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An examination of the carbon metabolic pathways in
Acinetobacter sp. TAC-1 in the context of poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) utilization

LIU Huan, CHEN Wang, TAN Senwen, LIANG Siyu, YANG Chenxi, ZHANG Qian"

College of Chemistry and Chemical Engineering, Chongqing University of Technology, Chongqing 400054, China

Abstract: The present study aimed to unravel the carbon metabolism pathway of Acinetobacter
sp. TAC-1, a heterotrophic nitrification-aerobic denitrification (HN-AD) strain that utilizes poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) as a carbon source. Sodium acetate was
employed as a control to assess the gene expression of carbon metabolic pathways in the TAC-1
strain. The results of genome sequencing demonstrated that the TAC-1 strain possessed various
genes encoding carbon metabolic enzymes, such as gltA, icd, sucAB, acs, and pckA. KEGG
pathway database analysis further verified the presence of carbon metabolism pathways,
including the glycolytic pathway (EMP), pentose phosphate pathway (PPP), glyoxylate cycle
(GAC), and tricarboxylic acid (TCA) cycle in the TAC-1 strain. The differential expression of
metabolites derived from distinct carbon sources provided further evidence that the carbon
metabolism pathway of TAC-1 utilizing PHBV follows the sequential process of PHBV (via the
PPP pathway)—gluconate (via the EMP pathway)—acetyl-CoA (entering the TCA
cycle)>CO,+H,0 (generating electron donors and releasing energy). This study is expected to
furnish a theoretical foundation for the advancement and implementation of novel
denitrification processes based on HN-AD and solid carbon sources.

Keywords: Acinetobacter sp. TAC-1; poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV);
carbon metabolism mechanism; tricarboxylic acid cycle
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Figure 1 The TAC-1 bacterial genome ring diagram. A: Chromosomes. B—D: Plasmids. Distinct colors signify

the functional classification of COG with different coding sequences.
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Figure 2 The metabolic pathways of genes in the Acinetobacter sp. TAC-1 strain as characterized through
genomics analysis. The six colors in the figure respectively represent the six main pathway levels, with dark
blue representing metabolism, dark green representing cellular processes, red representing human diseases,
purple representing genetic information processes, cyan representing organic systems, and orange representing
environmental information processes.

&: 010-64807509 B<: cjb@im.ac.cn



4668 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

fumA (2 IS IE RIBOKGEE) . mago (Uefdp 2R IR
It S8 ) | mdh (G 5 37 SRR G U )5 A R A A
P TCA BEER BN A 5P, X400 1o S 41
FPBRTR G U . AT R SR A o TR R
I Sl ) SRR B R TR R AR, 5 R T AR A 0T
PR BESUE, e BRIFE S 63k icd JEPR Y TRE AT
PR o PR T AR S 11.5%, [R] A G A A ]
OItA L SEKCF LU RUIRTA R SR 5 1 3.4 1. itk
HED, 75 TCA FEFRH, S 1F A g i
[K 4 gltA. icd,
2.3 COG ER5 GO TR

5 H B H A& A PR 7% (cluster of orthologous
groups of proteins, COG)EHE 1 JE R E RE G 1T
ARE 3 R, BTN TAC-1 £ K
COG IHREM I 22 4>, HIERF 3 602 43k
R, L 33.29%0 B A I RERFE . 25—
S = RINBEII IS A “Hesk” T A LR E%
s 5T, B BIERE 268 A F1 244 I
HEYER = R AN DU R I RE 4328 730l 72 “ TCHLES 1
A R CREIRA T RNEER, e
TERE 235 NF0 217 AN JE[H . COG TR TAC-1
PRRR IR A i AR R PR T 2R 3 7

LRI AAIS (gene ontology, GO)EHE 4 At ik
R RS A5 SR WK 4 Fos, JEEERER] 3 026 4>
FELA (o o g 2 R 64.93%) . Hid 41D i
(molecular function, MF) = & f% & (5 K % B
2 395, 79.15%), My 4 M 2 53 (cellular
component, CC) (FERE%¥H 1 454, 48.05%)F14:
Y113 #2 (biological process, BP) (GEH % H 1 351,
44.65%). MTESrFINRED B B £ ATP 454
ML . GO HEREAY TAC-1 BARIR /85 A QA
KINFERE N H Wk 4 s .
24 FRKLEVEMEEES T

ik /K 1k & W 15 P 1§ (carbohydrate active
enzymes, CAZyme)fu i Z 4~ R EE %, Herp
A5 K i (glycoside hydrolases, GHs). ##
HHEFL i (glycosyltransferases, GTs) . Z W25 i
(polysaccharide lyases, PLs). fifk 7K Ak &4y Ik i
(carbohydrate esterases, CEs) . ik /Kb & Y45 &1
Ht(carbohydrate-binding modules, CBMs)F1#{jH)
AL A I (auxiliary activities, AAs), X SEF/E
Wit 5 =i K A5 ) O T R G SAE T, Horp
GHs il i /K ff M A i 2050 GTs 2 54
KWE A RS, CEs R 22 bRk, et

*2 KEGG HIEE T Acinetobacter sp. TAC-1 Bk AIRR 15148 < £ H
Table 2 Carbon metabolism related genes in the Acinetobacter sp. TAC-1 strain as annotated in the KEGG

database

Gene ID KEGG name KO description

Gene 3461 pckA Phosphoenolpyruvate carboxykinase (GTP)
Gene 1134 gltA Citrate synthase

Gene 3980 acnA Aconitate hydratase

Gene 1274 icd Isocitrate dehydrogenase

Gene 1139 SucA 2-oxoglutarate dehydrogenase E1 component
Gene 1140 sucB 2-oxoglutarate dehydrogenase E2 component
Gene 1143 sucD Succinyl-CoA synthetase alpha subunit

Gene 0266 aarC Acetate CoA-transferase

Gene 1137 sdhA Succinate dehydrogenase

Gene 3995 fumA Fumarate hydratase, class I

Gene 2554 mgo Malate dehydrogenase (quinone)

Gene 4044 mdh Malate dehydrogenase

Gene 1776 acs Acetyl-CoA synthetase
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Figure 3 COG annotations. The x-axis represents different COG types, and the y-axis represents the number
of genes. Detailed functional descriptions for each COG type can be found in the legend on the right side.

£ 3 COG ;T Acinetobacter sp. TAC-1 F#kHIFR4E 5148 < B &
Table 3  Annotation of genes related to carbon metabolism in the Acinetobacter sp. TAC-1 strain using COG
classification

Gene ID COG description COG type description COG category
Gene 4563 Phosphoenolpyruvate carboxylase activity Energy production and conversion Metabolism
Gene 0266 Acetyl-CoA hydrolase Energy production and conversion Metabolism
Gene 1134 Citrate synthase Energy production and conversion Metabolism
Gene 3709 Citrate transporter Energy production and conversion Metabolism
Gene 2405 Fumarate hydratase class 11 Energy production and conversion Metabolism
Gene 3995 Fumarate Energy production and conversion Metabolism
Gene 1274 Isocitrate dehydrogenase Energy production and conversion Metabolism
Gene 3706 Isocitrate lyase Energy production and conversion Metabolism
Gene 0142 Malic enzyme Energy production and conversion Metabolism
Gene 2554 Malate dehydrogenase (quinone) Energy production and conversion Metabolism
Gene 0116 NADH flavin oxidoreductase Energy production and conversion Metabolism
Gene 1244 NADH dehydrogenase Energy production and conversion Metabolism
Gene 1137 Succinate dehydrogenase Energy production and conversion Metabolism
Gene 2272 Citrate lyase Carbohydrate transport and metabolism Metabolism
Gene 2881 (ABC) transporter Carbohydrate transport and metabolism Metabolism
Gene 2887 Carbohydrate kinase Carbohydrate transport and metabolism Metabolism
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Figure 4 GO annotations. The X-axis represents the three major branches of gene ontology (GO): Biological
processes, cellular components, and molecular functions, along with further level 2 classifications. The y-axis

represents the relative proportion of genes.

b A A K A A FCTY, PLs 3 3 & 2Ll SR b
FREREY, CBMs T3 3 it 11 52 20 400 26 I 120
IKIRRREN . AAs T[S 5 KRR B, $TTFH
W) A W) SR R R B, IR A K R A
77 WK ARG W D RV AT SR 2% ek
bGP G itk by TR BRI

itk TAC-1 th CAZyme KEPH 33545 H LK
5A, Z3MriE/s GHs, CEs. GTs. AAs Fll CBMs

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

FE K B4 5N 16.85% ., 41.57% ., 23.60% .
16.85%711 1.12%. & 5B FH, CEs 3N F ik
REE, Hph RS CENL e
WEELHE) . CE1 CRIERTRMG . AZRMENREG . 21wt
BRl . T ROK G RG . BEELEE RS . Y SEBRRG . 0
BRI . 5 P T IR S TR )

IR R, oKALEYIEE CEs B
TRk, ATREE TAC-1 HF%fit PHBV G,



NI Z/AZHFFE Acinetobacter sp. TAC-1 FIFIEE 3- R E T B ES-co-3-12 E R ERED HOBRIC BN 1 4671

# 4 GO I Acinetobacter sp. TAC-1 BEHREITRAX 5 HE L K F
Table 4 Annotation of gene ontology (GO) for carbon metabolism-related genes in Acinetobacter sp. TAC-1

strain

Category GO description Gene No.
Molecular function ATP binding 258
Molecular function NADH dehydrogenase (ubiquinone) activity 11
Molecular function Acetyl-CoA carboxylase activity 4
Molecular function Acetyl-CoA C-acetyltransferase activity 4
Molecular function Carbohydrate derivative binding 3
Molecular function Gluconate transmembrane transporter activity 3
Molecular function Fumarate hydratase activity 2
Molecular function Isocitrate dehydrogenase (NADP") activity 2
Molecular function Acetate-CoA ligase activity 1
Molecular function Malate dehydrogenase (decarboxylating) (NADP") activity 1
Molecular function Isocitrate lyase activity 1
Molecular function Phosphoenolpyruvate carboxykinase (GTP) activity 1
Molecular function Succinate dehydrogenase activity 1
Molecular function Glucose-6-phosphate isomerase activity 1
Molecular function Acetyl-CoA hydrolase activity 1

53.30%

GHs
16.85%

E5 BKUAEEEIREAEWMRKUEYEEIBNREE®) DIFRRRERZ I P IER f

i FRIAH X A3

Figure 5 Expression of carbohydrate active enzymes (A) and carbohydrate esterases (B). The area of the pie
chart indicates the relative proportion of gene expression in that classification.

25 REAEBW

rpsS. smpB Fil tsf) 5 A B ZE AT He X, I
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rplK. rplL. rpIM. rpIN. rplP. rplS, rplT. rpmA, W 6 Fras , TAC-1 K-S Iwoffii WI10621
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Figure 7 Partial carbon metabolism pathways of TAC-1 bacteria, including glycolysis, pentose phosphate
pathway, tricarboxylic acid cycle and glyoxylic acid metabolism.
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Figure 9 PCA score plot and volcano plots. A, C: Positive mode. B, D: Negative mode. Each point in (A—B)
represents a sample, and its position reflects the score in the reduced dimensional space. Different colors or
markers can be used to represent different groups or categories, while the axis labels indicate the contribution
levels of each principal component. In (C—D), the red color indicates significant upregulation of differential

metabolites (FC>1.5, P<0.05), the blue color represents significant downregulation of differential metabolites
(FC<0.67, P<0.05), and the black color signifies no significant change in differential metabolites.
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Figure 12 The metabolic pathway of Acinetobacter sp. TAC-1 in the presence of PHBV as a solid carbon
source. The blue dotted line signifies the glycolytic pathway (EMP), the yellow dotted line represents the
pentose phosphate pathway (PPP), the red line represents the tricarboxylic acid (TCA) cycle, and the purple
dotted line represents the metabolism of glyoxylic acid.
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