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Abstract. The TCP (TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTORS)

gene family is a plant-specific transcription factor family and plays an important regulatory role in plant
growth and development. However, the identification, characterization, and expression levels of TCPs
during leaf development in Populus pruinosa and Populus euphratica remain unclear. In this study, 33
and 34 non-redundant TCPs in P. pruinosa and P. euphratica, (PpTCPs/PeTCPs) are identified,
respectively, which contain TCP-conserved domains and are unevenly distributed on 19 chromosomes.
Among them, PpTCP19, PpTCP27, PeTCP19, and PeTCP28 undergo positive selection in the Populus
sect. Turanga. Furthermore, transcriptome data on different leaf morphologies of P. pruinosa/P.
euphratica and available functional data of TCPs in Arabidopsis thaliana (AtTCP) support the
involvement of the TCP gene family in the leaf development of the Populus sect. Turanga. PpTCP7,
PpTCP19, PeTCP7, and PeTCP19 may regulate leaf morphology by restricting cell division at the
boundaries of leaves and sepals in P. pruinosa and P. euphratica, respectively. These results elucidate a
foundation for an in-depth analysis of the correlation between the expression pattern of the TCP gene and
leaf morphology changes in the Populus sect. Turanga, and provide valuable information for the
functional study of TCP transcription factors in the Populus sect. Turanga.
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Introduction

Plant transcription factors (TFs) respond to various biotic and abiotic stresses by
regulating the expression of target genes during plant growth and development (Huo et
al., 2019; Jin et al., 2017). TCPs are one of the largest families that constitute plant-
specific TF (Martin-Trillo et al., 2010). The TCP gene family is named after the earliest
identified members of the TCP domain, including TB1 (teosinte branchedl) from Zea
mays L., CYC (cycloidea) in Antirrhinum majus L., and PCFl1 and PCF 2
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(PROLIFERATING CELL FACTORS 1 and 2) in Oryza sativa L. (Luo et al., 1996;
Doebley et al., 1997; Kosugi and Ohash, 1997). In addition, it contains approximately
59 amino acids and has an atypical basic helix (bHLH) structure (Cubas et al., 1999),
and is located at the N-terminus, thereby allowing it to interact with DNA or proteins
(Kosugi and Ohashi, 2002). Plant-specific TCPs play regulatory roles in different
processes of plant growth and development, including the establishment of leaf
morphology (Yu et al., 2022; Palatnik et al., 2003; Qi et al., 2019; Zhang et al., 2021; Li
et al., 2022; Lin et al., 2016), the formation of trichomes (Vadde et al., 2018), and the
floral organ morphogenesis as well as leaf growth (Nag et al., 2009; Koyama et al.,
2011). Functional analysis of the CINCINNATA (CIN) subclass genes in Arabidopsis
demonstrate that class 11 TCPs participate in plant leaf morphogenesis by inhibiting the
proliferation of leaf margin cells (Palatnik et al., 2003). TCP15 in Arabidopsis is
involved in ROS-mediated signal transduction during exposure to high-light-intensity
conditions (Viola et al., 2016). Moreover, AtTCP14 and AtTCP15 control the SPINDLY
(SPY) sensitivity to cytokine (CK) and regulate the expressions of CK-responsive genes
(Steiner et al., 2012). Furthermore, miR156 interacts with TCP through its target SPL9,
the complex that promotes the complexity of leaves under the control of cup-shaped
cotyledon (CUC), thereby suggesting that TCP may play an important role in the leaf
morphology regulatory cascade center on the miR156 module (Wang et al., 2011; Yang
etal., 2011).

Herein, P. pruinosa and P. euphratica have been studied, both belong to the sister
species of the Populus sect. Turanga and are dominant tree species that occur
commonly in the arid deserts of Central Asia (Gai et al., 2021). The natural distribution
of P. pruinosa is limited to Western China and adjacent areas, while P. euphratica
extends from Western China to Southern Morocco. They become natural protective
barriers for desert forest ecosystems because of their high tolerance to salinity and
drought stress (Sun et al., 2023; Wu et al., 2022; Han et al., 2013). A leaf is an organ
with the largest area exposed to the atmosphere, and the change of its shape will reflect
plants’ adaptation to the environment. The morphological features of P. pruinosa and P.
euphratica differentiate well, and they both have heteromorphic leaves. The leaf
morphology of an adult P. pruinosa is oblong, round, and broad ovate from the bottom
to the top of the canopy (Liu et al., 2016), meanwhile, adult P. euphratica is strip,
lanceolate, ovate, and broad ovate from bottom to top (Wang et al., 1998; Hao, 2017,
Zheng et al., 2007). Liu et al. (2016) studied the ontogeny process of the heteromorphic
leaves of P. pruinosa and found that their ontogeny process appeared in sequence with
oblong, round, and broad ovate leaves. Different photosynthetic areas and the
accumulation of photosynthetic products respond to the constant demand for
photosynthetic products and mineral nutrient metabolites in individual growth and
development. Meanwhile, P. euphratica appears linear, lanceolate, ovate, and broad
ovate leaves in turn with the process of individual development. Zeng et al. (Zeng,
2020) also studied the physiological and biochemical characteristics of typical
heteromorphic leaves of P. euphratica and found that the specific leaf weight, dark
respiration rate, and light saturation point of P. euphratica in linear, lanceolate, ovate,
and broad ovate leaves gradually increased, which made it to have a different
accumulation of photosynthetic products at different stages of development. Although
various studies have reported the physiological and biochemical characteristics of
heteromorphic leaves of P. pruinosa and P. euphratica, the role of TCPs in the leaf
morphology of the Populus sect. Turanga species remains unknown.
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This study conducted a systematic analysis of the TCP gene family of the Populus
sect. Turanga including the identification of TCPs, physicochemical properties,
phylogeny, and expression patterns during leaf morphology changes in the Populus sect.
Turanga. Consequently, our data offer detailed information on TCPs in P. pruinosa and
P. euphratica (PpTCPs/PeTCPs) character, which deeply improves our understanding
of TCPs in the Populus sect. Turanga and elucidates the function of PpTCPs/PeTCPs in
leaf morphology.

Materials and methods
Plant materials and experimental design

All samples of this experiment were sourced from the P. pruinosa and P. euphratica
forest (40°32'36.90"N, 81°17'56.52"E) in Alar City, Xinjiang Province, China. P.
pruinosa and P. euphratica leaves matured from the end of July to August. When there
were 7-13 leaves on a bud, the first three fastest growing leaves in the branch of
oblong, round, and broad ovate leaves of P. pruinosa, the linear, lanceolate, ovate, and
broad ovate leaves of P. euphratica were selected as materials based on the variation
law of P.hl (Zhao and Qin., 2017). All samples were quickly frozen in liquid nitrogen
and stored at —80 °C for transcriptome sequencing. This experiment was performed in
three biological replicates (three biological replicates here indicated three different
plants).

Identification of TCPs in Populus sect. Turanga

PpTCPs/PeTCPs were analyzed based on P. pruinosa
(https://www.ncbi.nlm.nih.gov/PRICA006811)/P.  euphratica genome  numbers
(https://ngdc.cncb.ac.cn/PRJICA005959/). The BLAST algorithm was applied to identify
all potential PpTCPs/PeTCPs with TCP or TCP-like domains. BLASTP searches were
performed to identify chromosome-level genomes in P. pruinosa and P. euphratica
using amino acid sequences containing the TCP or TCP-like domains of Arabidopsis
proteins (the genetic information of P. pruinosa can be obtained from the genome of P.
pruinosa at the chromosome level.
https://figshare.com/articles/online_resource/Pprgenome_fa/20705107/2). In addition,
TCP proteins were identified using HMMER (http://hmmer.org/Download.html).
Hidden Markov Model (HMM) profiles corresponding to the TCP-conserved domain
(PF03634)  downloaded  from the Pfam  protein  family  database
(http://pfam.xfam.org/search) were scanned to identify the TCP proteins (Potter and
Finn, 2018). Then, the same TCP-like domain sequences were verified using SMART
(Simple Modular Architecture Research Tool, http://smart.embl-heidelberg.de/) and
NCBI-CDD (https://www.ncbi.nlm.nih.gov/cdd). At E values < 1e”, the protein was
identified as a member of the PpTCPs/PeTCPs transcription factor family. Finally, the
physicochemical properties of PpTCP/PeTCP proteins, including amino acid length
(aa), protein molecular weight (mw), and isoelectric points (pl) were obtained using
ProtParam in the EXPASY website (https://web.expasy.org/protparam/) (Duvaud et al.,
2021). Wolf PAORT (https://wolfpsort.hgc.jp/) was used to predict the subcellular
localization of PpTCP/PeTCP proteins (Horton et al., 2007).
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Gene duplications and repeats sequence of Populus sect. Turanga

Genome-wide  replication  modes  were identified using MCScanX
(https://megasoftware.net/), and replication patterns of PpTCPs/PeTCPs were counted.
After being manually inspected, SMART was used to analyze the repeat amino acid
sites in PpTCP/PeTCP proteins. Then, the alignments of full-length amino acid
sequences of PpTCPs/PeTCPs were performed using the MUSCLE method of MEGA-
X with default settings. Subsequently, after amino acid sequence alignment, gap
trimming was performed using the multiple alignment trimming tool of TBtools
software with a site coverage cutoff parameter of 0.95.

Phylogenetic relationship, gene structure and conserved motif composition of
PpTCPs/PeTCPs

The gap trimming was conducted with MUSCLE method of MEGA-X with default
settings and a parameter of 0.95 (Wang et al., 2010). The neighbor-joining method was
used to build a phylogenetic tree (neighbor-joining), the bootstrapping repetition
algorithm was set to 1000, and other parameters were set at default. The structure of
PpTCPs/PeTCPs encoded proteins and the conserved motifs were screened and
identified using the online website GSDS (http://gsds.cbi.pku.edu.cn/) and MEME
(http://meme-suite.org/tools/meme). Based on this, the results of domain analysis were
combined, and the structure and conserved motifs were drawn with TBtools (Chen et
al., 2020).

Collinearity and phylogenetic analysis of TCPs in multispecies

Orthologous pairs of P. pruinosa and Arabidopsis, Salix brachista, and P. euphratica
were aligned using the BLASTP. Then, collinear regions between P. pruinosa and
Arabidopsis, P. pruinosa and Salix brachista, as well as P. pruinosa and P. euphratica
were screened by MCscan and visualized using JCVI
(https://zenodo.org/record/31631/). The SMART website was used to retrieve the
domain coordinates in the TCP protein sequences of P. pruinosa/P. euphratica and
Arabidopsis. Subsequently, the combined protein sequences were used to construct a
phylogenetic  tree  between the two species using the EvolView
(http://www.evolgenius.info/evolview/) and TBtools software was used to display the
phylogenetic tree. Identical (Ka) and non-identical mutation frequency (Ks) values of
the PpTCPs sequence were calculated using the TBtools software. Ka/Ks <1,
Ka/Ks = 1, and Ka/Ks > 1 indicated purification selection pressure, neutral evolution,
and positive selection pressure, respectively.

Prediction of cis-acting elements in the promoters of TCPs of Populus sect. Turanga

The 2000 bp upstream sequence of the CDS transcription start site of
PpTCPs/PeTCPs  was  extracted using  TBtools, and Plant CARE
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) was used as a cis-acting
element to predict the promoter region.

Transcriptome sequencing and data analysis of TCPs at different leaf morphology

Different leaf morphologies and their control samples of P. pruinosa and P. pruinosa
leaves were selected for transcriptome sequencing. Moreover, RNA extraction, cDNA
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library construction, RNA-seq, and raw data analysis were performed by Illumina
novaseq 6000 (Frasergen, Wuhan, China). After the library was qualified, DNB (DNA
Nano Ball) was prepared, then loaded onto the sequencing chip, and sequenced using a
high-throughput sequencer made by MGI; the SOAPnuke (v2.1.0) software was used
(Chen et al., 2018) to filter the original reads to obtain high-quality clean reads to
process off-machine data. Afterward, the obtained high-quality Illumina clean reads
were compared with P. pruinosa and P. euphratica reference genomes using the Hisat2
(v2.1.0) software (Kim et al., 2019). Meanwhile, the StringTie (v1.3.4d) (Pertea et al.,
2016) software was used to carry out quantitative expression analysis of genes in each
sample. Gene expression patterns were quantified using FPKM (fragments per kilobase
per million), which essentially referred to fragments per kilobase as compared to exons
of the reference genome per million reads. Among them, |log2 Fold Change| > 1.5 and P
value < 0.05 were considered differentially expressed genes. The obtained data were
subjected to cluster analysis and expression heat map drawing using the TBtools
software.

Results
Identification and chromosomal classification of PpTCPs and PeTCPs

Herein, a total of 33 PpTCPs were identified in the P. pruinosa genome by HMMER
and BLASTP, and they were named PpTCP1-PpTCP33 based on the chromosomal
arrangement of genes in the genome. A total of 34 PeTCPs were identified in the P.
euphratica genome using the same methods, and they were named PeTCP1-PeTCP34.
Chromosome mapping found that TCPs were unevenly distributed on the 19
chromosomes of the two species of the poplar. Moreover, TCPs were distributed on 17
out of the 19 P. pruinosa chromosomes in an uneven manner, with the number of
PpTCPs per chromosome ranging from 0 to 5. Chromosomes 4 contained five genes,
while no TCP was found on Chromosomes 17 and 18 (Fig. 1A). Meanwhile, a total of
34 PeTCPs were distributed across 19 chromosomes, except for Chr08 with different
densities (Fig. 1B), these results suggested that each chromosome contributed
differently to the evolution of PpTCPs/PeTCPs. The amino acid number, protein
molecular weight (MW), and isoelectric point values of PpTCP proteins ranged from
176 (PpTCP22) to 572 (PpTCP16), from 19.32 kDa (PpTCP22) to 60.15 (PpTCP16),
and from 5.44 (PpTCP22) to 9.96 (PpTCP17), respectively. Meanwhile, the amino acid
number, MV, and the isoelectric point value of PeTCP proteins ranged from 120
(PeTCP5) to 661 (PeTCP20), from 12.96 kDa (PeTCP5) to 73.09 kDa (PeTCP20), and
from 6.51 (PeTCP29) to 10.95 (PeTCP5), respectively (Tables 1a, b, ¢ and Electronic
Appendix 1). In addition, subcellular localization found that PpTCP/PeTCP proteins
were primarily located in the nucleus.

Table 1a. The identification and character analysis of PpTCPs

TCP gene Subcellular localization
PpTCP1 nucl: 14
PpTCP2 nucl: 13, golg: 1 PpTCP3 details nucl: 12, chlo: 1, extr: 1
PpTCP3 nucl: 12, chlo: 1, extr: 1
PpTCP4 nucl: 12.5, cyto_nucl: 7.5, cyto: 1.5
PpTCP5 nucl: 13, golg: 1
PpTCP6 nucl: 12.5, cyto_nucl: 7, plas: 1
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PpTCP7 nucl: 13, cyto: 1
PpTCP8 nucl: 13, chlo: 1
PpTCP9 nucl: 7, cyto: 5, extr: 1, cysk: 1
PpTCP10 nucl: 9, chlo: 1, cyto: 1, extr: 1, vacu: 1, pero: 1
PpTCP11 nucl: 14
PpTCP12 nucl: 10.5, nucl_plas: 6, mito: 2, cyto: 1
PpTCP13 chlo: 6, mito: 5, nucl: 3
PpTCP15 nucl: 10, mito: 2, plas: 1.5, golg_plas: 1.5
PpTCP16 nucl: 14
PpTCP17 nucl: 14
PpTCP18 nucl: 14
PpTCP19 nucl: 13, chlo: 1
PpTCP20 nucl: 12, chlo: 1, cyto: 1
PpTCP21 nucl: 13.5, cyto_nucl: 7.5
PpTCP22 nucl: 11, cyto: 2, cysk: 1
PpTCP23 nucl: 14
PpTCP24 nucl: 14 PpTCP14 details nucl: 12, chlo: 1, cyto: 1
PpTCP25 nucl: 13, plas: 1
PpTCP26 nucl: 14
PpTCP26 nucl: 14
PpTCP27 nucl: 10.5, cyto_nucl: 6, chlo: 1, extr: 1, vacu: 1
PpTCP28 nucl: 14
PpTCP29 chlo: 7, nucl: 3.5, mito: 3, cyto_nucl: 2.5
PpTCP30 nucl: 14
PpTCP31 nucl: 14
PpTCP32 nucl: 14
PpTCP33 nucl: 13.5, cyto_nucl: 7.5

Table 1b. The identification and character analysis of PpTCPs

PpTCP gene PpTCP ID in gemome Length of amino acid | Relative molecular mass (Da) | Isoelectric point
PpTCP1 PprTF01G0485 200 21543.21 9.38
PpTCP2 PprTF01G0945 366 40732.16 9.57
PpTCP3 PprTF01G2752 365 40459.25 7.79
PpTCP4 PprTF01G3161 396 41467.58 5.71
PpTCP5 PprTF02G1396 320 33914.62 8.99
PpTCP6 PprTF03G1426 334 35402.45 6.5
PpTCP7 PprTF04G0329 478 51676.41 7.75
PpTCP8 PprTF04G0501 346 38055.71 5.99
PpTCP9 PprTF04G0806 276 28086.34 9.51
PpTCP10 PprTF04G0910 344 36797.01 9.3
PpTCP11 PprTF04G1758 395 42714.85 6.9
PpTCP12 PprTF05G0677 269 27542.84 9.72
PpTCP13 PprTF06G1062 346 38078.61 6.13
PpTCP14 PprTF07G0637 407 44236.78 7.31
PpTCP15 PprTF08G1035 489 54904.14 8.61
PpTCP16 PprTF09G0110 572 60149.01 6.73
PpTCP17 PprTF10G1116 332 35489.49 9.96
PpTCP18 PprTF11G0334 377 41441.03 6.71
PpTCP19 PprTF11G0540 389 44464.9 8.23
PpTCP20 PprTF11G0622 346 38078.61 6.13
PpTCP21 PprTF12G0077 302 32655.41 6.24
PpTCP22 PprTF12G0730 176 19321.53 5.44
PpTCP23 PprTF13G0866 389 44369.86 8.2
PpTCP24 PprTF13G0942 419 45686.41 6.46
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PPTCP25 PPITF14G1024 417 442159 7.17
PPTCP26 PPITF15G0431 318 35593.78 8.23
PpTCP27 PPITF15G0488 357 37949.04 6.09
PPTCP28 PPITF15G1133 197 21251.72 6.59
PPTCP29 PPITF16G0759 302 32790.68 9.19
PPTCP30 PPITF19G0500 417 44537.21 6.52
PPTCP31 PPITF19G0575 472 51782.41 7.41
PPTCP32 PPITF19G0791 395 42682.97 7.01
PPTCP33 PprTF001Sca0109 389 44677.01 8.03

Table 1c. The identification and character analysis of PpTCPs

TCP gene Subcellular localization
PpTCP1 nucl: 14
PpTCP2 nucl: 13, golg: 1 PpTCP3 details nucl: 12, chlo: 1, extr: 1
PpTCP3 nucl: 12, chlo: 1, extr: 1
PpTCP4 nucl: 12.5, cyto_nucl: 7.5, cyto: 1.5
PpTCP5 nucl: 13, golg: 1
PpTCP6 nucl: 12.5, cyto_nucl: 7, plas: 1
PpTCP7 nucl: 13, cyto: 1
PpTCP8 nucl: 13, chlo: 1
PpTCP9 nucl: 7, cyto: 5, extr: 1, cysk: 1
PpTCP10 nucl: 9, chlo: 1, cyto: 1, extr: 1, vacu: 1, pero: 1
PpTCP11 nucl: 14
PpTCP12 nucl: 10.5, nucl_plas: 6, mito: 2, cyto: 1
PpTCP13 chlo: 6, mito: 5, nucl: 3
PpTCP15 nucl: 10, mito: 2, plas: 1.5, golg_plas: 1.5
PpTCP16 nucl: 14
PpTCP17 nucl: 14
PpTCP18 nucl: 14
PpTCP19 nucl: 13, chlo: 1
PpTCP20 nucl: 12, chlo: 1, cyto: 1
PpTCP21 nucl: 13.5, cyto_nucl: 7.5
PpTCP22 nucl: 11, cyto: 2, cysk: 1
PpTCP23 nucl: 14
PpTCP24 nucl: 14 PpTCP14 details nucl: 12, chlo: 1, cyto: 1
PpTCP25 nucl: 13, plas: 1
PpTCP26 nucl: 14
PpTCP26 nucl: 14
PpTCP27 nucl: 10.5, cyto_nucl: 6, chlo: 1, extr: 1, vacu: 1
PpTCP28 nucl: 14
PpTCP29 chlo: 7, nucl: 3.5, mito: 3, cyto_nucl: 2.5
PpTCP30 nucl: 14
PpTCP31 nucl: 14
PpTCP32 nucl: 14
PpTCP33 nucl: 13.5, cyto_nucl: 7.5

Sequences and protein structure analysis of TCPs in Populus sect. Turanga

The amino acid sites of TCP domains in PpTCP and PeTCP proteins were analyzed
using SMART to study the domain sequence characteristics of TCP proteins (Fig. 2A, B).
The results showed that all TCP protein sequences have a highly conserved domain
(bHLH) consisting of 63—-65 amino acids. Analysis of the conserved domains of the two
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poplars found that the basic region was the most conserved, consisting of 20 amino acids.
Among them, P. pruinosa contained seven conserved amino acid residues (2D, 3R, 6K,
10R, 12R, 13R, and 15R), while P. euphratica contained five (6K, 10R, 12R, 13R, and
15R) (Fig. A1A, B). In addition, the helix regions of TCP proteins were relatively
conserved in the two poplars, and the hydrophobic amino acids were widely distributed.
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Figure 1. The chromosomal locations of Populus sect. Turanga. (A) The chromosomal locations
of TCPs in P. pruinosa. (B) The chromosomal locations of TCPs in P. euphratica. Graphical

representation of locations for TCPs on each chromosome

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 21(2):1665-1696.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2102_16651696
© 2023, ALOKI Kft., Budapest, Hungary



Wang et al.: Genome-wide identification of TCP transcription factors family in Populus sect. Turanga (Populus pruinosa Schrenk
and Populus euphratica Olive) reveal the roles of TCPS in leaf morphology
- 1673 -

A
3 ,
2
B2 S
09 P <LK ¢
‘ KINA | pEfaLpsbise
) E P-VKTSAL
: £YS,
RIS 018l ASETE AR SO XaAp e
0 , o MmTNON X0 NNTVNORVAO~ANMTNORNVNO—NM
Mo FETTTIITTINLNNLNLVLNNNNOOOO
N C
B
PpTCP29 [ILRHAEASIIASTTISTPIS 62
PpTCP9O (I TKSKKAIKELANVSLSST 62
PpTCP10 (B NAAKHEIDELPLPMLGSS 62
PpTCP2 (§| EHAEEATIIEATTVTLKIP 62
PpPTCP3 ML QQAEPSIVAATSIAISQQ 62
PpTCP22 (Bl EHAEAATIIAATTVTLKIP 62
PpTCP19 IKAAQDAINELPLSDEKRT 62
PpTCP24 (BITKKAKNSIDRLALPNLEEN 62
PpTCP14 (B RQAEPSIIAATTTSVRAG 62
PpTCPS (B EHAEPAITIAATTVTLKIP 62
PpTCP18 LLQQEEPAVIAATTISLRSS 62
PpTCP31 (BTKKAKSSIDKLDLPNLEAN 62
PpTCP20 (ITKKAKASIDELALAKTSKT 62
PpTCP17 [BF TKSKAAIKELTTVAGKSV 62
PPTCP11 L QQAEPTITAATTISLRSS 62
PpTCP25 (L EHAEPAIIAATTVTLKIP 62
PpTCP27 [ALDATKTDIDKLPLPLFSHQ 62
PpTCP33 LLIQAKNEIKKLSSPKSASS 62
PpTCP32 TKKAKSSIDKLDLPNLEAN 62
PPTCP6 ML QQAEPSIIAVTTICVSEQ 62
PpTCP16 [l RVAEPTIIAVTKGAARVN 62
PpTCP21 Bl TQAKNEIKKLSSPKSASS 62
PpTCP4 (ATKKAKASIDELALATTSKT 62
PpTCP23 (I QQAEPAIIATTTISLRSS 62
PpTCP15 [MFTKSKAGIKELTSVDGKTI 48
PpTCP28 (MLEHAEPAIIAATTVTLKIP 62
PpTCP13 [BLRNAEASIIAATTIPAPIS 62
PpTCP1 ML QQAEPSTIIAATTFSVSEQ 62
PpTCP30 (BLQQAEPSIIATTTISLRSS 62
PpTCP8 TKAAQDAINELPLHDEKRT 62
PPTCP7 L QQAEPAVIAATTISLRSS 62
PpTCP26 L TQARTEIKKLSSPKSASS 62
PpTCP12 (ML RQAEPSIIAATTTSVRAG 62
Consensus

Figure 2. Alignment of TCP domains from 33 PpTCPs. (A) Amino acids are expressed in the
standard single letter code. The size of the letters at each position represents their frequency.
Numbers in the horizontal axis indicate the position of amino acids. (B) The conserved motif of
PpTCPs predicted by MEME.5.4.1 online tools (http://meme-suite.org/tools/meme). The
conserved amino acids are indicated with colored box. Numbers in the vertical axis indicate the
total number of amino acids in this TCP domains

The secondary structure prediction results showed that 33 PpTCP proteins were
primarily random coil in P. pruinosa, accounting for 51.26% (PpTCP15)-81.92%
(PpTCP10); followed by a helix and extend strand, accounting for 9.04% (PpTCP10)-
39.34% (PpTCP9) and 6.17% (PpTCP21)-17.10% (PpTCP12); B turn accounted for the
lowest proportion, ranging from 0.55% (PpTCP9)-6.25% (PpTCP16). Except for
PpTCP2 and PpTCP28, in which the secondary structure was random coil > extend
strand > o helix > B turn, the secondary structure of the remaining 31 PpTCP proteins
was random coil > a helix > extend strand > 3 turn (Table 2a). The secondary structure
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prediction results showed that 34 PeTCP proteins were primarily random coil in P.
euphratica, accounting for 50.80% (PeTCP32)-77.69% (PeTCP31); followed by a
helix and extend strand, accounting for 10.74% (PeTCP31)-37.50% (PeTCP27), and
5.96% (PeTCP1)-18.33% (PpTCP29); and B turn accounted for the lowest proportion,
ranging from 0.53% (PeTCP9)-8.33% (PeTCP5) (Table 2b).

Table 2a. Secondary structure of PpTCPs

Protein Alpha helix/% Extended strand/% Beta turn/% Random coil/%
PpTCP1 17.55% 9.27% 4.64% 68.54%
PpTCP2 11.62% 12.88% 5.30% 70.20%
PpTCP3 21.56% 8.12% 5.62% 64.69%
PpTCP4 13.60% 10.26% 1.43% 74.70%
PpTCP5 16.28% 10.47% 2.91% 70.35%
PpTCP6 20.20% 9.27% 4.30% 66.23%
PpTCP7 18.53% 11.17% 3.81% 66.50%
PpTCP8 15.04% 12.08% 2.12% 70.76%
PpTCP9 39.34% 8.20% 0.55% 51.91%
PpTCP10 9.04% 6.85% 2.19% 81.92%
PpTCP11 15.38% 11.36% 3.15% 70.10%
PpTCP12 20.82% 17.10% 5.95% 56.13%
PpTCP13 26.90% 8.12% 4.06% 60.91%
PpTCP14 21.38% 13.77% 5.43% 59.42%
PpTCP15 36.48% 10.69% 1.57% 51.26%
PpTCP16 22.73% 12.50% 6.25% 58.52%
PpTCP17 29.55% 14.21% 4.91% 51.33%
PpTCP18 19.24% 10.38% 4.81% 65.57%
PpTCP19 14.85% 13.18% 2.72% 69.25%
PpTCP20 14.00% 10.57% 3.19% 72.24%
PpTCP21 36.76% 6.17% 1.03% 56.04%
PpTCP22 17.66% 13.77% 3.89% 64.67%
PpTCP23 15.83% 10.07% 2.64% 71.46%
PpTCP24 13.01% 10.69% 2.89% 73.41%
PpTCP25 14.16% 12.35% 3.92% 69.58%
PpTCP26 35.99% 6.17% 1.80% 56.04%
PpTCP27 13.53% 10.88% 4.24% 71.35%
PpTCP28 13.45% 14.85% 4.76% 66.95%
PpTCP29 24.50% 17.00% 5.00% 53.50%
PpTCP30 19.90% 12.23% 3.84% 64.03%
PpTCP31 14.74% 11.85% 3.76% 69.65%
PpTCP32 14.74% 11.85% 3.76% 69.65%
PpTCP33 32.65% 9.25% 1.03% 57.07%

Table 2b. Secondary structure of PeTCPs

Protein Alpha helix/% Extended strand/% Beta turn/% Random coil/%
PeTCP1 25.17% 5.96% 4.30% 64.57%
PeTCP2 21.25% 8.44% 5.62% 64.69%
PeTCP3 15.35% 11.03% 2.16% 71.46%
PeTCP4 17.37% 12.87% 3.89% 65.87%
PeTCP5 25.00% 15.83% 8.33% 50.83%
PeTCP6 20.20% 9.27% 4.30% 66.23%
PeTCP7 21.27% 11.90% 4.30% 62.53%
PeTCP8 15.34% 11.97% 2.10% 70.59%
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PeTCP9 32.01% 9.26% 053% 58.20%
PeTCP10 12.88% 7.67% 1.92% 77.53%
PeTCP11 19.07% 11.05% 3.57% 66.31%
PeTCP12 22.14% 15.13% 6.27% 56.46%
PeTCP13 26.63% 13.07% 5.03% 55.28%
PeTCP14 20.29% 11.59% 5.07% 63.04%
PeTCP15 18.75% 10.80% 2.84% 67.61%
PeTCP16 25.86% 12.28% 1.51% 60.34%
PeTCP17 19.24% 10.38% 4.81% 65.57%
PeTCP18 19.24% 10.38% 4.81% 65.57%
PeTCP19 17.57% 11.51% 2.72% 68.20%
PeTCP20 24.51% 13.92% 3.18% 58.40%
PeTCP21 24.41% 13.15% 2.82% 59.62%
PeTCP22 25.60% 14.15% 3.18% 57.07%
PeTCP23 36.76% 6.17% 1.03% 56.04%
PeTCP24 19.05% 17.46% 6.67% 56.83%
PeTCP25 15.07% 10.77% 2.63% 71.53%
PeTCP26 15.36% 10.24% 452% 69.88%
PeTCP27 37.50% 6.25% 2.50% 53.75%
PeTCP28 13.26% 9.28% 2.92% 74.54%
PeTCP29 15.83% 18.33% 5.83% 60.00%
PeTCP30 24.50% 17.00% 5.00% 53.50%
PeTCP31 10.74% 9.37% 2.20% 77.69%
PeTCP32 36.90% 11.23% 1.07% 50.80%
PeTCP33 24.50% 17.00% 5.00% 53.50%
PeTCP34 19.90% 12.23% 3.84% 64.03%

Replication modes and positive selection analysis of PpTCPs and PeTCPs

Gene duplication events play important roles not only in genomic rearrangement and
expansion but also in the diversification of gene functions, thereby implicating them as
the primary driving forces throughout the evolutionary process of genomes, including
the WGD (whole genome duplication)/segmental duplication, tandem and dispersed
(Wu and Poethig, 2006). The replication events between P. pruinosa and P. euphratica
were analyzed. We found that the replication patterns of PpTCPs genes include 24
WGD/segmental duplication and 9 dispersed (Fig. 3A; Table 3a). The PeTCPs were
mainly generated by WGD/segmental duplication (24), followed by dispersed (8) and
tandem duplication (2) (Fig. 3B; Table 3b).

Table 3a. The genes duplication modes of PpTCPs

Gene_ID Dup_type PpTCP gene
PprTFO1G0485 WGD or segmental PpTCP1
PprTFO1G0945 WGD or segmental PpTCP2
PprTF01G2752 WGD or segmental PpTCP3
PprTF01G3161 WGD or segmental PpTCP4
PprTF02G1396 WGD or segmental PpTCP5
PprTF03G1426 WGD or segmental PpTCP6
PprTF04G0329 WGD or segmental PpTCP7
PPrTF04G0501 Dispersed PpTCP8
PprTFO4G0806 WGD or segmental PpTCP9
PPrTF04G0910 Dispersed PpTCP10
PPrTFO4G1758 Dispersed PpTCP11
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PprTF05G0677 WGD or segmental PpTCP12
PprTF06G1062 Dispersed PpTCP13
PprTF07G0637 WGD or segmental PpTCP14
PprTF08G1035 WGD or segmental PpTCP15
PprTF09G0110 Dispersed PpTCP16
PprTF10G1116 WGD or segmental PpTCP17
PprTF11G0334 WGD or segmental PpTCP18
PprTF11G0540 Dispersed PpTCP19
PprTF11G0622 Dispersed PpTCP20
PprTF12G0077 WGD or segmental PpTCP21
PprTF12G0730 WGD or segmental PpTCP22
PprTF13G0866 WGD or segmental PpTCP23
PprTF13G0942 WGD or segmental PpTCP24
PprTF14G1024 WGD or segmental PpTCP25
PprTF15G0431 WGD or segmental PpTCP26
PprTF15G0488 Dispersed PpTCP27
PprTF15G1133 WGD or segmental PpTCP28
PprTF16G0759 Dispersed PpTCP29
PprTF19G0500 WGD or segmental PpTCP30
PprTF19G0575 WGD or segmental PpTCP31
PprTF19G0791 WGD or segmental PpTCP32
PprTF001Sca0109 WGD or segmental PpTCP33
Table 3b. Secondary structure of PeTCPs
Gene_ID Dup_type PeTCP gene
PeuTF01G00582.1 WGD or segmental PeTCP1
PeuTF01G03221.1 WGD or segmental PeTCP2
PeuTF01G03710.1 WGD or segmental PeTCP3
PeuTF02G01346.1 WGD or segmental PeTCP4
PeuTF03G01171.1 WGD or segmental PeTCP5
PeuTF03G01663.1 WGD or segmental PeTCP6
PeuTF04G00384.1 WGD or segmental PeTCP7
PeuTF04G00594.1 Dispersed PeTCP8
PeuTF04G00957.1 WGD or segmental PeTCP9
PeuTF04G01093.1 WGD or segmental PeTCP10
PeuTF04G02091.1 Dispersed PeTCP11
PeuTF05G00694.1 WGD or segmental PeTCP12
PeuTF06G01253.1 Dispersed PeTCP13
PeuTF07G00787.1 WGD or segmental PeTCP14
PeuTF09G00105.1 Dispersed PeTCP15
PeuTF10G01164.1 WGD or segmental PeTCP16
PeuTF11G00417.1 WGD or segmental PeTCP17
PeuTF11G00427.1 Dispersed PeTCP18
PeuTF11G00676.1 Dispersed PeTCP19
PeuTF11G00791.1 WGD or segmental PeTCP20
PeuTF11G00795.1 Tandem PeTCP21
PeuTF11G00796.1 Tandem PeTCP22
PeuTF12G00485.1 WGD or segmental PeTCP23
PeuTF12G01222.1 WGD or segmental PeTCP24
PeuTF13G01061.1 WGD or segmental PeTCP25
PeuTF14G01204.1 WGD or segmental PeTCP26
PeuTF15G00494.1 WGD or segmental PeTCP27
PeuTF15G00571.1 WGD or segmental PeTCP28
PeuTF15G01225.1 WGD or segmental PeTCP29
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PeuTF16G00852.1 Dispersed PeTCP30
PeuTF17G00828.1 WGD or segmental PeTCP31
PeuTF17G00950.1 WGD or segmental PeTCP32
PeuTF18G00522.1 Dispersed PeTCP33
PeuTF19G00734.1 WGD or segmental PeTCP34

Ka/Ks ratio was an important indicator for the evaluation of selection pressure during
sequence evolution (Hurst, 2002). We determined the Ka, Ks, and Ka/Ks ratios of
PpTCPs and PeTCPs to explore the evolutionary history of TCPs. The results showed
that among the 26 pairs of homologous genes, only PpTCP19 (homologous to
PeTCP19) and PpTCP27 (homologous to PeTCP28) had a Ka/Ks ratio greater than 1,
and the Ka/Ks ratios of the remaining 24 pairs of homologous genes were less than 1.
This result indicated that most PpTCPs have undergone purification selection, except
PpTCP19 and PpTCP27; PeTCP19 and PeTCP28, which have undergone positive
selection.

0 WGD or scgmental
I Dispersed
I Tandem

Total=33 Total=34

Figure 3. Replication modes of TCP gene family in Populus sect. Turanga. (A) Replication
modes of TCP gene family in P. pruinosa. (B) Replication modes of TCP gene family in P.
euphratica

Analysis of cis-acting elements in the promoter region of PpTCPs and PeTCPs

Plant CARE was used to analyze cis-acting elements in the upstream 2 kb promoter
regions of PpTCPs/PeTCPs to explore the potential functions of PpTCPs/PeTCPs. The
results showed that the promoter regions of PpTCPs/PeTCPs contained a large number
of DNA sequence elements such as CAT-box, TC-rich repeats, ABRE, and TGA-
element (Fig. 4A, B). These promoter elements play important roles in meristem
expression, defense and stress responses, abscisic acid responses, as well as auxin
responses. PpTCP4, PpTCP18, PeTCP3, PeTCP17, and PeTCP18 contain TGA-
element cis-acting elements. PpTCP1, PpTCP3, PpTCP4, PpTCP8, PpTCP13,
PpTCP14, PpTCP19, PpTCP23, PpTCP24, PpTCP26, PpTCP30; PeTCP1, PeTCP2,
PeTCP3, PeTCP5, PeTCP19, PeTCP21, PeTCP25, PeTCP27, and PeTCP34 contain
CAT-box cis-acting elements, thereby indicating that these TCPs may play important
roles in leaf morphology.
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Figure 4. Cis-acting elements identified in the promoters of TCPs in Populus sect. Turanga. (A)
Cis-acting elements identified in the promoters of TCPs in P. pruinosa. (B) Cis-acting elements

identified in the promoters of TCPs in P. euphratica. The micro-segments with different function
annotations are represented by different colors. The scale bar represents 100 bp

Collinearity and phylogenetic analysis of interspecific TCP gene family

Herein, we performed a collinear analysis of TCPs between P. pruinosa and other
species, such as P. euphratica, Salix brachista, and Arabidopsis to explore the potential
evolutionary process of PpTCPs (Fig. 5). First, a total of 34, 30, and 24 TCPs members
were identified in P. euphratica, Salix brachista, and Arabidopsis, respectively
(Table 4a, b). Next, the results of collinearity analysis showed that there were 32, 30,
and 24 PpTCPs have collinearity between P. euphratica, Salix brachista, and
Arabidopsis TCPs, respectively (Electronic Appendix 2). Among them, 22 PpTCPs
(PpTCP3, PpTCP4, PpTCP5, PpTCP8, PpTCP9, PpTCP10, PpTCP11, PpTCP12,
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PpTCP13, PpTCP14, PpTCP17, PpTCP19, PpTCP20, PpTCP21, PpTCP23, PpTCP25,
PpTCP26, PpTCP27, PpTCP28, and PpTCP30) were collinear with three other species,
thereby suggesting that these genes may have existed before their ancestors diverged.
There were only three PpTCPs have a collinear relationship with PeTCP, including
PpTCP24, PpTCP31, and PpTCP32, thereby suggesting that these PpTCPs may play
important roles in the long-term adaptive evolution of P. pruinosa.

Arabidopsis Athaliana &=

Figure 5. Collinear analysis of TCPs between P. pruinosa and three representative plant
species (P. euphratica, S. brachista and A. thaliana). The gray line in the background indicates
collinear blocks within the P. euphratica, S. brachista and A. thaliana genomes, while the red
lines highlight the syntenic TCP gene pairs

A phylogenetic tree of TCPs in P. pruinosa and Arabidopsis, P. euphratica and
Arabidopsis was constructed to study the evolutionary relationship between
PpTCPs/PeTCPs (Fig. 6A, B), referring to TCPs in Arabidopsis. The interspecific
phylogenetic tree of P. pruinosa was divided into two subgroups based on the
topological structure of the interspecific tree (classes I and II). TCPs from these two
species showed dispersed distribution in both classes | and 11, with PpTCPs containing
18 and 15 members, and PeTCPs containing 20, 14, and 2 members. Previous studies
showed that the TCP of Arabidopsis classes | and Il CIN branches were involved in the
regulation of leaf morphology, including AtTCP3, AtTCP4, AtTCP5, AtTCP7, AtTCP9,
AtTCP10, AtTCP11, AtTCP13, AtTCP14, AtTCP15, AtTCP20, AtTCP21, AtTCP23, and
AtTCP24 (Li et al., 2005; Schommer et al., 2008; Herve et al., 2009; Koyama and
Tomotsugu, 2010; Viola et al., 2011; Kieffer et al., 2011). The number of PpTCPs in
class 11 was relatively small, which was consistent with the classification of
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Arabidopsis. PpTCP1, PpTCP2, PpTCP3, PpTCP5, PpTCP6, PpTCP7, PpTCP11,
PpTCP12, PpTCP13, PpTCP14, PpTCP16, PpTCP18, PpTCP22, PpTCP23, PpTCP25,
PpTCP28, PpTCP29, and PpTCP30 were clustered with class | subgroup in
Arabidopsis. Meanwhile, PpTCP9, PpTCP15, PpTCP17, PpTCP21, PpTCP26, and
PpTCP33 were clustered with class Il CYC/TB1 branches in Arabidopsis. PeTCP1,
PeTCP2, and other 20 PeTCPs were clustered with class | in Arabidopsis, PeTCP9,
PeTCP32, and other five PeTCPs were clustered with the class Il CYC/TB1 branch in
Arabidopsis. Given that AtTCPs with similar functions often show a preference to
belong to a subgroup, 21 PpTCPs such as PpTCP6 and 25 PeTCPs such as PeTCP1
may be involved in the regulation of leaf morphology in P. pruinosa and P. euphratica.

Table 4a. The identification of TCPs in S. brachis

TCP
gene

Gene IDin
genome

Amino acid sequence

SbTCP1

KAB5520921.1

MPALCAARIFQLTRELGHKSDGETIQWLLQQAEPSIIAATGTGTIPASALAAAGGAISQQGASL

SAGLHQKIDDLGGSSSSRASWAMLGGNLGRPHHVTTAGLWPSVGGYGFQSSSDTTGPSTTNI

GTEAAAAAAGSSYLQKLGFPGFDLPSNNMGPMSFTSILGGGTQQLPGLELGLSQDGHIGVLSP

QALNHIYQQMGHARVQQQQQQHQQNPSKDDSQGSGQWDCAQPNSLVLGLTSYLIQRGEAI
NFSHLAVCYMHLTCCVVSV

SbTCP2

KAB5540656.1

MILSSFTTKEKSKLSAMNKASTSKTKVADPKPRKDRHVKVNGRDRRIRLPFNCAARVFQLTR
ELGNRTDGETIEWLLRVAEPTIVAVTGNGIGPTGANLGYSQAAIVNTAPPVSYSSDLHPLSSA
GLSSPLMDPSVEPIQTQGSISRNCVVSGDEPLSFTSEFDNLETDFDMDFPVSDMFPSVPGNDHA

ShTCP3

KAB5544726.1

MFSSSSSFSPFDQYANHTMVASMENPSSIESCSQTFLRHFPDPFLDDNDLLVGELLSQQQQQQ
QQQQEVLGSNTALAAEAHDPHTTPSASNEEAKINNKKEKSNVDTSKQRIHQRRTGKDRHSKI
HTAQGPRDRRMRLSLQIARKFFDLQDMLGFDKASK TIEWLLTKSKAGIKELTDSAPRVRRRC
SISADGKSVPSTSEREVVSGIKPPETDGDKRGAEAKKDSLVSNPKEKRSKKVHKPVFNLVDRD
SREKARARARERTRERMKNQGTDTSSDRSSQANPNNLEKFESSSPLEYGENLASVNREMKSP
VKVSEVKESSNHGLQTDQMDYVSIAGNFFGITNSPRSFSMCDFSESVEFLPGGTNCKDEFPGF
PVNWDMTNDRIRYKYNALTNMKLPPLNAHEESPNSFFMNMPNPDDQNSISILMTTATNANQ
SSSNSFFVEDHSDCLYRSA

SbTCP4

KAB5534273.1

MEAEEIQRQPRKFSRVGGNGIKDSSRIAQKGNGTDHQYPDDEEDGVLKRTNSNNGACGGINA
AGVDGGTFTGLRAWHHSSRIIRVSRASGGKDRHSKVWTSKGSRDRRVRLSVTTAIQFYDLQD
RLGYDQPSKAVEWLIKASQDAINELPSLNHCFPDTPKQLSDEKKSSDGTEQGFDSADVELEDP
NFRQNQNLSLSKSACSSTSETSKGSGLSLSRSDIRYSREKARERARERTAKEKEKEYDSRMAH
HSNINPISQNSTFTELLTGGIGGASNNSNNNSTGSPTGSHEANNLFQKVAAARQWPSIPMDYF
GSGLLGPSSSRSTHHSSGFPGQIQLGNSIPQAMTMSIPPFCLSGESHQEHLQHFPFVSDHLIPVA
ATAQPPASSGDYNLNFTISSGLAAGFNRGTLQSNSSSPSLLPHLQRFSTSSTIDGSTTNLPFFIGA
ATPQAMESHHHHHQFPPGLQLCYGDGTRHSDQKGKGKN

SbTCP5

KAB5548029.1

MSDNSGAVNNGSLIDPQRNQPPGGAGGGGGGGGGGGGGTNGALVAKKPPSKDRHSKVDGR
GRRIRMPIICAARVFQLTRELGHKSDGQTIEWLLRQAEPSIIAATGTGTTPASFSTVSVSVRAG
GNSNSISSLSSNNIHSAGSLEHKPLLGPAPFILGKRMRPEEDGNGGGKNDDGVSVGPTIGSLM
GPTATAGPGGFWALPARTDFWGFAAAATPEMVVQPTAVQQSSLFMHHQHAAAMGEASAA
RVGNYLPGHLNLLASLSGGTASSGRREDDHR

SbTCP6

KAB5534021.1

MEGGDDQFHHQHHHRPTFPFQLLEKKEDDGPCSSSSPYPSLPISSTTEPNNSNSTNTNHSTSNL

QIEVAEPSKKTPPKRTSPKDRHTKVDGRGRRIRMPALCAARVFQLTRELGHKSDGETIEWLLQ

QAEPAVIAATGTGTIPANFTSLNISLRSSGSSMSLPSQLRSGNFNPNFSLQQRGRSLFPGIGLETS

QAPTFLSFQSSNNLNAVLQAKQELRDNSSLELSTETEESLSRKQRSEQDLSPSQQHQMGNYLL

QSSTGAIPASHGQIPANFWMLANSNNNQVMSGDPIWTFPSANNSSVYRGTMSSGLHFMNFPA

PVTLLPSQQLGSTSIGGASGGNSGISEGHFNMLAGLNPYRPSGLSESQASGSHSHHGGGGGGS
DDRHDTTSHHS

ShTCP7

KAB5516571.1

MFSYTNSTISLFPNLSSSPAFNPPPYITDHETNDIFHHHRHRHHIDPLAVPLVSTDQLPVTHEIV
MNMAASNNSMISKQDVPALDGELYNRSHFLAGKKSVKKDRHSKIFTAQGLRDRRVRLSIEIA
RKFFDLQDMLGFDKASKTLDWLLTRSKNAIEELAKNGDGKCLSSPSSNCEALSESGYLEDRV
LSEIQEQRMKKMQTIAVDLLSKESRAKARERARERTRVKMCARRLHETVKCPDFSSSCLKQA
SSLNQHQSCEKSSSYNATCSIKVVSHGQAEDPSSHHSLANQSAKGDIIEESVVMPRKLKPSAP
MGYHQNLRMLKDASCNSSSSSSYLPNLAQNWDISSAVAHSSFRPITSSNQPTGLL

ShTCP8

KAB5574444.1

MPATCAARVFQLTRELGHKSDGETIEWLLQQAETTIIAATGTGTIPANFSTLNVSLRSSGSTLT

APPSKSAPHSFHSALGLSHHPHYEEGFPHPAFLGFHHQQQHLITADQIAQALPIGADVGGSGG

ESRGGGEENYMRKRFREDLFKEDNPQEQGESGGGGGGGEGPPIKAFKSDLQQPKTQQQETGS

SGLLRSSNILPTTAMWAMAPAPPSSGAGNTFWMLPMSAGAGGGPPLATATSVSCPSSEPQIW

PFATTTPASGNPLQAPLHFVPRFNLPTTNLEFQRGRGSPLQLGSMSPLQLGSMLMQQQQHHL

HHQQQPSQHLGLGMPESNLGMLAALNNAYSRGDLNMNSQQNNPLDHHHHHRHQQQQQQT
QGTTDSGDEDPNSSQ
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ShTCP9

KAB5524729.1

MFPLSSNGYDPMSYNDHQAYNMPFFSDIISNSKQYVPPPISFCHLPSPFFAYDQPELEDHSILFQ
QSYDLLLHQQPLRATATRTAPSQSTVDNNMVDSSKNDVIDEITEICNKQSHSSTEQIPRKRSSK
KDRHSKINTAQGPRDRRMRLSLKVARDFFDLQDKLRFDKASKTVEWLLTQARTEIKKISGGF
PVMNYSCSTTVGAKSASSTSECEVLSEINIDSTLKVSRVSKGKSSLCVKKERRTSRASSSRKAP
LNPFAKESREKARERARERTKQKLRSRSRRLDESKPCELEAVNQEFNQFAGCWSPFETGDQE
SGTHNINPSLEVQLVEAEVPFYQEKEQLDTREGMIDETLVSIGKWSPSFPNHLHKNGIPQENQF
TDFQYPLYKTWDHEAYNIDGLQQELERNIEEEAPSAAGEEENSCNLEISSVPEDGFEKELMGL
TGGFPGGEKGLEKFIEENPPPKKQSVAKLTITNKPKPPELPLLLPGNSHDNIAWVITVAQAGRH
PFSLPFGPFLVRLTEAYVQTHVAA

ShTCP10

KAB5531871.1

MFPLSDNGNDAISCSDQQAYNMPLFSDIGSYSKQDVPPPFSFCLAPSPFIPCDQQEFEDHLIFLQ
QNYDLFFQEQPLRATVTSTNLSQSTVANNMVDSNKSDVIELTEICDKKFHSSTDQILRKRSSK
RDRHSKINTAQGPRDRRMRLSLKVAREFFDLQDKLSFDKASKTVEWLLVQAKSEIKKLSSGS
PHMSYSGSAGTKNASSTSECEMLSEMNAETTTKGRNVSNKGRSSPCAKKERRARRPSSRKTP
LNPFAKESREKARARARERTKEKLCSRRIDELKFSEESSNNELNQFAGCWDTPLETGDQHSGI
QNFNPSLEVQLAAEVDAAIYHEQEKLGTTEGLIDEELVIMSKYWSPSFPNHLYNTGTPQEVIIS
DDIHFSIINSQTYNTKHGIRHAPLAVCASMDTHLSHHP

ShTCP11

KAB5525432.1

MDSQKHAHHTIEEIDQEQSITVASLSDQTDPAALQLKEETLTDPEESRELEEHDSNIRRINSGG
SNSCLVAHQVQRQQVVTAPKRNTKDRHTKVEGRGRRVRMPATCAARIFQLTRELGHKSDGE
TIRWLLEHAEPAIIAATGTGTVPAIAVSVNGTLKIPTESSAAAAADSDADGLEHKKKRKRPCN
SDFVDITEAARQNSVSSGLAPIATTSPQGLVPLWPMGTFMFPQGSSVGVGGTNQAQFWAFPA
TSTAPFFNMAARPISSFVSAMQPGVQLAGNVSVGFGGESLGSGGSPPNTIGSASSSSSGSSAAG
ASIGGGGGGTQLLRDFSLEIYDKKELQFLGHPVNHDHQQAPCSES

SbTCP12

KAB5573634.1

MASFQEHERGPEDEGGTSDLSTSAGDQEDNRNSGSFSSNECLKISTIDETEAFQVLPLKEEPID

SDPSSDPDQRTNSMGVVPLAMQRQTSMSISMPVPVTTTATIRRPSTKDRHTKVEGRGRRIRIP

ATCAARIFQLTRELRHKSDGETVRWLLEHAEQAIIEATGTGTVPAIAVSVGGTLKIPTTTSNNS

NSLTETPKKRKRPSRSEFCDISEAAAVSISQTSGLAPVTPTAPIAAAATPQGLVPVYAVGNTGM

MVPANAFWMIPQAATTASPANQQIWALSPSLNPVFNVAAARPISSIVASANSENETGVNTAA

AASVVNIPSEVEFRAPSPVAASTSVGAKVAKKSTMAPSLSSDSGGGKGGKAQMLRDFSLEIY
DKQELQLMGRPGNNQPR

SbTCP13

KAB5569131.1

MASIQRQEEDEDMRTVDLRINSRELPNIRASPTNKKNCNDMSVALKEEPCTEERSPTPPLGDM
PLAAVPMPLTTVAPPKRASTKDRHTKVEGRGRRIRMPAACAARIFQLTRELGHKSDGETIRW
LLERAEPAVIAATGTGTVPAIAMSVNGTLKIPTTTNSSSEPGELDATKKRKRPANSEYVDAND
TVSVSSSLALMTTQTPQPKPRLPPQPQQTVEAVPQSLVPMWAIPSNAVVPGAFFMLPSLAGPS
NQPQIFTFPAAATPLINISARPISSFVSSMQSNIAVAMPVSGSTASGSMTAKGISMMAPSSSSAC
TLSTSSTTTNRTPQMLRDFSLEIYDKQELQFMPRS

SbTCP14

KAB5538251.1

MFSSSSSFNPFQYANPTMIASTYADPENPSSIEYYSPTSFLQHFPDLFLDDDDLQVGELLSQQQ
QQPEVFGSNTHFLAVETPEINPEASNEESKRKINNSKKRGNVNTSKQPIRQRRTGKKDRHSKI
NTAQGPRDRRMRLSLQIARKFFDLQDMLGFDKASKTIEWLFTKSKAAIKELTDTVPKVRKWS
RTSAGGKSVSSTSESEVVSGIKLTLDRNGDRRVMEAKSDSLVSKPKEKRSKKVHKPVFENPVD
RESREKARARARDRTREKMKNKGIDKLSQSSQANPDSLEKFGYSSSSLEYGENFASGRQEINS
VKVVDEGEESNNHHHLLPHQMDHVSIIDKFFGITNSPRSSSIFDFSESVEVPTLKDEFSGFPLK
WDMTDGRVQYIYNALPNMKLPSGNVQAQNPNANFMTTPHALEQNSTTMIMARLNAHVEES
PNSAFMNMSNPNEQNPSSILKTIDNGNQFSSSRIFARDYDRL

SbTCP15

KAB5519866.1

MASETVLYNFSSTSNTQHQQPKLNNNSVVPSATPPATGGSQSKMAHPRKSTTSQSKDRHTKYV

HGRGRRVRMPALTAARVFQLTRELGHRSDGETIEWLLRHAEASIIASTGTGTIPSIPISTTVGST

PISSSSPPASCKVHPVNCIGPEMFSLLTAPSSRVDLDYRHMPFTALLLQPMAATVAVDAEEGR

QQEHKSAIFFLVPLVGLGLRNWKGRSSCKLLCSPFSTWLEANNMRADCTRLGRTIVLLTVSGI

WTHHLSLFPCYIVNPKRFSSSGFPPGRGLLQVSFCNMILICRRVENRNVLCLQPGESTGLAGAR
LFVDGGHDEIDEK

SbTCP16

KAB5557667.1

MLPFIDPQLPFPLSSPRSLLAFQLARSSPSNGYFYGFDCLWTELTVVPLVQLDHMASSKKPPPK
RTSTKDRHTKVDGRGRRIRMPALCAARVYKMIGSFLTKGLVMVFGYAYPAYECYKTVELNK
PEIEHLRFWCQYWILVAVLTVCERIGDAFISWVPMYSEAKLAFYIYLWYPKTKGTSYVYDSFF
RPYVAKHENDIDRSLLELRTRAGDMAVVYWQRAASYGQTRVFDVLQYIASQSTPRPRPAQF
KGVVSLVYKMQSCTRVSWHDHLYFYWRTLHVGDGKLQLGVPQPQGARARQPPAPSRQPST
NRQAIPAQAETEEPPSPTSSTSSSQNQMEVAEVEAGPSKVLETAVPAKAVPSKAVPSKAVPAT
ASNAQKENAAASEVFSQPKPTEDGAAVETEEAPSSTANENENPAPKETVMEQTVRVTRGRLR
KTRSEKNR

ShTCP17

KAB5516483.1

MITSSKEVDCPPKKEEDTKDGKISKASSSSAPWLRLKDPRIVRVSRAFGGKDRHSKVCTIRGL
RDRRVRLSVATAIQLYDLQDRLGLNQPSKVVDWLLNAAKQDIDELPPLPVMPGTFSLNHQA
MLGSSHELGASQSGKEVFKMNNSINWEDPNAFPRPNSWNADAFWRAKSKEVVMDQLNEKE
YWKKRNEEDTQDSNIEGNSAAQVSSSNFFHIATSHSSLPSLINNGMPY GSFFHLEPPNFPLSHM
GNHGFSTHTGDIHNLNSLPLSPALSLSSGSQFFVCQPGTTQSYFPSHVTASMENDPRQINHFQV
LTPSTQNLFPNSLTPSPYHTSQSMKPSQYFSATPSLLRSDQNSESPPDHKVDPGFPV
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ShTCP18

KAB5534493.1

MGWSSHGGRRLSGLVFSFRYKYVCPCDVGFDGSGNIEWQSLLGEAAEAAISGIRVVAAVAQ
PPRRASKQSPKFTRPEPTFVSKASKYARKMGESHHQAETSSRLGISDTVGEIVEVQGGHIVRST
GRKDRHSKVCTAKGPRDRRVRLSAHTAIQFYDVQDRLGYDRPSKAFDWLIKKARASIDELAE
LPPWDPATAGFTPKTSKTATRSTQQQSISDEKEHGLSVENVATSKTAAVAEVQNMQQQMAE
NLNSSSGFLPPSLDSDVIADTIKTFFPMDASTETSSPTIRFQNYPPDLLSRTSSQSQDLRLSLLSF
QEPILLQHQAHHHGHQAQSEHQVLFSGTTAHYLGFDCISGGWSEQQHPPEITRFQRNPVAWN
AEDVGGGGRAGLIFNASLPPTQTMPPSPLVQPLFGQNQFFSQRGTLQSSNTPSFRAWTDPAIN
LDHLQQQQTAISGIGFTASDGGFSGFRVPARVEGEEEECNKPSSVSSDSRRLVHCLRQSTMGL
RRCFQDWLEGWDSGRLEMNQSQIPWEKREIRMEFQDGRTMSQFSIDNRSCFAME

SbTCP19

KAB5521290.1

MGESHHQAATSSRLGIRNTVGEIVEVQGGHIVRSTGRKDRHSKVCTAKGPRDRRVRLSAHTA
IQFYDVQDRLGYDRPSKAVDWLIKKAKASIDELAELPAWDPTTAGFTPTTSKTTRRSTQRLNI
SDESEYQLSIENAAASKTAAAAIEAQNMQQQMDENPNCSSGFFPPSLDSDAIADTIKTFFPMG
ASTETSTPTIQFQNYPPDLLSRTSSQSQDLRLSLQSFQEPILLQHQAHHQAQNEHQVLLSGATA
HYVGLDGSSGGWSEQHHTPDITRFQRNLVAWNTAGGGGGGGLFFNTPVPPLQTMSPPPLVQ
PFFGQONQFFSQRGPLQSSNTPSVLAWIDPSITPDHHHHHHHQQQIPQIHHQQTAISGIGFTASG
GEFYGFRVPARIQGEEEEHDGIHNKPSSASSDTRH

ShTCP20

KAB5527026.1

MSAAPKEEPCTEERSPTPPLAVMPFAAIPMPLTTVTTPKRASTKDRHTKVEGRGRRIRMPATC
AARIFQLTRELGHKSDGETIRWLLEHAEPAIIAATGTGTVPAIAMSVYNGTLKIPTTTNSSGEPEE
PSAKKKRKRPANSEYVDVNDSVSISASFAPITTRPPQPQAPQTVAAVPQGLVPMWAIPSNTVV
PGAFFMVPTMPGPSNKPQIFTFPAAATPLINISPRPISSFVSSMQSNIAVALPVSGSKPGKGISM
MAPSSSSAHTIRTASTTTNSTPQMLRDFSLEIYDKQELQLMSRSSKQ

SbTCP21

KAB5529934.1

MELMESQRNSANQHGNSGGAKDHRHGQKQESVAASLQLVPLESRSSQLQQQHESTATTPTS
QGPAMGSISSQIGIHPSTSTSNSAL TKSTTKRPSKDRHTKVDGRGRRIRMPAMCAARVFQLTR
ELGHKSDGETIEWLLQQAEPAIIATTGTGTIPANFSTLNVSLRSSGATISSKSAPLSFHSGLAFY
DANNASDARRAMASNPPMLGFHHQLYPQNLVSDDNYMRKIFREDLFKETTQQQGTETIEAS
NSAKSRAGVQDQETAGSIRPTTNMLTTPMWAVAPAATTNGGNTFWMLPVGGGATPTASVQ
EPQMWTFPAAAAGVPSMQRVNFGGGGRVSSPVQLGSMIVQQQLGANQQLGLGISESNMGM
TLGGLNPYSSSRVGLGMNLEQHNQDNQPQGSDSGDENPNDSQ

ShTCP22

KAB5556618.1

MSDNSGAVNNGALIDPQRNQPPGSGGGGATNGALVVKKPPSKDRHSKVDGRGRRIRMPIICA
ARVFQLTRELGHKSDGQTIEWLLRQAEPSIIAATGTGTTPASFSTVSVSVRAGGNSNSISSLSSN
NVHSAASLDHKPLLGPAPFILGKRMRPEEDGNGGKDDGGVIVGPTIGSLMGPTSTAAAGSGG
FWALPARPDFWGFATAPPEMVVQPTAVQQSSLFMHQQHAAAAAAAAMGEASAARLGNYL
PGHLNLLASLSGGTGSSGRREEDQR

ShTCP23

KAB5529995.1

MSCGVLGAWSLRSAMAAVFGISNKEHSLGIHSLSKNPQLLQNQQQHGEAINSNQTEGVPNK
QSLHQTTEYAKYRRRPEMKSTGGEIQVQGGHIVRSTGRKDRHSKVYTAKGPRDRRVRLSAH
TAIQFYDVQDRLGYDRPSKAVDWLIKKAKNSIDMLAELPPWQPPANNINANLEENQNAGSSE
MGIAEEPESSGYSFQLHGQLTDHNPGNDSSFLEPTIDPDAIPDTMRSFFPTCSTNSSMSFQSYPT
VIARTANHTEDLGLSLHSFQDQVLLHGQSQAVTAQTPSTDQNLFEGSAPVGFDANFQRMMA
WSNDTNADNRVAGGFTSSPPLLTPHQAMLAQGSAFSQRGPLQSSFPISIRAWNDLHMASIEH

HRAQELHQSLIFSSRFASEGLTGFSIPARIHGENEQNVVSDRRPPSSSPNSQS

ShTCP24

KAB5561009.1

MIPSSKQVGSPAKKEENSNDSKISKASSSSETWLRLKDPRIVRVSRAFGGKDRHSKVCTIRGLR
DRRVRLSVPTAIQLYDLQDRLGLNQPSKVVDWLLNAAKHEIDELPPLPIPPGIFSLNRQAMPG
SSHEVGSSQSSKEVFKMSNSINWEDTSGFTRPGFWNADAILRAKSKEVAIDPVNEKENWKKR
DEEDKQDGNIEGNSAQVLSSSFFQRASHSSLPSLINNAMPY GSFFHLETPSFPLSHMGNHGFA
AQTGDIHNLNVLPFSSALSLSSGSQILVCPPVTTQSYFPSHATASMEIDPRQINHFQWLTPSTQN
LLPNSLTPSPYPINQSMRPYSQYFNVTPRVLHSHNSESPPDKDLFPCK

SbTCP25

KAB5561725.1

MNSKSTSKIKVDDPKSRKDRRLKVNGRDRRIRLPINCAARIFQLTRELVTGNGAPATSVNTTM
VPQPPGLHPSAGSVGLS
SSNIYACEPRSTEPIQAQGLNIKEKNSEVRENDPLVFPPGFDNLGTNFDMEFLLK

ShTCP26

KAB5573228.1

MKPNILTDGIERTGKYMPFRGHLLQSKRLLFSSVPMEPKGPNHHQLQVPSFLNPPQKASVPES
NINNHNRHPAEIKDFQI
MIANRDDNKKQLAPKRSSNKDRHKKVDGRGRRIRMPALCAARIFQLTRELGNKSDGETIQW
LLQQAEPSIIAATGTGTIPASALAVAGASVSEQGNSVSAGLHAKTEGLGPADTGSRDRTNWT
MMNTNLGRSNLASGVWPSAAGIGSGFVPNSGQSASNFGNENSNTLPKYGFHGVEFPNINMG
LMSFYSMFSGTNQQFPGLELGLSQDGMFNPQASSPFYQQMVQGRGVLNSLNEEQQQEQPPD
KDDSQGSRQ

ShTCP27

KAB5524813.1

MISNPRDKGLRGKQAGGGSSHEAGKISEATPSTSSRQWSAFRNPRIVRVSRTFGGKDRHSKVC
TVRGLRDRRIRLSVPTAIQLYDLQHKLGLSQPSKVVDWLLDATKNDIDKLPPLQIPLPGYGQF
HQPVLFSHQSNIASPFFDPNSTFIKDVGFHSLGMKIDTSAADLDGRVQNCSSTGFSRDIEASTR
AKDKQAETITEKGKWIRANEGGGIGSYSAAEQVSAQNFFPLATHSSMPTLLSNTNMPFENSYH
WEASNLSLSTEFGSHGFQSQAENSLNSPSSLPLSSGSQLFFCPPPPMPPLFPSYPPCVNESRDMN
HFQLLSSSSSQHILPTSRAMSSRTKPFSLNLNPGEDK
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ShTCP28

KAB5512700.1

MNMIERLQRVEKDVKKSVLVGRIKVLILLERNSPHSSLFFLWDLTLTRDRDRWGGNLHIRKL
QIKLFWEHQFCDLWKQEATATILGEKNLKIRNLDFQRNQQHPHNPIHQIIQPRPEEAEEQSLGT
QSLSQHPQLLHLQNQQQYGEAINPNQPEVVPSTESLEYAKHSQRMGMKSTAGEIIQVQGGHI
VRSTGRKDRHSKVYTAKGPRDRRVRLSAHTAIQFYDVQDRLGYDRPSKAVDWLIKKAKSSI
DKLAELPPWQPTANNANENLEANQNAGSSEMAIAEEPGSSGY TFQLHRQLADHNPSNDSSFL
APTIDPDAMKSFFPTSSANSSMNFQSYPTVISRSTNHTEDLGLSLHSFQDQGLLHGQSQADTT
HTPSTDHNLFEGSAPVGFDHANFQRMVAWSNDTNAENRVAGGFTFNPPPLTPHQAMLAQAQ
AFSQRGPLQSSFPHSIRSWNDVHMASTDHHRAQEIHQSLIFGSRFVSDGLSGFSIPSRIHGEDEQ
NVVSDRPSSSSPNSQN

SbTCP29

KAB5512590.1

MELMESQRNNRNQQRNGGADEDHHGQKEESAAASLQLVAPLESQSSQLQQHHGSTASPTSQ
GPFMGSIASQAGVHPSTSTSNSTITKSTVKRPSKDRHTKVDGRGRRIRMPAMCAARVFQLTRE
LGHKSDGETIEWLLQQAEPSIIATTGTGTIPANFSTLNVSLRSSGATISPSVSKSAPLSFHSGLAF
YDANDASDTRRAMASNPHMLGFHHQLYPQNLVSDDNYLRK TFREDLFKETTQQRSTETIEA
SNSGKSRTGVQDQETAGSFRPATNILPTPMWAVAPAATTNGGNTFWMLPVGGGAAPAAAVP
EPQMWTFPTAGAAAAGVTSMQRVNFGGSGRVSSPVQLGSMIVQQPVGANQQLGLGISESSM
GMIFGGASAYNSSRVGLGMNLDQNNQENQPQGSDSGDENPNDSQ

ShTCP30

KAB5560754.1

MEAEEIQRQPCKFSRGGSGRSDTSRIAQNGCGDHQYPDEEEDGELKRSNPSSGGGAINRLRE

WHHSSRIIRVSRASGGKDRHSKVWTSQGLRDRRVRLSVTTAIQFYDLQDRLGYDQPSKAVE

WLIKAAQDSINELPPLSHPFPDTPKQLSDEKRTSDGTEQGFDSADVELNDPNFNQNQNQNQN
QNQHLSLSRSACSSTSETSKGSGLSLARSGLRVNRVKARDRARERTAKERENETRNAHHHPIS
QONSTFTELLTGGIGNVSNNNNSNSSSSNNNNAASPSEANLFQKAAASRQWPLTPMDYIGTGL
LGPSSSRATHHSSGFPGQIQLGNSIPQPMTMSVPPFNVSGESHQEQLQHFPFVSDHLIPVAATT
QPVGDYNLNFTISSSLAAGFNRGTLQSNSSSPSFFSHLQRFSTSSPIDGSTTNVPFLLGAQPQSM

ENHHHHQFPHGLQLCYGDGTRHSDQKGKGKN

Table 4b. The identification of TCPs in A. thaliana

TCP
gene

Gene IDin
genome

Amino acid sequence

AtTCP1

AT1G67260.1

MSSSTNDYNDGNNNGVYPLSLYLSSLSGHQDIIHNPYNHQLKASPGHMVSAVPESLIDYMAF
KSNNVVNQQGFEFPEVSKEIKKVVKKDRHSKIQTAQGIRDRRVRLSIGIARQFFDLQDMLGFD
KASKTLDWLLKKSRKAIKEVVQAKNLNNDDEDFGNIGGDVEQEEEKEEDDNGDKSFVYGLS
PGYGEEEVVCEATKAGIRKKKSELRNISSKGLGAKARGKAKERTKEMMAYDNPETASDITQS
EIMDPFKRSIVFNEGEDMTHLFYKEPIEEFDNQESILTNMTLPTKMGQSYNQNNGILMLVDQS
SSSNYNTFLPQNLDYSYDQNPFHDQTLYVVTDKNFPKGKVWIQDSFVN

AtTCP2

ATAG18390.1

MIGDLMKNNNNGDVVDNEVNNRLSRWHHNSSRIIRVSRASGGKDRHSKVLTSKGPRDRRVR
LSVSTALQFYDLQDRLGYDQPSKAVEWLIKAAEDSISELPSLNNTHFPTDDENHQNQTLTTVA
ANSLSKSACSSNSDTSKNSSGLSLSRSELRDKARERARERTAKETKERDHNHTSFTDLLNSGS
DPVNSNRQWMASAPSSSPMEYFSSGLILGSGQQTHFPISTNSHPFSSISDHHHHHPHHQHQEFS
FVPDHLISPAESNGGAFNLDFNMSTPSGAGAAVSAASGGGFSGFNRGTLQSNSTNQHQSFLA
NLQRFPTSESGGGPQFLFGALPAENHHHNHQFQLYYENGCRNSSEHKGKGKN

AtTCP3

AT1G53230.1

MAPDNDHFLDSPSPPLLEMRHHQSATENGGGCGEIVEVQGGHIVRSTGRKDRHSKVCTAKGP

RDRRVRLSAPTAIQFYDVQDRLGFDRPSKAVDWLITKAKSAIDDLAQLPPWNPADTLRQHAA

AAANAKPRKTKTLISPPPPQPEETEHHRIGEEEDNESSFLPASMDSDSIADTIKSFFPVASTQQS

YHHQPPSRGNTQNQDLLRLSLQSFQNGPPFPNQTEPALFSGQSNNQLAFDSSTASWEQSHQSP

EFGKIQRLVSWNNVGAAESAGSTGGFVFASPSSLHPVYSQSQLLSQRGPLQSINTPMIRAWFD

PHHHHHHHQQSMTTDDLHHHHPYHIPPGIHQSAIPGIAFASSGEFSGFRIPARFQGEQEEHGGD
NKPSSASSDSRH

AtTCP4

AT3G15030.1

MSDDQFHHPPPPSSMRHRSTSDAADGGCGEIVEVQGGHIVRSTGRKDRHSKVCTAKGPRDRR
VRLSAHTAIQFYDVQDRLGFDRPSKAVDWLIKKAKTSIDELAELPPWNPADAIRLAAANAKP
RRTTAKTQISPSPPPPQQQQQQQQLQFGVGFNGGGAEHPSNNESSFLPPSMDSDSIADTIKSFF
PVIGSSTEAPSNHNLMHNYHHQHPPDLLSRTNSQNQDLRLSLQSFPDGPPSLLHHQHHHHTSA
SASEPTLFYGQSNPLGFDTSSWEQQSSEFGRIQRLVAWNSGGGGGATDTGNGGGFLFAPPTPS
TTSFQPVLGQSQQLYSQRGPLQSSYSPMIRAWFDPHHHHQSISTDDLNHHHHLPPPVHQSAIP
GIGFASGEFSSGFRIPARFQGQEEEQHDGLTHKPSSASSISRH

AtTCP5

AT5G60970.1

MRSGECDEEEIQAKQERDQNQNHQVNLNHMLQQQQPSSVSSSRQWTSAFRNPRIVRVSRTFE
GGKDRHSKVCTVRGLRDRRIRLSVPTAIQLYDLQDRLGLSQPSKVIDWLLEAAKDDVDKLPP
LQFPHGFNQMYPNLIFGNSGFGESPSSTTSTTFPGTNLGFLENWDLGGSSRTRARLTDTTTTQR
ESFDLDKGKWIKNDENSNQDHQGFNTNHQQQFPLTNPYNNTSAYYNLGHLQQSLDQSGNN
VTVAISNVAANNNNNLNLHPPSSSAGDGSQLFFGPTPPAMSSLFPTYPSFLGASHHHHVVDGA

GHLQLFSSNSNTASQQHMMPGNTSLIRPFHHLMSSNHDTDHHSSDNESDS

AtTCP6

AT5G41030.1

MVMEPKKNQNLPSFLNPSRQNQDNDKKRKQTEVKGFDIVVGEKRKKKENEEEDQEIQILYE

KEKKKPNKDRHLKVEGRGRRVRLPPLCAARIYQLTKELGHKSDGETLEWLLQHAEPSILSAT

VNGIKPTESVVSQPPLTADLMICHSVEEASRTQMEANGLWRNETGQTIGGFDLNYGIGFDFN
GVPEIGFGDNQTPGLELRLSQVGVLNPQVFQQMGKEQFRVLHHHSHEDQQQSAEENGS
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ALTCP7

AT5G23280.1

MSINNNNNNNNNNNDGLMISSNGALIEQQPSVVVKKPPAKDRHSKVDGRGRRIRMPIICAAR
VFQLTRELGHKSDGQTIEWLLRQAEPSIIAATGTGTTPASFSTASVSIRGATNSTSLDHKPTSLL
GGTSPFILGKRVRADEDSNNSHNHSSVGKDETFTTTPAGFWAVPARPDFGQVWSFAGAPQE
MFLQQQHHHQQPLFVHQQQQQQAAMGEASAARVGNY LPGHLNLLASLSGGSPGSDRREED
PR

AtTCP8

AT1G58100.1

MDLSDIRNNNNDTAAVATGGGARQLVDASLSIVPRSTPPEDSTLATTSSTATATTTKRSTKDR
HTKVDGRGRRIRMPALCAARVFQLTRELGHKSDGETIEWLLQQAEPAIVAATGTGTIPANFST
LSVSLRSSGSTLSAPPSKSVPLYGALGLTHHQYDEQGGGGVFAAHTSPLLGFHHQLQHHQNQ
NQNQDPVETIPEGENFSRKRYRSVDLSKENDDRKQNENKSLKESETSGPTAAPMWAVAPPSR
SGAGNTFWMLPVPTTAGNQMESSSNNNTAAGHRAPPMWPFVNSAGGGAGGGGGAATHFM
AGTGFSFPMDQYRGSPLQLGSFLAQPQPTQNLGLSMPDSNLGMLAALNSAYSRGGNANANA
EQANNAVEHQEKQQQSDHDDDSREENSNSSE

AtTCP9

AT2G45680.1

MATIQKLEEVAGKDQTLRAVDLTIINGVRNVETSRPFQVNPTVSLEPKAEPVMPSFSMSLAPP
SSTGPPLKRASTKDRHTKVEGRGRRIRMPATCAARIFQLTRELGHKSDGETIRWLLENAEPAII
AATGTGTVPAIAMSVNGTLKIPTTTNADSDMGENLMKKKRKRPSNSEY IDISDAVSASSGLAP
IATTTTIQPPQALASSTVAQQLLPQGMYPMWAIPSNAMIPTVGAFFLIPQIAGPSNQPQLLAFP
AAAASPSSYVAAVQQASTMARPPPLQVVPSSGFVSVSDVSGSNLSRATSVMAPSSSSGVTTGS
SSSIATTTTHTLRDFSLEIYEKQELHQFMSTTTARSSNH

AtTCP10

AT2G31070.1

MGLKGYSVGEGGGEIVEVQGGHIIRATGRKDRHSKVFTSKGPRDRRVRLSAHTAIQFYDVQD
RLGYDRPSKAVDWLIKKAKTAIDKLELGETTTTTTRQEPVNTKPESPTLVFQRENNDQTQFV
AANLDPEDAMKTFFPATTTTNGGGGTNINFQNYPHQDDNNMVSRTTTPPPNLSQDLGLSLHP
FQGNNNTVVVPETNNFTTTHFDTFGRISGWNHHDLTMTSSSSSEHQQQEQEERSNGGFMVN
HHPHHHHHQPSMMTLLNSQQQQVFLGGQQQQQQRGTLQSSLFPHSFRSWDHHQTTSDHHH
HQNQASSMFASSSQYGSHGMMMMQGLSFPNTTRLLHGEEATQPNSSSSPPNSHL

AtTCP11

AT2G37000.1

MIFQNVCRNESNFNAIASESRSQTQFGVSKSSSSGGGCISARTKDRHTKVNGRSRRVTMPALA
AARIFQLTRELGHKTEGETIEWLLSQAEPSIIAATGYGTKLISNWVDVAADDSSSSSSMTSPQT
QTQTPQSPSCRLDLCQPIGIQYPVNGYSHMPFTAMLLEPMTTTAESEVEIAEEEERRRRHH

AtTCP12

AT1G68800.1

MFPSLDTNGYDLFDPFIPHQTTMFPSFITHIQSPNSHHHY SSPSFPFSSDFLESFDESFLINQFLLQ
QQDVAANVVESPWKFCKKLELKKKNEKCVDGSTSQEVQWRRTVKKRDRHSKICTAQGPRD
RRMRLSLQIARKFFDLQDMLGFDKASKTIEWLFSKSKTSIKQLKERVAASEGGGKDEHLQVD
EKEKDETLKLRVSKRRTKTMESSFKTKESRERARKRARERTMAKMKMRLFETSETISDPHQE
TREIKITNGVQLLEKENKEQEWSNTNDVHMVEYQMDSVSIIEKFLGLTSDSSSSSIFGDSEECY
TSLSSVRGMSTPREHNTTSIATVDEEKSPISSFSLYDYLCY

AtTCP13

AT3G02150.2

MNIVSWKDANDEVAGGATTRREREVKEDQEETEVRATSGKTVIKKQPTSISSSSSSWMKSKD
PRIVRVSRAFGGKDRHSKVCTLRGLRDRRVRLSVPTAIQLYDLQERLGVDQPSKAVDWLLDA
AKEEIDELPPLPISPENFSIFNHHQSFLNLGQRPGQDPTQLGFKINGCVQKSTTTSREENDREKG
ENDVVYTNNHHVGSYGTYHNLEHHHHHHQHLSLQADYHSHQLHSLVPFPSQILVCPMTTSP
TTTTIQSLFPSSSSAGSGTMETLDPRQMVSHFQMPLMGNSSSSSSQNISTLYSLLHGSSSNNGG
RDIDNRMSSVQFNRTNSTTTANMSRHLGSERCTSRGSDHHM

AtTCP14

AT3G47620.1

MQKPTSSILNVIMDGGDSVGGGGGDDHHRHLHHHHRPTFPFQLLGKHDPDDNHQQQPSPSSS
SSLFSLHQHQQLSQSQPQSQSQKSQPQTTQKELLQTQEESAVVAAKKPPLKRASTKDRHTKY
DGRGRRIRMPALCAARVFQLTRELGHKSDGETIEWLLQQAEPSVIAATGTGTIPANFTSLNISL
RSSGSSMSLPSHFRSAASTFSPNNIFSPAMLQQQQQQQRGGGVGFHHPHLQGRAPTSSLFPGID
NFTPTTSFLNFHNPTKQEGDQDSEELNSEKKRRIQTTSDLHQQQQQHQHDQIGGYTLQSSNSG
STATAAAAQQIPGNFWMVAAAAAAGGGGGNNNQTGGLMTASIGTGGGGGEPVWTFPSINT
AAAALYRSGVSGVPSGAVSSGLHFMNFAAPMAFLTGQQQLATTSNHEINEDSNNNEGGRSD
GGGDHHNTQRHHHHQQQHHHNILSGLNQYGRQVSGDSQASGSLGGGDEEDQQD

AtTCP15

AT1G69690.1

MDPDPDHNHRPNFPLQLLDSSTSSSSTSLAIISTTSEPNSEPKKPPPKRTSTKDRHTKVEGRGRR

IRMPAMCAARVFQLTRELGHKSDGETIEWLLQQAEPAVIAATGTGTIPANFTSLNISLRSSRSS

LSAAHLRTTPSSYYFHSPHQSMTHHLQHQHQVRPKNESHSSSSSSSQLLDHNQMGNYLVQST

AGSLPTSQSPATAPFWSSGDNTQNLWAFNINPHHSGVVAGDVYNPNSGGSGGGSGVHLMNF

AAPIALFSGQPLASGYGGGGGGGGEHSHYGVLAALNAAYRPVAETGNHNNNQQNRDGDHH
HNHQEDGSTSHHS

AtTCP16

AT3G45150.1

MDSKNGINNSQKARRTPKDRHLKIGGRDRRIRIPPSVAPQLFRLTKELGFKTDGETVSWLLQN
AEPAIFAATGHGVTTTSNEDIQPNRNFPSYTFNGDNISNNVFPCTVVNTGHRQMVFPVSTMTD
HAPSTNYSTISDNYNSTFNGNATASDTTSAATTTATTTV

AtTCP17

AT5G08070.1

MGIKKEDQKSSLSLLTQRWNNPRIVRVSRAFGGKDRHSKVCTVRGLRDRRIRLSVMTAIQVY

DLQERLGLSQPSKVIDWLLEVAKNDVDLLPPLQFPPGFHQLNPNLTGLGESFPGVFDLGRTQR

EALDLEKRKWVNLDHVFDHIDHHNHFSNSIQSNKLYFPTITSSSSSYHYNLGHLQQSLLDQSG
NVTVAFSNNYNNNNLNPPAAETMSSLFPTRYPSFLGGGQLQLFSSTSSQPDHIE
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MNNNIFSTTTTINDDYMLFPYNDHYSSQPLLPFSPSSSINDILIHSTSNTSNNHLDHHHQFQQPS
PFSHFEFAPDCALLTSFHPENNGHDDNQTIPNDNHHPSLHFPLNNTIVEQPTEPSETINLIEDSQ
RISTSQDPKMKKAKKPSRTDRHSKIKTAKGTRDRRMRLSLDVAKELFGLQDMLGFDKASKT
AtTCP18 | AT3G18550.1 | VEWLLTQAKPEIKIATTLSHHGCFSSGDESHIRPVLGSMDTSSDLCELASMWTVDDRGSNTN
TTETRGNKVDGRSMRGKRKRPEPRTPILKKLSKEERAKARERAKGRTMEKMMMKMKGRSQ
LVKVVEEDAHDHGEIKNNNRSQVNRSSFEMTHCEDKIEELCKNDRFAVCNEFIMNKKDHIS
NESYDLVNYKPNSSFPVINHHRSQGAANSIEQHQFTDLHYSFGAKPRDLMHNYQNMY

MESNHEGNAIQVIDQVTTMTHLSDPNPKTKPGMMLMKQEDGYLQPVKTKPAPKRPTSKDRH
TKVEGRGRRIRMPAGCAARVFQLTRELGHKSDGETIRWLLERAEPAIIEATGTGTVPAIAVSV
AtTCP19 | AT5G51910.1 |NGTLKIPTSSPVLNDGGRDGDGDLIKKRRKRNCTSDFVDVNDSCHSSVTSGLAPITASNYGVN
ILNVNTQGFVPFWPMGMGTAFVTGGPDQMGQMWAIPTVATAPFLNVGARPVSSYVSNASD
AEAEMETSGGGTTQPLRDFSLEIYDKRELQFLGGSGNSSPSSCHET

MDPKNLNRHQVPNFLNPPPPPRNQGLVDDDAASAVVSDENRKPTTEIKDFQIVVSASDKEPN

KKSQNQNQLGPKRSSNKDRHTKVEGRGRRIRMPALCAARIFQLTRELGHKSDGETIQWLLQQ

AEPSIIAATGSGTIPASALASSAATSNHHQGGSLTAGLMISHDLDGGSSSSGRPLNWGIGGGEG

VSRSSLPTGLWPNVAGFGSGVPTTGLMSEGAGYRIGFPGFDFPGVGHMSFASILGGNHNQMP

GLELGLSQEGNVGVLNPQSFTQIYQQMGQAQAQAQGRVLHHMHHNHEEHQQESGEKDDSQ
GSGR

MADNDGAVSNGIHVEQTSNKGPLNAVKKPPSKDRHSKVDGRGRRIRMPIICAARVFQLTREL
GHKSDGQTIEWLLRQAEPSIIAATGTGTTPASFSTASLSTSSPFTLGKRVVRAEEGESGGGGGG
GLTVGHTMGTSLMGGGGSGGFWAVPARPDFGQVWSFATGAPPEMVFAQQQQPATLFVRHQ

QQQQASAAAAAAMGEASAARVGNYLPGHHLNLLASLSGGANGSGRREDDHEPR

MNQNSSVAEATLQLNSGEKPSPGSIPFISSGQHGNISTSATSSTSTSSGSALAVVKSAVKKPTK

DRHTKVDGRGRRIRMPAMCAARVFQLTRELGHKSDGETIEWLLQQAEPAIIASTGTGTIPANF

STLNASLRSGGGSTLFSQASKSSSSPLSFHSTGMSLYEDNNGTNGSSVDPSRKLLNSAANAAY

AITCP22| AT1G72010.1 | FGFHHQMYPPIMSTERNPNTLVKPYREDYFKEPSSAAEPSESSQKASQFQEQELAQGRGTAN

VVPQPMWAVAPGTTNGGSAFWMLPMSGSGGREQMQQQPGHQMWAFNPGNYPVGTGRVV

TAPMGSMMLGGQQLGLGVAEGNMAAAMRGSRGDGLAMTLDQHQHQLQHQEPNQSQASE
NGGDDKK

MESHNNNQSNNNTTGSAHLVPSMGPISGSVSLTTTAPNSTTTTVTAAK TPAKRPSKDRHIKVD
GRGRRIRMPAICAARVFQLTRELQHKSDGETIEWLLQQAEPAIIAATGTGTIPANISTLNISLRS
SGSTLSAPLSKSFHMGRAAQNAAVFGFQQQLYHPHHITTDSSSSSLPKTFREEDLFKDPNFLD
QEPGSRSPKPGSEAPDQDPGSTRSRTQNMIPPMWALAPTPASTNGGSAFWMLPVGGGGGPA
NVQDPSQHMWAFNPGHYPGRIGSVQLGSMLVGGQQLGLGVAENNNLGLFSGGGGDGGRV
GLGMSLEQKPQHQVSDHATRDQNPTIDGSP

MEVDEDIELQKHQEQQSRKLQRFSEDNTGLMRNWNNPSSRIIRVSRASGGKDRHSKVLTSKG

LRDRRIRLSVATAIQFYDLQDRLGFDQPSKAVEWLINAASDSITDLPLLNTNFDHLDQNQNQT

KSACSSGTSESSLLSLSRTEIRGKARERARERTAKDRDKDLQNAHSSFTQLLTGGFDQQPSNR

NWTGGSDCFNPVQLQIPNSSSQEPMNHPFSFVPDYNFGISSSSSAINGGYSSRGTLQSNSQSLF

LNNNNNITQRSSISSSSSSSSPMDSQSISFFMATPPPLDHHNHQLPETFDGRLYLYYGEGNRSSD
DKAKERR

AtTCP20 | AT3G27010.1

AtTCP21 | AT5G08330.1

AtTCP23 | AT1G35560.1

AtTCP24 | AT1G30210.1

We performed an orthologous alignment between PpTCPs/PeTCPs and AtTCPs to
explore the potential functions of PpTCPs/PeTCPs and found that 12 PpTCPs
(PpTCP3, PpTCP4, PpTCP5, PpTCP7, PpTCP10, PpTCP11, PpTCP12, PpTCP13,
PpTCP19, PpTCP23, PpTCP27, and PpTCP28) and 15 PeTCPs (PeTCP2, PeTCP3,
PeTCP7, PeTCP9, PeTCP10, PeTCP11, PeTCP12, PeTCP13, PeTCP16, PeTCP19,
PeTCP23, PeTCP25, PeTCP26, PeTCP28, and PeTCP29) were orthologous genes in
Arabidopsis. These results supported the reliability of the evolutionary tree of TCPs
between the Populus sect. Turanga and Arabidopsis.

Expression patterns of TCPs in different leaf morphology in Populus sect. Turanga

The gene expression levels of PpTCPs/PeTCPs were analyzed by RNA-Seq
sequencing to explore the expression patterns of PpTCPs/PeTCPs in different leaf
morphology. After removing low-quality reads, a total of 396,962,572 clean reads were
obtained in P. pruinosa. The percentages of Q30 and GC were 91.7%-94.63% and
43.6%-45.6%, respectively. Meanwhile, a total of 681,315,674 clean reads were
obtained in P. euphratica. The percentages of Q30 and GC were 93.49%-95.41% and
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43.3%-44.8%, respectively. This indicated that the quality of the transcriptome
sequencing data of P. pruinosa and P. euphratica was high enough for subsequent

analysis.
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Figure 6. A neighbor-joining phylogenetic tree of Populus sect. Turanga and A. thaliana. (A) A
neighbor-joining phylogenetic tree of P. pruinosa and A. thaliana. (B) A neighbor-joining
phylogenetic tree of P. euphratica and A. thaliana
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The analysis of the expression patterns of TCPs in the Populus sect. Turanga showed
that the expression levels of PpTCP9, PpTCP15, and PpTCP27 (homologous to AtTCP5)
in the oblong and round leaves were lower than broad ovate, and five PpTCPs expression
levels in the round leaves were higher than that in the oblong and broad ovate leaves, such
as PpTCP12 (homologous to AtTCP7), PpTCP23 (homologous to AtTCP23) (Fig. 7C;
Table 5a). In P. euphratica, the expressions of 11 PeTCPs, such as PeTCP11
(homologous to AtTCP8) and PeTCP28 (homologous to AtTCP5), expression levels in
broad ovate leaves were higher than that in oblong and ovate leaves (Fig. 7D; Table 5b).
A total of 11 PpTCPs contained CAT-box, of which seven PpTCPs expression levels
were upregulated in oblong leaves (e.g., PpTCP1, PpTCP3, PpTCP8, PpTCP13,
PpTCP14, PpTCP19, and PpTCP30). In addition, 16 PpTCPs contained TC-rich repeats
in cis-acting elements, six PpTCPs (PpTCP3, PpTCP6, PpTCP8, PpTCP10, PpTCP13,
and PpTCP20) expression levels were upregulated in oblong leaves, and three PpTCPs
(PpTCP12, PpTCP22, and PpTCP31) were upregulated in round leaves; 18 PpTCPs
contained ABRE cis-acting elements, of which seven PpTCPs (PpTCP1, PpTCP2,
PpTCP6, PpTCP10, PpTCP16, PpTCP17, and PpTCP18) expression levels were
upregulated in oblong leaves. Moreover, two PpTCPs (PpTCP21 and PpTCP23)
expression levels were upregulated in round leaves, and two PpTCPs (PpTCP9 and
PpTCP15) expression levels were upregulated in broad ovate leaves (Electronic Appendix
3a). Furthermore, nine PeTCPs contained CAT-box, among which four PeTCPs
expression levels were upregulated in broad ovate leaves (for example, PeTCP1,
PeTCP5, PeTCP25, and PeTCP34). A total of 12 PeTCPs contained TC-rich repeats cis-
acting elements, of which two PeTCPs (PeTCP2 and PeTCP6) expression levels were
upregulated in linear leaves, three PeTCPs (PeTCP20, PeTCP23, and PeTCP24)
expression levels were upregulated in broad ovate leaves, and 20 PeTCPs (PeTCP20,
PeTCP23, and PeTCP24) contain ABRE cis-acting elements, of which two PeTCPs
(PeTCP6 and PpTCP31) expression levels were upregulated in linear leaves, one PeTCP
(PeTCP13) expression level was upregulated in ovate leaves, and 10 PeTCPs (PeTCP1,
PeTCP4, PeTCP5, PeTCP7, PeTCP11, PeTCP14, PeTCP23, PeTCP24, PeTCP25, and
PeTCP32) expression levels were upregulated in broad ovate leaves (Electronic Appendix
3b). Among them, there are CAT-box and TC-rich repeats cis-acting elements in the
promoters of PpTCP8, PpTCP13, and PeTCP2, ABRE and TGA-element cis-acting
elements in the promoters of PpTCP18, CAT-box, and ABRE cis-acting elements in the
promoters of PpTCP1, PeTCP1, PeTCP5, and PeTCP25. These results indicate that
PpTCPs/PeTCPs have dynamic changes in the process of poplar leaf morphology.
Moreover, PpTCPs/PeTCPs may be involved in the regulation of leaf morphology in the
Populus sect. Turanga. In addition, some PpTCPs and PeTCPs lack expression
information (e.g., PpTCP4, PpTCP11, and PpTCP22, etc.), which possibly indicates that
these are pseudogenes or are expressed only under special conditions.

Table 5a. Expression of PpTCPs in three leaf shapes of P. pruinosa

Gene ID in

PpTCP gene genome

Pp_LOF 1 | Pp_LOF 2 | Pp_LOF 3| Pp.CF1 | Pp.CF2 | Pp_.CF 3 | Pp_BOF_1 | Pp_BOF_2 | Pp_BOF_3

PpTCP1 | PprTF01G0485 | 0.496527 0.304383 0.238924 0.573882 0.468835 0.368809 0.209621 1.355704 0.746733
PpTCP2 | PprTF01G0945 | 8.100595 6.407289 13.83313 7.914284 8.822757 12.46217 8.703259 11.98129 18.01558
PpTCP3 | PprTF01G2752 | 32.65648 14.62331 25.06645 24.00908 23.99753 26.20363 19.93702 23.94489 14.41347
PpTCP4 | PprTFO1G3161 | 118.0275 96.23908 70.7172 100.1984 81.42838 58.97735 121.8302 109.8492 105.9065
PpTCP5 | PprTF02G1396 | 4.266036 9.185717 9.50161 1.274154 3.985363 3.827708 1.123666 0.604428 2.979659
PpTCP6 | PprTF03G1426 | 7.628499 6.828698 9.582638 6.723079 6.656298 9.007969 6.579758 7.501992 9.439015
PpTCP7 | PprTF04G0329 | 38.84488 38.96642 26.79684 34.76294 35.04028 21.74104 28.20439 19.6759 14.56901
PpTCP8 | PprTFO4G0501 | 43.30738 40.90691 53.88897 30.38738 31.20461 40.94036 28.85948 31.23158 36.62663
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PpTCP9 | PprTF04G0806 0 0 0 0 0 0 0 0 0
PpTCP10 | PprTF04G0910 | 15.82712 16.9993 35.67007 8.530254 12.36972 32.87297 8.3376 12.09226 21.35519
PpTCP11 | PprTF04G1758 #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
PpTCP12 | PprTFO5G0677 | 63.58367 82.98757 54.76671 62.35713 60.75347 33.22623 39.44052 35.94786 22.33412
PpTCP13 | PprTF06G1062 | 2.371225 3.385167 1.950956 3.242545 3.994873 1.77038 2.751948 1.3306 1.457915
PpTCP14 | PprTFO7G0637 | 27.22991 39.17136 35.94096 19.48389 26.64474 24.58399 16.81429 16.11779 14.83702
PpTCP15 | PprTF08G1035 | 1.079699 0.610352 1.258749 0 0 0 0 0 0
PpTCP16 | PprTF09G0110 0 0 0 0 0 0 0 0 0
PpTCP17 | PprTF10G1116 0 0 0 0 0 0 0 0 0
PpTCP18 | PprTF11G0334 | 9.406084 14.95391 4.522309 7.487578 10.60931 2.439363 4.491916 1.944481 1.229755
PpTCP19 | PprTF11G0540 | 58.24596 42.73195 43.30865 48.2766 46.00862 46.914 56.31674 48.11705 56.29636
PpTCP20 | PprTF11G0622 | 14.60224 20.44063 10.26936 10.95716 19.8027 9.395383 9.615374 18.07886 11.61753
PpTCP21 | PprTF12G0077 | 0.234139 0.133707 0.270613 0 0 0 0 0 0
PpTCP22 | PprTF12G0730 | 1.337184 0.503704 0.720352 0.468177 0.870743 0.704534 0.4952 0.934392 1.128291
PpTCP23 | PprTF13G0866 | 14.00889 10.89207 11.52742 11.68833 16.98406 7.250685 10.20131 15.08822 5.385047
PpTCP24 | PprTF13G0942 | 31.72127 23.14506 21.58299 24.0809 18.2058 20.54935 17.27254 20.07247 11.19798
PpTCP25 | PprTF14G1024 | 15.08943 10.75743 7.696964 8.891618 14.2918 6.566007 7.965655 6.250122 5.660923
PpTCP26 | PprTF15G0431 | 0.519123 0.047527 0.451777 0 0 0 0 0 0
PpTCP27 | PprTF15G0488 | 1.688541 1.287277 1.58112 0.910027 0.908178 1.873439 0.483369 1.140617 1.225727
PpTCP28 | PprTF15G1133 1.02372 0.588163 1.271452 0.520864 0.583492 0.638101 0.874001 1.242964 1.597083
PpTCP29 | PprTF16G0759 | 1.186226 2.05425 3.728416 0.698987 1.328511 2.027888 0.356574 0.931482 2.297893
PpTCP30 | PprTF19G0500 | 5.621068 7.807122 6.493599 5.243568 4.601569 4.247828 4.042048 3.061675 2.315325
PpTCP31 | PprTF19G0575 | 0.067657 3.117332 1.6662 0.138588 2.741526 1.483087 0.100104 1.789406 1.469542
PpTCP32 | PprTF19G0791 | 4.621033 4.171856 2.203539 3.752666 2.23274 0.913259 4.315103 1.063693 1.128077
PpTCP33 [PprTF001Sca0109| 0.548383 0.08442 0.634428 0.042393 0 0 0 0 0
Table 5b. Expression of PeTCPs in four leaf shapes of P. euphratica

P;;C;P Gene ID ingenome [ Pe_Li_1|Pe_Li_2|Pe Li_3|Pe_La_1|Pe_La 2|Pe_La 3|Pe_Ov_1|Pe_Ov_2|Pe_Ov_3|Pe_Bo_1|Pe_Bo_2|Pe_Bo_3
PeTCP1 | PeuTF01G00582.1 |0.304071|0.984902 | 1.238447|0.562928 | 0.748769 | 1.135153 | 0.457452 | 1.032856 | 0.940477 | 0.569987 | 1.33492 | 1.256
PeTCP2 | PeuTF01G03221.1 |6.949008 |11.20156 |11.32982 |5.749684 | 6.900757 | 11.98944 | 5.565426 | 6.368849 | 9.349638 | 5.784057 | 9.075234 | 9.458012
PeTCP3 | PeuTF01G03710.1 | 51.0102 {62.40197 | 75.90199 |48.783806(53.877903| 76.41217 | 42.60829 | 44.09178 | 52.44685 | 71.51007 | 55.10472 | 59.31002
PeTCP4 | PeuTF02G01346.1 |5.055426 | 3.28977 |2.849618 |4.516585 5.008121 |2.566369 | 14.3685 |3.247395|4.723223 16.83519 | 4.506668 | 4.865767
PeTCP5 | PeuTF03G01171.1 |1.743325 {0.510393 | 0.755927 | 1.446756 | 1.273301 | 1.261506 | 0.984041 | 1.087611|2.076365 | 1.569819 | 2.53856 |2.912438
PeTCP6 | PeuTF03G01663.1 |12.08354 |14.19123 |12.14559 |10.320365|9.896369 | 12.0996 (5.136673| 10.954 |10.67792|5.114893|12.13881 |13.49411
PeTCP7 | PeuTF04G00384.1 |18.47634 |14.33412 | 13.32567 |18.857622| 17.39164 | 15.29495 | 19.22354 | 8.816384 | 15.88135 | 22.35197 | 25.09613 | 23.31814
PeTCP8 | PeuTF04G00594.1 | 34.04805 [ 36.13252 | 33.7178 [34.283978{30.518648| 34.49505 | 43.69861 | 28.90287 | 30.0119 (53.32311 | 22.6951 |22.35347
PeTCP9 | PeuTF04G00957.1 0 0 0.082321 0 0 0 0 0 0 0 0 0
PeTCP10| PeuTF04G01093.1 |10.40833 | 14.76655 | 13.87081 |10.482673(16.024248| 11.48337 | 14.02793 | 6.063411 | 7.535802 | 18.66303 | 9.496696 | 8.390815
PeTCP11| PeuTF04G02091.1 (8.961303|7.732124 (9.102211|7.196257 | 6.947812 | 7.759266 | 11.41423 | 4.584918 | 8.276561 | 16.0028 |8.142462 |9.210629
PeTCP12| PeuTF05G00694.1 (22.72137|18.67276 | 15.78229 [19.814938(16.357466| 19.48415 | 26.61314 | 8.777682 | 17.57686 | 38.25324 | 28.12774 | 28.92195
PeTCP13| PeuTF06G01253.1 |5.425749 [5.708979 | 5.725539 | 5.591628 | 6.93172 |5.154604 |6.521687 | 8.42092 |6.632027 |4.096058 | 7.171546 | 5.257028
PeTCP14| PeuTF07G00787.1 |17.16137 [10.72899 | 10.79263 |15.599195(12.420944| 14.87629 | 23.46 |7.579904|15.25771|30.06738 | 15.87016 | 15.56577
PeTCP15| PeuTF09G00105.1 0 0 0 0 0 0 0 0 0 0 0 0
PeTCP16 | PeuTF10G01164.1 0 0 0 0 0 0 0 0 0 0 0 0
PeTCP17| PeuTF11G00417.1 {0.137636|0.075044 [ 0.07778 |0.086503 [ 0.160897 | 0.111263 | 0.082854 0 0.0872250.239137 | 0.12518 |0.102898
PeTCP18| PeuTF11G00427.1 (0.011021 0 0 0 0 0 0.063528 0 0 0.055137 0 0.012923
PeTCP19| PeuTF11G00676.1 |54.54897 | 78.11594 | 78.88257 |65.800888( 68.86171 | 78.06641 | 49.6069 |72.50123|71.56714 | 63.3456 |48.28832|50.72112
PeTCP20| PeuTF11G00791.1 |1.038181 {0.722904 | 0.77641 | 1.712669 | 1.223883 | 1.432978 | 0.961055 | 0.896648 | 1.267905 | 1.785305 | 1.501222 | 1.448139
PeTCP21| PeuTF11G00795.1 (0.034574|0.056936 | 0.095563 | 0.104911 | 0.068887 | 0.07642 |0.066028 0 0.0851150.151817 | 0.055595 | 0.023401
PeTCP22| PeuTF11G00796.1 | 0.05198 |0.045962 |0.032175 0 0.050648 0 0.05674 0 0.064716|0.076155 | 0.081586 | 0.047297
PeTCP23| PeuTF12G00485.1 (0.048775| 0.13337 |0.023376|0.230859 | 0.023842 |0.149175 | 1.171197 0 0.1942151.880142 | 0.888387 | 0.539653
PeTCP24 | PeuTF12G01222.1 |0.908249 | 1.463258 | 1.414938 | 1.240543 [ 1.006204 | 1.913451 | 1.095124 | 1.79366 |1.339229 |1.095393 |3.217885 | 2.247777
PeTCP25| PeuTF13G01061.1 |2.925897 |3.714387 | 3.309559 | 1.81531 |2.592296 |4.376925 | 3.98086 |3.303941|6.735123 | 7.290371 |12.29699 | 10.92197
PeTCP26 | PeuTF14G01204.1 |4.455343 [4.775588 | 4.619996 | 3.333934 | 3.47712 |4.682336 | 18.83096 |3.948987 | 6.007374 | 13.40371 | 7.854282 | 7.483635
PeTCP27| PeuTF15G00494.1 (0.038576 | 0.06997 0 0 0 0 0 0 0 0 0 0
PeTCP28| PeuTF15G00571.1 |0.657138|1.069491 |1.626706 | 0.659954 | 0.766355 | 1.152483 | 1.085595 | 0.764052 | 0.822464 | 1.260431 | 1.393118 | 1.099532
PeTCP29| PeuTF15G01225.1 |0.893361 | 0.245083 | 0.521051 | 0.92237 | 0.44548 |0.920372 |1.787049 |0.337631|0.689299 | 1.730397 | 1.227753 | 1.017828
PeTCP30| PeuTF16G00852.1 |1.186988 |0.595808 | 1.006618 | 0.085163 | 0.521124|0.893687 |1.010312 |0.204293 | 0.560201 | 1.196984 | 0.506899 | 0.362103
PeTCP31| PeuTF17G00828.1 | 1.595642 |2.905339 | 2.310266 | 3.076492 | 1.662182 | 1.317447 [ 0.999868 | 1.319317 | 1.166479 | 0.663169 | 1.178787 | 1.95512
PeTCP32| PeuTF17G00950.1 (0.703651|0.747716 |0.335722|0.604033 | 0.239575 | 0.276962 | 3.695337 | 0.401759 | 0.07607 |6.054657 | 1.893268 | 1.747961
PeTCP33| PeuTF18G00522.1 0 0.0369 0 0 0 0 0 0 0 0 0 0
PeTCP34 | PeuTF19G00734.1 |3.914328 [3.331409 | 3.3398 |2.772216 |2.903973|3.826566 | 2.570396 | 2.204173 | 3.83076 |4.312703 |3.832491 | 3.891502
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Figure 7. Expression profiles of TCP genes in the Populus sect. Turanga. (A) Photographs of
leaf shape in P. pruinosa. (B) Photographs of leaf shape in P. euphratica. (C) Expression
profiles of TCP genes in the P. pruinosa base on the transcriptome data. (D) Expression
profiles of TCP genes in the P. euphratica base on the transcriptome data. The colour bar
represents the normalized FPKM values as follows: red, high expression level; blue, low
expression level; and white, no expression. Detail FPKM values is listed in Tables 5a, b

Discussion

P. pruinosa and P. euphratica as two sister plant species with morphologically well
differentiated provide a good model for elucidating physiological and molecular
mechanisms of tolerance in tree species. Plant leaves, as the main organ for
photosynthesis and respiration, show continuous and discrete morphological changes
during stage transitions: leaf size shows continuous changes, while several different
shapes can be seen at different plant developmental stages (Wang and Wang, 1989). In
addition to differences in types of habitat, they also occur in different shapes of leaves
between P. pruinosa and P. euphratica. P. pruinosa shows three kinds of heteromorphic
leaves, including oblong, round, and broad leaves, while P. euphratica have four kinds,
which are linear, lanceolate, ovate, and broad ovate leaves. The TCP transcription
factors play important roles in plant growth and development (Viola et al., 2011;
Martin-Trillo and Cubas, 2010), and have been identified in various plants (Yao et al.,
2007; Wei et al., 2016; Chen et al., 2016). However, the members of TCPs of P.
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pruinosa remain unclear, and the comparative investigation of TCPs between P.
pruinosa and its relatives has not been carried out.

In this study, we performed a comprehensive analysis of PpTCPs/PeTCPs using
chromosome-level P. pruinosa/P. euphratica genome data, thereby identifying 33 and
34 PpTCPs and PeTCPs, respectively. Gene duplication events, such as
tetraploidization (whole-genome duplication, WGD) and hexaploidization (whole-
genome triplication, WGT), occur frequently in plants and are the major sources of
evolutionary changes that enable rapid adaptation to different environments (Chen et al.,
2016). Furthermore, WDG/segmental duplications are the main drivers of the expansion
of PeTCPs. Identification and collinearity analysis of multispecies TCPs show that
TCPs among Salicaceae species exhibit stronger collinearity as compared with
Arabidopsis. Therefore, we speculate that the WGD event unique to Salicaceae causes
the expansion of PeTCPs after differentiation from Arabidopsis.

Phylogenetic analysis and sequence alignment show that the genome of P.
euphratica contains all the classes of TCPs, namely classes | and Il. The alignment of
these multiple sequences supports the classification of the phylogenetic tree, which is
consistent with the TCP subclasses reported in plants, thereby indicating that this gene
family is relatively conserved in plants and may have similar functions (Lin et al.,
2016). Transcription factors from classes | and Il are involved in the regulation of
various growth and developmental processes in Arabidopsis. AtTCP2, AtTCP3,
AtTCP4, AtTCP10, and AtTCP24 were targeted by miR319 and involved in regulating
leaf morphology (Palatnik et al., 2003). In addition, AtTCP4 can regulate leaf margin
serrations by affecting auxin distribution through the miR164-CUC pathway
(Schommer et al., 2014), and its over-expression will lead to reduced cell division in
Arabidopsis, thereby leading to smaller leaf size (Sarvepalli and Nath, 2011). In this
study, PpTCP19, the orthologous gene of AtTCPZ2, is highly expressed in oblong leaves
of P. pruinosa, and linear and lanceolate leaves of P. euphratica. Therefore, we
speculate that PpTCP19 and PeTCP19 may affect the leaf morphology and “narrow
leaves” (oblong, linear, and lanceolate) in the Populus sect. Turanga by participating in
the regulation of leaf cell division. In addition, Ka/Ks analysis found that PpTCP19 was
a positively selected gene, and we speculated that the emergence of the oblong leaves of
P. pruinosa may be the result of adaptive evolution.

The AtTCP14 mutants show that AtTCP14 is strongly expressed at the boundaries of
leaves and sepals, wherein the cell division is highly restricted (Kieffer et al., 2011).
The orthologous genes of AtTCP14 in P. pruinosa and P. euphratica are PpTCP7 and
PeTCP7, respectively, which are lowly expressed in the broad ovate leaves of P.
pruinosa and P. euphratica, respectively. Therefore, we speculate that PpTCP7 and
PeTCP7 may participate in the regulation of “broad ovate leaves” of P. euphratica and
P. pruinosa by inhibiting cell proliferation.

Conclusions

A total of 33 and 34 PpTCPs and PeTCPs were respectively identified based on the
chromosome level genome of P. pruinosa and P. euphratica, and they were unevenly
distributed on 19 chromosomes of P. pruinosa and P. euphratica. The main driving
force of TCPs expansion in the Populus sect. Turanga was the WGD/fragmental
duplication event. In addition, PpTCP7, PpTCP19, PeTCP7, and PeTCP19 may play
important roles in the leaf morphology of the Populus sect. Turanga. Overall, this study
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Is a valuable resource for the functional characterization of TCPs in the Populus sect.
Turanga and lay further understanding of the structure-function relationship among
these TCP members. Our study also provides comprehensive information and novel
insights into the roles of TCP family genes in the regulation and heteromorphic leaves.
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PeTCP6 KDRH NIPALCAARIFQLTREMEHKSDGETIQIELQQAEPSIIAV.TGTGTIPA 62
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PeTCP15 KDR SDRIINL PVNCAARVFQLTQERGNKTDGETIE[ALRVAEPTIIAV . TGKGIGTT 62
PeTCP16 KDRH:! DEGMALSLQIMRKFFDLQDMBGFDKASKTIERMFTKSKAAICSS . TSAGKSVS 62
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Figure Al. Conserved domains of TCP gene family in P. euphratica. (A) Amino acids are
expressed in the standard single letter code. The size of the letters at each position represents
their frequency. Numbers in the horizontal axis indicate the position of amino acids. (B) The
conserved motif of PeTCPs predicted by MEME.5.4.1 online tools (http://meme-
suite.org/tools/meme). The conserved amino acids are indicated with colored box. Numbers in
the vertical axis indicate the total number of amino acids in this TCP domains
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