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Transcriptome Analysis and Regulatory Network Elucidation of Tea Plants
( Camellia sinensis L.) Root Tips Under Nitrate Deficiency Stress
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Abstract ; Nitrate ( NOJ ) is one of the major nitrogen sources for tea plant growth and development,and fluctuations in its
supply directly affect nitrogen metabolic homeostasis and tea quality formation. To elucidate the molecular mechanisms
underlying the response of tea plants to NO; deficiency, the cultivar “ Longjing 43” was subjected to a time course
treatment(0—12 h). Physiological measurements were integrated with transcriptome sequencing and qPCR validation to
characterize the dynamic responses to NOj deprivation. The results showed that short term NOJ deficiency significantly
reduced leaf Fv/Fm and free amino acid contents, accompanied by simultaneous decreases in root NO; and NHj
contents , indicating inhibition of photosynthetic performance and nitrogen metabolism. A total of 2,407 differentially
expressed genes ( DEGs ) were identified. GO and KEGG enrichment analyses revealed that these DEGs were mainly
involved in carbohydrate metabolism, stress responses, phenylpropanoid and flavonoid biosynthesis, plant hormone and
MAPK related signaling pathways. The nitrate reduction and transport related genes CsNiR and CsNPF5.7 were
consistently downregulated , suggesting suppression of primary nitrogen assimilation, whereas CsGDH2.1 and CsAS were
significantly upregulated ,indicating that tea plants may enhance their tolerance to nitrogen deficiency through coordinated
regulation of carbon-nitrogen metabolism and stress related signaling. This study reveals the molecular regulatory patterns
of tea plants under NOJ deficiency and provides a theoretical basis for elucidating nitrogenuse efficiency mechanisms and
identifying candidate functional genes in tea plants.
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arolaE4a ks CO.C2.C6 1 C12, BR41EE 3 AW B . A RE bl R A Sz IR R VR, I PR-AF T -80 °C
FEARIR KA , T T 5 S s 21 5796 6 5E 5 PCR Bk
1.2 £ HRENE

S e N RSN [ AR E GB/T 8313—2013 175 V4 5 e B 2 B R 1 4%tk 5 5 3 i L (8 7 0 5
S AR ORI E A AS A A =Y. T Handy PEA AHYRCR ST (Hansatech , 35 [8) % 2
S5 Fo/ Fm (B (BIOEAZ R AT DN 5E , B AR 2 T 5 R M R e A5 D i B R AT 3
WHEARER ISR AR, R AR 2R | 9 ER AU Plant Explorer”™* ( Phenovation , faf =% FL i
T REEM - R VO EIE.
1.3 RNA 2B S8 ELbE

il HIRIR Z R Z WY 5 RNA S B0 G B S BOSMARAR B RNA. S il 5 46 Jm M i SO, I 7
Hlumina HiSeq 2500 V- & 47X > (IR AR vt AE VI RHE B AT IR A R . J5AR reads Z85d #6k S AR5t
5 F 8 8 5 3R 15 clean reads, PAEF S B4 2% ) kAT Heoxt M HTSeq Seit 45 4E i R R ik i
JELL FPKM 7R M4 ¢ 18<0.005 H.1log,( Fold Change) | >1 %5 7 1% 25 5 ¢ 35 KL A ( differentially
expressed genes,DEGs).
1.4 EZREEEESR

LT A 3] 14 22 S 3R T RE A B I s 2 BRI , ] TBools X 22 57 3 K #E4T GO Fl KEGG & 44>
Mt , R A AE 25 (https : //www.omicshare.com/ ) Fll GraphPad Prism 10.1.2 422§l =i AR 1A
BT AT
1.5 PEEE PCR Wik

PL“1.27 Hr g 7 I AR B B RNA DA, % MEE HiScript ® 1T Q RT SuperMix for gPCR (+gDNA
wiper) 307 65300 5 S cDNA 1 96 68 1 PCR IR, LAZRIY B-actin FEH AN Z | ffi F TRAN (425X
%) PerfectStart ® Green qPCR SuperMix il 7] & #E177¢ e € & PCR 2 #r, I WK & h : 2xPerfectStart ®)
Green qPCR SuperMix 5 wL, FFiE51#45 0.2 L, cDNA #54z 0.8 wL, Universal Passive Reference Dye
0.2 L, 7K ZELAR R 10 L. RITPE ST 195 CHUEME 30 s394 CAYES ;60 CIR AL 30 s,
40 MIEFR. SR 27T T R R AR X ek . SRS LR 1.

#1 ELHEHEE PCREY

Table 1 Primers for real-time quantitative PCR

B AT B G5 R 519 (5'~3") Bl 5191 (5" ~3")
B-actin (CSS0008920 CTTCCTCATGCTATCCTCCGTCTT ATTTCCCGTTCAGCAGTGGTG
CsNiR CSS0038145 AAGTTTTCGCCCGAGCCA TACCCGCCTCTCCACCTC
CsNR1.5 CSS0016218 GGGGCGGATCAGTTCGAC GCCCACATTCCTCCGTCC
CsNPF5.7 CSS0012131 TTGTGGGCTCTTGCTCGG TCCGGCACTCTGTACCGA
CsNPF5.15 CSS0040147 GACCACCTCACTGCCCAC GCCCCGATGGTCGAGATG
CsNPF6.1 CSS0037113 CCCTCCAACCGCCCAAAT CGGAACCGAACCCCGAAA
CsAAP7 CSS0008958 TGGGTGTGGAGTCGCCTA ACATGAAGCCTCGTGCCC
CsLHTS CSS0033052 CTTGGCTGGACTTGGGGG GCTGTAGCGAGTCCCAGG
CsGDH2.1 (CSS0034454 CCCGCACCAGATATGGGG CCGGTCACAACAGCTGGT
CsAS (€S50022909 TTGGGTTGCTCCGACGAC TGCCAGCCGTTGATGTGT
CsGATAI3 CSS0044519 CTCTGGAGAGTCGGCCCT ACCCAGAAGTGCCCTCCT
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SEEBHER F Excel 2016 ,SPSS  Graphad Prism 10.1.2 25 F 478510 5 22 7 B & ARG 56
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A0t S R A B B T HOXE 25 0 L0030 W 2 0, A 5 Al
T AT R A F S S A TS R R, BRI UM T AR F P/ P (EE S R,
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Fig. 1 Physiological responses of tea plants to nitrate deficiency
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Table 2 Statistics of transcriptome sequencing data of tea tree leaves under nitrate deficiency conditions

FE JFHIEL [EE-FEX Q30 N/% 020/% 030/%
Co-1 43 906 940 6 629 947 940 6 135 484 171 0.001 920 97.24 92.54
Co-2 51 659 256 7 800 547 656 7 231 469 374 0.001 106 97.20 92.70
€0-3 45 716 094 6903 130 194 6 332 058 659 0.001 977 96.77 91.72
c2-1 43 214 924 6 525 453 524 6 029 423 749 0.001 92 97.16 92.39
c2-2 45 455 384 6 863 762 984 6 383 510 349 0.001 974 97.42 93.00
2-3 50 130 700 7 569 735 700 6 955 384 843 0.001 905 96.93 91.88
C6-1 39 679 422 5991 592 722 5550 226 564 0.001 088 97.23 92.63
C6-2 43 239 068 6 529 099 268 6 002 026 890 0.001 076 96.9 91.92
C6-3 37 519 138 5 665 389 838 5194 536 428 0.001 076 96.79 91.68
c12-1 43214 924 6 525 453 524 6 029 423 749 0.001 92 97.16 92.39
Cl12-2 45 455 384 6 863 762 984 6 383 510 349 0.001 974 97.42 93.00
C12-3 50 130 700 7 569 735 700 6 955 384 843 0.001 905 96.93 91.88
T2-1 40 075 410 6 051 386 910 5597 975 219 0.001 926 97.19 92.50
T2-2 38 761 554 5 852 994 654 5381 483 591 0.001 094 96.89 91.94
T2-3 36 783 072 5554 243 872 5091 592 413 0.001 107 96.78 91.67
T6-1 42 429 622 6 406 872 922 5950 939 869 0.001 924 97.30 92.88
T6-2 39 804 480 6 010 476 480 5558 574 617 0.001 921 97.19 92.48
T6-3 41 128 836 6 210 454 236 5735 012 865 0.001 917 97.10 92.34
T12-1 45 956 356 6 939 409 756 6 444 374 145 0.001 302 97.30 92.86
T12-2 42 183 730 6 369 743 230 5 892 878 545 0.001 916 97.21 92.51
T12-3 42103 912 6 357 690 712 5897 892 128 0.001 92 97.29 92.76
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Fig. 2 Analysis of differentially expressed genes( DEGs) in tea plants during nitrate nitrogen deficiency
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Fig. 3 The GO functional analysis of DEGs( Top 30)
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Fig. 4 KEGG enrichment plot of DEGs
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Fig.5 Correlation of the gene expression obtained from
RT-qPCR and RNA-Seq
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Fig. 6 A schematic diagram of dynamic response of nitrogen metabolism in tea plants under early

nitrogen deficiency stress based on transcriptome data

1 (NRT) Fl NRT1/PTR ZKJi% (NPF) ZEBLAAGE Y th C 4% 12 UESE S 58 A W AR B is i S5
PR e AWM CsNRT1.2 .CsNRT1.5 1 CsNRT2.5 255 PREAN 6] 5 Fh FEUKE T AETE
Pk BN HAT B e U N A A (0 Y AR A R R ER S A B Z WA R, 2SR R b
CsNRT1.5 Fl CsNPF5.7 [AZIRFFEE T I8, FRBAACH 1T 5838 1 F )8 4 4z A DG FE R, 32 Bl 2 X il R 6 1 4
BB, DATTT R 8 SR SSRGS . 33— T4 P R S s A A T3 B0 B2 B s 20 v W U550 29 LT A B TR AR

RE T THFE TG NI R IR BT , LA A R 438 1% 15 A PR o) ot 75 E— 2R 9. 3l i — 2 R AS R A 2
FEZ W3 T A B R 25 B SRS E AN B S AR B I OB RCR B R, B RS
HER & E;uiﬁajé//'\ XA R BT, BE S BANGE WDGA D Re, i ] Re 4 i 20 FE R 1 & i 5 A AR
F,NO; FRETEANHE 6 h 5 WA TRE, M NH; 75 Rl s (8] 72 810820 | 3278 A58 T BE A 3o 4 4 A5
EI’J%'JFH%?/MI‘E%H&*FE’JT &, T RE A T 0 A A S AR . 2R X S A BAR AR, e I AT XA A5 2
= 1 P RN 22 R T R B AVE R P S A R AR TR .

A A AL A U A %) DGR 3R b i R 540 B I ( NR ) RITIE i 2 30 T 7 ( NiR ) Ak i
FRER MBS AU (NH ) IFEAL, 2 30E A HLACG BGE B R . B T R0 A IREAR B R,
NR (NiR ZFREG PR30 N R, R R 2 R 6 52 B . AR T 25 S /R, WA FR A DR L R CsViR 1Y)
FEIRAE I aE R R O SRR S ER AR A SR BE ) R REAZ BR , SE I A0 NHG 094 85 e 22 R A ROV Y K
Az FERETE SR, 200 T BEIE i A A 2 i R AP, BT UL B 2 R I AL ) CsGDH2. 1
FEADHEE R P RRLE 1R IR R XU L T BE, BE T S 5 Rl 4E ) ,mﬂﬁﬁﬁﬁwﬁﬁ%& o~ I
TRV A SR ERE A AN SRR . S R R E IR A BUIERE R CsAS FRak IR IR A, nT e Bh
FAEHE R ST IR A L. F IR R RIE SR, S i A A ik = 5 | R 9] 9% [F) 16 38 o T B



PSR 4R (AR R 55 49 B4 3 191 (2026 4 )

J5 , AT REEHT G B AL, DL a ok f9 AR E 1. KEGG & 3220 M i — b S F i — 74k - Ui
(map00910) Y 5 3% & 4 AR T CsGDH2. 1 B BTk, 1A PN e 248 905 W38 % ( map00940 ) 95 i I 25 34
6, SR E A IR UIMIOC. 254 LR g R T e, 25 T BE7E W) R ARl Ak 52 BRI 25 (0 T, 0 4 9 8
PRG35 | AERR A MR 55 U0 A AR I 5 =2 [ g 57 ke — A 3 A A

e Sy DR P R T R 28 T3 R e R % 2 R TR VR, REAZ I I AT T USSR S R A A A
SREMNBHA iz 5. o GATA KR SRR FE 2y hgaiE s 2 5ou R s AfG 5
G R AP AT S R B A TSR SR ST GNC  GNL 2% GATA & 51 ol i b AU (5 5 | e fas i
GFEA S ECHRE R KRR, 0sGATAS B\ 5 ZUR FIACR R UIAOE Y . 55— 5 i, R LR %
188 ARG BN AAP RN FEAER P R IL S 5N Z 5 s SR 2 2SR
DR BEBAWN ST TEABIZET, CsGATAI3 Fl CsAAP7 X il 25 AU e = Jiip 60 2 0 bk mieg 137 4 41E |
HFRRAK AR 2 h B B A S WAE 6 h Al 12 h Z 330, S IAHRLAY sh B LS. CsGATAIZ 1N
TELEBIA5 5 R R 52 5 035040 ZA AR DG % 5 1T CsAAP7 BRI 5 3038 W RE S e T 2450 78
WIIE T X 2 R B A0 B e i B TR T B S T IR U RT BB -5 R Y PTG 20 R0 3 FE B Bl % 52 TR AR A
K. JUAE TR Z AR AR BRI 56 28 M A W, 3% 28 [R) 26 7 Ak %) B e AR E 2 7% JEL AT BE 7 5 4 %o S 0
R E SN SRR A T R EVE. FRBLR IR, 25 Al Beid o i 40 R 9 B E 5 I+ 5i%ie
RGN, PR AR R A3 S5 R BARTRPEALE] T 2E— 25058 T LA E.

4 &k

ASHTFEIRT T 250 g L 285 e =2 Jp 308 B0 i 9 4 5 AR 1) ey 7 AT IS SR A A AR
R = AL BEEZ MR LSRR A R, X R 2 R G b MR AR B S R AH S R R MSGE B ; 5% SR 20 20
R 2R ] REE i bR PR R s RURIA e e 30k, 180 S B AR I A R P P 5 1 5 R
BIA DLW SRR A AT AT Y. X — B T BB B T AE R a0 R B AR AR A PR T A A A A
SRR BUIE I RE ST RTINS R SR A ST ST SR B T W12 2 o Jim SR 2 ol A
HH SRR NI T RRNL R,

[ &% 30K ]

(1] MRERFN, bRk A fRaE T , 4. AR A RIS Fh - RSO R s [ ], 28R4 2017,37(4) :363-372.

[2] Lin Z H,Chen C S,Zhao S Q,et al. Molecular and physiological mechanisms of tea( Camellia sinensis L. O. Kuntze) leaf and
root in response to nitrogen deficiency[ J]. BMC Genomics,2023,24(1) ;27.

[3]  MRARFN, bRk A i/ Nk, 4. AR 2SR A K Bt B UG B TG PR s e [ )] 282441 ,2019,60(2) :57-63.

(4] ot ARIENL, SOk, 55, AL B AR 1 i WAL AL RS2 [ 1] R st 4e ( A ARRRRR) ,2025,48(3)
63-72.

[5] F2fe RERmG, BT, 5. FUILIBUTE 55 5758 %5 B2 P[] 98 42 00 R AR AR OKARE AR A e AR 25 s [ ] e st
KRR (ASRBIERR) ,2025,48(5) :66-74.

(6] TEIE ZWAR I E AN e S IHEE T [ D], S LR LR, 2016.

[7] Wang Y,Wang Y M,Lu Y T,et al. Influence of different nitrogen sources on carbon and nitrogen metabolism and gene
expression in tea plants( Camellia sinensis 1..) [ J]. Plant Physiology and Biochemistry,2021,167:561-566.

[8] Fan K, Zhang J, Wang M, et al. Development and application of SNP-KASP markers based on genes related to nitrogen
uptake , assimilation and allocation in tea plant( Camellia sinensis 1..) [J]. Agronomy,2022,12(10) :2534.

[9] Yang T,Li H,Tai Y,et al. Transcriptional regulation of amino acid metabolism in response to nitrogen deficiency and nitrogen
forms in tea plant root( Camellia sinensis 1..) [ J]. Scientific Reports,2020,10(1) :6868.

[10] Zhang X, Liu H,Pilon-Smits E,et al. Transcriptome-wide analysis of nitrogen-regulated genes in tea plant( Camellia sinensis
L. O. Kuntze) and characterization of amino acid transporter CsCAT9.1[J]. Plants,2020,9(9) :1218.

[11] Wang Y,Wei K,Ruan L, et al. Systematic investigation and expression profiles of the nitrate transporter 1/peptide transporter
family (NPF) in tea plant( Camellia sinensis) [ J]. International Journal of Molecular Sciences,2022,23(12) :6663.

[12] LiuZ W,Li H,Liu J X, et al. Integrative transcriptome, proteome, and microRNA analysis reveals the effects of nitrogen



WREF SR | A5 - R 25 R MR AR g S 2 Rl 4 I 45 e

sufficiency and deficiency conditions on theanine metaholism in the tea plant( Camellia sinensis) [ J]. Horticulture Research,
2020,7(1) :1-13.

Zhang F,Wang L., Bai P, et al. Identification of regulatory networks and hub genes controlling nitrogen uptake in tea plants
[ Camellia sinensis(1..) 0. Kuntze] [ J]. Journal of Agricultural and Food Chemistry,2020,68(8) :2445-2456.

Li D,Jin Y,Lu Q H,et al. Genome-wide identification and expression analysis of NIN-like protein ( NLP ) genes: exploring
their potential roles in nitrate response in tea plant ( Camellia sinensis) [ J]. Plant Physiology and Biochemistry, 2024,
207 .108340.

XUSEZE X0, T AR, A B A BT AN [T B 7 A it o A WA e 25 R R 25 U L R S DR B B2 [ ] VP
4% ,2021,33(5) : 1-7.

ETEW, Aziz K, U555 360 R% B XA AL AR AR R A S A S s [ )], M54k ,2016,28(6) :574-583.

Xia E,Tong W,Hou Y,et al. The reference genome of tea plant and resequencing of 81 diverse accessions provide insights
into its genome evolution and adaptation[ J]. Molecular Plant,2020,13(7) ;1013-1026.

Trapnell C,Williams B A,Pertea G, et al. Transcript assembly and quantification by RNA-seq reveals unannotated transcripts
and isoform switching during cell differentiation[ J ]. Nature Biotechnology,2010,28(5) :511-515.
PHETE il A, R, A5 At U0 SR e R TR AR BRI S B[] AR AR, 2017(2) : 16-19.
R, E IR U A R KT R AR 2RI E i S AR [ )], AR 2017,37(4) :383-391.
R, 25 CsAMT2s FEIN S AWML HIBT [ D] AN f ek K%, 2023,

W AW R MR N CsLHTs K AWEMI I CsATGs A ZEMFHIIREMAT[ D]. I Bl K2k, 2022.
Krapp A, David L. C, Chardin C, et al. Nitrate transport and signalling in Arabidopsis[ J]. Journal of Experimental Botany,
2014,65(3) :789-798.

TR ZMHTAR A2 8 19 NRT1.2 NRT1.5 Il NRT2.5 e M 5e e 53K [ D], b5t hE R L AFEBE,2014.
Ul KW IZ B CAMT2.2 s [ D]. AR - A MO, 2022.

VP 2B SRR I e B R PR CsGSTs 1) va 8 M O A W) IR i 2 [ D] AE st : o RO BB, 2018.
BT, . o SR Hh A U It U B L VR (7] M) #0841, 2001 (4) :396-401.

Fontaine J X, Terce-Laforgue T, Armengaud P, et al. Characterization of a NADH-dependent glutamate dehydrogenase mutant
of Arabidopsis demonstrates the key role of this enzyme in root carbon and nitrogen metabolism[ J]. Plant Cell,2012,24(10) .
4044-40065.

Gao Y,Sun C,Zhang X, et al. Identification of the GATA transcription factor family in tea plant( Camellia sinensis) and the
characterizations in nitrogen metabolism[J]. Plant Physiology and Biochemistry,2025,221:109661.

Chiang Y H,Zubo Y O, Tapken W et al. Functional characterization of the GATA transcription factors GNC and CGA1 reveals
their key role in chloroplast development,growth,and division in Arabidopsis[ J]. Plant Physiology,2012,160( 1) :332-343.
Wu W,Dong X, Chen G,et al. The elite haplotype OsGATAS-H coordinates nitrogen uptake and productive tiller formation in
rice[ J]. Nature Genetics,2024,56(7) :1516—1526.

Lee Y H,Foster J,Chen J,et al. AAP1 transports uncharged amino acids into roots of Arabidopsis[ J]. The Plant Journal ; for
Cell and Molecular Biology,2007,50(2) :305-319.

Zhang L, Tan Q,Lee R,et al. Altered xylem-phloem transfer of amino acids affects metabolism and leads to increased seed

yield and oil content in Arabidopsis[ J]. Plant Cell ,2010,22(11) ;3603-3620.



