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Abstract
TCP transcription factors are a class of plant-specific transcription factors in-
volved in multiple aspects of plant biological processes. To investigate the role
of potato TCP transcription factors in response to low nitrogen stress, this
study constructed four transcriptomic libraries from potato roots and leaves
under nitrogen-deficient (0.05 mmol・L−1) and nitrogen-sufficient (7.5 mmol・
L−1) conditions for sequencing, and analyzed the differentially expressed TCP
transcription factors. The results showed that: (1) A total of 24 TCP transcrip-
tion factors were identified across the four transcriptomic libraries, primarily
distributed on chromosomes 2, 3, and 6. (2) Domain analysis revealed that
all 24 TCP transcription factors possess the typical basic-Helix-Loop-Helix do-
main. (3) Phylogenetic analysis indicated that potato and Arabidopsis TCP
proteins could be clustered together, belonging to 10 subclades. (4) Transcrip-
tome sequencing results demonstrated that under low nitrogen stress, most TCP
transcription factors were downregulated, with 3 TCP transcription factors sig-
nificantly differentially expressed in roots and 5 TCP transcription factors specif-
ically expressed in leaves. (5) Based on GO functional analysis and phylogenetic
relationship analysis between potato and Arabidopsis TCP transcription factors,
it is speculated that these TCP transcription factors are involved in potato’s
response to low nitrogen stress. This study lays a foundation for further inves-
tigation of the molecular functions of TCP transcription factors in response to
low nitrogen stress in potato and other food crops.
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Abstract

TCP transcription factors are plant-specific transcription factors that partici-
pate in multiple aspects of plant biological processes. To investigate the role
of potato TCP transcription factors in response to low nitrogen fertilizer stress,
this study constructed four transcriptomic libraries from potato roots and leaves
under nitrogen-deficient (0.05 mmol・L−1) and nitrogen-sufficient (7.5 mmol・
L−1) conditions for sequencing and analyzed differentially expressed TCP tran-
scription factors. The results showed: (1) A total of 24 TCP transcription fac-
tors were identified across the four transcriptome libraries, mainly distributed
on chromosomes 2, 3, and 6. (2) Domain analysis revealed that all 24 TCP
transcription factors possess the typical basic-Helix-Loop-Helix domain. (3)
Phylogenetic analysis indicated that potato and Arabidopsis TCP proteins clus-
ter together, belonging to 10 subgroups. (4) Transcriptome sequencing results
showed that most TCP transcription factors were suppressed under low nitrogen
fertilizer stress, with three TCP transcription factors significantly differentially
expressed in roots and five TCP transcription factors specifically expressed in
leaves. (5) Based on GO functional analysis and phylogenetic relationships be-
tween potato and Arabidopsis TCP transcription factors, it is predicted that
these TCP transcription factors participate in potato’s response to low nitro-
gen fertilizer stress. This study lays a foundation for further research on the
molecular functions of TCP transcription factors in response to low nitrogen
fertilizer stress in potato and other food crops.
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TCP transcription factors are a class of regulatory proteins unique to plants,
involved in regulating plant morphogenesis and stress responses during growth
(Martín-Trillo & Cubas, 2010; Jean-Michel et al., 2014; Mukhopadhyay & Tyagi,
2015; Challa et al., 2016). For example, the barley gene BDI1 (Branched and
Indeterminate Spikelet 1) encodes a CYC/TB1-type TCP transcription factor
that plays a crucial role in barley inflorescence architecture and spikelet devel-
opment (Shang et al., 2020). Overexpression of the rice gene OsPCF7 not only
increased stem height, root length, and total root number in transgenic rice
seedlings, promoted rice tillering and heading, but also increased panicle num-
ber and filled grain number per plant (Li et al., 2020). Additionally, research
has demonstrated that overexpression of blueberry VcTCP18 in Arabidopsis sig-
nificantly reduced seed germination rates, while transgenic plants also exhibited
bud dormancy phenomena such as late flowering, fewer rosettes, and fewer main
branches (Li et al., 2021). The maple TCP transcription factor ApTCP2 can
regulate Arabidopsis leaf morphogenesis via miR319, affect flowering, and posi-
tively regulate leaf senescence (Zhu et al., 2022). Studies have also proven that
TCP transcription factors participate in plant stress resistance processes; for in-
stance, overexpression of the moso bamboo (Phyllostachys edulis) transcription
factor PeTCP10 in rice and Arabidopsis not only improved drought tolerance
in transgenic plants but also reduced ABA sensitivity (Liu et al., 2020).

Potato (Solanum tuberosum) is the world’s fourth largest food crop, widely
cultivated in China, Russia, India, Ukraine, the United States, and other coun-
tries. In recent years, with the promotion of potato as a staple food in China,
potato cultivation area and yield have increased, playing an increasingly impor-
tant role in achieving sustainable agricultural development and ensuring food
security in China. However, potato growth is consistently limited by nitrogen
throughout its entire life cycle, and both excessive and insufficient nitrogen sup-
ply can severely affect the yield and quality of commercial potatoes (Maltas
et al., 2018). Studies have shown that transcription factors participate in reg-
ulating nutrient deficiency stress during plant growth and development. For
example, under low nitrogen fertilizer stress, Arabidopsis AtTCP20 can acti-
vate key genes in ammonia assimilation after interacting with other proteins,
thereby enhancing plant nitrogen assimilation capacity (Guan et al., 2017). Ad-
ditionally, birch BpTCP3 and banana Ma06_{g15900} also participate in low
nitrogen stress responses (Ren, 2019; Kan et al., 2021). With the publication of
genome data, research on transcription factors in potato has been reported suc-
cessively. For instance, potato StMYB44 transcription factor responds to low
phosphorus stress, with its expression suppressed under phosphorus deficiency,
and can negatively regulate phosphate transport in potato by suppressing the
expression of potato tuber phosphokinase 1 (Zhou et al., 2017). Furthermore,
Niu et al. (2021) identified 36 MYB transcription factors responsive to low ni-
trogen fertilizer stress based on transcriptomic methods. Xiao et al. (2018)
retrieved 43 TCP transcription factors from the potato genome but did not
conduct functional analysis and verification of these transcription factors. Al-
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though research has demonstrated that the transcription factor StTCP13 cloned
from potato variety‘Favorita’plays a certain role in response to salt stress (Li
et al., 2021), whether potato TCP transcription factors participate in nitrogen
starvation stress and their functions under insufficient nitrogen supply condi-
tions remain unclear. Therefore, this study, based on transcriptome data from
potato under nitrogen-deficient and nitrogen-sufficient conditions, utilized bioin-
formatics techniques to analyze the basic information and conserved domains
of TCP transcription factors, their expression patterns in different tissues and
nitrogen application levels, GO functions, and phylogenetic relationships with
Arabidopsis TCP transcription factors, laying a foundation for further in-depth
research on the role of potato TCP transcription factors in response to nitrogen
fertilizer stress.

Materials and Methods
1.1 Experimental Materials

The French fry-type potato variety ‘Russet Burbank’was used as material
and grown in hydroponic systems with sufficient nitrogen supply (7.5 mmol・
L−1) and insufficient supply (low nitrogen stress, 0.05 mmol・L−1) (Sharifi et
al., 2007; Li et al., 2010). Plant cultivation methods and growth conditions
followed those reported by Xie et al. (2017). After 10 days of cultivation, leaves
and roots were collected according to different treatments for transcriptome
sequencing library construction [Root control and Leaf control were sequencing
libraries from roots and leaves of potato with sufficient nitrogen supply; Root
treatment and Leaf treatment were sequencing libraries from roots and leaves of
potato with insufficient nitrogen supply]. Plants grown under sufficient nitrogen
supply conditions served as the control, with four biological replicates for each
treatment, followed by transcriptome sequencing.

1.2 Bioinformatics Analysis of Potato TCP Gene Family Response to
Nitrogen Fertilizer Stress

TCP gene sequence information was obtained based on transcriptome data and
the potato genome database Phytozome 12.1 (https://phytozome.jgi.doe.gov/pz/portal.html).
Online analysis software ProtParam and SOPMA were used to predict
the physicochemical properties and secondary structure of TCP proteins.
BLAST2GO software was used to analyze functional annotation of TCP
transcription factors. Using MEGA 7.0.14 software, potato TCP family
protein sequences and Arabidopsis TCP family protein sequences from the
database (http://planttfdb.gao-lab.org/family.php?sp=Ath&fam=TCP) were
aligned and analyzed, and a phylogenetic tree was constructed using the
neighbor-joining method. The MEME Suite 5.4.1 (http://meme-suite.org/)
program was used to analyze motifs in potato TCP family proteins, with
motif width minimum value set to 6, maximum value to 60, motif number
to 6, and other parameters as default values. HemI1.0.3.7 software was used
to draw gene expression heatmaps based on the expression levels of potato
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TCP transcription factors in the four different sequencing libraries (Deng et
al., 2014), and genes with log2(foldchange) greater than 1 or less than -1 and
P-value > 0.05 were considered significantly differentially expressed genes for
differential analysis of TCP transcription factors obtained from transcriptome
data.

Results
2.1 Identification of Potato TCP Transcription Factors

A total of 24 TCP transcription factors were identified from four potato tran-
scriptome sequencing libraries, and relevant information for these genes was
obtained using the potato genome database Phytozome as a reference (Table
1 ). The results showed that these TCP transcription factors mainly origi-
nated from chromosome 2 (5 genes), followed by chromosomes 3 and 6, with
4 genes each. Gene lengths ranged from 606 to 2,137 bp, amino acid num-
bers ranged from 201 to 534, and exon numbers ranged from 1 to 6, with gene
PGSC0003DMG400016363 containing the most exons (6).

2.2 Physicochemical Properties of Potato TCP Family Proteins

Physicochemical property analysis showed that the average relative molecular
mass of the 24 TCP family proteins was 37,693.70 Da, with the minimum being
PGSC0003DMG400021568 encoding a protein with molecular mass of 21,143.87
Da, and the maximum being PGSC0003DMG400024928 encoding a protein with
molecular mass of 57,554.24 Da (Table 2 ). The average isoelectric point (pI)
was 7.51, with the minimum being PGSC0003DMG400024254 encoding protein
(5.22) and the maximum being PGSC0003DMG400045197 encoding protein
(10.08). Eleven TCP family proteins were acidic (pI < 7) and 13 TCP proteins
were basic (pI > 7). The average hydrophobicity values of all 24 TCP family
proteins were less than 0, with the minimum being PGSC0003DMG400004054
(-1.015) and the maximum being PGSC0003DMG400021568 (-0.283). Sec-
ondary structure prediction results showed that all 24 TCP proteins possessed
four conformations: alpha helix, beta turn, extended strand, and random
coil (Table 2), with average proportions of alpha helix and random coil
being 19.20% and 63.34%, respectively, while extended strand and beta turn
accounted for 4.09% and 13.38%, respectively. Among these TCP family
genes, all 24 TCP proteins showed the largest proportion of random coil, 18
TCP proteins had a higher proportion of alpha helix than extended strand,
while 6 TCP proteins (PGSC0003DMG400024632, PGSC0003DMG400004082,
PGSC0003DMG400021568, PGSC0003DMG400001362, PGSC0003DMG400026568,
and PGSC0003DMG400016363) showed the opposite pattern, with alpha helix
proportion less than extended strand proportion.
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2.3 Motif Analysis of Potato TCP Transcription Factors

Prediction of structural domains for the obtained potato TCP transcription
factors showed that all 24 transcription factors contained Motif 1, which was
the longest sequence (60 amino acids) among all motifs (Table 3 ), indicat-
ing that this motif is an indispensable domain in potato TCP transcription
factors (Figure 1 [Figure 1: see original paper]). Overall, the TCP transcrip-
tion factors could be divided into four categories: the first category included
11 genes all containing motifs 1 and 3, with 3 genes also containing motif 5;
the second category included 9 genes all containing motifs 1 and 2, among
which 3 TCP proteins (PGSC0003DMG400009406, PGSC0003DMG400012396,
and PGSC0003DMG400015377) contained motifs 4 and 6; the third category in-
cluded 3 genes containing only motif 1; the fourth category included only 1 gene
(PGSC0003DMG400033078) containing motifs 1, 2, and 3. Further analysis of
conserved Motif sequence characteristics revealed that all 24 TCP transcription
factors possessed the typical basic-Helix-Loop-Helix (bHLH) domain.

2.4 Protein Evolutionary Analysis of Potato TCP Transcription Fac-
tors

To resolve the evolutionary relationships of potato TCP proteins and predict
their functions, MEGA 7.0.14 software was used to analyze the evolutionary
relationships between potato TCP family proteins and Arabidopsis TCP family
proteins (PlantTFDB database) (Figure 2 [Figure 2: see original paper]). The
results showed that the 24 potato TCP family proteins clustered together
with Arabidopsis TCP proteins and belonged to 10 subgroups, indicating that
potato TCP family proteins have relatively high conservation with Arabidopsis
TCP proteins. From Figure 2, it can be seen that PGSC0003DMG400000597
and PGSC0003DMG400033078 have close phylogenetic relationships with
Arabidopsis AT3G47620.1 (AtTCP14), PGSC0003DMG400015377 with
Arabidopsis AT3G15030.1 (AtTCP4), PGSC0003DMG400004054 and
PGSC0003DMG400005705, PGSC0003DMG400000823 with AT1G68800.1
(AtTCP12); PGSC0003DMG400004082 and PGSC0003DMG400024632
with Arabidopsis AT5G08070.1 (AtTCP17) and AT5G60970.1 (AtTCP5);
PGSC0003DMG400045197, PGSC0003DMG400024254, and PGSC0003DMG400022738
with Arabidopsis AT2G45680.1 (AtTCP9), AT5G51910.2 (AtTCP19), and
AT5G51910.1 (AtTCP19); PGSC0003DMG400009406 with Arabidopsis
AT2G31070.1 (AtTCP10).

2.5 GO Functional Annotation Analysis of Potato TCP Transcription
Factors

GO annotation analysis results showed that the 24 TCP transcription factor se-
quences were annotated to molecular function (15 sequences), biological process
(22 sequences), and cellular component (18 sequences). All TCP sequences were
further enriched into 26 functional categories, with DNA binding function (11),
nucleus function (17), protein binding function (6), transcription factor activity
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(13), transcription regulation (12), leaf morphogenesis (8), cell differentiation
(8), positive regulation of development (8), and defense response regulation (6)
containing more sequences; while regulation of cell size (4), negative regulation
of leaf senescence (4), chloroplast function (3), regulation of secondary shoot
formation (3), core promoter proximal region sequence-specific DNA binding
(2), core promoter binding (2), abscisic acid response (2), regulation of timing
of transition from vegetative to reproductive phase (1), cell proliferation (2),
cytokinin response (2), gibberellin response (2), embryo development ending in
seed dormancy (2), regulation of seed germination (2), inflorescence development
(2), root development (2), circadian rhythm regulation (1), and anatomical struc-
ture morphogenesis (1) contained fewer sequences. Biological processes mainly
focused on transcription regulation, positive regulation of development, leaf mor-
phogenesis, and cell differentiation; cellular components were mainly enriched
in nucleus function; and molecular functions concentrated on DNA binding and
transcription factor activity (Figure 3 [Figure 3: see original paper]).

2.6 Expression Analysis of Potato TCP Transcription Factors Under
Low Nitrogen Fertilizer Stress and in Different Tissues

Based on potato transcriptome data, expression levels of 24 potato TCP tran-
scription factors in different transcriptome libraries were obtained, and expres-
sion heatmaps were drawn (Figure 4 [Figure 4: see original paper]). The results
showed that after low nitrogen fertilizer stress treatment, 24 TCP transcrip-
tion factors were suppressed or induced in leaves but did not reach significant
differential expression levels, with only 2 genes PGSC0003DMG400000823 and
PGSC0003DMG400022738 showing the largest differential expression levels, up-
regulated by 1.81-fold and 1.58-fold, respectively. In the two root transcrip-
tome libraries, 19 TCP transcription factors were obtained, including 11 sup-
pressed TCP transcription factors and 8 induced TCP transcription factors,
among which 3 TCP transcription factors were significantly differentially ex-
pressed (PGSC0003DMG400000597 and PGSC0003DMG400024254 were down-
regulated, PGSC0003DMG400015377 was upregulated), and 2 TCP transcrip-
tion factors PGSC0003DMG400022964 and PGSC0003DMG400033078 showed
large downregulation.

Additionally, differential expression of TCP transcription factors in different
tissues was analyzed. The results showed that 21 TCP transcription factors were
significantly differentially expressed in roots and leaves. In addition to 5 TCP
transcription factors specifically expressed in leaves, 5 TCP transcription factors
showed significantly lower expression in leaves than in roots, while the remaining
11 TCP transcription factors were significantly highly expressed in leaves (2 TCP
transcription factors PGSC0003DMG400009406 and PGSC0003DMG400015377
showed the largest differential expression levels, upregulated by 6.40-fold and
8.45-fold, respectively) (Figure 4).
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Discussion and Conclusion
Due to the critical regulatory role of TCP transcription factors in plant growth,
development, and stress resistance, the TCP transcription factor family has at-
tracted increasing attention from researchers. As China’s fourth largest food
crop, potato consistently suffers from nitrogen stress during its growth and
development, yet whether TCP transcription factors participate in potato’s
response to low nitrogen stress has rarely been reported. In view of this, this
study identified 24 potato TCP transcription factor family members based on
four transcriptome libraries, analyzed their protein sequence structures, and
found that these transcription factors all possess the b-HLH structure. Addi-
tionally, significant differences were found in the sequences, isoelectric points,
molecular weights, and exon numbers of potato TCP transcription factor family
members, with uneven distribution on chromosomes, consistent with previous
research results (Xiao et al., 2018). Furthermore, expression patterns of TCP
transcription factors under low nitrogen stress in different tissues were analyzed.
It was found that TCP transcription factors in leaves did not reach significant
differential expression levels, with only 2 genes showing large induction expres-
sion, a result different from the response pattern in banana where most genes
were upregulated after low nitrogen fertilizer stress (Kan et al., 2021), possibly
due to species-specific differences in TCP transcription factor response patterns.
In roots, genes PGSC0003DMG400000597 and PGSC0003DMG400024254 were
significantly downregulated, while PGSC0003DMG400015377 showed the oppo-
site expression pattern. Thus, potato TCP transcription factors exhibit different
expression patterns in response to nitrogen fertilizer stress between leaf and root
tissues, and different transcription factor members also show different response
patterns to low nitrogen fertilizer stress.

Our research group previously used a recirculating hydroponic system to study
physiological-level responses of 20 potato cultivars to low nitrogen fertilizer
stress, demonstrating that different potato genotypes have different tolerance
and sensitivity to low-level nitrogen supply. Under low nitrogen supply condi-
tions, the height of potato aboveground parts and root length of potatoes (in-
cluding the‘Russet Burbank’variety) were significantly lower than those of plants
grown under sufficient nitrogen supply conditions. Meanwhile, potato biomass
accumulation was also severely inhibited under low nitrogen growth conditions
(Xie et al., 2017). In this study, transcription factors PGSC0003DMG400000597
and PGSC0003DMG400024254 showed consistent expression trends in roots
and leaves under nitrogen stress conditions and were significantly suppressed
in roots, while transcription factor PGSC0003DMG400015377 showed the op-
posite trend, being induced in both roots and leaves. Cluster analysis showed
that these three TCP transcription factors have the closest phylogenetic re-
lationships with Arabidopsis transcription factors AT3G47620.1 (AtTCP14),
AT2G45680.1 (AtTCP9), and AT3G15030.1 (AtTCP4), respectively, suggesting
they may have similar biological functions to Arabidopsis transcription factors
AtTCP14, AtTCP4, and AtTCP9. In Arabidopsis, AtTCP14 participates in reg-
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ulating the growth potential of embryos during seed germination (Tatematsu
et al., 2008) and can also regulate plant morphology by promoting cell division
in young internodes together with AtTCP15 (Kieffer et al., 2011). AtTCP4
participates in regulating plant hormone synthesis (such as auxin and brassinos-
teroid) by binding to cis-acting elements of functional genes, thereby affecting
plant growth and development. Moreover, Arabidopsis AtTCP4 is regulated by
miR319 and can participate in drought stress response by regulating main root
elongation (Schommer et al., 2008). Additionally, AtTCP9 has been reported
to participate in the coordinated regulation of isochorismate synthase 1 (ICS1)
(Wang et al., 2015) and regulate cell size, leaf senescence, and root development
in Arabidopsis (Danisman et al., 2012).

Furthermore, studies have reported that Arabidopsis AtTCP20 can activate the
expression of nitrate transporter 1.1 (NRT1.1) to regulate the systemic signaling
pathway of lateral root development during nitrate transport, thereby affecting
lateral root growth (Guan et al., 2014). In this study, potato TCP transcrip-
tion factors PGSC0003DMG400020247 and PGSC0003DMG400040232 have the
closest phylogenetic relationship with Arabidopsis AT3G27010.1 (AtTCP20).
Combined with previous physiological research results on potato response to
low nitrogen fertilizer stress, the growth rate of potato aboveground parts and
roots under nitrogen-deficient conditions was significantly lower than that under
sufficient nitrogen conditions, suggesting that these transcription factors may
regulate plant morphogenesis and biomass formation and accumulation by af-
fecting the expression of nitrogen metabolism-related genes under low nitrogen
fertilizer stress in potato.

In this study, we also found that 4 transcription factors in potato above-
ground tissue (leaves) were suppressed under nitrogen stress treatment, while
they were not expressed in potato underground tissue (roots), suggesting
they may regulate aboveground part growth by responding to low nitrogen
fertilizer stress. Among them, gene PGSC0003DMG400005705 has the closest
relationship with Arabidopsis AtTCP12; PGSC0003DMG400004082 and
PGSC0003DMG400024632 are closely related to AtTCP17 and AtTCP5;
PGSC0003DMG400045197 has close phylogenetic relationships with AtTCP9
and AtTCP19. Studies have shown that AtTCP12 is a transcription factor that
prevents axillary bud growth, can delay early axillary bud development, and
participates in controlling auxin-induced apical dominance (Aguilar-Martínez
et al., 2007). AtTCP17 and AtTCP5 play key roles in regulating aboveground
lateral meristem morphogenesis by negatively regulating the expression of
boundary-specific genes such as CUC genes (Koyama et al., 2007). Additionally,
GO functional annotation results show that AtTCP19 participates in plant
stress defense regulation, and this gene can also function redundantly with
AtTCP20 in controlling leaf senescence (Danisman et al., 2013). Therefore, it
is speculated that these potato TCP transcription factors may have similar
biological functions to the aforementioned Arabidopsis TCP transcription
factors, providing references for further verification of the regulatory roles of
these TCP transcription factors in potato response to low nitrogen fertilizer
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stress.

In summary, this study identified 24 TCP transcription factors under nitrogen-
deficient and nitrogen-sufficient conditions in potato based on transcriptome
data, and analyzed their chromosomal locations, TCP domains, phylogenetic
trees, conserved motifs, and expression patterns in different tissues under ni-
trogen stress conditions, aiming to lay a foundation for further research on the
functions of potato TCP transcription factors under insufficient nitrogen supply
and other stress conditions.
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