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Identification and analysis of TCP transcription
factors in response to low nitrogen fertilizer
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Abstract; TCP transcription factors are a type of plant-specific transcription factors, which have been implicated in
multiple aspects of plant biological processes. To study the role of potato TCP transcription factors in response to low
nitrogen fertilizer stress, here, four transcriptome libraries from potato roots and leaves under the conditions of low

nitrogen fertilizer (0.05 mmol + L") and sufficient nitrogen fertilizer (7.5 mmol + L') were constructed for
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transcriptome sequencing, respectively. Meanwhile, the differentially expressed TCP transcription factor were
analyzed. The results were as follows: (1) A total of 24 TCP transcription factors were identified in the four
transcriptome libraries, and mainly distributed on the second, third and sixth chromosomes. (2) The analysis of domains
showed that all of 24 transcription factors contained basic-Helix-Loop-Helix domain. (3) The phylogenetic analysis
showed that the TCP proteins of potato and Arabidopsis thaliana were closely related, and clustered into ten
subgroups. (4) Transcriptome sequencing results showed that the expression levels of most potato TCP transcription
factors were suppressed by low nitrogen fertilizer stress. Among them, three TCP transcription factors were significantly
differentially expressed in roots, while five TCP transcription factors were specifically expressed in leaves. (5)
According to the GO functional analysis and the relationship between the potato and the A. thaliana TCP transcription
factors, it is predicted that these TCP transcription factors were involved in response of potato to low nitrogen fertilizer
stress. The research provides a foundation for further study on the molecular role of transcription factors in response to

low nitrogen fertilizer stress in potato and other crops.
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TCP % 5 H ¥ S A W) 9 BT R AT 1Y — 2R A 45
HH,Z 5HEY TS U AR K o AR 30 5
N JE #2 ( Martin-Trillo & Cubas, 2010; Jean-
Michel et al., 2014 ; Mukhopadhyay & Tyagi, 2015;
Challa et al., 2016), {41, K & 3 H (BDI1 )
( Branched and Indeterminate Spikelet 1) %t T —>
CYC/TB1 4 TCP %511, HoAr K2 A6 7 45 H Al
MR E R E 2 OCH 2 19 /E H (Shang et al.,
2020) , 3 RIBKFEEEE OsPCFT ALHG N T e JE
PRIK R 41 v 1 25 i AR A LR AR 2, £ 1 7K A 19 4
BEF AR, 6 540 1 5k AR AR U Tt R HR (L et
al., 2020), M Ab, Li 45 (2021) BF 5 3iE W 4E ¢
VeTCP18 fEA R IT i 323K 0 38 PR 1 Rk 1 1 &
2R [a] I 7E e e PRRE Bk v s B T AR U e | R
D ERCDZFRIRBL S WA ApTCP2 Al i i
miR319 JHFE LR IT 0 1 (T8 25 2 AR RS2 i I AE AN
1E [ PR I B A9 % % (Zhu et al., 2022) , Liu %5
(2020) WFFTUE B TCP %% 5% K+ 2 54 Wy bt 10 1
T, a0 7K A5 A 480 RS I it 3R 38 AT ( Phyllostachys
edulis) PeTCP10 , AN {42 Ry 1 % JE DA Bk 119 Tif 57
M R T X ABA RS

4% B ( Solanum tuberosum ) & T A 58 I K
WREAEY, ) Z M T b E Y B 55
2 RESFEER, TR, A DR E TR ER
FEl AR E 4% S ) A A T AR 7 R B 73X
Xof S I [ Al 1Y T 45 25 e R R B R [ MR R
RS H i EEAEM, A, DR A
F A b SR 32 B AR B BRI, ZIE R A R

AN RIS P EE R I R A S 7 R BT & (Maltas et
al., 2018) ., Guan % (2017) WFsc £ M, 5 %N T
S5 Y A K & E R BT I A s
L EARANE A R BRI ATCP20 JE KRR
5 A ER (1 BT AR TS 0 2 R AR G B 3 R, DT
PR A RRRE S, Ak, FRE BpTCP3 F
FE Ma06_g15900 .2 5L & W 1) R 24 = N (AT
i, 2019 B9 Pk %, 2021) Bl 25 35 PR 40 8098 1Y
KA, Ty 4% S rp I S TR R B B O B R A GE
BN, 2 StMYB4A4 Wi NI I 301, 7 Bk /D i e
RAVIEOL T RN PN, 6808 38 o 71 1 5 45 5
ZEWERR NG 1 (e, I R s TR b )
32 (Zhou et al., 2017) . MLk, 4 JRHE4E (2021)
FE G S22 07, S 5 e 7 A AR 8 1Y 36
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AT HATDIRE AT A TIE . 2R AERS 45 (2021) BF
FEUEBH, N T8 B A 3 B a6 & b S
StTCP13 e [ £k Joip 36 30 355 vh ke ¥ — e /E L, T 5
A TCP st 721 2 5 YU W ia UL & AE
AN HER AN 2 & Ve v A B, R,
ARHIFFT LA Eh 4% S A 1 AN R 78 AR A 1 R B
SRULEAE Ry S ml R A A5 B B AR i F o
TCP %5 PR 19 BE A A5 B A O ~F 45 4 8, A R 7
AN R SRS [R) it B K F T B 3R IA S B L GO T fig
MG IF TCP ¥ 5N F BRI R, LI i
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38 T AR FH BE SR
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1.1 ##4

DL 4% B o 2 R ¢ Russet Burbank” A1 KL,
SRR T RNEHE FE 2 (7.5 mmol - L) AL
A (RAEBERRE , 0.05 mmol + L) ( Sharifi et al.,
2007; Li et al., 2010) /KB R Geh AR ARG 37 07
ERVE RS IR Xie 55 (2018) 97735, 597 10d
J& , AR TR] 43 B i VRS SR 4 2 Sk 4 e SC P
[ #RX] B& (oot control ) A1 /%) B& (leaf control ) i 5
SR 70 T AR N I R e S 5 AR AL B (oot
treatment ) FIH AL (leaf treatment ) A Th4% 2 45 it
TN A2 AR A 00 S ] A AR A, LA EURE AR
FE A SR AR A 0T R A Ak B A3 I 4 AR
Ve AT SR A
1.2 D% E TCP £ E ZK iR M & AL Ahi8 48 X & E
HEDEREST

I 5% 2 BB A Phytozome 12,1 (https://
phytozome. jgi. doe. gov/pz/portal. html ) b % % F
LR AR B TCP PRy S0 AE B B TEL S B
Bk ProtParam Al SOPMA X TCP 2K [ 1 B4k : i
NG 25 Fa R A7 00 5 4 Blast2GO B A4 43 By
TCP %% 5% ¥ 1Y DI BEFE B A MEGA 7.0.14 K
4B 8% % TCP Z ik & 1 5 I AL IF TCP K
WA R 5 BCHE 2 (http . //planttfdb. gao-lab. org/
family. php? sp=Ath&fam=TCP) L X} 3 #rJ5 , % H
QWA R G BEAL R ; A MEME Suite 5.4.1
(http : //meme-suite.org/ ) #2 ¥ 43§ 5 22 2 TCP %
TG HE R, B B 58 B/ IMELCR 6 B OR(H
h 60, B N 6, HoAx 2 80 BOAE; A
Heml 1.0.3.7 ¥4, M35 548 % TCP # RN +7F 4
ANASTR]I e SC 28 v i 2 3k 2 ) Ak DR 2GR A R
(Deng et al., 2014) ,Ff-LL log 2(foldchange) KT 1
S/NF-1 H P>0.05 o 35 Pk 25 S Rk 5L, Xt
B SR ARTS M) TCP 5% s A #1722 R0 #r .

2 HREH4H

2.1 DHRE TCP HEREFHERE

TE h B 58 4 e 2 P SO rh R 3 5 24 A
TCP ¥ 5+, D) 5 4% 38 3 X 2H 20048 2 Phytozome
NSHEPIFX LR RE R (R 1), K145

R, XU TCP Sk TR 2ok [ 2 S Ak
(5AEER) , HWk N 35 6 SY itk i 5l4a 4 4
R FERKELE 606 ~2 137 bp Z 18], & FERR L
HA 201~534 20, 4F B FEEAE1~6 N2
], Horp 35 B PGSC0003DMG400016363 5 47 4 i
TwRZ(HN61),
22 DHRETCP XEEAEUERSH

HH 6 2 A1, 24 4> TCP K% & M ¥ AT 4
TJFifE M 37 693.70 Da, PGSCO003DMG400021568
St/ IME, Ji A AR 2 R R 21 143.87
Da, PGSC0003DMG400024928 A fix KAH , 4 i 25 1
IR 23§ i N 57 554.24 Da; 2/ 5 (pl) F1
&>k 7.51,PGSC0003DMG400024254 Hfc/IMH., 5
585 H (5.22) , PGSC0003DMG400045197 H fix K
B, 4w & (10.08) 34 11 4> TCP KGHEH
SR TE (pl<7) A1 13 4~ TCP 2 H Btk (pI>7) ;
244~ TCP RIEHE AWM ¥ s K ME Y /NT 0,
PGSC0003DMG400004054 ( — 1. 015) K % /)M {H,
PGSC0003DMG400016363( —0.188) Jy fit K AE ; —
Y S T 45 T R 24 A TCP B A BA o 12
W€ B A AEAREE AT G il 4 FRAG A Hop o
W JHRE 1 IR D)6 10 A 8 o 1 349 LU AE 5300 411920 %
1 63.34% , M KEAREE T B 4% #1125 FeAE 23501 K
4.09%F1 13.38% , FEiX4E TCP FIEREHF,24 4>
TCP 5 ¥ 3 B0 JTC AL 45 il 5 b fe ok, 18 4>
TCP & M o BRJE &7 b K F %8 65 & Lk, i 6 A4
TCP % 1 PGSC0003DMG400024632 . PGSC0003DM
(400004082 . PGSC0003DMG400021568 .PGSC0003D
MG400001362 . PGSC0003DMG400026568 1 PGSC0003
DMG400016363 W BLAH I, B T o BRJE &7 Eb /)N
F2E A 5 LI
23 SRETCP BEXEAFEFSW

X ARAG I T 44 2 TCP # 53% P 1 1 45 A8 3 0E A 7
T, 45 R R 24 AN E S P L F 1 RD
Motif 1 H7E A 567 7 31 i K (60 42 L2 )
(%£3), XULHIZIT R S8 H TCP st H+h
AT B g SE R de (E 1) . MWEEIRSEE AT LT
TCP s F4r U2 56— 11 A AR A
TAIT 1 ALY 3, WA 3 AN A IT S,
BoEAIONENMESAET | My 2, H
A 34 TCP EH (PGSC0003DMG400009406 |
PGSC0003DMG400012396 F1 PGSC0003DMG4000
15377) A HLIP 4 FILT 65 5 =24 3 R,
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Table 1

factor genes in Solanum tuberosum

Characteristics of TCP transcription

pag EH BER g
S o KEOBH Ty
Gene 1D Chromosome . Exon
location length acid number
(bp)  number
PGSC0003DMG400000597 3 1 325 414 3
PGSC0003DMG400000823 5 1 065 354 1
PGSC0003DMG400001362 2 852 283 2
PGSC0003DMG400003382 5 1116 371 3
PGSC0003DMG400009276 11 1170 389 1
PGSC0003DMG400009406 7 936 311 3
PGSC0003DMG400012396 7 1203 400 2
PGSC0003DMG400015377 12 1 266 421 1
PGSC0003DMG400016363 1 1 347 448 6
PGSC0003DMG400020247 2 699 232 2
PGSC0003DMG400021568 9 606 201 1
PGSC0003DMG400022738 8 1125 374 1
PGSC0003DMG400022964 2 1 005 334 1
PGSC0003DMG400024254 3 1101 366 1
PGSC0003DMG400024928 1 1 605 534 1
PGSC0003DMG400026105 6 984 327 1
PGSC0003DMG400026568 2 2 137 218 3
PGSC0003DMG400033078 6 1425 410 2
PGSC0003DMG400040232 2 840 279 1
PGSC0003DMG400004054 6 940 279 2
PGSC0003DMG400004082 6 918 305 2
PGSC0003DMG400005705 3 1137 378 1
PGSC0003DMG400024632 3 1 640 344 1
PGSC0003DMG400045197 1 843 280 1

HE A EF LBEUWREEAE L AHER
(PGSCO003DMG400033078) , 4 & A HJF 1.2.3,
HE— 2 MR 5F B 3L P (motif) J7 FI4FAE , & B 24
N TCP #5134 HAA #AY B9 basic — Helix-Loop-
Helix (bHLH) gy AR
24 SHRE TCP BERXBEFHERHNL D

o fE AT S TCP B R Ak ¢ R I T
HIGE , I MEGA 7.0.14 544047 544 2 TCp
FEHE VR EE JT TCP Z 15 & 11 ( PlantTFDB %%
) L R (BT 2) o 1 2 255K W] 24 4
A TCP FRIEE H S5 IR IF 1Y TCP 25 1 R4
E—EEAPAET 10 MW, S LR %
TCP HEHE A S5 IF TCP HH HA LB &S/

P57, AE 2 AT LLE H, PGSC0003DMG400000597
F1 PGSCO003DMG400033078 5 481 7 I+ AT3G47620. 1
(AITCP14) 7 % K R B ; PGSCO003DMG400015377
S 97 AT3G15030. 1 ( AtTCP4) 356 % % R 50T ;
PGSCO003DMG400004054 . PGSCO003DMGA00005705 Fil
PGSCO003DMG400000823 5 AT1G68800.1( AtTCP12) 5
2 Z Il ; PGSCO003DMGA400004082 Fi1 PGSCO003DM
(400024632 5 1 B % AT5G08070. 1 ( AITCP17) I
AT5G60970. 1 ( AITCP5 ) 3¢ % X R B i
PGSC0003DMG400045197 . PGSCO003DMGA400024254  FiI
PGSC0003DMG400022738 5 HIl R Jr AT2G45680. 1
(AITCP9) . AT5G51910. 2 ( AtTCP19) #l AT5G51910. 1
(AtTCP19) 7 2% % F B ; PGSC0003DMG400009406
S#IEIT AT2G31070.1( AITCP10) 3E4% % R 80
2.5 B8E TCP #RETFH GO hetiFBEH M

GO TR iE Bt 45 SR R W], 24 % TCP % 5%
K558 43 i B T R 2 4y F DI fe (15 4%) Ead
FE(22 &%) MMM 5 (18 45) . FIFA TCP ¥4 ¥
L E A F 26 IEEIEN , Hirh DNA 256 Ui
(114Y) A hee (17 1) EA RS IEE(6
AN SRR TR (13 A4) Ve s AE (12 A4 (i
TERRAE(8A) A4k (8 1) R F IF [ J#45
(84%) Bl Ml B B 5 (6 ) SF T REAL % 1Y 7
SNELZ s AL/ (4 ) R 5 28 B B 45
(44) HHERARINRE (3) JIRAEBUE MR (3 1) |
¥ U Ji B 30 U 7 8 R S 4% DNA 454 (2) B0
AN FEE (2 4) SRR BRI N (2 A4 ) JE SR A
A B AR (1) (A SE AR (2 ) VA
SRR MNL (2 AY) AREE RN (2 ) BT IR R
SRR E (24 FhFE R EE (2 ) AT
KRB MEEQA) AW EEE )
ARG & A (1 4) DI RE A AL & 1 7 91 8%
o Ho AEY R R PR MR K E IR
N E N o e o i [0 o i E s e o
LML TIRE, 7 F DI BESE TP 7E DNA 456
sk IEE (B3) .
26 BRETCP HEREFEREEHBEMAEA
LR RIES

HeT R B S B AR T 24 NS RE
TCP 5 I FFEAS A i s 4 SO by ik i, IF
I RIBRE (B 4) . NE4 FTRIE H IREAE
BALPRIS , 24 A TCP e 5% 778 it v B 400 o)
s R B R B EEZEFKE, BE
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Table 2 Physicochemical properties of TCP family proteins in Solanum tuberosum

EEE XA plfE PEOKME o A pHif KB
o Relative molecular  pl Average Alpha helix Extended strand  Beta tum  Random coil
mass ( Da) value  hydrophobicity (%) (%) (%) (%)
PGSC0003DMG400000597 44 261.60 7.06 -0.713 24.62 10.63 4.35 60.39
PGSC0003DMG400000823 40 647.28 8.68 -0.981 24.86 13.56 5.08 56.50
PGSC0003DMG400001362 31 700.15 6.53 -0.755 13.07 18.73 3.53 64.66
PGSC0003DMG400003382 41 177.75 6.59 -0.995 21.83 10.24 4.85 63.07
PGSC0003DMG400009276 41 394.59 8.02 -0.737 17.22 12.34 3.34 67.10
PGSC0003DMG400009406 35 162.67 6.39 -0.889 19.94 9.65 2.89 67.52
PGSC0003DMG400012396 43 555.86 6.17 -0.680 15.00 12.25 3.00 69.75
PGSC0003DMG400015377 45 806.76 6.76 -0.595 17.34 14.25 5.23 63.18
PGSC0003DMG400016363 49 071.20 9.08 -0.188 21.88 22.54 7.59 47.99
PGSC0003DMG400020247 25 079.06 6.65 -0.586 26.72 7.76 3.45 62.07
PGSC0003DMG400021568 21 143.87 8.52 -0.283 11.44 19.90 6.47 62.19
PGSC0003DMG400022738 40 247.19 7.83 -0.520 11.50 11.50 3.48 73.53
PGSC0003DMGA00022964 38 062.86 5.82 -0.907 22.46 15.27 3.89 58.38
PGSC0003DMGA00024254 38 626.04 5.22 -0.355 15.03 10.66 3.01 71.31
PGSC0003DMGA00024928 57 554.24 6.88 -0.838 18.91 10.30 2.25 68.54
PGSC0003DMGA00026105 35 025.56 7.20 -0.793 17.74 16.51 3.67 62.08
PGSC0003DMG400026568 24 635.71 7.98 -0.633 16.06 20.64 5.50 57.80
PGSC0003DMG400033078 44 476.60 6.74 -0.781 22.20 9.51 5.12 63.17
PGSC0003DMG400040232 30 001.52 8.91 -0.606 17.56 10.39 5.38 66.67
PGSC0003DMG400004054 31 121.52 9.47 -1.015 33.33 13.62 2.51 50.54
PGSC0003DMG400004082 34 005.46 8.63 -0.814 11.15 14.10 2.62 72.13
PGSC0003DMG400005705 42 882.44 9.35 -0.595 37.30 11.38 3.97 47.35
PGSC0003DMG400024632 39 060.43 5.58 ~1.005 9.01 11.05 2.62 77.33
PGSC0003DMG400045197 29 948.42 10.08 -0.308 14.64 14.29 4.29 66.79
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Table 3 Length and amino acid sequences of motifs of TCP transcription factors in Solanum tuberosum

295g R P I B BIER T
Motif Length of amino acid sequence ( aa) Amino acid sequence
Motif 1 60 KDRHTKVGGRGRRIRLPALCAARVFQLTDELGHKSDGETIEWLLQQAEPAIIAATGTGTI
Motif 2 21 PANFSSLNISLRSSGSSVSAP
Motif 3 6 GRKDRH
Motif 4 17 FGQDPDENYMKKRYRED
Motif 5 9 DTIKSFFPM
Motif 6 6 MLGFHH

2 AN 3 (FEH S PGSC0003DMG400000823 Al
PGSC0003DMG400022738) Y 22 5+ R ik K i K,
A9 BT 1.81 £5 N 1.58 4%, 7E 2 MAREE S
FE, 3R 19 4> TCP # %K+ 238 11 il
Ml I8 0 TCP ¥ s 1 H1 8 M iE F RILMW

TCP #4537, Hp 3 4~ TCP %5 5% H 1 i 3 P 22
5 35 (£ W 5 PGSC0003DMG400000597 Fil
PGSC0003DMG400024254 F i 3 15, % W 5
PGSC0003DMG400015377 |- £ ik), 2 4> TCP
Bk N7 (3 W5 PGSC0003DMG400022964 Fi
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Fig. 1 Motif analysis of TCP transcription factors in Solanum tuberosum
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e Ak B PEAR T AE AR by SR8, M
T 11 A TCP % s PR A nf v i 25 Mk d Rk [ 2
A~ TCP %% 5% K 1 (3£ 45 PGSC0003DMG400009406
H1 PGSCO003DMG400015377) 22 S 26 38 K - f K, 43
B EJE T 6.40 f5F0 8.45 5],

3 WikE4#

M TCP #HFAEm Y A K & & MR i
BE a5 2 S s T PR R TCP #% 5%
K G Bk Az BRI E A, SR RN
HESE KRR EEY, E AR ET SR SR
ZRVEZE R0, I TCP # R W TR &S5 54
SEHCAR AR 02 W3 0%y o) 7 3 AT e GE L R, AR
RIET 4 D SO IL % 24 S H B
TCP ¥ 5% P F 5% W% 51, % b A7 8 11 I )7 3 45
4 53 B 2 03K B 7 s R - #F 5HAT b-HLH 4544, 1t
Ah I8 B I TCP 5 5% T F W 53 19 )7 91

SRR XS4 T R AN B TR H AR R K
St TR R R o A RIS S RE X S R
K55 (2018) MUBF SR 45 R — 3, oAb, A BF9R I8
Mr 7 TCP ¥ 57 RARR M8 AR A 8 (1)
FRGEOL, RI 7R TCP % 5% 3 R k8 3]
EVEE K, A 2 DRSS Rk R E
BOR 3k —45 R 5 B FARGE (2021) BF5E & 45 IR
FNEMN 8 J5 22 8036 A b ) 22 38 0 i 7 7 &0 AS [\
AL BP0 R S M 3 TCP 7 S R T A i) oz A
KA AR A (2 15 PGSC0003DMG400000597
F1 PGSCO003DMG400024254 ) i & R 8263k, 1
LK PGSCO003DMG400015377 #1 5 B H A1 J iy
FerBi, ] 0L, S TCP % 5% I+ 7E it
J FIAR P A1~ 2 2 v o) iy TS e 3 7 2% SR B A A
255, I HLAS [6) 3 5% PR il g g A1 20 BES 3 1)
BRAWAEES

AR ZH B R R AR SRR 55 R G T 20 4
S BRI A AU o 38 E AR K A
7, TE BT PR AR OAS [R] A 4 S IR K P RUNE
INE (4TS 32 3 0 BURR BE R (] 5 FE AR AU L R 45 148 R
AR S S E (B DS S S WM Russet
Burbank * ) b |- %8 43 (1) = BE FIAR (9 4K B (R T
AR AE AN HBEN 78 2 A5 10T A AR BE 5 [l I R0
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Fig. 2 Phylogenetic tree of TCP protein in Solanum tuberosum and Arabidopsis thaliana
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Fig. 4 Gene expression heatmap of Solanum tuberosum TCP transcription factors
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