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(Pinus taeda)Z5FE N HBEATELST, JE3R78 T 68 211 %% unigenes, 546 356 450 4 clean reads, “T-¥JELXTHIE 90.21%. #AA
IR AA R &R AR &R -5 R HEATPIPIST EE, LA P<0.05, [logzFoldChange[>1.0 SubriEsRk ik 2 3 A, H#k4T GO M KEGG
BEM. GREY, SHIERYRE RN ERERT 1334, HPRKE)EHEAE MEP &%, NZEFER$BE 8 =i
A B LK 4T RT-qPCR W3F, i€ HMGR. DXS. TPS. ABC ¥:ZE AR 5P ISR e LBt @iy
N, FEAE 133 NS SR ERE R G B DI ZE R R R, H i I A B R R (TPS) R ABC 538 R R 1E IE R i K i &
B R AE SR o

R MR AR Bl PR IRIEER

doi: 10.11926/jtsb.4691

Genes Related to Resin Biosynthesis in Xylem and Needle of Pinus elliottii

ZHANG Wenjuan', GU Zhengjun?, HU Shan?, ZHANG Zhihong?, LI Huogeng!, YANG Chunxia*’

(1. Key Laboratory of Forest Genetics & Biotechnology of Ministry of Education, Co-Innovation Center for Sustainable Forestry in Southern China, Nanjing
Forestry University, Nanjing 210037, China; 2. Institute of Forest Genetic Breeding and Cultivation, Jiangxi Academy of Forestry, Nanchang 330032, China;

3. Xiajiang County Forest Seed Farm, Ji’an 331409, Jiangxi, China)

Abstract: In order to explore the genes related to pine resin biosynthesis in Pinus elliottii, a total of 12 samples of
xylem at different resin collection stages and needles were used for high-throughput transcriptome sequencing.
Compared with the reference genome of P. taeda, a total of 68 211 unigenes and 546 356 450 clean reads were
obtained with an average mapping rate of 90.21%. The expression profiles between needles and xylem were
compared in pairs. The differentially expressed genes (DEGs) were selected according to P<0.05, |log>foldchange|>
1.0, and then annotated by GO and KEGG enrichment analysis. The results showed that 133 DEGs involved in
terpene synthesis, most of which were enriched in MEP pathway. Eight candidate genes related to pine resin
biosynthesis were selected from the DEGs and validated by RT-gPCR, in which HMGR, DXS, TPS, ABC
transporter genes were highly correlated with the rosin production. Therefore, 133 differential genes related to
pine resin biosynthesis were mined through transcriptome sequencing, and among which three 7PS genes and two
ABC transporter genes positively regulate terpenoid synthesis.
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FEHOWRA (Pinus elliottin) J& T # 2R, H L4l
“HEARMEE G E RN, FEAKRE
It DR AERE s, AR Ry TR T Ty X B
(I AR B R ARk, R H A TR AL AR 2 e
Fe /b FAT A B AL, TR AME H &
In bR A 2 Ha s 56 B 5 AR (P massoniana)#
BRI ARAS B4 8k, 75 it 26 Hb X W R 208 B
R BN EEER R AE 4,

o RE AN BE A A 7= PR A 7 it 32 1 T 1 AR 1 R
Bl R A HUAR E R DL R R P B 1) B T
BBl AR R R A, DUR I I 5L (CS)
RFEARBA, FEIEE 2 MRS KR
(mevalonic acid, MVA)F1H & 75 %% 1 3% FR (methyl-
erythritol phosphate, MEP)I&12 & . HHEITEL s
Hh R R 2 S 2 P O), ETRAA (P, tabuliformis) = )
B DRI P VRTS8 ST T R R AR O AR B,
ORI | —LErT e 2 SIS NR & B SR,
WA MLt P450. ABC FHigE IR Ik
THRETRATESE . SR, AT AR AR AR, RHIAS
FA NG BSAH SR R R LR 7 T RA TR 2 o

TLVRAMEHIAA R AR H A 5 H—10 A, #45
FEEAE 7 8 HikEE(E, 210 HRIEEsIHEAS,
o AHIFUAL R HIAA 55— ACM 7 [ /] — etk &
1-142 (EAS AR AEHA 4+ 8+ 10 H BIAR R S A& -1
AT AN, 5 KIERA (P, taeda)FE K ZH 3k
ATEEXT, AT fR A RA NS G RSO Ik DTt 2 4 A
WHIRIEZ S, FHEEx = i sgeAE A) 5= h5
HEICERIHG. 10 A). mre iRt R 5007 otk
RIOEERRIEZE 7, TRk A 56 e i O B i 42 5k
B, DU NS~ IR B TR R 2% .

1 BRI

1.1 #8

EFEVL VAR WL B AR AR B M 718 H kA 55 — X
FFhE(115°24" E, 27°33" N)h ot R11-142 A5
BRE, 3 0HE 4 HCRIBRTH 8 H CRIR Myl i) A
10 HCRIR R BN KET R 1.3 m R AH 1
ARFRALURE M, 4. 8. 10 A KRB EBFEA SR 5
N SAPB. SAUB. SOCB, £I'M-NiEFE, 45 N SPN,
AR RE 3 NEE . RE P71 &
HETEHE R 2-0420 (77 &= 4 20 kg/ind.) AU 7= g T 14
Z 2-113 (FF&E 4 5 kg/ind.) A LS AN ET 347 RT-

gPCR (real-time reverse-transcription polymerase chain
reaction) 4 ilE, JIT A FF iR B G N ZH R,/
TFAE-80 “CHMICIRIKAR Bl I B o
1.2 RNA RREUHIEFAN 7

CTAB iEHRHUE RNA, SR FH BT b e I FLvk
Nanodrop & Agilent 2100 7T (R IILE RNA I
FE ARV S e . K3 cDNA S, ESEH A
Oligo(dT)fi¥k*F mRNA #ATE 4, N5 HHE b
HUFT W mRNA, I LA 3 1)y BOY B3RS cDNA
X PE. SCEERER S Agilent 2100 bioanalyzer Al
RT-qPCR % 3 Jot & gE AT A 0, 46 P05 4% 5 K H
IluminaHiSep4000 #1745 415
1.3 HmpiE. ERFE X RAEE

B S N 7 3R A5 1 IR a8 20 s (raw reads) T G £
HATIEUE, BREEMRR . Sk i DL RIS
AN reads, AITI3RTS = T &1 clean reads.
%, %t clean data #1T Q20.Q30 FI GC & & M1 5 .
5 i HISAT2 BA4-K 4% )5 1 clean reads 5k
KA FE R AL AT LE X, JFH StringTie #AF AT B %
SKAH LG
1.4 ZRERTEEKE R

7= S LR R IE ATl I DESeq2 #f4(1.20.0)3t
17, F4% F} Hochberg A1 Benjamini )77 75K X P {H
BEAT AR, LA P<0.05, |logaFoldChange|>1.0 AkrifE
ik 22 R HE N, 8L clusterProfiler (3.4.4) 4%} 2
ST GO M KEGG & &40, IHMEIE T 2R
K 2 -
1.5 = RRAHREE B R EKHIE

Phike 8 A 57 g AH 5% B Fk R HEAT SN 50 58 B
PCR, WiF HAELMERI-142 (114, 6. 8. 10 A
ARG FBFIET - rh Rk B LA AE L AR R B e
AHHRIEEZES . FIH PrimeScript™ RT Master
Mix (Perfect Real Time)ikj&i(TaKaRa, Ki%)iHAT
A, il Primer-BLAST 7E26°F 4 Wit 514
(# 1), NSEF N UBI. H CFX 5B & PCR #
14X (Bio-Rad, _Li#)EAT 5L 7L E & PCR, W
FEF R 95 °C 308, 95°C 5s, 60 C 30s, 40 %
R ff 27 2ACT VR TH AN R A &

2 SR

2.1 HERAIEHRE VAL KA
X IR GBS 347 1 e A5 31 546 356 450 %% clean
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# 1 WER PCR Y

Table 1 Primers of quantitative real-time PCR

A Gene T Function 1IEM 5% Forward primer (5'~3") JZ 75140 Reverse primer (5'~3")
PITA_ 13112 RN A A L5 HMGR TGCGAGGGAAGACGAGAAAC CCAACGAAATCCCGTTCAGC
PITA 15631 1-Jit SA-D- A B -5 - R &5 1§ DXS GACAAATGGCCTCTCAGGCT CCCCTTTCAAGTCACGACCA
PITA 39473 i 15 75 Wi TPS TCACAGCGGCAGTTAAGAGG TGCTTCTCCTGCCATTTCGT
PITA_38904 i 15 75 i TPS AGACACGCTCAACTATGCCC ATGTGCCAATGCGATAACCG
PITA 28724 i 45 o TPS TTTCGGGCTTCCCAAATTGC TCTCGTGAAAGACCGCAGAC
PITA_ 33107 ABC #2581 ABC transporter CACGATGTGAGTGGTGGGAA ACTTGAGATTTGGGAGCCCG
PITA_ 13961 ABC ¥z 8 1 ABC transporter TCTTCTGGACGAGGCCACTA AGAGGCGATGAGCAACAACA
PITA 05351 ABC ¥z 8  ABC transporter GGAAAGGAAGGAGCCAGCAT CTTTTGCCCTCCCGACATCT

reads, SHEFEA 81.94G. TEAMEAY Q20 {H 4T
98%, Q30 1H F¥I N 94.77%, GC &8N 44~46.5,
H 5 KCHE o 3 DR 4 S 2 Bl R A 3] 90.21% (3%
2)o AFEFEARIIAH M R 20 0.829~0.961, Ui AHHF:

2 FEA IR PR AL

Table 2 Quality assessment of sample sequencing

AN IR A LT . IX R I S A TR AR
U, "L T R80T HAIH StringTie BT
7 16 460 25811 unigenes, J_EEEXT K AERAFESRZH

(1) 51 751 %% unigenes, F£3k73 68 211 % unigenes.

FE it REH R HIH 020 % 030 % GC &kt e
Sample Clean reads Clean base (G) Error rate /% GC content /% Mapping rate /%

SAPBI1 44 486 976 6.67 0.02 98.28 94.77 4527 89.51
SAPB2 46 965 990 7.04 0.02 98.22 94.56 45.02 89.41
SAPB3 45608 798 6.84 0.02 98.24 94.61 44.87 89.39
SAUBI 43 784 800 6.57 0.02 98.25 94.60 44.95 90.18
SAUB2 44 650 364 6.70 0.02 98.34 94.81 44.92 89.27
SAUB3 45091 286 6.76 0.02 98.30 94.74 45.13 89.01
SOCBI1 45677 568 6.85 0.02 98.44 95.03 44.93 90.79
SOCB2 48 009 558 7.20 0.02 98.28 94.62 44.79 90.07
SOCB3 44 206 068 6.63 0.02 98.41 94.89 44.834 91.07
SPN1 46 744 072 7.01 0.02 98.32 94.67 46.35 91.24
SPN2 45394 470 6.81 0.02 98.42 94.92 46.23 91.72
SPN3 45736 500 6.86 0.02 98.47 95.01 45.60 90.86
1t Total 546 356 450 81.94

¥ Average 98.33 94.77 45.24 90.21

2.2 ERERRFRES T

L P<0.05, |logaFoldChange|>1.0 AFE R % 7%
K TREARTE, M1 AT, AS[ER R A5
hERRIEERNEEA—, HPhLL 8 HE 10 A
i (A (SAUB vs SOCB) % # R K /e 2, 9 6 023
unigenes, 8 A5 4 HIE(SAUB vs SAPB)If] % 573
R/, N3 221 /> unigenes, 3 LA & (K 2)
HH R ZEFFERFA 366 4 unigenes, DT EA1%
H A 1 2 e R

FERETASFRAG I, AR ZH 21 (a1 3R A5 1 22 S
FERHERZ(E 1), Ll 8 A AT & -S54t i [A]
(SAUB vs SPN)f¥J 22 5Kl 5 22, 74 12 908 /> unigenes,

ALHE 5287 AN EIHFERA 7 621 N R EEERE, 3 A
[A] Lt Xt 414 (SAPB vs SPN. SAUB vs SPN. SOCB vs
SPN)H, HHMZERIEF A 69194, 4. 8. 10 A
& EMAE I 2 R R 23 04 1800, 2 333 A1 2 255 A
(E 2).
2.3 ZREFK GO EES T

XF T FE A ) () 2 S 3 R AT GO & B AT
(Bl 3), 4 F% KB 5 £ (5] (SAPB vs SPN,
SAUB vs SPN. SOCB vs SPN)Z S # f. Z 11146 H 1)
NYEEAERT, T SOCB vs SPN 204 T8 A i Bl i3
1] tRNA Z B (IRNA aminoacylation for protein
translation). tRNA Z ML (IRNA aminoacylation)
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SOCB vs SPN

SAPB vs SPN

SAUB vs SPN

SAUB vs SAPB SAUB vs SOCB  SOCB vs SAPB

KN Resin collection stage

[ 1 AN[FR AR B MR M PA S [F) 38 B 1 22 B R 8. SAPB: 4 K5, SAUB: 8 A AKJF#; SOCB: 10 A AJFi#f; SPN: £FiH. T

Fig. 1 DEGs in different organs of Pinus elliottii at different resin collection stages. SAPB: Xylem in April; SAUB: Xylem in August; SOCB: Xylem in October;

SPN: Needle. The same below
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Fig. 2 Wayne diagram of DEGs
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2% 555 H GO &7 %R ¥, SAUB vs SOCB.
SOCB vs SAPB [ 1) 2 5 3 Rl & 2 4 H B A — 3,
{H SAUB vs SOCB % 5 i i 3 1 5% H VA WL 77 it
LR, SOCB vs SAPB 7 7 fix ik # 114k H Ayt
AR N . X T SAUB vs SAPB 414, %R
B DR = B SR AE T AR AR W Bl A 1 S N AN TK 43 11
RBEIE 2 2 HH .
2.4 FARRE BAH SR BB RS 4 M

BRI REAR ) 1) 22 5 3 R 4T KEGG & 45
M 4), 25 TR WA 5 55 61 i 1) 22 5 2 IR ' 4 1)

SAUB vs SAPB

SAUB vs SOCB

2187
(23.6%)

1443
(15.6%)

SOCB vs SAPB

TS IR NN 2= 3= ST E AL ol NUNSTURS S
R CEIEH. EREEMERTE. ANFERGEE
WA S 18] 22 5 25 R ) KEGG ‘& %% W, SAUB
vs SAPB. SAUB vs SOCB Z 5 i i 2 1@ M 48 N
KB4 YA %, 1 SOCB vs SAPB % 5 fi i Z 1)
B A NI B AR A e SR R A B DG
KB 51, SAPB vs SPN. SOCB vs SPN. SOCB
vs SAPB |35 2 3 IR s FEAE mi AR YA U
1M SAPB vs SPN TERE 2L G il BN A=) & a6
R ERMREE,

RN T R P A4 G 76 25 DR R 7K 7 1
U, 2T KEGG ‘& S48 R il 24 BUrH O idE i gk
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tRNA Aminoacylation for protein translation - —4+- — — —!'—4 — — 4 — — — . — — L — _
tRNAAminoacylalion——4————|————‘———'-———I___ —
Sulfur compound biosynthetic process— — 4+ — — —|————4¢— — —+ — — — ' — — — = — —
Sulfur amino acid biosynthetic process [— — 4+~ — — —|— — — At ———pF—————
Response to water — — — — — —p— — — —) — — — _—
Responsetofungus——I———T:———I———I___E__j__
Response to biotic stimulus — — e g N
Response to bacterium — — 4 — — —|— — — - — — — 4+ — — b — |
Response to abiotic stimulus — — +—-————————t———F———4——
Pyridine nucleotide biosynthetic process — — T~ — —— T——— " ——7——
Pyridine-containing compound biosynthetic process f— — — — — —— — — 90— — — — — — —(— — — — — —
Photosynthesis——‘-———l——— ———‘.——_I____é__
Organic substance catabolic process— —+ — — —|———@9———+ ——— - — — | — —
organic acid biosynthetic process — — + — — —|——— P— — —+ —— —p—— - — —
Nicotinamide nucleotide biosynthetic process — — T %7 ————{"—— e
Monocarboxylic acid biosynthetic process — — = — — — — — — O— — — & — — —O— — — — — —
Homeostatic process (— — ‘— -t __ 4+ __ ' _
Glucosamine-containing compound catabolic process - — 4+ — — —— — — — — — - — — b — — | — —
Drug catabolic process — — + — — —|— — — $p—— — + — — —@p-— — | — —
Defense response to fungus [— - T ——F—————
Defense response to bacterium (— — I O S IO : ——— =
Defense response — — T ———————— ——
Cofactor biosynthetic process f— — +— — — —I— — — - — — — 4+ — — — — — — 4
Coenzyme biosynthetic process — — 4+ — — —|—— — @9— — —+ — — — - — — — — —
Chitin catabolic process — — 9t —————
Cellulose biosynthetic process — — I I I ————— =
Cellular catabolic process — — ~— — — —'— — — RN S —
Cell wall organization or biogenesis — — b ::: _—t e ——
Cell wall macromolecule catabolic process — — 4+ — — —}— — — ¢ — — —+ — — —Op— — — - — —
Catabolic process — — = — — —|— — — —_——t————————
Carboxylic acid biosynthetic process — — T Y7
Carbohydrate derivative catabolic process f— — ~— — — — — — — -9 — — — - — — —@O— — — —! I
Aminoglycan catabolic process — — e e N S P
Amino sugar catabolic process — — + — — —|— — — $— — — + — — —b- — — | — —
Amino acid activation|= — 4+ — — —|— —— 4 — — — - — — — — — — —@— —
< L o ~ L <
.ﬁé :§ :OQ ;} :7@ ;}
peol A A Jed) X o)
B B S
K3 ZRER K GO FHEMSHT
Fig. 3 Enriched GO terms of DEGs
Zeatin biosynthesis — — @ — — —é— — — —| — — — ———4———0 —
Tryptophan metabolism — — 4+ — — —'— — — —| — — — -1 _¢ —
Stilbenoid, diarylheptanoid and gingerol biosynthesis

Starch and sucrose metabolism

Riboflavin metabolism

Pyruvate metabolism

Protein processing in endoplasmic reticulum
Porphyrin and chlorophyll metabolism

Plant hormone signal transduction

Photosynthesis-antenna proteins [

Photosynthesis

Phenylpropanoid biosynthesis

Nitrogen metabolism

Glyoxylate and dicarboxylate metabolism
Glycolysis/Gluconeogenesis

Glycine, serine and threonine metabolism
Glutathione metabolism

Fructose and mannose metabolism
Flavonoid biosynthesis

Flavone and flavonol biosynthesis
Diterpenoid biosynthesis

Cysteine and methionine metabolism
Cyanoamino acid metabolism
Carotenoid biosynthesis

Biosynthesis of amino acids —

Arachidonic acid metabolism
Aminoacyl-tRNA biosynthesis
Amino sugar and nucleotide sugar metabolism

I 4 ZRHEF I KEGG & &0
Fig. 4 Enriched KEGG pathways of DEGs
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MVA pathway

LBEAIERA Acetyl-CoA
AACT(0)

LB AHTA Acetoacetyl-CoA

PITA_ 31048

| —— g
HMGS(2) i-. PITA_06951

3-FR3E-3- WL -4l A HMG-CoA

PITA_04283
PITA_20819
HMGR(6) PITA_13112
PITA_31275
PITA_09023
PITA_29552

H #2142 Mevalonate acid

Mvk() | PITA_34845
v
I J2 ¥ ¥R-5- T 2 Mevalonate-5-phosphate

PMVK(0)
S-S Mevalonate-5-phrophosphate
PITA_37330
MVD(2) PITA_27871
IPPI(1)

DXS(3)

DXR(1)

MCT(2)

CMK(1)

MECPS(1)

HDR(3)

DMAPP o it — i IPP <—————> LIS AL — R

> PP PITA_15431
DMAPP. PITA_24638
I i o2 \ PITA 45205
FPPS(0) PITA_44898
PITA_22392 PITA_06331
ares) prA 5234 r s
IR AL GRS FPP. 5 . AN P PR
PITA_21087 3 3 : g
STPS(1 W novelti7es AT REFITILAE R GGPP
(1) novel.14051
novel.2002 -
novel.277
novel.972 | —
£ Sesquiterpene MTPS(25) novel9854. -
PITA_08530
PITA_12197
PITA_15580
PITA_15772 |
PITA_16218
ABC transporter(27) PITA_20535
PITA_05351 PTA-28724
PITA_45048 PITA_28740 _—
PITA_38420 PITA_29543
PITA_13719 PITA_35508
PITA_28172 PITA_38194
PITA 21893 PITA 38904
PITA_13961 sy _—
PITA_09968 PITA_44354
| PITA_33107 PITA_46384 -
novel.8295 PITA_49295
PITA_02082 I
PITA_45821 v DTPS(42)
PITA_30093 X
novel 14824 Hif Monoterpenes
PITA_38084
PITA_17433
novel.14832 Jy
novel 14335 —ii¥ Di
I
PITA_36385 # Diterpenes
PITA_21609 PITA_47951
PITA 06185 PITA_26050
PITA_42961 5 -
novel11873 CYP450(4) novel.6662
PITA_25071 | PITA_11602
PITA_01081
PITA_10429 o . -
PITA_05915 | SAPB | SAUB I SocB | SPN I ZiIRA Diterpene resin acids

MEP pathway

IR Pyruvate + D- il -3-f##% D-Glyceraldehyde-3-phosphate
PITA_04639
PITA_45797
PITA_15631 2
1-BE44-D-AHR-5-B2 DXP
|, v 7
2-C-HIBE-D-7R G i E-4-BR. MEP 0
novel.5802
PITA_46789 I 4
2

4- AR 1F-2-C- W JE-D- R 4 TECDP-ME

I ris 23730 _

4- TR -2-C- W E-D- R AEHENE- 22 CDP-MEP

I e so64

2-C-HIRE-D- 7R G B2, 455 2. Me-cPP
HDS(0) ¢

4R3O HIE TR HMBPP

PITA_46789
PITA_29368
PITA_51509

SR RABTE - 7 BT Wi S8 A B 5Q (1 22 52 3 ()
A 133 (K 5), 25 MEP @12 %R EEF A 93

B 5 IRHFARE IR A WD A R R . AACT: ZBRAERF A ZBRG RSB, HMGS: J7 I ZBE S A £ 585; HMGR: FR%E 5L —BEAERT A 365 B MVK:
P IR, PMVK: B R R, MVD: IR L% — BRI, DXS: 1 S-D- AR B HE-5-BFR & i; DXR: 1-fit & -D-A B B - 5- W BRI S lg; MICT:
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Fig. 5 Resin terpene biosynthesis pathways in Pinus elliottii. AACT: Acetyl-CoA acetyltransferase; HMGS: Hydroxy methylglutaryl-CoA synthase; HMGR:

Hydroxy methylglutaryl-CoA reductase; MVK: Mevalonate kinase; PMVK: Phosphomevalonate kinase; MVD: Diphosphomevalonate decarboxylase; DXS:

1-Deoxy-D-xylulose-5-phosphate synthase; DXR: 1-Deoxy-D-xylulose-5-phosphatereductoisomerase; MCT: 2-C-Methyl-D-erythritol 4-phosphate cytidylyl-

transferase; CMK: 4-Diphosphocytidyl-2-C-methyl-Derythritolkinase; MECPS: 2-C-Methyl-D-erythritol 2,4-cyclodiphosphate synthase; HDS: 2-C-Methyl-D-

erythritol 2,4-cyclodiphosphate synthase; HDR: 2-Cmethyl-D-erythritol 2,4-cyclodiphosphate reductase; IPPI: Isopentenyl-diphosphate d-isomerase; GPPS:

Geranyl diphosphate synthase; FPPS: Farnesyl pyrophosphate synthase; GGPPS: Geranylgeranyl diphosphate synthase; STPS: Sesquiterpene synthase; MTPS:

Monoterpene synthase; DTPS: Diterpene synthase; CYP450: Cytochrome P450.
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