding various enzymes involved in the
PPP, including glucose-6-phosphate dehydrogenase (G6PD), 6-phosphogluconate de-
hydrogenase (6PGD), and ribose 5-phosphate epimerase (RPIA), were downregulated,
whereas the ribulose-phosphate 3-epimerase (RPE) gene was upregulated by 1.21-fold
(Table S2).

(ii) Analysis of differentially expressed genes associated with carotenoid bio-
synthesis. Through the analysis of the sample comparisons, we identified nine genes
involved in carotenoid metabolism, and the biosynthetic pathway is presented in Fig.
7A. The transcriptomic analysis showed that these genes exhibited notably different
levels in the carotenoid biosynthesis pathway. However, only the genes encoding gera-
nylgeranyl diphosphate synthase (GGPS), lycopene B-cyclase (LCYB), and p-carotene
3-hydroxylase (crtZ) were upregulated to significantly different levels (P =< 0.05) under the
H condition (Table S5; Fig. 7B).

(iii) Gene expression analysis of a competitive pathway of carotenoid synthe-
sis. Starting with acetyl-CoA, there is a competitive pathway in carotenoid synthesis,
i.e., the fatty acid synthesis pathway, and from mevalonate, there is another compet-
itive pathway, i.e., the squalene/sterol synthesis pathway (Fig. 7A). In the fatty acid
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FIG 7 Differential expression of genes involved in the carotenoid biosynthesis pathway of S. limacinum B4D1. (A) Carotenoid biosynthesis pathway of S.
limacinum B4D1 and relative expression of genes (fold change). (B) Relative gene fragments per kilobase per million (FPKM) in the carotenoid biosynthesis
pathway. Genes encoding acetyl-CoA C-acetyltransferase (atoB), acetyl-CoA carboxylase (ACACA), farnesyl diphosphate synthase (FDPS), farnesyl-diphosphate
farnesyltransferase (FDFT1), hydroxymethylglutaryl-CoA synthase (HMG-CoA synthase), hydroxymethylglutaryl-CoA reductase (HMGCR), geranylgeranyl diphos-
phate synthase, type lll (GGPS), 15-cis-phytoene synthase (crtB), phytoene desaturase (crtl), lycopene B-cyclase (LCYB), B-carotene ketolase (crtO/crtW), and
B-carotene 3-hydroxylase (crtZ) are shown.
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synthesis pathway, the acetyl-CoA carboxylase/biotin carboxylase gene (ACACA) en-
codes a key enzyme for the synthesis of fatty acid precursors, and its expression was
markedly downregulated (2.11- and 101.80-fold from C to L and H conditions, respec-
tively). Two genes encoding polyketide synthase (pks-1 and pks-2), a key enzyme for the
synthesis of unsaturated fatty acids, were strongly downregulated (26.61- and 140.00-
fold decreases from C to H conditions, respectively). In the squalene/sterol synthesis
pathway, expression of the farnesyl diphosphate synthase (FDPS) and farnesyl-diphosphate
farnesyltransferase (FDFTT) genes, which are key for the synthesis of precursors, was
decreased by 5.01- and 3.41-fold from C to H conditions, respectively (Table S4).

(iv) Differential gene expression related to the antioxidant defense system. We
also detected genes encoding three antioxidant enzymes: superoxide dismutase (SOD),
L-ascorbate peroxidase (APX), and catalase (CAT). The transcription results indicated that
under the H condition, four genes encoding SOD (SOD-1, SOD-2, SOD-3, and SOD-4)
were significantly upregulated (P < 0.05), compared with the transcription results under the
C condition (3.25-, 5.79-, 3.75-, and 1.22-fold increases, respectively), whereas SOD-5 and
SOD-6 showed no significant change. We also found that the H condition led to a
significant upregulation (P =< 0.05) of CAT expression, which was mainly responsible for
the disposal of free circulating H,O,. Furthermore, the expression of APX was also
upregulated (Table S3). For glutathione peroxidase (GSH-Px), we detected three genes
encoding GSH-Px which are part of a major protective system against endogenously
and exogenously induced peroxidation. Two genes, GSH-Px-2 and GSH-Px-3, were
significantly decreased by 3.20- and 2.50-fold, respectively (Table S3).

(v) Verification of gene expression through qRT-PCR. To validate the transcrip-
tomic data, we used quantitative real-time PCR (gQRT-PCR) to verify the transcriptome
sequencing (RNA-seq) results for key genes involved in the central carbon metabolism
pathways (HK, pfkA, pyk, IDH1, sucA, sucB, and gltA), fatty acid synthesis pathway
(ACACA), squalene/sterol synthesis pathway (FDPS and FDFTT), carotenoid biosynthesis
pathway (atoB-1, atoB-2, HMIG-CoA synthase, HMGCR-1, HMGCR-2, crtB, GGPS, LCYB, crtl,
crtO/crtW, crtZ), and antioxidant defense system (SOD-1, SOD-2, SOD-3, CAT, and APX).
The results showed that the expression levels of most genes were consistent with the
results from the transcriptomic analysis, thus indicating that the RNA-seq data were
reliable (Fig. S1).

DISCUSSION

There is keen interest in the development of technologies for increasing the microbial
production of carotenoids, especially astaxanthin. Schizochytrium has been found to syn-
thesize large amounts of astaxanthin under methanol stress; this characteristic and its high
growth rate make it a potential microorganism for astaxanthin production. To further
understand and improve the capacity for astaxanthin production, we applied transcrip-
tomic analysis to compare the expression of genes involved in important metabolic
pathways under different methanol concentrations. We also investigated three key signal-
ing pathways, thus providing new clues to understanding astaxanthin biosynthesis in S.
limacinum B4D1 and laying a foundation for the future construction of cell factories for
astaxanthin production.

The central carbon metabolism pathway is the main route for generating NADH and
ATP, two important factors for cell growth (24). In most microorganisms, EMP and the
TCA cycle are principally responsible for generating ATP and NADH. Our transcriptomic
results showed that when S. limacinum B4D1 was cultured under the H condition, two
phosphoglycerate kinase genes (pgk-1, pgk-2) and two pyk genes (pyk-1, pyk-2), encod-
ing two key enzymes generating ATP, were downregulated by 1.66- and 2.33-fold and
by 13.00- and 1.88-fold, respectively, compared with the C condition, whereas IDH1 and
IDH3, encoding a key gene in NADH production, were upregulated (1.52- and 2.12-fold,
respectively). Consequently, S. limacinum B4D1 was expected to generate less ATP and
more NADH under the H condition. Likewise, the biomass under the 5.6% methanol (H)
condition was significantly smaller (P = 0.05) than that under the control (C) condition.
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Consequently, ATP, the most direct source of energy in organisms, plays a more
important role in cell growth.

There are two known metabolic pathways for fatty acid biosynthesis in Schizochy-
trium: a fatty acid synthase pathway and a polyunsaturated fatty acid synthase pathway
(23, 25, 26). Acetyl-CoA and NADPH are considered the same precursors for both
pathways (11). Reducing power in the form of NADPH is assumed to be limiting for lipid
accumulation (27). In most microorganisms, the PPP is principally responsible for
generating NADPH, through the key enzymes G6PD and 6PGD. Various stress condi-
tions, such as cold (28), oxidative (29), and high-salinity (30) conditions, have been
found to improve the activity of GG6PD and 6PGD and consequently maintain the
abundant supply of NADPH. In addition, a study by Osada et al. has found that
overexpressing G6PD and 6PGD to increase the production of NADPH promotes fatty
acid biosynthesis in Fistulifera solaris (31). However, our transcriptomic data showed
that when S. limacinum B4D1 was cultured under the H condition, G6PD and 6PGD were
downregulated by 1.50-fold and 2.57-fold, respectively. Genes encoding other enzymes
involved in the PPP, such as RPIA, were also downregulated, thus suggesting that the
PPP decreased to some extent, so that less NADPH was generated than that under the
C condition (see Table S2 in the supplemental material). Studies have also demon-
strated that malic enzyme (ME) is also a main generator of NADPH for fatty acid
synthesis in oleaginous microbes. This enzyme catalyzes the reversible oxidative de-
carboxylation of malate and links the glycolytic pathway and the citric acid cycle
(32-34); however, ME gene responses vary in different environments. For example, the
transcription of ME genes is not significantly affected by oxidative stress, whereas
nitrogen starvation enhances ME gene expression in Drosophila melanogaster (35).
Furthermore, Bi et al. have reported that the expression of ME genes under a high
oxygen supply is significantly upregulated in Schizochytrium sp. strain HX-308 (24).
However, our results showed that the expression of two genes encoding ME (ME-1,
ME-2) was downregulated under the H condition. Downregulation of key genes in two
pathways in microorganisms may lead to a decrease in NADPH used for biological
metabolism.

In addition to NADPH, acetyl-CoA is a major topic in the lipid research field, because
it is an indispensable precursor for fatty acid biosynthesis (36). Acetyl-CoA can be
produced through various catabolic reactions, such as EMP, B-oxidation, and the
catabolism of branched-chain amino acids, to supply energy for cells (37, 38). EMP plays
a major role in shuttling carbon toward acetyl-CoA production. Our transcriptomic data
revealed that many genes involved in EMP were significantly decreased (P = 0.05)
under the H condition (Table S2). HK, encoding a kinase that phosphorylates glucose to
glucose-6-phosphate, was downregulated by 7.22-fold under the H condition. In con-
trast, previous studies have found that using glycerol as a carbon source or culturing
under high oxygen supply enhances the expression of HK in Schizochytrium (24, 39). As
a key enzyme in EMP, PfKA is responsible for catalyzing the ATP-dependent phosphor-
ylation of fructose-6-phosphate to fructose 1,6-bisphosphate. The expression of pfkA
transcripts decreased by 3.28-fold under the H condition. However, Cheng et al. (30)
found that the expression of pfkA in a Nitzschia sp. strain increases under high-salinity
stress conditions. In addition, we found that Pyk, which catalyzes phosphoenol pyru-
vate into pyruvate, was more sensitive to changes in methanol. The expression of two
genes encoding Pyk was downregulated by 13.00- and 1.88-fold, respectively. There-
fore, the expression of PPP- and EMP-related genes was downregulated to various
degrees, thus suggesting that the NADPH and acetyl-CoA production of S. limacinum
B4D1 decreased under the H condition.

Transcriptomic analysis also showed that ACACA, the rate-limiting enzyme in the
first stage of fatty acid synthesis, which is responsible for catalyzing acetyl-CoA into
malonyl-CoA, decreased over 100-fold under the H condition. Moreover, expression of
two genes encoding Pks declined nearly 140- and 27-fold, respectively, compared with
that under the C condition (Table S4). In conclusion, most key genes related to the
synthesis of fatty acid and fatty acid precursors were significantly downregulated under
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the H condition and significantly decreased fatty acid bioaccumulation in S. limacinum
B4D1, in agreement with the experimental results. Previous studies have reported that
high concentrations of other short-chain alcohols, ethanol (40 ml/liter) and butanol (8
g/liter), lead to a decrease in both biomass (~70% and ~60%, respectively) and lipid
accumulation (~50% and ~40%, respectively) (23, 40). In addition, ethanol and butanol
also altered the fatty acid profiles of Schizochytrium. Its DHA percentage increased
~20% in ethanol and decreased ~30% in butanol. The EPA content in the presence of
both ethanol and butanol increased by ~70%. In this study, the results of methanol
(5.6%) induction were similar to those of ethanol, decreasing biomass ~50% and lipid
~80% but increasing DHA ~20%.

This study also found that higher methanol concentrations (=4.8%) significantly
decreased (P = 0.05) squalene and sterol biosynthesis, and this decrease was more
significant under increasing methanol concentrations (Fig. 5). Squalene and sterols are
produced from farnesyl diphosphate via the mevalonate pathway (Fig. 7A). A study by
Hong et al. has reported on the squalene synthase of Aurantiochytrium sp. strain KRS101
through recombinant methods and has shown it to catalyze the conversion of two
molecules of farnesyl diphosphate into squalene in the presence of NADPH (41). Through
transcriptomic analysis, we identified that two genes (FDPS and FDFTT) with important
roles in synthesizing squalene/sterol precursors had lower expression under the H
condition, thus suggesting that they are probably a major reason for the decrease in
squalene/sterol synthesis (Table S4). The highest reported squalene levels have been
achieved in Aurantiochytrium sp. strain18 W-13a (198 mg/g DCW) (42), Aurantiochytrium
sp. strain Yonez 5-1 (318 mg/g DCW) (43), Aurantiochytrium mangrovei PQ6 (33 mg/g
DCW) (44), and Schizochytrium sp. strain CCTCC M209059° (84 mg/g DCW) (45). This
experiment also showed substantial accumulation of squalene (101 mg/g DCW) in S.
limacinum B4D1 treated with 3.2% methanol. In conclusion, Schizochytrium may be a
promising candidate microorganism for squalene accumulation.

The regulation of gene transcription is considered a critical mechanism to regulate
astaxanthin biosynthesis and accumulation (20, 21). Two pathways have been identified
as related to astaxanthin synthesis in Aurantiochytrium sp. strain SK4: the methyleryth-
ritol 4-phosphate (MEP) pathway and the mevalonate (MVA) pathway. However, most
of the genes involved in the MEP pathway were not found in our transcriptomic data,
a finding also consistent with other transcriptomic results (46). The MVA pathway is
shown in Fig. 7A, and the related gene expression is shown in Fig. 7B and Table S5.
Transcriptomic analysis revealed that three genes (GGPS, LCYB, and crtZ) in the MVA
pathway were upregulated at significantly different levels (P < 0.05) under the H
condition than under the C condition. GGPS is the key gene for catalytic synthesis of
GGPP, as catalyzed by phytoene synthase (crtB) into phytoene. As the first committed
step in the pathway, phytoene biosynthesis has long been considered a bottleneck in
carotenoid biosynthesis (47, 48). Previously, the expression of the crtB gene in Haema-
tococcus cells has been shown to be upregulated by high light levels (49, 50). However,
in this study, crtB was downregulated only 1.15-fold between the H and C conditions.
LCYB encodes lycopene B-cyclase, which catalyzes the synthesis of B-carotene from
lycopene, and B-carotene is an important precursor in astaxanthin synthesis. The results
showed that LCYB was upregulated only 1.19-fold under the H condition. Kobayashi has
found that astaxanthin is produced at the expense of B-carotene in two pathways:
ketolase (crtO/crtW) and hydroxylation (crtZ) of B-carotene (51). Previous studies have
also reported that crtO/crtW and crtZ are responsible for the rate-limiting steps in the
catalysis of B-carotene to astaxanthin (49, 50, 52). We found that the transcripts of
crtO/crtW were downregulated 1.49-fold, whereas crtZ was upregulated 2.43-fold under
the H condition. Although the expression of crtB and crtO/crtW was lower under the H
condition, it was consistent with that described in previous studies of astaxanthin
synthetic strains (53-55). A study by Wen et al. has found that genes related to the
astaxanthin synthesis pathway, such as ipi, lyc, and bkt, are upregulated when H.
pluvialis is exposed to ethanol induction conditions, thus significantly increasing asta-
xanthin bioaccumulation (19). In addition, Vazquez et al. found that ethanol increases the
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astaxanthin content of Phaffia rhodozyma but is not conducive to its growth (56). Gu et
al. reported that ethanol increases the rate of carotenoid formation in Phaffia rho-
dozyma, thus suggesting that ethanol improves the activity of ethanol dehydrogenase
and carboxymethyl glutaric CoA reductase, which enhance the MVA pathway; conse-
quently, a large number of precursors are synthesized, such as mevalonate, to promote
the subsequent reaction, thus increasing the astaxanthin content (57). In the process of
carotenoid synthesis, the concerted reactions of multiple enzymatic steps are consid-
ered key to enhancing astaxanthin biosynthesis (21). For instance, Miao et al. screened
a Phaffia rhodozyma mutant strain and found that the carotenogenic genes responsible
for astaxanthin biosynthesis from GGPP are significantly upregulated, thus resulting in
high astaxanthin accumulation (58). In addition, the introduction of yeast astaxanthin
biosynthesis genes in Saccharomyces cerevisiae significantly improves the bioaccumu-
lation of astaxanthin as well as its intermediates in cells (59). Lu et al. successfully
introduced B-carotene hydroxylase and ketolase into Escherichia coli cells and balanced
the expression of the two enzymes to enhance astaxanthin production without the
addition of an inducer (60). Many studies have reported that B-carotene hydroxylase
and ketolase probably compete for their substrate, and only balancing the expression
of these two enzymes might lead to the transformation from p-carotene to astaxanthin
(61, 62). Therefore, further work is needed to explore the relationship between the
expression of B-carotene hydroxylase and ketolase, as well as to balance their expres-
sion to increase Schizochytrium's astaxanthin biosynthesis.

Microbes can produce excessive reactive oxygen species (ROS) under stress condi-
tions (63, 64). For instance, methanol can be oxidized to generate formaldehyde and
H,0,, both of which are highly toxic to living cells (65). In fact, for oleaginous
microorganisms such as Schizochytrium, although most oxygen consumption is used to
provide energy for cell growth and lipid accumulation, some oxygen will inevitably be
converted into ROS under stress conditions (66). Gessler et al. found that an antioxidant
defense system, consisting of enzymatic as well as nonenzymatic mechanisms, plays an
important role in counteracting the various types of ROS (67). For the enzymatic
defense system, SOD, which catalyzes the dismutation of the superoxide anion O, into
H,O and O,, is considered the first line of defense against ROS. Previous studies have
found that SOD activity is enhanced in Ditylum brightwellii and Scenedesmus sp. strain
in response to copper stress (68, 69). Likewise, Kumar et al. observed that SOD activity
is significantly increased when microorganisms are exposed to high-salinity stress (70).
In this study, six SOD genes were detected, four of which were upregulated to various
degrees in S. limacinum B4D1 cultured under the H condition. However, additional
studies are needed to explore the exact implication of each individual SOD gene in
response to environmental change. Catalases (CAT) also play a central role in defense
against oxidative stress, by catalyzing the breakdown of H,O, into O, and H,0. We
observed a higher expression of CAT in S. limacinum B4D1 cultivated under the H
condition, thus suggesting that more hydrogen peroxide was produced. In addition,
the nonenzymatic defense system also counteracts ROS, such as low-molecular-weight
metabolites (ascorbic acid, glutathione, thioredoxin, and astaxanthin) (21, 71). Schroe-
der et al. have shown that astaxanthin scavenges ROS and has antioxidant activity to
protect cells from oxidative damage; in addition, the presence of substances causing
oxidative damage alters carotenoid synthesis, thus resulting in high astaxanthin bio-
accumulation (72). Likewise, in this study, although three glutathione peroxidases were
downregulated under the H condition, astaxanthin bioaccumulation significantly in-
creased (P = 0.05) under treatment with 5.6% methanol (H) and probably enhanced the
capability of the nonenzymatic defense system to protect cells from oxidative damage.
Therefore, we speculated that under the H condition, the two antioxidant systems work
in concert to decrease the damage of methanol stress in cells.

In conclusion, we examined a series of biological characteristics of S. limacinum
B4D1, such as biomass and the content of fatty acids and astaxanthin, as induced by
different concentrations of methanol. We additionally conducted a transcriptomic
analysis to explore the changes in gene expression under methanol induction. The
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explorative analysis of signaling pathways, fatty acid, squalene/sterol, and astaxan-
thin synthesis pathways and the antioxidant defense system revealed possible
reasons for the dramatic increase in astaxanthin content, all of which enhanced
astaxanthin content directly or indirectly. Therefore, this work identified extensive
DEGs involved in various signaling and metabolic pathways under different meth-
anol conditions, thus providing important genetic information for engineering
strategies in the future.

MATERIALS AND METHODS

Culture methods. (i) Microorganism and medium composition. Schizochytrium limacinum B4D1
(CGMCC 8313) was preserved in 25% (vol/vol) glycerol at —80°C. The medium was divided into seed
medium and fermentation medium. The seed medium and conditions were the same as those used
in our previous study (23). The fermentation medium was composed of the following (per liter):
artificial seawater salt, 15 g; glucose, 80 g; yeast extract, 4 g; peptone, 4 g; MgCl,-6H,0, 6.4 g;
CaCl,-2H,0, 1 g; MgS0,-7H,0, 5 g; and KCl, 2 g. Both media were sterilized at 115°C for 20 min before
inoculation.

(ii) Culture conditions. The culture of S. limacinum B4D1 was divided into two steps: (i) S. limacinum
B4D1 was cultured in seed medium (250-ml flasks with 50 ml) at 26°C for 48 h on a shaker at 180 rpm;
and (ii) 10% (vol/vol) seed culture was inoculated into fermentation medium (250-ml flasks with 50 ml)
under the same culture conditions. The fermentation media were supplemented with six different
concentrations of methanol (0%, 1.6%, 3.2%, 4.8%, 5.6%, and 6.4%). To prevent potential compositional
shifts, we terminated fermentation when the glucose was completely consumed. The harvest times were
as follows: 0% methanol, 3 days after inoculation; 1.6% methanol, 3 days after inoculation; 3.2% meth-
anol, 4 days after inoculation; 4.8% methanol, 5 days after inoculation; 5.6% methanol, 6 days after
inoculation; and 6.4% methanol, 7 days after inoculation.

(iii) Microscopy. When fermentation was stopped, the cells were observed with a TCS SP5 I
microscope (Leica, Germany).

Determination methods. (i) Methanol determination. Methanol concentrations were measured
with an internal standard method with a gas chromatograph (GC) equipped with a flame ionization
detector and capillary columns (Zebron ZB-WaxPlus; Phenomenex, USA). Nitrogen was used as the carrier
gas. The injection volume was 1 ul. The program was as follows: oven temperature, 150°C; injector
temperature, 180°C; and detector temperature, 180°C. Methanol was identified by comparison to
methanol standards (73). The quantity of methanol was determined by using butanol (Sigma) as an
internal standard. To determine whether methanol volatilized during shaking, a flask containing fermen-
tation medium and methanol was also placed under the same conditions without inoculation. Methanol
determination was divided into three indexes. First, we determined the initial methanol concentration in
the medium (C,); second, we determined the medium methanol concentration (with inoculation) at the
end of fermentation (C,); third, we determined the medium methanol concentration (without inocula-
tion) at the end of fermentation (C;). The methanol utilization and methanol volatilization were
calculated as follows: methanol utilization = C; - C,; methanol volatilization = C, - C,.

(ii) Glucose analysis. The glucose concentration was analyzed with a biosensor (SBA-40D; Shandong
Academy of Science, China) (23).

(iii) Measurement of dry cell weight. The cells were harvested by centrifugation (14,972 X g, 5 min),
washed with distilled water, and then dried in a freeze dryer (FD-1C-50; BJBYK Co., Beijing, China) until
the weight was constant (23).

(iv) Lipid extraction. Freeze-dried biomass (0.1 to 0.2 g) was weighed to perform lipid extraction.
The total lipids were extracted through an acid-heating procedure (74).

(v) Fatty acid analysis. Fatty acids were converted into fatty acid methyl esters (FAMEs) before
determination, and the FAME samples were subsequently analyzed by GC (23). All FAMEs were identified
by comparing the retention times with those of the Supelco 37 Component FAME mix (Sigma) or methyl
all-cis-4,7,10,13,16-docosapentaenoate (Sigma).

(vi) Squalene and sterol determination. The squalene and sterol analysis was implemented as
described previously (23). Squalene and sterol were isolated from total lipids by saponification and
analyzed by GC/quadrupole time of flight mass spectrometry (GC/Q-TOF MS) (Agilent 7890A GC/7200
Q-TOF MS).

(vii) Carotenoid determination. Carotenoids were determined according to the method of Zhang
et al. (23). Freeze-dried biomass was ground with liquid nitrogen, and 50 to 200 mg (according to its
carotenoid content) of powder was weighed, placed in a tube, and mixed with an appropriate amount
of acetone-methanol (ratio, 7:3 [vol/vol]). The tube was placed in an ultrasonic crusher (Sonics VibraCell
VCX-130) in an ice bath (effective power, 200 W; cycle, 15 min; work, 3 s; interval, 3 s). The suspension
was then centrifuged at 6,000 X g and 4°C for 10 min. The supernatant was evaporated to near-dryness
under a stream of N, gas, and the pigments were redissolved in 1 ml of acetone-methanol (ratio, 7:3
[vol/vol]).

Carotenoids were analyzed by high-performance liquid chromatography (LC20A; Shimadzu) with a
C,, reversed-phase column (150 by 3.0 mm [inside diameter], 3-mm particle size; YMC). Mobile phase A
was methanol-methyl tert-butyl ether (MTBE)-water (81/15/4), and mobile phase B was methanol-MTBE-
water (8/90/2). The elution gradient was from 100% A and 0% B to 0% A and 100% B in 45 min. The flow
rate was 1.0 ml/min, the injection volume was 3 ul, and the detection wavelength was 480 nm. All
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TABLE 3 Primers for gRT-PCR in this study

Gene name

Primer for qRT-PCR (5'—3’)

B-Tubulin
HK

pfkA

pyk

IDH1
SucA
sucB

gltA
G6PD
6PGD
RPE

RPIA
SOD-1
SOD-2
SOD-3
CAT

APX
ACACA
FDPS
FDFT1
atoB 1
atoB 2
HMG-CoA synthase
HMGCR 1
HMGCR 2
crtB
GGPS
LCYB

crtl
crtO/crtW

crtZ

F CTGCCTTCGCTTCCCTG

R GCATCTGCTCGTCAACCTC

F ATCAACGCTATTTGGGACA

R CTCCTGGAAGACAGACTTGG
F ATGGCTAAGGCTTGTGCT

R ATGTTGTTGGATATTACTCCC
F GCAACGTCGTCGGTAAGC

R TGCGAGTGGCATCGTAGAG
F CTGTCTTCAAGTGGCAGGAG
R CCATCGTAGTTGTGGGAGC
F GCTCAGTTCGGTGACTTCTC
R TTGTTCTGGATAGCCATACTC
F ACCAACGGTGGCGTCTTC

R CGGTGATCGTAGGTGAGGG
F GCACTATTGGCGAGTTTGC

R CGTAGGTGAGGGCGATGTA
F CAGTATTATCGCAATGGAGC
R TGTTTGAGTCAGGAGGCAC
F CCGCACTGGATCTAAGGG

R GGTAGCAGCACAGAGGGACA
F CGTTATGGACGGTCACTTT

R TGTTGTTAGCCTTGATGGAA
F CCGAGCGTATCAAGGAGG

R TGAGGTTGCCGTTATCAGT

F GCGTAGTCATCATCTAAAGC
R CATACATCCAGGGCAAGA

F GCGTGCAAAGTTCTCAGCC
R AGGTCGCCAGCAACAAGG

F GCAGGTCCTCGGTAACTCT

R GTACGCCTGGTGGTGCTT

F CAACGACGACAGTCAGAATC
R ATGCAAAGCGGACCATAC

F TTACACTAAAGCCCTCCTGG
R ACTGCCGTTAGCACCACC

F GCCCGTGGTGGTGTTCT

R CGATGGTCTTGCGGATAA

F TGTCGGATTCATTGCTGTC

R CCATCTCGGTCTGGTAGGT

F GAGCGTGAACTTATTGAGAAT
R TCAAAGTCCTTAGCGTCATC
F TGCGCCATGAACAATTACC

R GGCACCAGCTTTGATGAACT
F GTGTAGCACCAGTCAAGGC
R CACGGTCAATGTTCAGGAGT
F GACTGCTACTTCCCGACCAC
R AAGGCAGACATGCACATAGAGT
F CCATCGACGGTGGTAAGA

R AGGGCGTTAGAGGACAGC

F TATCTGCGAAACCACAATC

R GTCTACAGCCTCCATAAGTG
F AGTTTCGGGTGACTCTGTT

R GTGGCTTTATTCTCGTATTG
F AAGACGGTAACGTCAGGC

R GGTTATCATCCAATGCTCC

F CGCCAATGTAGTGGATACGA
R CCACGATGGGAGGAAGAGTA
F AACAGACCCTTCCGTGAC

R CCATAGGATTGGCTATAAACT
F GGACGCACTGAGCCCACTT
R ACCGCCAGGGTGAGTTCCAG
F ATGTCTCCAAGTGCGTCCAA
R GCCTGAGTCAAACGGTGC

carotenoids were identified and determined using the carotenoid standards lycopene and B-carotene

(Solarbio) and canthaxanthin and astaxanthin (Sigma).

Transcription studies. (i) RNA isolation and library construction. We selected three methanol
concentration groups (C, L, and H) for transcriptomic sequencing. For each group, three biological
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replicates were prepared. The samples were collected at a stage in which fermentation was terminated
(for C, it was the 3rd day after inoculation, for L, it was the 4th day, and for H, it was the 6th day). The
collected cells were immediately frozen in liquid nitrogen and stored at —80°C until RNA extraction. Total
RNA was extracted with TRIzol (Invitrogen). Transcriptomic libraries were constructed according to the
manufacturer’s instructions (lllumina, San Diego, CA), and 2 X 150 bp paired-end sequencing was
performed on the lllumina MiSeq platform.

(ii) Transcriptomic analysis. The reference genome was Aurantiochytrium limacinum ATCC MYA-

1381 (https://genome.jgi.doe.gov/portal/AurlimATCMYA1381_FD/AurlimATCMYA1381_FD.info.html).

Raw reads that failed the chastity filter and reads with an average quality of less than 20 were

removed. The remaining reads were aligned to the annotated genome of A. limacinum ATCC MYA-1381
with TopHat v2.1.1 (75). The reads that mapped to the noncoding strands or to multiple loci were
removed. Alignment files were then converted to BAM files in SAMtools v1.3.1 (76). Cufflinks v2.2.1
(77-80) was then used to quantify the expression of each transcript in each sample. Cuffdiff was used to
identify DEGs. Genes with a Pvalue of =0.05 and a fold change of =1.5 or =0.67 were considered
differentially expressed.

(iii) Gene expression profiling: qRT-PCR.The quantitative real-time PCR (qRT-PCR) primers (Table 3)

were designed in Primer Premier 5.0 software and synthesized by GENEWIZ (China). gqRT-PCR analysis was
performed on an ABI 7500 fast real-time PCR system (Applied Biosystems, USA) with SYBR Premix ExTaq
(TaKaRa, China), according to the manufacturer’s instructions. The PCR process was 95°C for 30 s,
followed by 40 cycles of 95°C for 5 s, and 60°C for 34 s. The relative expression values were calculated
with the 2-2ACT method.

Statistical analysis. All experiments were performed in three biological replicates, and data were

recorded as the mean and standard error (SE). Statistical analyses were performed with Student’s t test
(SPSS17.0). For all the data analysis, a P of =0.05 was considered statistically significant (indicated by an
asterisk in the figures).

BioProject accession number PRJEB29668.
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