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Characteristics of Key Gene Expression in

Lycopene Metabolism Induced by Boron

MIAO Diji, XU Longshui, XU Weihong

College of Resources and Environmental Sciences, Southwest University , Chongging 400715, China

Abstract: The trace element boron is involved in a variety of biological metabolism such as photosynthesis
and sugar conversion of crops. Sugar and lycopene are the important quality traits of tomato fruit, but
there are still few studies on the changes of key enzyme genes expression in sugar and lycopene metabolism
induced by boron. In this article, the effects of different boron supply levels (0, 1, 2, 4 and 8 mg/L

borax) on the nutritional and flavor quality of Kaifeng and Hongli tomatoes were studied by field experi-
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ments. Transcriptomics and genomics were used to preliminarily investigate the transcription and metabo-
lism information induced by boron, as well as the expression characteristics of key enzyme genes for glu-
cose metabolism and lycopene synthesis. The results showed that with the increase of boron supply level,
the yield of tomatoes of both varieties showed an increasing trend, which increased by 27. 3%-67. 2% and
22.2%-86.2% compared with the control, respectively. Transcriptome analysis showed that the differen-
tially expressed genes of the two tomato cultivars under boron treatment were mainly enriched in biological
processes, and some differentially expressed genes were also enriched in the lycopene and sugar anabolic
pathways. With the increase of boron supply level, the expression of key genes for sugar metabolism in to-
matoes in the green ripening stage was upregulated. The expressions of key genes for lycopene synthesis,
PSY, PDS, ZDS and Crt1SO were upregulated in the green ripening stage, and the expression of Z-1SO
gene was upregulated at the maturity stage. The correlation analysis showed that total soluble sugars were
positively correlated with the expression levels of BA and NI genes, and lycopene content was positively
correlated with the expression of PSY and CrtISO genes.

Key words: boron; lycopene; sugar metabolism; gene expression; transcriptome sequencing
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1 REHMBEFE
1.1 R

PRI AE HOGIR & A7, Bl Y S Al PEAE M AL 4G . pHOK/ £ =1/1)K 6.86, T 3EA P
10,78 g/kg, &R N 1.20 g/kg, WA N 161.00 mg/kg. HRHE N 410. 20 mg/kg, H A% H K
397.30 mg/kg, AR 0. 14 mg/kgs FF G ARy WL R LLE T, CWLE LD AME AR
AR K /INFRARL s 76 A [R) B 30 G 2R SO & AR 22 AR/ . I 40 R & BN AR 25 A8 K
1.2 REHE

AR I B G 2 v S R S g, B T 5 AN ENR RIS (0L 1. 2. 4 18 mg/L) . WliuC
ZF R BE 4R B 0 mg/L. 0. 11 mg/L. 0.23 mg/L. 0. 45 mg/L 0. 90 mg/L. itfE CK. Bl. B2, B3 #l
BA. SR FH - W BRI i ey 2 M R R AR A A, 2908 750 me/hm” YT A E A 3 K. Bl
PLHES), BT 1 b

oAk B AR H ORI M A BT, BB 7ESE R ORI IR WM SR — K. LA AR 2
JRIME I 1, S SEmERE 3 U, BT AL WG AR R IR — S NEAT. AE 3 WAL, SR R R
S, SR A SR AK MR E T, SRIG R ORI VR 3 K. — A R TR R A A4 R s s — B4 T
IR VKA — 80 “CLRAF, HI T I E R IMIE A FIARFE AT % TR A% 105 C F AT 156 min, SFEMR, 2K,
AR ST, 60 C MG RR BT, SRS 7E B A SR 7 RSB 4K T e (0 K HTTR A # rh 38 00k %, 0045 61
Tk, G, B2 AP AR IR MR G K. ] CKL B2 AR B CBLE
ST 2 A R i SR S e S 2 4 A
1.3 MEERSHE
1.3.1 :EEKBACKHF, EEAS . FiEAME T HH

pH R KT = 1 3 s AP, a0 B Al A RO . o A8 5 B A 34k 48 A H R R
DRI 5 L SR P TR AR € T 1 I W 4 G B T AR AT R A
1.3.2 #Zxanm
1.3.2.1 & RNA 25, cDNA SCFEME K lumina 5

JAIY T 5 R SE T A RNA JEEL, mRNA Zlifh . cDNA SCPE R #E K 8 5P . cDNA SCHEF #E K&

A Oy ORI KL DR Ry A PR A W) S He e . A 2 . H mRNA & kX 8 RNA #4740 2,
Fﬁﬂﬂgﬁ buffer #1355 ) RNA F Bifb, 454 cDNA ZHEJE MO0 EE DNA, S DNA 4 ¥ 3 5 i 17 PCR 47
IR IE B PRLAE A B BAEE PR AR DNA SCEE . A5 A I 4 (9 SCEE #E4T THlumina ).
1.3.2.2 RNA-seq Z#r

4 0 B4 1 S i SOAPnuke 1. 4. 0 #PF K BR 823k MK B R )P 41, Z 5 A Hisat 2. 1.0 4

ﬁ#} clean reads Lt X §U%7ﬁi?§<j§‘ﬁléﬂ 1EFH Bowtie 2 ¥ clean reads Xt 2 3 K 41 7 %1 I, 4R 5 1# H
RSEM 5 4 A~ FF i 1 36 I R 3k K P, 3l i DESeq 2 844 HE AT RF i 41 18] 22 5 238 20 A1, K36 2 | log, Fold
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Change| >1 H FDR<C0. 05 A & X A2 7 R EFEK (DEG) , JixF 275 RKKFHHFHIT GO(Gene Ontol-
ogy) W HE 1 B & KEGG(Kyoto Encyclopedia of Genes and Genomes) & 2 43 #17".
1.3.2.3 HdEmy s 5 Xt

S HIC L (RS KE) L “4hmi” (RS HL) 2 A SR 7 CK. B2 Ab3 S 19 2 00 S8 92 R 47 7 s 41
M. KF-CK, KF-B2, HL-CK fil HL-B2 453845 47. 33, 47. 33, 47. 33 fl 46. 74 H Ji 4 Raw Reads. J&
I 5000 2 B Sk RIS o (B3R I o RS SCTE 43 AR AR 43. 84 ~45. 47 H i %% Clean Reads, i#f—2 11
1 T AL GE 1 & B Clean Reads 19 Q20 F1 Q30 43 HI7E 96. 7826 ~97. 80 % Al 91. 60 % ~94. 15 % Z [i]. ¥
Clean Reads X2 MiB % HE M4 1, HRRLE 86. 63% ~94. 91 % Z A1 (£ 1. DL 45 S 36W], I 5 48
Xt AE . BB, AT LAHEAT N — 25 40 T

* 1 HRANFHBOTRR LRGSR

. Total Raw Total Clean Total Clean Clean Reads Clean Reads Mapped

Reads/M Reads/M Bases/Gb Q20/% Q30/% Ratio/ %
KF-CK-1 47. 33 45. 25 6.79 96. 81 91.73 93. 39
KF-CK-2 47. 33 45. 08 6. 76 97.13 92.45 93. 88
KF-CK-3 47. 33 44. 40 6. 66 96. 92 92.13 86. 63
KF-B2-1 47. 33 45.47 6. 82 97.00 92.13 94.91
KF-B2-1 47. 33 45.12 6. 77 96. 78 91. 60 93. 66
KF-B2-1 47. 33 45.12 6. 77 97.09 92. 35 93. 89
HIL-CK-1 49.08 45.08 6. 76 97. 80 94. 15 89.13
HL-CK-2 45.57 43.91 6.59 96. 89 91.92 94. 26
HL-CK-3 47. 33 45. 26 6.79 97.00 92.15 94. 09
HL-B2-1 45.57 43. 84 6.58 97.07 92. 31 94. 58
HL-B2-2 47. 33 44. 94 6. 74 97.18 92.55 92.79
HI.-B2-3 47. 33 45.16 6. 77 97.01 92.12 94. 26

1.3.3 HFRREBRBAERLESRAM LGB LE L X
1.3.3. 1 5 RNA #2505 k246

AR R0 2 8 2R S AT R S RNA SR AL 5t 2208 A W H R By A7 IR 7] TransZol Up Plus RNA Kit fif
PN G AR I, BRI Y —FB 4 RNA T RNA By BTt kil 42 1 RNA GRA7AE — 80 °C vKAf o LA i —
L ali A TN s 5
1.3.3.2 RNA fyaifb 5 5% 5%

i A 4504 A W R B A RS A % 55 & (TransCript One-Step Gdna Removal and ¢cDNA
Synthesis SuperMix) #17 RNA 5%, 58 LBRIRAFEE N4 DNA, P4 B & 54T RNA S 5% .
FHE ST A B cDNA BT —20 C &4 TR A7.
1.3.3.3 519 K HFRBEH ) qRT-PCR 437

75 i WA 8 S B il I PR A 2 A 41 R A G L R Y gRT-PCR 51493 2. A ddH, O #4 5 5% 5479
cDNA T B 3 £, 9662 & PCR % H Power Up TM SYBRTM Green Master Mix(Applied Bio systems,
Vilnius, Lithuania)if#l & L & %696 & # PCR 1% (Quant Studio TM 1 System, USA) #474&. H4k PCR
RV R . 95 CHIAEHE 10 min, 95 CASHE 30 s, 60 ‘CIB K 30 s, 40 NMEH; 60 C EFFZE 95 CH M > ¥y
i, AR ER 3. 2 T W R AR R A X R Ik B, CT R RTOUE TR B E
VB i 28 D7 1 S A 8. Herh PCR R NI AR R ANk 3 .
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x2 sS|l9FEH
— 185 (5'-3D) _
Em5Y L) 27 Sk
PSY GGGCGGCCATTTGACAT AATGGCTGAATATCAACTGGAAAGT &% k[ 22]
PDS GCTTTACCCGCTCCTTTA ACCTTGCTTTCTCATCCA 22 3k [22]
Z-1S0 CCTTCTTCTTCCTATACCCGTCG AGCGTGTGAGCTAAGCACCA 2% k[ 22]
ZDS GGTGGGTGCTGAAAAAAAT GGAAAGCGGAAATCAAGTT %2 k[ 22]
Crt1SO AATGCTGGTAGCATCGCTC ATTCCGCCAAAATGTCTGTCAC 225 k[ 22]
LYCB CGACGTGATCATTATCGGAGC GTG GTGAAGGGTCAACACAACA %30k 22]
LYCE GCCACAGGTTATTCAGTCGTCA CCAGTCCAAATAGGAAAAACGAT 27 k[ 22
SPS CGACGTGATCATTCTGA GTCTTCATCCTCAACAACAA 225 k(23]
SS GCTCAAGGACAGGACTAA GCTCATACATCTTCTTCATCTC 225 k23]
Al CGGAATTGGGTGGAAT CGGAATTGGATTGTGGAAT %7 k[ 23]
NI GCGTATAATCACCTGGTAGC GAATCCACTGCCTTCTTAG %7 k[ 23]
AA GAAGAGTTATGGAGATTGAAGG ATGGATGAGTAAGAATGTATGC 2 7% CHk[ 23]
BA GCTCCGTTATCCATCCTAT CACCACCTTCCTTCTTGA 2% k23]
Action TGTCCCTATCTACGAGGGTTATGC  AGTTAAATCACGACCAGCAAGAT %2 ik [23]
£ 3 RI-PCR REF &

il (LN AYINS A R/ L

cDNA 2 Primer-Reverse(10uM) 0.4

ddH20 7.2 2X SYBR Green Mix 10

Primer-Forward(10uM) 0.4 Total 20

1.4 HIEABS5%H 490

IS UG R R E Ehn 22 FRoR. FIH SPSS 25. 0 #k{F #4788 R 28 J5 2243 #F (One-way ANOVA),
K H Fisher least significant difference(LSD) #; il # 47 AEAL B E 22 5 B HF L, B &2 FKF
A p=<0.05.

2 RS

2.1 HAKENEMRIBEIETIRSENEZIT

B T FR Y . BEON BOORTRIRR2E L & 0 L 0 A0 10 B e R 258 1) 22 67 10 728 P 0o SR i XU & J5 ) T o L
HAEWEERMEAS . R la nTH. RSP, B SR BB, B R LT 2 A R R i A R A
RIS . 7E B2 A HAET, CHLE RERE A IR B RO, M 25. 71 me/L, XTI 1. 56
5 CLLNNAE B3 PR R IR BB M, K 25. 66 mg/L, EXFHRAY 1. 36 £, 7E AU, KR B2 A AL FE B X
RS A BIAE T, HCfh  E  Ah RRRAR T OREAR A R DN AE B2 ARER R RERE S AR T IR 7R A AL
T RS A0 T R, 76 B3 PR AR A RAA. R b Al eSS BLE RN L0 TR 7 A SR e Y
SN —E WLE BB  EeE R D . 7 B3 AP IR B R, A 29. 46 mg/L, EXFEEAY 1. 20 £ 4T
O P SRR S I N VR0 SR TR AN 7 e R R AL BN, HCERME S R s T R 7E B A B K
SRR, LA RN LI 7 A SRR o ) 2 0 U G T v N S B v R R, L
JbE & A B3 AP B IRKME, Oh 43. 83 mg/g, J&XTIRMY 1. 12 f%, “Z0m H0E & S 7E Bl Bf ik 8l K, K
39.03 mg/g. HIF lc M 1d A0, BEE SEOHASE (38 0, 7 i 2 00 0L S A0 T 3 1k b 45 1 R E A 75 0 252
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BLAEHE G D B e S R HE R, DL A A R SO A B2 AR EEN B W R S, R Y
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F10 A1 A SR L ROME L ATV SRR R A R, LI R LB AL MR EORFE . B2 Ab BN S
WL Y LR R ARROR B, B3 ALBEXT ARG L SR Y © 20 T R RO b
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70 OKF-L OHL-L . OKF-C BHLC ?
OKF-C BHL-C sr b .
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s
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sk
0 0
K BI B2 B3 B4 cK BI B2 B3 B4
AR S /(mg - LY AR /(mg - LY
a. K ENBENREERSEHNFM b. FEHIKEXNERRIRED EM R
- EKFL OHL-
200 OKFL OHLL Por Dg-lé -gié
ool OKF-C ®HL-C sk a 0 i aa
% 1s0f b b FH i {_—;— FIE3
. a @ ap b o 0
g BRI -}_I_ ] -} g gl
= 160t | F Y r a b 1
uﬂ :a ¢ ool i 3
150 3 a
= 140 oe i i W ool T i
pL2 b b . 0}
H o5t R
< b -
I c P
"I_‘, 120 20r
- I
10 f 101
100 0
cK BI B2 B3 B4 CK BI B2 B3 B4
AR S /(mg - LY AR /(mg - LY
c. K ENBEMREABMEEEEENEN d. FEEKEXNERRIEN R EM R

KF-L: PlE-L3M; KF-C: YlE-3W; HL-L. ZIA-4300; HL-C. Z0m-—BUAM. R EV/ING 2 8E 35 A [ 416 0 40 3 18] 9 25 5 0 3% ok
(p<<0.05). FIAl.
B1 HMkENBEMRELEE. RE. TRAEEBEMERSENEN

2.2 @Ak FENEHRRLEMLZSENZM

T AL R BUK R T E AR, fEHURL . R A m B EENER. A, &
AL RAVE NS M ATA I F A, AT AR P — S0/ S SRR 5. S kit — 255 it HPLC
TEFSEIAL BEXF 2 A it R A 00 I AL R S R, R 1R 2 WA, B BERIKCE RO R, B R AR
EUR IR AN ¢ e NS (EANE el = e8It IR RO < (2 38 R L DR S TR N i
TE 4 Ak PRR]H B AT I8 B 1 35 1k 25 S AR AN, CZLEN TR AL R A AL A A M 2 . fEg U,
SXFHAALE . CULE AL R SR AR N, 7E B2 LM R A BB ORME, 29,96 pg/g. BAK BRI
0.1%~1.3%; “£L00 7 B2, B4 ARFE T 45380 7 0. 6 % A1 1. 1%, SR £T 00 * #9341 K & B 4E B1 A
B3 AbFEFAR TR IR, H 225 AN . M, B R LI R O 4L R AR E B2 AL FRR 3k B A K
{EH . 43k 245. 80 pg/g 1 277. 13 pg/g.
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4 O KF-L O HL-L 350 a2  OKF-C BHL-C
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40 51 ﬁhg 150
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*E 10 *E 100 b
iy HE
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CK Bl B2 B3 B4 CK B B2 B3 B4
HAR7K T/ (ng - LY HAR7K T/ (ng- LY
a. K ENEMRLGRPBEMLIRLENEN b, K ENEMR LR AREML RS ENEN

H2 #EAINEHRIEANNEREERIZSENTM

2.3 ERREEEMSHT

P [log, Fold Change| >1 H FDR<C0. 05 & 25 5 5k K 0 3% b5 o 8 17 0 26, XF 22 5 3 ik 47 & 3 4%
Broll 3a), @5 FM, ZEUFE CKM YLE'B2 ZHA 20 M 2ZFHEHF A3 N LIHFRR, 74 TFHE
K, L CK ML B2 Z A 261 A28 R (100 A ik, 161 A~ T FER), “YlLF CK
LI CK Z AT 59 A2 R W Us A~ EERE, 4 ATFRHESL . “YLFEB2 M4’ B2 ZEA
158 M EF ALK (73 A B KRB, 85 N TN ME IR, FIH] Veen BIXS 2 5 3 P k17 70 Hr, 45 R KW (&
3b), KF-CK-vs-KF-B2 5 HL-CK-vs-HL-B2 f£#E 45 22 5 K ik, KF-CK-vs-HL-CK #l KF-B2-vs-HL-B2
FAAE 2 D2 R Ak R

180
Bup @ down

160 -
140 -

1207 HL-CK-vs-HL-B2
KF-CK-vs-HL-CK
KF-CK-vs-KF-B2

KF-B2-vs-HL-B2

100 |

KF-CK-vs-KF-B2 HL-CK-vs-HL-B2 ~ KF-CK-vs-HL-CK KF-B2-vs-HL-B2

a. ZERERGITHT b. VeenZREREHHT
B3 EMREIMEMESHERKRIEIER

ER M/ A

(=]

2.4 ERRIZEEE GO S

H T BRI 2 S B K S 5 A B N AR W 2R D RE . X A R A TR 22 S R AT GO 43 #r. GO
SRR R (B O, T8 2 AT s R, X s s S R B N Y 2 AR TR AU B (Metabolic
process) . At #2 (Cellular process) . & (Membrane) . 414> (Membrane part) ., ##4k 1% P (Catalytic ac-
tivity) . 454 (Binding) , A= ¥ 8#% (biological regulation) A4 ¥ i3 #2 ] #% (regulation of biological process).
WA da, 7EBLE MFD, 2255 RN E BN R AU AR AR A R R B 4
1’%%%‘@@%%5’3%#% ﬁ.ﬁ%’]ﬁ 4.4,.2, 1,6, 6,98 74 il 4b, TELZLEE AR, 25 F
WA R 0 R L AR R R L ML L A AR PR RN G A Y 22 S R GA L K 43 )
A 45, 38,20, 16, 42, 38, 65 il 75 4.
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The Most Enrich Go Term The Most Enrich Go Term
metabolic process
. cellular process
metabolic process —mm— biological regul
cellular process -mm— regulation of biological process -
3 i R localization [~
biological regulation |- responscin’s (=
cellular component organization = cellular component organization-= B islsaiaal poscess
developmental process |- M biological_process devclopmeaial process = glical.p
localization |-mm | cellular_component ) multicellular organismal process B cellular_compouent
multicellular organismal process - molecular function positive regulation of biological !;':;f‘;:;: molecular_function
regulation of biological process - B reproduction}s
reproduction |- rlepmdurm‘e process [
J multi-orgamsm processf~
reproductive process - s
response to stimulus == cell
signaling [-mm " cell pary
- membrane part
mem HE—=—————— organell
o 't - —— extracellular regionf-=
membrane part it e
cel] [ protein-contaimng complexj-=
cell part - extracellulr region partf+
| [ 1 cell junctionf
extracellular region - membrane-enclosed lumenf~
organelle - S)‘;g;,:llasm
, Eige inding -~
catalync a?tl\tlty B catalytic activity -
blﬂdlﬂg B ) transpfner activity [~
3 - L transcription regulator activity p=
moleculr function regu!at.m molecular function regulator |-
lransporter ﬂCtl\'Ity B antioxidant activityf~
S N EEE T —| molecular transducer activity |- . . : .
0 2 4 6 8 10 20 40 60 80
2EHEAH/A 2HEH/A
a. ‘HFE ERFEIEECOEES b. ‘AW ERFXEECOMEEE

B4 =2RREEFAN GOWREEEST

2.5 ERRIEEE KEGG &7

J T M DEG fE RS R FSBPMIife. 3T KEGG B X} 22 5 Rk Wk 17 KEGG & 44
Br (P 5). W S5a, KF-CK-vs-KF-B2 (922 523 NP R 42 5 12 ik b . B 7 B R R LMY
& h (Biosynthesis of amino acids) , #& il 2 4= & i ( Flavonoid biosynthesis) , 2% P4 %¢ 4 9 & il (Phenylpro-
panoid biosynthesis) , H & BR . 22 & 12 A1 75 % 82 14 3 ( Glycine, serine and threonine metabolism) , H il 2 i
K% fi#t (Other glycan degradation) 55 {3 B 41, 5 i 20 R & B AH OC iy i B SO0l 3 s 48, iz
BiR A0 LAt g 2E BR 19 42 ) & % (Ubiquinone and other terpenoid-quinone biosynthesis). W& 5b, HL-CK-vs-
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