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Analysis of apple postharment damage under high CO,
concentration by transcriptome combined with metabolome

Xiaoyan Xu, Gangshuai Liu, Hongli Li, Huigin Tian, and Dagi Fu

College of Food Science and Nutrition Engineering, China Agricultural University, Beijing 100083, China

Abstract: The environmental gas concentration affects the storage period and quality of fruits and vegetables. High
concentration CO, treating for a long time will cause damage to fruits, However, the specific molecular mechanism is unclear.
To analyze the mechanism of CO, injury in apple, high-throughput sequencing technology of Illumina Hiseq 4000 and
non-targeted metabolism technology were used to analyze the transcriptome sequencing and metabolomics analysis of
browning flesh tissue of damage fruit and normal pulp tissue of the control group. A total of 6 332 differentially expressed
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genes were obtained, including 4 187 up-regulated genes and 2 145 down regulated genes. Functional analysis of the
differentially expressed genes confirmed that the occurrence of CO, injury in apple was related to redox process, lipid
metabolism, hormone signal transduction process and energy metabolism process. Twenty candidate browning genes were
successfully screened, among which grxcrl (md14g1137800) and gpx (md06g1081300) participated in the reactive oxygen
species scavenging process, and pldl_ 2 (md15g1125000) and plcd (md07g1221900) participated in phospholipid acid
synthesis and affected membrane metabolism. mdhl (md059g1238800) participated in TCA cycle and affected energy
metabolism. A total of 77 differential metabolites were obtained by metabolomic analysis, mainly organic acids, lipids, sugars
and polyketones, including 35 metabolites related to browning. The metabolism of flavonoids was involved in the browning
process of apple. Compared with the control tissue, the content of flavonoids such as catechin and quercetin decreased
significantly in the damaged apple tissue, the antioxidant capacity of cells decreased, the redox state was unbalanced, and the
cell structure was destroyed, resulting in browning. The results of this study further enrich the theoretical basis of CO, damage,

and provide reference for the practical application of high concentration CO, preservation technology.

Keywords: Fuji apple, high concentration of CO, injury, transcriptome, metabolome
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ARBYIEBR AR HE T B S

1 MBE5FE

1.1 #MH5E

PUVE SR s ok, Rl T 5t i
XARANS EAT SR (b7 IR SRR A
BT, PRt RN —. REHE | RBE 3
HIEHURB G . T R AR ST, A 2R bl 37 B e
i, MRizEBFE (RN 4205 C, BER
85%-90%) 75 . MRk 400 5 LR
FEBEML A BN FELH ANAL FRA , B TR B4
v, TEE S (20+1 C) R 15 d. Hirhak
PRAH NP4 I E A BB E L 20% CO, Sk (N

T 20% CO,, 21% Op, NpF-f), XfAELISEAM
e T

BERR 3 d PR SLRIETR MR VRS (30 1Y),
WSS TR AZ TG 00, e HCEA & 19 8 P AR AR AR
SN MFEEAS , FRE (R — st 0] f 0 B 2 32 2R A
CO, A HZ 3¢ 2R g 6 A8 0 o0 DD i/ N, R 4R

#1 qRT-PCR3I¥F%|
Table 1 gRT-PCR primer sequence

AR, EWPEERE 3R, B T-80 CUKAEIRAT .
1.2 2 RNA EEURFEFENF

2 LWy S RNA 2GR & dt
R A RHE A RAR]) SRIBEA R A RNA,
183143 66 3+ NanoDrop ND-1000 (NanoDrop,
Wilmington, DE, USA)X} &L RNA 145 5 4l i ik
Pt . FRHERLEYDN T 248 (Agilent 2100
Bioanalyzer, USA) %} RNA [ 5¢ 8 sE4 746
L1 RIN number>7.0 & # MFRiE. & RNA BTk
B8 B RNA FEAR S 21 A YRk A BRA A
My sSc#E, FIA Hlumina Hiseq 4000 (LC Bio,
China) #4780y, 75 2000 5 55l .
13 ZFEREINEESHTK qRT-PCR Wik

0 e HHE A T PR A S5 A B R A,
HISAT2 #1535 22 3L 9 21 36F o0 75 3]
FEARKLIN . F| ] DESeq2 #1722 31k 40 #r
1T GO (Gene Ontology) %i#i /% Fl KEGG (Kyoto
Encyclopedia of Genes and Genomes)%§ #i& 22 7E1 1 3k
IR BT, AT 25 53 N 2 5 RIHE 12 .

FitiHL 1 HLlog, Fold Change|=1 fY 3 > . & %
SEEEH, A Plant RNA Kitg (OMEGA bio-tek,
USA) #1417 RNA #£Ht, TransScript One-Step
gDNA Removal and cDNA Synthesis SuperMix (4t
HeEXeEYH ARG WA A 17 R %R
qRT-PCR. qRT-PCR 5|#/74 L35 1, H] qRT-PCR
Fi AR B UE A 56 22 57 35 DR (1 2 2k AR AR A 1

Gene Primer Sequence (5'-3')

MD09G1029300 For ATTGACGAAGGCGAAGGAGC

Rev TCCGTCACTTTCAGAGTCCA
MD05G1112000 For CAGAACGGCAGTTTTGTTCCG

Rev GCTGCAACAGCTCACCAAC
MD13G1235500 For AAGCTCAGAGTGCAGCCAAA

Rev ACAACATCCTCGACATGGCA
Actin (mdact) For GATGGCTACTCATTTCCTCATCTT

Rev TTCTCCTTGATTTCCCTAACAGTC

http://journals.im.ac.cn/cjbcn
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1.4 KRR E &N

LI 6 A2 T AR A FE AR K|
A BB A BR A | R AR B A EE R
(LC-MS/MS) HEAT A 5t i 2 M 50 BT o H
R EE S, AR EUR P S T3 EL,
WACHRE 25k UPLC-MS R4 (¥ s0R A
- RS TR Y, RS g
T B Y .

Y117 KEGG Pathways 1B, AR5 [A]— AN 9tk
R R A AR SE R A, B AR
WA, WG 0 TR RTIREILE
1.7 HEFKITSHH

{8 F| Microsoft Excel 2007 #4750 4 H1 I EAE
&, IBM SPSS17.0 Ge ikt 47 H R 3R U7 22 53 M
(ANOVA) R &iit2 i #4153t , *UERTE P<0.05
K 25 B, *REAE P<0.01 K F F2E5F R

2w RJ A P<0.001 KO S i
2 BERH5H

M Fr B BAZ SR 47
o3 Kl RNA JSii, A5 R4 2 i 7%, OD26or280

1.5 RiFHAEIE S

XTI AR AT 1 B4R B AT E R 44 (PCA)
FIREAS ) R S 23 BT R 4 e A 1) T 42 1 R 22 5
JiE, il E A /M R HI B4 (OPLS-DA) 2.1
D5 B AT 9 43 BT I 0 ok 3 2 AR
FI ] KEGG %4 )% 1l HMDB (Human metabolome

< 2 RNAREXR
database) HCHLFE o 25 52U AT D RERE DR & &

Table 2 Mass table of RNA

3T, ARARACI Y 0 2 5 1 FLAR A 2 3 1 O Sample ck cd_b
N R, oD 1.86 2.16
454 22 AR AN 2 AR AR A ARl Y Concentration (pg/pL) 0.07 0.08
Amount (ug) 2.37 2.48

TPM iR, I3l i 25k 25 5 R DA A 2 Al

*3 NEFHERSEEREAILEITR
Table 3 Comparative statistics of sequencing data and reference genomes

Sample ck cd_b

Raw reads 44 074 600 38 113 649
Raw bases 6 570 211 029 50 693 654
Clean reads 43 870 982 37 932 488

Sequencing data Clean bases 6 532 934 800 5645 274 117

Error rate (%) 0.03 0.03

Q20 (%) 97.99 97.94

Q30 (%) 94.03 93.86

GC content (%) 47.54 47.11

Total reads 43 870 982 37 932 488

Total mapped
Multiple mapped
Uniquely mapped

39 191 580 (87.01%)
794 205 (1.84%) 604 866 (1.59%)
37 163 354 (84.68%) 32 629 671 (86.01%)

Note: (1) Raw reads: count the number of bars of the original sequence data; (2) Raw bases: the number of bars of raw reads is
multiplied by the length and converted to G; (3) Clean reads: the calculation method is the same as raw reads, but the statistical
files are the filtered sequencing data; (4) Clean bases: the number of bars of clean reads is multiplied by the length and
converted into units in G; (5) Error rate: sequencing error rate (clean data); (6) Q20 and Q30: calculate the percentage of bases
with Phred value greater than 20 and 30 in the total base (clean data); (7) GC content: calculate the percentage of the total
number of bases G and C in the total number of bases (clean data).

Reference genomes 3323 453 (87.61%)

&: 010-64807509 B<: cjb@im.ac.cn
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PAHEA T3 SN o o Ilumina S5 %05 iE 21
(ck). CO, AbHEE L3RG ATH L (cd_b) HEAT
¥, ck Fl cd_b #H143514545 44 074 600, 38 113 649 >
WM EEE . KESETFS . N (N FRAH
SE BT D) R T8 BT 43k Y 9 A R
BLJP A, 23k ™ ks AH G T i TAL 22 ) 43 AR A
43 870 982, 37 932 488 /> T it 1) Clean reads.
¥ Clean data (Reads) i Ff] — A ¢ %3 He 5 4F
HISAT2 5305 2 5 A HEAT Hou M, w45
Wik 3 o, REWS LT EILH 4 F A Clean
reads ¢ (Total mapped) #JKF 65%, UiBIAIK
UG 5 2 LD A Ve R IS O HLRR IS R A R 4
Bri oK.
22 BIKE COMBEXERERRTIESN
M4 p-adjust<0.05 F|log2FC|>1 Fy i i ek
A1) 2 S F 3k 5L [H (Differentially expressed gene,
DEG), & Xf B4 (ck) 5 CO, b3 #5748 4]
(cd_b) L MFELEML, B 1 R TXHEAY
CO, Wb PRI ASZH X A 6 332 A& Sk, Hirp
4187 A2 BEFEIN, 2 145 A2 FIRFEA .
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Fig. 1 Statistical of differentially expressed genes.
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Fig. 2 Enrichment analysis of differentially expressed genes KEGG and GO. (A) Enrichment analysis of differentially
expressed genes KEGG. (B) GO enrichment analysis diagram of differentially expressed genes.
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A, IR AN SE R . TCA JEFRLERERAL
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AT 8 1 e 72 i i I PR PP R ML Bk i 3 A B
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MD13G1235500) #£4F qRT-PCR il 434, 4%

Wl 3 PR I 3 A A8 i 1ok 5 PR Y 6 3R 1
5 RNA-seq 45 R —3,

25 BIRE CO, 1B EFRIGMRIEDH

I FH TE 28 S5 /M i — 3f 3410 5] 43 #r - (OPLS-DA)
DA TREAR A 22 7 X 4y, i e 25 AR
i OPLS-DA #5775 it 81 ELE A5 VIP (Variable
importance in project) fll 22 5 #(EH (VIP>1;
FC>2 mf FC<0.5) iffr=SUMWnifk, 25
R R I e S5 SR N 4 iR, CO, 4B AR
ZH (cd_b) SXFHEZH (ck) Akt 77 2R
W, Hp Rk R ARuya 36 14>, Tl
TR ESRWDAE 4114

x4 BTIREEESITE
Table 4  Statistics of browning candidate genes
Gene ID Gene name Description Log, Fold P-adjust Regulate
change

MD09G1029300 glrx Thioredoxin superfamily protein —7.02 7.29e-7 Down
MD14G1137800 grxcrl Glutaredoxin family protein 4.98 0.018 Up
MD01G1219500 glt1 NADH-dependent glutamate synthase 1 2.36 1.23e-30 Up

Redox MD06G1081300 gpx glutathione peroxidase 4.58 7.30 Up
MD05G1112000 ergl Eﬁ)l?e/il;lAD(P)-binding oxidoreductase family 10.53 273 Up
MD13G1235500 pla2g Phospholipase A2 family protein 6.12 0.00022 Up
MD15G1139400 dgk Diacylglycerol kinasel 4.08 4.08e-13 Up

Lipid MD14G1058300 fad2 Fatty acid desaturase 2 10.56 8.99e-17 Up
MD15G1125000 pld1_2 Phospholipase D alpha 1 -2.25 0.017 Down
MD07G1221900 plcd Phospholipase C 2 -2.51 2.92e-17 Down
MD14G1232100 gst Glutathione S-transferase TAU 8 15.62 4.66e-36 Up
MD14G1111500 acsl_2_6 ACC synthase 6 12.78 6.03e-10 Up

Signal MD05G1109100 prl CAP (cysteine-rich secretory proteins) 12.64 2.2%9e-14 Up
MD11G1110100 epn ENTH/VHS family protein 10.93 1.23e-17 Up
MD12G1194200 cml Calmodulin like 42 9.93 7.60e-13 Up
MD05G1238800 mdhl Lactate/malatedehydrogenase family protein -2.97 5.30e-21 Down
MD17G1096700 acna Aconitase 3 1.60 3.88e-15 Up

Energy MD15G1091000 maeb NADP-malic enzyme 3 12.53 2.86e-77 Up
MD13G1095200 acly ATP-citrate lyase A-2 3.81 1.71e-23 Up
MD15G1050100 ckx Cytokinin oxidase 7 9.63 2.52e-38 Up

http://journals.im.ac.cn/cjbcn
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Fig. 5 Classification of differential metabolites HMDB and KEGG functional pathway in high concentration CO,
treatment. (A) Differential metabolites HMDB compound classification diagram. (B) Statistical diagram of different
metabolites KEGG functional pathway.
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Table 5 Candidate browning related differential metabolites
Library link Metabolite VIP FC  Type
HMDBO0035751  Ganolucidic acid B 194 122 Up
HMDBO0037607 Ganolucidic acid E 17.1 111  Up
HMDBO0040772 Isothankunic acid 10.1 174 Up
HMDB0041043 3 alpha-corosolic acid 6.4 75 Up
HMDBO0034551  Medicagenic acid 3.9 86 Up
HMDBO0036652  (2xi,20beta)-2,20-dihydroxy-3-oxo-12-ursen-28-oic acid 11.5 67 Up
HMDBO0040711 16 beta-16-hydroxy-3-oxo-1,12-oleanadien-28-oic acid 9.6 154 Up
HMDB0035260 Delta-maslinic acid 7.9 58 Up
HMDB0062288  12(13)-epoxy-6Z,9Z-octadecadienoic acid 76 5 Up

Lipid HMDBO0030995 (2'E,4'Z,8E)-colneleic acid 70 8 Up
HMDBO0034639  Esculentic acid (Phytolacca) 6.2 143 Up
HMDB0040667  3-trans-p-coumaroylrotundic acid 6.2 163 Up
HMDB0036961  (3beta,6alpha,19alpha)-3,6,19-trihydroxy-12-ursen-28-oic acid 3.1 42 Up
HMDBO0041039  21beta-hydroxyhederagenin 3.0 49 Up
HMDBO0040618  16-hydroxy-3-o0xo0-12-oleanen-28-oic acid 26 101 Up
HMDBO0000933  Traumatic acid 14 0.7 Down
HMDB0040495  Cis-p-coumaroylcorosolic acid 12 97 Up
HMDBO0000784  Azelaic acid 0.2 0.9 Down
HMDBO0000168 L-asparagine 12,5 0.089 Down
HMDBO0000254  Succinic acid 35 24 Up

Organic acid HMDB0000159  L-phenylalanine 15 0.14 Down
HMDB0000148  L-glutamic acid 2.2 0.38 Down
HMDBO0001645 L-norleucine 14 0.1 Down
HMDBO0000191  L-aspartic acid 6.4 0.05 Down
HMDBO0000187  L-serine 1.3 0.16 Down
HMDB0001263  Allysine 12 04 Down
HMDBO0000237  Propionic acid 12 16 Up
HMDB0033923  (%)-erythro-Isoleucine 0.9 0.05 Down
HMDBO0000070  Pipecolic acid 0.4 0.3 Down
HMDBO0000267  Pyroglutamic acid 0.3 04 Down
HMDB0039167  2-O-p-coumaroyl-p-glucose 4.9 0.027 Down
HMDBO0003306  Phloretin 0.7 0.11 Down

Polysaccharide HMDB0002780  Catechin 1.6 0.03 Down
HMDBO0005794  Quercetin 1.1 0.099 Down
HMDBO0037335  Sudachitin 1.6 0.048 Down
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