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The Antarctic fungus Geomyces sp. WNF-15A can produce high-quality red pigments (AGRP) with good prospects
for the use in food and cosmetic area. However, efficient AGRP synthesis relies on low-temperature and thus
limits its industrial development. Here genome sequencing and comparative analysis were performed on the
wild-type versus to four mutants derived from natural mutagenesis and transposon insertion mutation. Eleven
mutated genes were identified from 2309 SNPs and 256 Indels. A CRISPR-Cas9 gene-editing system was
established for functional analysis of these genes. Deficiency of scaffold1.t692 and scaffold2.t704 with unknown
functions highly improved AGRP synthesis at all tested temperatures. Of note, the two mutants produced
comparable levels of AGRP at 20 °C to the wild-type at 14 °C. They also broke the normal-temperature limitation
and effectively synthesized AGRP at 25 °C. Comparative metabolomic analysis revealed that deficiency of
scaffold1.t692 improved AGRP synthesis by regulation of global metabolic pathways especially downregulation
of the competitive pathways. Knockout of key genes responsible for the differential metabolites confirmed the
metabolomic results. This study shows new clues for cold-adaptive regulatory mechanism of polar fungi. It also
provides references for exploitation and utilization of psychrotrophic fungal resources.

1. Introduction

Recent studies have shown that microorganisms surviving in the
polar regions are not only diverse in species but also abundant in

Polar regions, including the Antarctic, the Arctic and their sur-
rounding areas, represent one of the most inhospitable regions in the
earth. Due to the special geographical locations, these regions carry
fragile ecosystems against harsh environments, e.g., extremely low
temperatures, acid-base stress, repeated freeze-thaw cycles, high winds,
high salinity, and high radiation [1,2]. Therefore, organisms living in
the polar regions must have the ability to deal with these adverse con-
ditions [3].

numbers. For instance, filamentous fungi and yeasts distributed widely
in Antarctica [4]. Polar fungi can synthesize a variety of new secondary
metabolites with good biological activities such as antiviral, antifungal,
antiprotozoal, antitumor, etc. [5-12]. To adapt with the extreme envi-
ronments, they have evolved to special metabolic features with func-
tions of cold-active enzymes, antifreeze proteins, antioxidants,
pigments, etc. [13-18]. These kinds of products hold good potential to be
used in pharmaceutical, food and cosmetic areas [19]. Nevertheless,

Abbreviations: AGRP, Antarctic Geonyces red pigment; A1-692, knockout of scaffold1.t692 (this naming rule is also applicable to other genes).
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marketed products derived from polar microorganisms are currently
quite limited. Their specific phenotypes such as psychrotrophilism and
slow growth usually bring great difficulties for artificial culture espe-
cially in industrial-scale fermentation.

The polar fungus Geomyces sp. WNF-15A is a typical psychrotrophic
mould isolated from the Antarctic soil. It can synthesize a kind of Ant-
arctic Geomyces red pigment (AGRP) consisted of polysaccharides,
geomycamine and its derivatives [20-22]. The AGRP is easily soluble in
water and its extinction coefficient is even higher than that of the
Monascus red pigment (for low-end use) and cochineal red pigment (for
high-end use) on the market [23]. In addition, it shows better stability in
reducing agents, food additives, acid and alkali environments, as
compared to cochineal red pigment, and has good tolerance to ultravi-
olet rays, oxidants, and metal ions [23]. The toxin citrinin commonly
produced by Monascus spp. was not detected from Geomyces sp.
WNF-15A [22,24]. The median lethal dose (LD50) of the AGRP was over
than 15,000 mg kg~!, which also meets level 1 of the acute toxicity dose
classification of food toxicology (non-toxic) in China [24]. Therefore, it
holds great potential to be developed as an alternative red pigment
product in food and cosmetic applications. Nevertheless, the psychro-
trophic traits of Geomyces sp. WNF-15A brings great difficulties for the
production of the AGRP in large-scale culture. Generally, the wild-type
strain tends to synthesize the AGRP below 14 °C, but the production
decreased by 60 %-70 % when temperature rose to 20 °C and almost
completely blocked at 25 °C [21,22,25]. The low-temperature mainte-
nance under cold condition brought about high-cost and control
difficulties.

To break the cold-dependent AGRP production, we used atmospheric
and room temperature plasmas mutagenesis to improve AGRP produc-
tion adapted for normal temperature. A mutant strain Geomyces sp.
WNF-15A-M210 (M210, similar designating mode hereinafter) with an
efficient AGRP production at 20 °C was obtained from thousands of
colonies finally [21]. We further involved transposon insertion mutation
in the wild-type strain to unlock AGRP synthesis under normal tem-
perature. Finally, single and dual systems of transposable insertion were
established with fungal transposons of Helitron, Fot1, Impala, Minos and
Restless, respectively. From dozens of mutants, the MP14 and MPS1
produced high-level AGRP at 20 °C, and meanwhile, the mutants of
MP2, MP10, MPS3, MPS4, MPD1 and MPS1 synthesized AGRP at 25 °C
slightly [22,25]. These achievements indicated that the underlying
repression mechanism of AGRP synthesis responsive to normal tem-
perature was broken. Tracking of the mutated sites in the genome may
help discovery of the target genes that regulating AGRP synthesis
responsive to temperature variation.

Nowadays, omics technologies have been widely used for revealing
the hidden targets and exploring the interactions between multiple
substances in biological systems. With multi-omics in hand, scientists
can explore the differentially expressed genes between comparative
samples in various fields [26-30]. It will further direct the rational
rewiring of the host and obtain specific phenotypes, which is also known
as inverse metabolic engineering in molecular breeding area [31,32]. In
this study, we aim to identify the mutated sites in the genome by
comparative genomic analysis of the wild-type and normal
temperature-adaptive mutant strains. Functions of the mutated genes
were then verified by gene knockout and replenishment, and the func-
tional genes were modified to release the AGRP synthesis under normal
temperature. The high-production strain was subjected to metabolomic
analysis to illustrate how the functional gene affect cell metabolism. This
study offers reference for the exploration of other polar microbial and
product resources.

2. Materials and methods
2.1. Strains, media, and culture conditions

The wild-type Geomyces sp. WNF-15A and its mutant strains (M210,
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MPS1, MPS3 and MPS4) were stored in 20 % (w/v) glycerol at —80 °C
[22,25]. Engineered strains in this work were summarized in Table S1.
Escherichia coli Top 10 was preserved in our laboratory. The
Luria-Bertani medium [10 g L7 NaCl, 10 g L tryptone, 5 g L yeast
extractand 20 g L1 agar (for solid medium)] was used for E. coli culture.
The YPD medium (10 g L ™! yeast extract, 20 g L™* tryptone, 20 g L™
glucose) was used to culture fungal strains for the extraction of their
genomes. The seed culture medium for the fungal strains consisted of 10
g L7! glucose, 20 g L™! maltose, 20 g L™ mannitol, 10 g L™* sodium
glutamate, 6 g L1 yeast extract, 0.3 g L™! MgSO4-7H,0, and 0.5 g L™}
KH,PO,. For agar plate culture, medium was prepared by adding 30 g
L' agar into the seed medium. For submerged culture, medium S that
developed previously (28 g L™! soluble starch, 1.5 g L™ tryptone) was
used and 20 glass beads (diameter of 4 mm) were added to disperse the
fungal mycelia [21]. Besides, 0.016 g L™' NaH,PO, and 0.927 g L™}
NapHPO,4 was supplemented when fermented in bioreactor.

For culture of the Geomyces strains, 100 pL spore suspension was
inoculated into an isotope bottle containing 5 mL of seed medium and
cultured in dark at 20 °C and 130 r min~! for 36 h. Afterwards, 1 mL seed
broth was inoculated into a 250-mL shake flask containing 50 mL of
liquid seed medium. The flask was incubated under the same conditions
for 3 days as the first seed. Then the first seed broth was inoculated into
50 mL of liquid seed medium at an inoculation ratio of 10 % (v/v) and
cultured under the same conditions to prepare the second seed. For agar
plate culture, 200 pL of the second seed broth was spread on the agar
medium and incubated at 80 % humidity and 20 °C for 3 days. For
submerged fermentation in flask, the second seed broth was inoculated
into a 250-mL shake flask containing 75 mL of medium S by 10 % (v/v).
Then the strains were cultured in dark at 130 rpm and different tem-
peratures for the desired days. For bioreactor fermentation, 150 mL of
the second seed broth was inoculated into a 5-L bioreactor containing
3.5 L of medium S and fermented at 250 rpm and 20 °C for about 14~21
days. Besides, the E. coli strains were incubated in Luria-Bertani medium
at 200 rpm and 37 °C for preparation of the required plasmids.

2.2. Construction of plasmids

The plasmids of PFC332 (carrying CAS9 expression cassette, hphR)
and PFC334 (carrying CAS9 and sgRNA expression cassette, ArgB)>>
were donated by Prof. Reinhard Fischer from the Karlsruhe Institute of
Technology, Germany. The pUC19 plasmid was preserved in our labo-
ratory. The primer pair of puc-F1/puc-R1 was used to amplify the
sequence of Pg,j4-HH-sgRNA-HDV-Ty,c from PFC334. This fragment
was inserted into the pUC19 plasmid digested with EcoRI and BamHI to
construct the pUC19-sgRNA plasmid. For each gene, different sgRNAs
were designed by CHOPCHOP online software. Then two DNA frag-
ments were cloned using primer pairs of inOri F/sgRNA-R and inOri R/
sgRNA-F (sgRNA-F and sgRNA-R carry partial sgRNA sequences)
(Fig. S2). Then they were fused together by Gibson assembly to form an
DNA fragment carrying an intact sgRNA coding sequence linked with a
partial plasmid backbone. It was then cloned into pUC19-sgRNA by
Gibson assembly. The primer pair of 332-F1,/332-R1 was used to amplify
the sequence of Pgpqa-HH-sgRNA-HDV-Typc from the pUC19-sgRNA and
inserted into PFC332 digested with Pacl. Accordingly, the PFC332-
sgRNA plasmid was obtained. Afterwards, the upstream and down-
stream flanking sequences (~1000 bp) of each target gene were
amplified from the genomic DNA of Geomyces sp. WNF-15A, respec-
tively, and linked together by overlap-extension PCR. The fused
sequence was then assembled into pUC19 digested with EcoRI and
BamHI, generating the donor plasmid. For gene replenishment
(knockin), it involved the similar strategies with gene knockout. All the
primers used in this study were listed in Table S2.

2.3. Fungal transformation and molecular analysis

The preparation of protoplasts from Geomyces sp. WNF-15A and the
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PEG-mediated transformation were conducted as previously described
[22]. The PFC332-sgRNA plasmid and the donor DNA amplified from
the donor plasmid were then co-transformed into the protoplasts to
achieve gene editing, and the protoplasts were regenerated by incuba-
tion on agar plate (seed medium supplemented with 20 g L™! agar) in
dark, and at 80 % humidity and 20 °C for 36-48 h. Afterwards, the upper
layer medium was covered using seed medium supplemented with 7.5 g
L~! agar and 30 pg mL™! hygromycin B under the same conditions for 5
days. The selected transformants were subjected to spore PCR analysis
[22] using the primer pair of Am—F/Am-R to check if the PFC332-sgRNA
plasmid was lost. Transformants losing PFC332-sgRNA were collected
for genome extraction. Then different primers were designed (Table S1)
to validate deficiency of the target genes. Mutants used for phenotype
analysis on agar plate or in submerged culture were with target genes
completely knocked out.

2.4. Genome sequencing and DEGs detection

The whole genomes of Geomyces sp. WNF-15A and the selected
mutants (M210, MPS1, MPS3 and MPS4) were sequenced in Shanghai
Personalbio Technology Co., Ltd. The whole genome shotgun (WGS)
strategy was used to construct libraries with different insert sizes. Then
the next-generation sequencing based on the Illumina NovSeq
sequencing platform and the third-generation single-molecule
sequencing based on the PacBio Sequel sequencing platform were
employed to sequence these libraries. The Falcon and CANU softwares
were used to assemble the sequencing data from scratch to construct
contigs and scaffolds, and the pilon v1.18 software was used to correct
the results. The protein-coding genes were predicted using softwares of
Augustus (version 3.03), glimmerHMM (version 3.0.1), and GeneMark-
ES (version 4.35).

Taking the genome of Geomyces sp. WNF-15A as the reference,
resequencing was performed to analyze the variants between the mutant
strain and the wild-type. The differentially expressed genes (DEGs) were
primarily detected by analysis of SNP (single nucleotide polymorphism),
Indel (insertion and deletion), SV (chromosomal structural variation),
and CNV (copy number variation). Transposon insertions sites or loci
with big changes in open reading frames (missing or insertion of large
fragments, frameshift mutation) were selected for further analysis. The
functional prediction of DEGs includes annotations of NR, KEGG,
eggNOG, GO, PHI, Pfam, TCDB, Swissprot and P450 analysis.

2.5. Metabolomics analysis

LC-MS non-targeted metabolomics analysis was involved to analyze
global metabolic differences among different strains. Culture samples of
60 h (AGRP production started) and 288 h (AGRP production reached
vertex) were analyzed for both the wild-type and mutant strain. Three
parallels were analyzed for each sample. Metabolites detection and
principal component analysis (PCA) were conducted to evaluate the
differences among various samples. Four comparison groups, i.e., wild-
type (60 h) vs. mutant (60 h), wild-type (288 h) vs. mutant (288 h), wild-
type (60 h) vs. wild-type (288 h), mutant (60 h) vs. mutant (288 h), were
set for metabolic difference analysis. Fold change <0.5 or >2 and P-
value <0.05 were identified as differential metabolites. To analyze how
the mutant varied cold-adaptive AGRP synthesis at metabolic levels,
wild-type (288 h) vs. mutant (288 h) were further analyzed. Differential
metabolites and their enriched pathway were clarified and analyzed
jointly with the genome sequencing results, screening for key genes that
affected AGRP production.

2.6. Analytical methods
The AGRP production was quantified by absorbance measurement at

520 nm (ODs20) [22,25]. Culture broth of 1 mL was taken periodically
and centrifuged at 12,000 rpm for 3 min, and the absorbance value of
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the diluted supernatant was measured at ODsyg using a spectropho-
tometer. The growth of strains was measured by biomass dry weight as
described previously [21]. The data were obtained from two or three
biological replicates (technical replicates performed if necessary)
assayed in duplicate or triplicate, and presented as mean + S.D. The
independent-sample t-test was performed to determine the differences
among grouped data. Statistical significance was assessed at P < 0.05
and P < 0.01.

3. Results
3.1. Genome sequencing and annotation of Geontyces sp. WNF-15A

The genome assembly quality of the wild-type Geomyces sp. WNF-
15A reached high-level as evaluated by BUSCO [33]. As shown in
Table 1, we obtained 7,403,461 reads with an N50 length of 2,182,900
bp and the G + C content of 50.08 %. The completeness of the assembly
is high as measured by a BUSCO percent completeness score of 99.9 %.
The percentage of single-copy genes aligned was achieved as 99.6 %,
indicating a good integrity of the genome assembly. The sequencing
results were assembled into 61 scaffolds, which were used as the basis
for the subsequent genome analysis. We further predicted non-coding
RNAs (Table S3) and protein-coding genes (Table S4) throughout the
whole genome. As Geomyces sp. WNF-15A sequencing had not been
reported and it has no closely related genome sequenced strains, we then
used multiple databases to jointly annotate its gene functions
(Figs. S1-S3). In total, 11,828 protein-coding genes comprising 31,926
exons were obtained, accounting for 52.73 % of the genome size.

3.2. Identification of DEGs by comparative genomic analysis

The mutants of M210, MPS1, MPS3, and MPS4 were preserved as
high-quality AGRP producing strains adaptive to normal temperature
based on our previous studies [21,22,25]. We thus involved the
comparative genomic analysis to identify the mutated sites in these
mutants versus to the wild-type. Genome resequencing was performed
on these mutants using the wild-type genome as a reference. Rese-
quencing mutation analysis mainly includes detection and annotation of
single nucleotide polymorphism (SNP), insertion and deletion (Indel),
copy number variation (CNV) and chromosomal variation (SV). The
summarized comparative results were shown in Fig. 1. We mainly
focused on the analysis of SNPs and Indels which were easily caused by
ARTP or transposon insertion. A total of 2309 SNPs were detected,
including 1521 transitions and 788 transversions. Further analysis of
these SNPs reveals that there were 567 nonsynonymous SNPs that occur
in the exon regions, among which 3 of them destroyed the same open
reading frame by stopgain (Table 2). Also, 256 Indels were identified, in
which the frameshift deletions or insertions that occur in the exon re-
gions were chiefly concerned. Finally, we cleared up 11 mutated genes,
comprising 3 stopgains (in the same gene), 3 frameshift insertions, 4
frameshift substitutions and 3 transposon insertions (Table 2). Of note,
all the 11 mutated genes encoded hypothetical proteins with predicted
or unknown functions.

Table 1

Genome characteristics for the Antarctic fungus Geonyces sp. WNF-

15A.
genome characteristic value
Assembly size (bp) 36,898,624
Genes percentage of genome 52.73 %
Complete BUSCOs 99.9 %
G + C content 50.08 %
Protein coding genes 11,828
Average gene length (bp) 1645
Average exons per gene 2.6
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Fig. 1. Circos map described the mutations in the genome of the mutant strains of Geomyces sp. WNF-15A. Genomes of four positive mutants (M210, MPS1, MPS3
and MPS4) were re-sequenced and analyzed referring to the assembled genome of the wild-type Geomyces sp. WNF-15A. SNP, single nucleotide polymorphism; InDel,
insertion and deletion; CNV, copy number variation; SV, structural variation; CTX, inter-chromosomal translocation; DEL, deletion; INS, insertion; INV, inversion;
ITX, intra-chromosomal translocation.

Table 2

Differential expressed genes (DEGs) analyzed based on sequencing results.

DEGs genetic function prediction mutation type
description
Scaffold4. Hypothetical Unknown Frameshift
t481 protein insertion
Scaffold3. Hypothetical Cyclic compound SNP (3 stopgains)
t910 protein binding
Scaffold5. Hypothetical Bio-regulation Frameshift
t322 protein substitution
Scaffoldé. Hypothetical Bio-regulation Frameshift
t436 protein substitution
Scaffold2. Hypothetical G protein-coupled T-DNA insertion
t1133 protein receptors
Scaffold2. Hypothetical Membrane transport T-DNA insertion
t134 protein
Scaffold7. Hypothetical Biological metabolism  Frameshift
242 protein insertion
Scaffoldl. Hypothetical Unknown T-DNA insertion
t692 protein
Scaffold2. Hypothetical Unknown Frameshift
t178 protein substitution
Scaffold9. Hypothetical Degradation of drugs Frameshift
t496 protein insertion
Scaffold2. Hypothetical Unknown Frameshift
t704 protein substitution

3.3. CRISPR-Cas9 based editing of psychrotrophic candidate genes in

wild-type host

To validate the roles of the identified candidate genes in cold-
adaptive AGRP synthesis, we need to destroy these genes and evaluate
their influence on the fungal phenotypes. However, there was not effi-
cient gene-editing method for the polar Geomyces sp. WNF-15A. Thus,

we firstly established the marker-free CRISPR-Cas9 gene-editing method
in this non-model fungus.

The CAS9 gene in PFC332 [34] was derived from Streptococcus pyo-
genes and codon-optimized to adapt with filamentous fungi. Previously,
we constructed PFC332 derivative plasmids for transposon insertion use
in Geomyces sp. WNF-15A [22,25], demonstrating the potential of the
PFC332 plasmid for gene knockout in this fungus. Therefore, the sgRNA
expression cassette from PFC334%> was cloned and inserted into
PFC332, which carries hygromycin resistance gene that functioned in
the wild-type Geomyces sp. WNF-15A [25]. It generated a plasmid of
PFC332-sgRNA, which allows targeted cutting of the candidate genes
under the actions of Cas9 and sgRNA. After gene cleavage were imple-
mented, this self-replicating plasmid will be lost when the transformant
transferred into a culture without antibiotics. On the other hand, up-
stream and downstream flanking sequences (~1000 bp) of each candi-
date gene need to be prepared, which will allow knockout of candidate
genes by double-crossover homologous recombination after Cas9-based
gene cleavage. Then the pUC19 plasmid backbone was used to load the
linked flanking sequences, generating different donor plasmids.

The CRISPR-Cas9 system was then applied for gene editing in Geo-
myces sp. WNF-15A. The amplified PFC332-sgRNA plasmid and linked
flanking donor DNA were co-transformed into the host protoplasts to
knock out the individual genes (Fig. 2A and Fig. S4). Although the
overall knockout efficiency was low, we successfully obtained knockout
strains of the 11 candidate genes, which demonstrated that the CRISPR-
Cas9 system took effect in this fungus (Fig. 2B). The low efficiency was
probably related with the NHEJ repair in genome, which represents the
common gene repair pattern in eukaryotic cells. Deficiency of KU70, a
key gene responsible for the NHEJ, usually improves the efficiency of
homologous recombination in cells [35]. Accordingly, we searched a
homolog of Pseudogymnoascus verrucosus Ku70 (coded by scaffold6.g724)
of the sequenced Geomyces sp. WNF-15A genome and then knocked out
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Fig. 2. CRISPR-Cas9 mediated gene knockout and replenishment in Geomyces sp. WNF-15A. (A) Scheme for the gene-editing procedure. The details of the pFC332-
sgRNA plasmid for expression of sgRNA and Cas9 were shown in Fig. S4. The up and down sequences of the marker gene in pUC19-donor represent the flanking
regions of the knockout target gene in the fungal genome. (B) Gene knockout efficiency in AKU70 and wild-type by the developed CRISPR-Cas9 methods. All the
candidate genes listed in Table 2 were knocked out for the cold-adaptive AGRP synthesis. Average efficiency of all the tested genes was calculated. Also, the detailed
number of total and positive transformants were shown in Table S5 (C) Colony phenotypes of gene knockout strains. Each engineered strain was cultured on a single
agar plate at 20 °C for 4-6 days with the wild-type as a control on the same plate. Gene replenishment was performed in A1-692 and A2-704, which presented the
reddest colonies. Submerged culture of the gene replenishment strains in shake flask were also analyzed, which was in accordance with that on agar plate culture.

it by CRISPR-Cas9 system. Deficiency of KU70 did not affect fungal
growth and AGRP production in comparison to the wild-type (Fig. S5).
The 11 candidate genes were further knocked out using AKU70 as the
parent strain. The knockout efficiency of candidate genes increased
obviously as compared to that in the wild-type (Table S5 and Fig. 2B).
Finally, the obtained gene-knockout strains were cultured on agar plates
at 20 °C to check their functions on AGRP synthesis. Most of the
gene-knockout strains showed redder colored colonies comparing with
the wild-type (Fig. 2C), revealing their relations with cold-adaptive
AGRP synthesis in Geomyces sp. WNF-15A. Overall, A1-692 and
A2-704 showed the reddest colonies among all the mutants, thus gene
replenishment for each strain was further performed and it recovered
the phenotypes in agar plate and shake flask cultures at 20 °C (Fig. 2C
and Fig. S6).

3.4. AGRP synthesis by gene knockout strains in submerged cultures

We further tested cell growth and AGRP synthesis of the engineered
strains in submerged cultures at different temperatures of 14 °C, 20 °C
and 25 °C, respectively. When cultured in shake flask at 14 °C, the
mutants of A4-481, A3-910, A2-134, A1-692, A9-496 and A2-704
showed increased production of AGRP compared with the wild-type,
while biomass dry weight for all strains showed not big differences.
Among them, the production of AGRP by A2-704 reached the highest
level (ODsy9 = 41.9), which was 140 % higher than the wild-type
(Fig. 3A and Fig. S7). When cultured at 20 °C, the production of AGRP
reduced obviously for each strain in comparison to 14 °C. Nevertheless,
the mutants of A4-481, A3-910, A2-1133, A1-692, A2-178, and
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A2-704 still showed increased production of AGRP compared to the
wild-type. Of note, the AGRP production by A1-692 (ODsgo = 17.7) and
A2-704 (ODs9 = 18.6) increased by 156 % and 169 %, respectively,
comparing with the wild-type (Fig. 3B and Fig. S8). Moreover, the AGRP
synthetic capacity by A1-692 and A2-704 at 20 °C reached comparable
to the wild-type at 14 °C (Fig. 3A and B). Besides, the biomass dry weight
differed not that much among various mutants. When temperature
increased to 25 °C, the wild-type strain nearly ceased AGRP synthesis,
while A4-481, A3-910, A1-692, A2-178, A9-496, and A2-704 pro-
duced higher levels of AGRP than the wild-type. Among them, A1-692
represented the most dominant producing strains (Fig. 3C and Fig. S9).
Generally, cell growth of each strain including the wild-type turned to be
slow as compared to that at 14 °C and 20 °C.

Then A1-692 and A2-704 were used as the starting hosts for
combinatorial knockout of the candidate genes regarding cold-adaptive
AGRP synthesis. However, it was not easy to knock out these genes
combinatorially. Finally, five double-gene knockout strains (A2-704A1-
692, A2-704A4-481, A2-704A2-134, A2-704A9-496, A2-704A7-242)
and one triple-gene knockout strain (A2-704A4-481A2-178) were ob-
tained. It seemed that some double knockout strains showed obvious
AGRP production increase at 14 °C and 20 °C, but the improved level
was limited especially when culture at 25 °C (Fig. 3D-F, Figs. S10-512).
Besides, the triple-gene knockout strain severely damaged cell growth
and changed fungal morphology (abnormal flocculent biomass in flask,
data not shown), which resulted in almost no AGRP production.

As the engineered strains of A1-692 and A2-704 demonstrated good
production of AGRP under normal temperatures, we then evaluated
their actual AGRP synthetic capacity in bioreactor. Cultured in 5-L
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Fig. 3. AGRP production and biomass growth of gene knockout strains. (A C) Single-gene knockout strains were cultured at temperatures of 14 °C, 20 °Cand 25 °C.
(E ~ F) Double-gene knockout strains were cultured at temperatures of 14 °C, 20 °C and 25 °C. The statistical significance of AGRP and DW of each single-gene
knockout strain is shown relative to the wild-type, and the statistical significance of AGRP and DW of each double-gene knockout strain is shown relative to
A2-704. *#P < 0.01, #*P < 0.05 for DW; **P < 0.01, *P < 0.05 for AGRP; the column without marker means not significance. The error bars represent the standard
deviation of different biological replicates (with two or three technical replicates) assayed in duplicate or triplicate. Time profiles of AGRP production and biomass

growth of different strains related to this figure were shown in Figs. S7-S12.

parallel bioreactors, all the strains including A1-692, A2-704 and the
wild-type produced much more AGRP than that in shake flask under the
same temperature (Fig. 4). At 20 °C, the highest level of AGRP for each
strain was achieved after 13-14 days culture. The AGRP productions
from A1-692 (ODsyo of 27.9) and A2-704 (ODspg of 26.7) reached
nearly 2-fold of the wild-type (ODsy of 14.7) (Fig. 4A-C).

Cell growth of A1-692 and A2-704 was a bit weaker than that of the
wild-type. Besides, the broth pH changed smoothly and similarly among
all the three strains (Fig. 4A-C). Generally, the AGRP productions by the
engineered strains at 20 °C were comparable to that by the wild-type at
14 °C (Fig. 4D). When cultured at 25 °C, the wild-type was almost unable
to produce AGRP in bioreactor, but the A1-692 (ODsyo of 6.4) and
A2-704 (ODsgp of 6.2) broke this limit and produced AGRP successfully
(Fig. 4E-F). Cell growth and pH variations kept almost synchronously
between the two strains. Also, AGRP synthetic period extended severely
at 25 °C for both strains. It reached the highest levels after 17-18 days
culture and maintained stable until the culture endpoint at 23 days
(Fig. 4E-F).
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3.5. Comparative metabolomic analysis of the wild-type and A1-692
mutant

LC-MS non-targeted metabolomics analysis was further performed
on the A1-692 and the wild-type, given that A1-692 produced the
highest level of AGRP at 20 °C and 25 °C (Fig. 3). Also, gene size of
scaffold1.t692 was small (Table S6), which was more likely an upstream
regulatory gene. To investigate metabolic differences between different
strains at different times, we selected samples from AGRP early pro-
duction phase (60 h) and high production phase (288 h) of both the
A1-692 and the wild-type at 20 °C for metabolomics analysis. There
were 589 differential metabolites between the wild-type and A1-692 at
60 h culture and 557 differential metabolites at 288 h culture, sharing
218 differential metabolites in both stages (Fig. S13). On the other hand,
924 differential metabolites were identified between 60 h and 288 h
cultures of the wild-type, but only 265 differential metabolites were
identified between 60 h and 288 h cultures of the A1-692 (137 me-
tabolites in common), indicating deficiency of scaffold1.t692 greatly
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Fig. 4. Time profiles of A1-692 and A2-704 fermented at normal temperature in 5-L bioreactors. (A) A1-692 at 20 °C; (B) A2-704 at 20 °C; (C) wild-type at 25 °C;
(D) A1-692 at 25 °C; (E) A2-704 at 25 °C; (F) wild-type at 25 °C. Fermentation process control is described in methods.

changed cell metabolism (Fig. S13). Totally, 33 differential metabolites
were shared by all the four groups, most of which were organic acids,
amino acids and secondary metabolites.

To clarify the increased AGRP synthesis of the A1-692 in comparison
to the wild-type, we then focused on their differential metabolites in the
high production phase (288 h). The detected metabolites were mainly
composed of organic acids, amino acids, lipids, aromatic compounds,
and different kinds of secondary metabolites (Fig. S14). The 557 dif-
ferential metabolites of the detected metabolites in this group (Fig. S13)
were classified and mapped to KEGG pathways (Fig. 5A). The results
revealed that the differential metabolites enriched in nucleotide and
amino acids metabolism, sulfur relay systems, membrane transport
processes, secondary metabolite synthesis, etc. (Fig. 5A and B). Among
all the 557 differential metabolites, we selected 8 metabolites with big
changes and high-level content. Accordingly, 8 upstream candidate
genes for the synthesis of these metabolites were identified based on the
metabolomic and genomic data (Table 3).

3.6. Functional analysis of the candidate genes from metabolomic
analysis

The identified 8 genes of metabolic pathways (Fig. 6A) were knocked
out in the wild-type, and the obtained engineering strains were inves-
tigated under different temperatures. The AGRP synthesis was generally
improved in the strains of A8-432 and A20-56 (Fig. 6B-D and
Figs. §15-S17). The omics data showed that scaffold8.t432 and scaf-
fold20.t56 coded for key enzymes functioned in the biosynthetic path-
ways of flavonoids and other secondary metabolites, respectively
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(Table 3). Knockout of them may weaken the competitive pathways and
in turn improve AGRP synthesis via polyketides pathway [21]. We also
knocked out these genes in A1-692 to test whether overlay gene defi-
ciency will facilitate AGRP synthesis further. Knockout of scaffold8.t432
or scaffold20.t56 could almost not improve AGRP synthesis comparing
with the parent strain of A1-692 (Fig. 6E-G and Figs. S18-520), which
was different from that in the wild-type. Generally, knockout of genes
related with amino acids and lipid metabolism was adverse to the AGRP
synthesis. Deficiency of scaffold3.t755, a gene related with starch
metabolism, decreased AGRP synthesis and cell growth in both
wild-type and A1-692. It probably ascribed to that the mycelial cells
cultured in the medium with starch as the main carbon source. Instead,
deficiency of other genes but not scaffold3.t755 affected cell growth not
severely.

4. Discussion

Microorganisms inhabiting in polar regions often show special
physiological characteristics and produce various substances with
unique structures and functions. These products showed promising
outlooks for the potential use in industrial areas of food, drugs, cos-
metics, and so on.'® However, their special physiological traits may also
bring many difficulties in the large-scale culture. Take cold adaptation
as an example, the cold temperature control, poor mass transfer at low
temperature, slow cell growth and long culture phase make it high-cost
and hard process control for the potential industrialization. The polar
fungus Geomyces sp. WNF-15A is such kind of psychrotrophic strain. It
produces a promising pigment AGRP that could be used in food and
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cosmetics, but the cold-adaptive AGRP production behavior severely
limited its fermentation scale-up. Recently, our group has attempted to
screen normal temperature-adaptive AGRP producing strains by strate-

Table 3
Analyze the upstream genes of the differential metabolites.

differential upstream genetic description metabolic gies of physical mutation [21] and transposons insertion mutation [22,

metabolite gene pathways 25]. As a result, a series of mutants realized high-level AGRP production

3-Hydroxy-3- Scaffoldo. hydroxymethylglutaryl- Amino acid at 20 °C and several ones even broke the bottleneck of production
?:;hylgl“taryl' 1263 CoA synthase (HMGCS) metabolism repressed at 25 °C in the wild-type. For all that, the mutated sites in the

Pinocembrin Scaffolds. chalcone synthase (CHS) Flavonoid genome still remained unknown.
chalcone 432 biosynthesis In this study, with the comparative genomic analysis of the wild-type

Zeaxanthin Scaffolds. Zeaxanthin epoxidase Carotenoid and mutant strains, we successfully identified 11 candidate genes that

t195 (ABAL1 or ZEP) biosynthesis might be related with cold-adaptive AGRP synthesis from 2309 SNPs

Crotonoyl-CoA Scaffold10.  glutaryl-CoA Lysine and 256 Indels. It is noteworthy that all these 11 candidate genes

t441 dehydrogenase (GDH) degradation A . . . . .

2(p- Scaffolds. 1-DOPA, tyrosine Tyrosine encoded hypothetical proteins with low-identity predicted or absolutely
Hydroxyphenyl) — t587 decarboxylase (DDC/ metabolism unknown functions. To validate their roles, we need to destroy the genes
ethylamine TDC) and evaluate the changes of cold-adaptive AGRP synthesis by this strain.

dTDP-4-0x0-6- Scaffold20.  dTDP-glucose 4,6-dehy- Biosynthesis of We firstly established a CRISPR-Cas9 guided gene editing system for this
deoxy-d-glucose 56 dratase (1fbB) f;:f;bix& zdary fungus, but the editing efficiency was not high even in an NHEJ-

alpha-d-Glucose 1-  Scaffold3. Glycogen phosphorylase Starch and deficient AKU70 strain. It might be related with the physiological
phosphate t755 (PYG) sucrose characteristics of Geomyces sp. WNF-15A and needs further optimization
metabolism to increase the editing efficiency. Genetic manipulation tools are often

Methylmalonate Scaffold5.  aldehyde dehydrogenase  PPAR signaling limited in filamentous fungi especially the isolated wild-type strains of

t501 (ALDH) pathway
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antibiotic insensitivity and multicellular nucleus, even with today’s
advanced CRISPR-Cas9 editing techniques. Nevertheless, we finally
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knocked out all the 11 genes in the Geomyces sp. WNF-15A and verified
their roles in regulation of cold-adaptive AGRP synthesis.

Of note, knockout of scaffold1.692 (A1-692) and scaffold2.t704 (A2-
704) highly improved AGRP synthesis at all the tested temperatures.
Gene replenishment recovered their phenotype and further validated
their functions. In particular, AGRP productions by A1-692 and A2-704
at 20 °C were comparable to that by the wild-type at 14 °C. The two
strains also produced AGRP effectively at 25 °C, which broke the
bottleneck of almost non-production in the wild-type under the same
temperature. The unlocked normal temperature-adaptive AGRP syn-
thesis was also verified in bioreactor scale, and the production levels
even reached two-fold of that in flask culture. These results revealed that
scaffold1.692 and scaffold2.t704 play important roles in regulation of
cold-adaptive AGRP synthesis in this fungus. Double-gene knockout was
also investigated in the A2-704 and A1-692. However, limited genes
were successfully knocked out in the A2-704, for which only the
A2-704A4-481 and A2-704A9-496 slightly improved AGRP synthesis
as compared to the A2-704 at 25 °C. Besides, only one triple-gene
knockout strain A2-704A4-481A2-178 was obtained, which showed
bad growth and undetected AGRP production. In addition, we were not
able to obtain any double-gene knockout strain using A1-692 as the
parent host, even with several rounds of gene-knockout experiments.
Thus deletion of these genes in the A1-692 might be unfavorable to the
fungus. Generally, combinatorial knockout of the psychrotrophic
candidate genes based on the A2-704 or A1-692 seemed not a preferred
strategy for the purpose of constructing normal temperature-adaptive
AGRP producing strains in this study. Nevertheless, it is worth devel-
oping other knockdown or improved knockout strategies to obtain
desired mutants and clarify the functional relationship among these
psychrotrophic candidate genes in the near future. To present, although
cold-adaptive mechanisms have been reported in bacteria, e.g., cryptic
prophage excision, cell membrane adaptation, RNA metabolism adap-
tation, etc. [36,37], they are seldom reported in fungi especially those
from polar regions. Therefore, the Antarctic Geomyces sp. WNF-15A may
have some unknown regulatory mechanisms to make it adapt to the cold
environment. Future studies on the molecular regulation steps with
these genes may help reveal the underneath mechanisms of
cold-adaptive AGRP synthesis in this strain. Besides, some cold-adaptive
genes can be searched from the genome data of psychrotrophic Pseu-
dogymnoascus sp., which can cause white-nose syndrome (WNS) in many
bat species [38]. These cold-adaptive genes might also provide targets
for the investigation of pathogenic mechanisms of psychrotrophic fungi.

Comparative metabolomic analysis were performed between the Al-
692 and the wild-type to track differential cell metabolism related with
AGRP synthesis. Knockout of scaffold1.692 leads to remarkable differ-
ences in the metabolism of amino acids, organic acids, nucleotides, as
well as secondary metabolites in comparison to the wild-type. The re-
sults indicated that AGRP reached higher production in A1-692 by
regulation of global metabolic pathways, especially downregulation of
the competitive pathways. We thus figured out metabolites with large
differences in detected levels and metabolic pathways with a large
proportion of differential metabolites. The upstream genes for the key
metabolites or pathways were selected and knocked out, which indeed
facilitated AGRP production in the wild-type. However, how the scaf-
fold1.692 regulates the variations of these metabolic pathways remains
unknown. We cannot obtain its function annotations from any database,
and so was the scaffold2.t704 (detailed sequences in Table S6). There-
fore, they may represent new regulatory genes in fungal cold-adaptive
mechanisms. In future, transcriptome analysis can be performed to
identify targets regulated by scaffold1.692 and scaffold2.t704, which
may provide clues for the signal transduction decoding of cold-adaptive
AGRP synthesis in Geomyces sp. WNF-15A.

As for the AGRP production, it achieved a highly increased level at
20 °C, but the fermentation process may be further improved by pre-
cursor and pH control, substrate feeding strategies, morphology regu-
lation, and so on. Although we have broken the limit of cold dependent
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synthesis of AGRP by the wild-type at 25 °C, the actual AGRP production
was still low as compared to that at 20 °C. Future cold-adaptation signal
transduction clarification, systematic genetic modification and fermen-
tation optimization are needed to improve AGRP production under the
conditions of the industrial application scenes.

5. Conclusion

Genes related with cold-adaptive AGRP synthesis by polar psychro-
trophic fungus were identified by comparative omics analysis. Defi-
ciency of scaffold2.t704 and scaffold1.t692 with unknown functions
highly improved AGRP synthesis and broke the normal-temperature
repression on AGRP synthesis. Scaffold1.t692 affected AGRP produc-
tion by regulating the global metabolic pathways including the
competitive pathways of AGRP. This study provides new references for
exploitation and utilization of psychrotrophic fungal resources.
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