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Figure 1. Map of the genome of A. pullulans CCTCC M2012223. A: RNA processing and modification; B:
chromatin structure and dynamics; C: energy production and conversion; D: cell cycle control, cell division,
chromosome partitioning; E: amino acid transport and metabolism; F: nucleotide transport and metabolism; G:
carbohydrate transport and metabolism; H: coenzyme transport and metabolism; I: lipid transport and metabolism; J:
translation, ribosomal structure and biogenesis; K: transcription; L: replication, recombination and repair; M: cell
wall/membrane/envelope biogenesis; N: cell motility; O: posttranslational modification, protein turnover,
chaperones; P: inorganic ion transport and metabolism; Q: secondary metabolites biosynthesis, transport and
catabolism; R: general function prediction only; S: function unknown; T: signal transduction mechanisms; U:
intracellular trafficking, secretion, and vesicular transport; V: defense mechanisms; W: extracellular structures; X:
mobilome: prophages, transposons; Y: nuclear structure; Z: cytoskeleton.

(cellular components) (molecular (localization)

functions) 3 (cell part) (cell) (membrane)
(metabolic process) (organelle)

(cellular process) (single organism (catalytic activity) (binding)

process) (establishment of localization) (transporter activity)

actamicro@im.ac.cn



,2017, 57(1) 101

264

—_

\O

0
|

—_
(5]
[\

Number of unigenes

D
N

e

ABCDEFGHI JKLMNOPQRSTUVWYZ

FGH
Function class

2. HIFEES CCTCC M2012223 #J COG I #EIIZ

Figure 2. Gene distribution based on COG classification of A. pullulans CCTCC M2012223. A: RNA processing and
modification; B: chromatin structure and dynamics; C: energy production and conversion; D: cell cycle control, cell
division, chromosome partitioning; E: amino acid transport and metabolism; F: nucleotide transport and metabolism; G:
carbohydrate transport and metabolism; H: coenzyme transport and metabolism; I: lipid transport and metabolism; J:
translation, ribolism structure and biogenesis; K: transcription; L: replication, recombination and repair, M: cell
wall/membrane/envelope biogenesis; N: cell motility; O: posttranslational modification, protein turnover, chaperones; P:
inorganic ion transport and metabolism; Q: secondary metabolites biosynthesis, transport and catabolism; R: general
function prediction only; S: function unknown; T: signal transduction mechanisms; U: intracellular trafficking, secretion,
and vesicular transport; V: defense mechanisms; W: extracellular structures; Y: nuclear structure; Z: cytoskeleton.
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Figure 3. Gene distribution based on Gene Ontology of A. pullulans CCTCC M2012223. Biological process: A: reproduction;
B: multi-organism process; C: developmental process; D: positive regulation of biological process; E: multicellular organismal
process; F: cellular process; G: single-organism process; H: growth; I: signaling; J: negative regulation of biological process; K:
metabolic process; L: biological regulation; M: reproductive process; N: immune system process; O: regulation of biological
process; P: establishment of localization; Q: cellular component organization or biogenesis; R: rthythmic process; S: cell killing;
T: response to stimulus; U: locomotion; V: localization. Cell components: A: virion part; B: extracellular matrix; C:
extracellular region part; D: collagen trimer; E: organelle; F: cell part; G: membrane-enclosed lumen; H: virion; I: membrane
part; J: extracellular region; K: extracellular matrix part; L: nucleoid; M: membrane; N: macromolecular complex; O: cell; P:
organelle part. Molecular function: A: electron carrier activity; B: protein binding transcription factor activity; C: binding; D:
transporter activity; E: protein tag; F: catalytic activity; G: metallochaperone activity; H: nutrient reservoir activity; I: enzyme
regulator activity; J: molecular transducer activity; K: structural molecule activity; L: nucleic acid binding transcription factor
activity; M: receptor activity; N: antioxidant activity.

http://journals.im.ac.cn/actamicrocn



102

Yongkang Wang et al. | Acta Microbiologica Sinica, 2017, 57(1)

2.2 10000 A. pullulans var. pullulans
221 6 6 11866
16 GC
1 CCTCC 51.79%—-52.99% CCTCC
M2012223 30.75 Mb M2012223 2.28
contigs  scaffolds 1

CCTCC M2012223 A. pullulans var. melanogenum OrthoMCL 6

A. pullulans ATCC 62921 GC ( )

50.0% 3 GC 50.0% 4

CCTCC 6 7062
M2012223 5 74.7% 59.6% 65.4% 68.8% 66.7% 63.5%
F 1. HEFEEE CCTCC M2012223 SHMMRRERBARFIRFITER
Table 1. Genome assembly and annotation statistics for A. pullulans CCTCC M2012223 and other varieties
Value per 4. pullulans variety®
Statistic
ApC® ApP® ApS® ApN® ApMP ApA®

Assembly statistics
Assembly length/Mb 30.75 29.62 25.80 25.43 26.20 28.10
Contig length total/Mb 30.75 29.59 25.79 25.43 26.20 -
Number of contigs 393 209 84 55 174 -
Contig N50 28 11 12 10 12 -
Contig L50/kb 342.22 779.84 805.54 1053.18 652.37 -
Number of scaffold 323 186 75 47 150 49
Scaffold N50 26 10 11 9 10 -
GC content/% 47.49 50.02 50.78 51.12 49.85 49.90
Gene statistics
Number of genes 9452 11866 10809 10266 10594 11129
Portein length (amino acids, median) 421 369 377 380 372 -
Exon length (bp, median) 306 369 363 288 294 -
Gene length (bp, median) 1197 1399 1424 1266 1232 -
Intron length (bp, median) 55 57 57 57 57 -
Transcript length (bp, median) 1389 1297 1325 1140 1116 -
GC content of exon/% 51.79 52.52 52.53 52.99 51.87 52.66
Intron genes number 6883 8407 7819 7632 7797 -
Introns pre gapped gene number 2.28 2 2 2 2 -

a: part data are cited from Gostinéar et all'l. (2014); b: ApC, 4. pullulans CCTCC M2012223; ApP: A. pullulans var. pullulans; ApS: A.
pullulans var. subglaciale; ApN: A. pullulans var. namibiae; ApM: A. pullulans var. melanogenum; ApA: A. pullulans ATCC 62921.

actamicro@im.ac.cn



,2017, 57(1) 103

=Uu

10584

6Cl11
12629 DOLV suvpnjind wnipispqoa.ny

Aureobasidium pullulans var. melanogenum
n

4. 6 HRHZFRIEERIFER LS

Figure 4. Venn's diagram of A. pullulans varieties homologous genes.
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Figure 5. Genome-wide phylogenetic tree of 4. pullulans varieties. The number indicates the bootstrap value.
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[13]
[14]
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A (acetyl-coenzyme A) A
(malonyl coenzyme A acyl
carrier protein transacylase MCAT) /

(tetrahydroxynaphthalene/
trihydroxynaphthalene reductase-like protein)
(hydroxynaphthalene reductase)
(scytalone dehydratase like
protein) A. pullulans var. melanogenum

[15]

CCTCC M2012223

2 A A
(MCAT)
83.49% 79.44%
97.73% CCTCC M2012223
A MCAT
223
a-1,6
(16]
(uridien diphosphoglucose
pyrophosphorylase UDPG pyrophosphorylase) -
(a-phosphoglucose mutase PPM)
(pullulan synthetase, PUL)
78] CCTCC M2012223
( 0
6 PPM UDPG-pyrophosphorylase
PUL 98.77%  99.22%
85.81% CCTCC M2012223 A.
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Table 2.
and A. pullulans var. melanogenum

Comparative analysis of proteins involved in melanin pathway between A. pullulans CCTCC M2012223

. ) Sequence
Proteins Function d . Mutant form
Identity/%
Acetyl-coenzyme A The common intermediate of catabolism, 83.49 99 amino acids insertion mutations in
a precursor of melanin synthesis C-terminal, 7 amino acid mutations
Malonyl coenzyme A acyl Transfer malonic acid groups of malonyl 79.44 More than 50 amino acids mutations,

carrier protein transacylase

(MCAT) carrier protein (ACP)
Hydroxynaphthalene Catalytic 1,3,6,8-tetrahydroxynaphthalene 100
reductase to generate scytalone

Scytalone dehydratase like

protein trihydroxynaphthalene

coenzyme A to the mercaptan of acyl

Catalytic scytalone to generate 1,3,8-

9 amino acids insertion mutations

No amino acid mutation

97.73 3 amino acid mutations: Ser—Ala,

Val—lle, Lys—GlIn
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Figure 6. Homology analysis of proteins sequences
involved in pullulan biosynthesis in A. pullulans
varieties. A: a-phosphoglucose mutase (PGM); B:
(UDPGP); C:

indicates the

UDPG-pyrophosphorylase pullulan
synthetase (PUL). The percentage

sequence identity.
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Complete genome sequencing of polymalic acid-producing
strain Aureobasidium pullulans CCTCC M2012223

Yongkang Wang', Xiaodan Song', Xiaorong Li', Shang-tian Yang®, Xiang Zou'’

' Chongging Engineering Research Center for Pharmaceutical Process and Quality Control, College of Pharmaceutical Sciences,
Southwest University, Chongqing 400715, China

? William G. Lowrie Department of Chemical and Biomolecular Engineering, The Ohio State University, Columbus, OH 43210,
USA

Abstract: [Objective] To explore the genome sequence of Aureobasidium pullulans CCTCC M2012223, analyze
the key genes related to the biosynthesis of important metabolites, and provide genetic background for metabolic
engineering. [Methods] Complete genome of A. pullulans CCTCC M2012223 was sequenced by Illumina HiSeq
high throughput sequencing platform. Then, fragment assembly, gene prediction, functional annotation, and
GO/COG cluster were analyzed in comparison with those of other five 4. pullulans varieties. [Results] The
complete genome sequence of A. pullulans CCTCC M2012223 was 30756831 bp with an average GC content of
47.49%, and 9452 genes were successfully predicted. Genome-wide analysis showed that 4. pullulans CCTCC
M2012223 had the biggest genome assembly size. Protein sequences involved in the pullulan and polymalic acid
pathway were highly conservative in all of six A. pullulans varieties. Although both 4. pullulans CCTCC
M2012223 and 4. pullulans var. melanogenum have a close affinity, some point mutation and inserts were occurred
in protein sequences involved in melanin biosynthesis. [Conclusion] Genome information of 4. pullulans CCTCC
M2012223 was annotated and genes involved in melanin, pullulan and polymalic acid pathway were compared,

which would provide a theoretical basis for genetic modification of metabolic pathway in A. pullulans.

Keywords: Aureobasidium pullulans, genome-wide comparative analysis, complete genome sequencing, metabolic

mechanism, polymalic acid
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