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Auxins play significant roles in plant growth and development. The transporter
inhibitor responsel/auxin signaling F-box (TIR1/AFB) gene family encodes the
auxin receptor proteins and plays an essential role in the auxin signaling pathway.
Here we identified and characterized the TIR1/AFB family in Carya cathayensis
(Cc) plants (named as CcTIR1/AFB). Seven CcTIR1/AFBs were identified and
further confirmed by cloning. All proteins encoded by these genes
conservatively contained two domains, the F-box and leucine-rich repeat (LRR)
domains. The CcTIR1/AFBs were located in the nucleus. Phylogenetic analysis
suggested that CcTIR1/AFBs were evenly scattered in four different subgroups.
The cis-acting element analysis indicates that CcTIR1/AFBs might be activated by
auxin. The spatial and temporal expression of CcTIR1/AFBs during grafting
suggested that both CcAFBI1 and CcAFBZ2 in scions and CcAFB4 in the
rootstocks were significantly upregulated at 3 days after grafting, which
indicated the specialization of three CcAFBs during grafting. The Y2H assay
indicated that three CcAFBs were capable of interacting with CclAA16, CclAA27b,
and CclAA29a, among which CcAFB4 interacted strongly with CclAAl and
CclAA16. Our study provides the opportunity to understand the potential role
of not only CcTIR1/AFBs but also special CcAFBs (CcAFB1, CcAFB2, and CcAFB4),
which is a great aspect to further explore the molecular mechanism during the
grafting process.
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1 Introduction

The auxins play a significant role in the processes of plant
development and growth, including embryogenesis, vascular
formation, and flower development (Zhao, 2010). The core
components of auxin signaling pathway come from three protein
families: the commonly acknowledged auxin receptor protein,
TIR1/AFB (transporter inhibitor responsel/auxin signaling F-
box); the transcriptional repressor, Aux/IAA (auxin/indol-3-acetic
acid); and the transcription factor, ARF (auxin response factor)
(Lavy and Estelle, 2016). TIR1/AFB is one of the key elements of
SCFTRVATE complex which serves as the ubiquitin-protein ligase
catalyzing the transfer of ubiquitin from E2 (ubiquitin-conjugating
enzyme) to the target protein (Dharmasiri et al., 2005; Parry et al.,
2009). Aux/TAAs play the role of a transcriptional repressor via
forming the heterodimers with ARFs and preventing the interaction
between ARFs and DNA sequences (Luo et al., 2018). The ARFs, as
the transcription factor, are able to form the homodimer which bind
the specific cis-element AuxRE (auxin response element) and
activate the expression of genes downstream from the AuxRE
(Chandler, 2016). The IAA with high concentration in the
nucleus contributes to the formation of TIR/AFB-IAA-Aux/IAA
complex and triggers the Aux/IAA degradation, which results in the
release of ARFs from ARF-Aux/IAA heterodimer and the
activation of gene expression regulated by ARFs. On the contrary,
the function of ARFs is repressed at a low concentration of IAA
because of the failed formation of the Aux/IAA degradation
complex (Guo et al., 2021). Jogawat et al. (2021) have done an in-
depth analysis of auxin crosstalk with other hormones along with
TIRI gene function in plants.

There are six members of the TIR1/AFB protein family which
are involved in a variety of development processes and display
extensive biological functions in Arabidopisis. TIR1 and AFB2, with
the ability to interact much stronger with Aux/IAA proteins than
AFBI1 and AFB3 in vitro, are the principal auxin receptors in roots
(Parry et al., 2009). AFB3 is involved in auxin signaling modulated
by nitrate and participates in the alteration of the root system
architecture (Vidal et al., 2010). AFB4 has a significant role in
seedlings in response to the elevated temperature, and AFB5 is the
principal target of picloram family (Greenham et al., 2011; Prigge
et al, 2016). The TIR1/AFB protein contains two critical conserved
domains, the F-box domain and the transporter inhibitor response
1 domain (also called leucine-rich repeat (LRR) domain) (Hayashi
et al., 2008). The former is capable of interacting with the SPK
subunit in the SCF complex, and the latter displayed as a pocket to
bind auxin and to interact with Aux/IAA (Kepinski, 2007).
However, the reports related to the function of TIR1/AFB protein
in the other species are limited.

Plant grafting, an ancient vegetative propagation technique,
which connects two cut parts (known as scion and rootstock)
originated from either the same or different plant species, is
widely used in agriculture (Wang et al., 2017). For plants, grafting
contributes to many optimized attributes, like the improvement of
tolerance against biotic and abiotic stresses, augmentation of yield,
and elongation of the harvest phase (Lee et al., 2010). In
Arabidopsis, a successful graft union formation starts with
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necrotic layer development, followed by callus tissue formation
and new vascular tissue differentiation within the scion and finished
with vascular reconnection between scion and rootstock (Flaishman
et al,, 2008). Plant hormones such as cytokinin, ethylene, jasmonic
acid, and auxin are critical regulators in response to wounding and
grafting (Asahina et al., 2011; Iwase et al,, 2011). Particularly, auxin
plays an important role in vascular development via the TIR1/AFB
signaling pathway (Mazur et al, 2020). In Arabidopsis, iaal8
mutant and tirlafb2afb3 triple mutant are severely incapable of
reconnecting the phloem after grafting (Melnyk et al., 2015). In rice,
Ostir1Osafb2 double mutant is no longer capable of generating calli
even when being treated with 10 uM of 2,4-dichlorophenoxyacetic
acid (Guo et al., 2021). Besides this, PtrFBL1 and PirFBL7, the
homologs of TIRI/AFBs in Populus, are mainly expressed in
cambial and vascular tissues (Shu et al., 2015).

Chinese hickory (Carya cathayensis Sarg.) is a well-known
economic tree and popular in China for its extremely nutritious
nuts, containing high amounts of polyunsaturated fatty acids which
aid in the brain development (Huang et al., 2022). However, the long
juvenile phase of Chinese hickory seriously represses the enlargement
of its industry and the increment of fruit growers’” wealth. Grafting, as
an asexual reproduction technology in plant, is capable of shortening
the juvenile phase and facilitates the development of the hickory
industry efficiently. It is the vascular reconnection between the scion
and the rootstock that plays a critical role in avoiding the failure of
grafting as reported in previous research (Loupit et al., 2023; Melnyk
et al, 2015). A majority of evidence indicates that auxin plays a
central role in the progress of plant vascular formation (Sharma and
Zheng, 2019). However, knowledge about the involvement of auxin
in grafting is still limited. In the current investigation, the CcTIR1/
AFB gene family, as the auxin receptor, was identified and
characterized. Additionally, the potential function of this family
during the grafting process in Chinese hickory was further explored
in detail. Results of the current investigation may be helpful in further
understanding the molecular mechanisms regulated by the CcTIR1/
AFB gene family during the grafting process.

2 Materials and methods
2.1 Plant materials

Regarding the grafting union, the rootstock is derived from 2-
year-old Chinese hickory trees cultivated for 5 months before
grafting in the greenhouse of Zhejiang Agriculture and Forestry
University (temperature 25 + 1°C, 12 h day/12 h night photoperiod,
60%-70% relative humidity, watered once a week), and the scions
were collected from the stem of 1-year-old Chinese hickory trees
(Yuan et al., 2018).

The conjunction parts of the grafted individuals were sampled
at 0, 3, 7, and 14 days (Yang et al,, 2022) after grafting, and the
sampling time points were determined based on previous research
about the changing of morphology during the process of the grafted
Chinese hickory’s being successfully reconnected between scions
and rootstocks and being alive. The 0-day-after-grafting unions
which were sampled just after grafting were taken as the control.
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2.2 Isolation and cloning of TIR1/AFB
gene family

The seven TIRI/AFB genes were screened and identified from
published Chinese hickory genome (Huang et al., 2019). The total
RNA as the template for the reverse transcriptase in the
subsequence experiments was extracted from the tissue of hickory
using TaKaRa MiniBEST Universal RNA Extraction Kit (Takara
Bio Inc., Kusatsu, Japan). The ¢cDNA synthesis reaction was
performed with the PrimeScriptTM I 1% Strand ¢cDNA Synthesis
Kit and conducted according to its manufacturer’s protocol. For the
first step of that reaction, 1 ug total RNA extracted previously was
mixed firstly with 1 pL ANTP mixture (10 Mm each), 1 uL Oligo dT
Primer (50 Mm), and the RNase Free dH,O up to the volume of 10
UL. Then, the mixture was kept at the condition of 65°C for 5 min
and cooled by burying in ice. For the second step, the 10-uL mixture
from step one was infused with 4 UL 5xPrimeScript II Buffer, 0.5 uL
RNase Inhibitor (40 U/uL), 1 uL PrimeScript II Rtase (200 U/uL),
and RNase Free dH,O up to the volume of 20 uL in the PCR tube.
The PCR tube was put into the thermal cycler and operated with the
program as follows: heating at 42°C for 60 min and 70°C for 15 min.
The TIR1/AFB genes were cloned as per the next several procedures.
cDNA was taken as the template for the amplification of target
genes with PrimeSTAR Max Premix (2 x) (Takara Bio Inc., Kusatsu,
Japan). The PCR product was purified with FastPure Gel DNA
Extraction Mini Kit (Vazyme, Nanjing, China). The purified
products were ligated to the cloning vector, pEASY-Blunt Zero,
from pEASY-Blunt Zero Cloning Kit (TransGen Biotech, Beijing,
China) and transformed into DH50 competent cells of Escherichia
coli (TransGen Biotech, Beijing, China). The clones grown on
selected medium were picked and sent to Sangon Biotech
(Shanghai) Co., Ltd. (China) for sequencing.

2.3 Sequence analysis of TIR1/AFB family
genes derived from Chinese hickory

The TIR1/AFB family protein sequences of three other species
(Oryza sativa, Populus, and Arabidopsis) were downloaded from
Phytozome V13 database (https://phytozome-next.jgi.doe.gov/).
Coupled with the seven CcTIR1/AFB protein sequences, multiple
sequence alignment was performed with ClustalW, and then the
phylogenetic tree of the TIRI/AFB family of the four species was
constructed based on the neighbor-joining method associated with
a bootstrap of 1,000 replicates on the MEGA X software.

The conserved motif distribution was predicted with protein
sequences using the MEME Suite set with eight motifs. The exon-
intron structure information was acquired from the Chinese
hickory genome. Both the motif distribution and the gene
structure were visualized with Tbtools (Chen et al., 2020). The
protein sequences of TIRI1/AFBs were taken to conduct the
conserved domain prediction with CDD (conserved domain
database) in NCBI and then visualized with R package, ggplot2.
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2.4 cis-acting element analysis of CcTIR1/
AFB promoters

The upstream 2,000-bp sequence of CcTIRI/AFB genes, as the
promoter of each gene, was acquired from Carya cathayensis
genome. cis-acting regulatory element analysis was performed for
element prediction after submitting the promoter sequences to the
Plant-CARE website (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/). The elements related with light, stress, and
phytohormone were selected for further analysis. The results were
visualized with R package, ggplot2.

2.5 Subcellular localization

The TIR/AFB family genes ligated to pEASY-Blunt Zero vector
were amplified by PCR and purified. The pCambial300-GFP vector
was cut and linearized with two restriction endonucleases, KpnI and
Xbal (Takara Bio Inc., Kusatsu, Japan). The amplified fragments were
inserted into the pCambial300-GFP vector by homologous
recombination with ClonExpress II One Step Cloning Kit (Vazyme,
Nanjing, China). The constructed vector for subcellular localization
was transformed into DH50. competent cells of Escherichia coli
(TransGen Biotech, Beijing, China). The clones were picked and sent
to Sangon Biotech (Shanghai) Co., Ltd. (China) for sequencing. The
recombinant plasmids were extracted from DH50 and transformed
into GV3101 chemically competent cells of Agrobacterium tumefaciens
(Weidi Bio., Shanghai, China). The tobaccos were planted and
cultivated for some 6 weeks based on previous research (Yang et al,
2021). The target genes having been integrated into GV3101 are
transiently co-transformed into the tobacco leaves associated with
nuclear-localized marker. After cultivation in the dark for 48 h, the
tobacco leaves were cut and observed to detect fluorescent signals using
a confocal microscope with argon lasers at the wavelength of 488 and
594 nm.

2.6 RNA extraction and quantitative
RT-PCR

In order to uncover the function of TIRI/AFB in the process of
growing grafted Chinese hickory, QRT-PCR was performed to study
the target gene expression in that process. The scions and the
rootstocks of the graft union were separated gently. The
conjunction parts of both the scions and rootstocks at each time
point (0, 3, 7, and 14 days after grafting) were sampled separately
for RNA extraction. In addition, the RNA originated from the
scions and rootstocks were extracted with TaKaRa MiniBEST
Universal RNA Extraction Kit (Takara Bio Inc., Kusatsu, Japan)
and based on its manufacturer’s protocol. Total RNA was extracted.
The 0 day after grafting was taken as the control. cDNA synthesis
for qRT-PCR was performed using PrimeScriptTM RT Master Mix
(Perfect Real Time) (Takara Bio Inc., Kusatsu, Japan).
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The primers designed for qRT-PCR are designed and listed in
Supplementary Table S1. cDNA was diluted into 50 ng/uL and used
as the template for QRT-PCR amplification. CcActin, the Actin gene
in Chinese hickory, was taken as the reference gene functioning in
calculating the relative fold change of CcTIRI/AFBs from both the
different parts of the graft union and the different time points after
grafting. The amplification system was set according to TB Green®
Premix Ex TaqTM (Tli RnaseH Plus) (Takara Bio Inc., Kusatsu,
Japan). The qRT-PCR procedures were set as follows: 95°C for 3
min, 40 cycles of 95°C for 10 s, and 60°C for 30 s. All of the expression
analyses were repeated four times. The relative gene expression of
CcTIRI/AFBs was calculated based on the 27 method.

2.7 Protein interaction prediction and
Y2H assay

The coding sequences of CcTIRI/AFBs and CcIAAs were
acquired from NCBI The coding sequences were translated into
protein sequences and then submitted to the STRING database
website (https://cn.string-db.org/). The homologs of those proteins
in Arabidopsis were matched and selected based on the identity
score to construct the predicted protein interaction network.

Y2H assay was performed to test the interaction between
CcTIR1/AFBs and CcIAAs. The primer was designed based on the
genome data of Chinese hickory. The coding sequences of both
CcTIRI/AFBs and CcIAAs were amplified from the cDNA of Chinese
hickory and were inserted into the bait vector pPGADT?7 and the prey
vector pGBKT7, respectively. The two vectors were linearized with
EcoRI and BamHI during plasmid construction. The bait (CcTIR1/
AFB) and prey (CcIAA) constructs were co-transformed into the
yeast strain Y2Hgold (Weidi Bio., Shanghai, China) using the lithium
acetate method according to the manufacturer’s instructions
(Clontech, Mountain View, CA, USA). The transformants were
selected on the (DDO) SD-Trp/-Leu medium (Coolaber, Beijing,
China) and were further confirmed by being spotted on the DDO
medium for at least 2 days at 30°C. To examine the interactions
between CcTIR1/AFBs and CcIAAs and to uncover the role of TAA in
the interaction, the transformants were transferred from SD-Trp/-
Leu medium to SD-Trp/-Leu/-Ade/-His (Coolaber, Beijing, China)
using a series of concentrations of IAA ranging from 0 to 100 mM
and were cultured at 30°C (Prigge et al., 2010).

2.8 Statistical analysis
One-way analysis of variance was performed, and multiple

comparison was conducted with the Duncan method at the
significant level of 0.05 by the R package, agricolae.

3 Results

3.1 Identification and cloning of TIR1/AFB
family genes from Chinese hickory

Seven TIR/AFB sequences were identified totally based on the
Chinese genome data. To confirm the accuracy of the sequences,
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seven pairs of primers used for sequence cloning were designed
according to the genome data. The sequencing and alignment
results indicated that the sequences cloned from the ¢cDNA of
Chinese hickory are identical with those searched from the
Chinese hickory genome. The seven CcTIRI/AFB genes are
named compared to their putative orthologs in Arabidopsis based
on the phylogenetic relationships (Figure 1). The basic information
about the CcTIRI/AFB sequences, including gene name, gene id,
CDS length, and properties of the predicted peptides, is listed in
Table 1. The CDS lengths of CcTIRI/AFB range from 1,716 base
pairs (CcAFB3) to 1,896 base pairs (CcAFB4); the peptide lengths
range from 571 amino acids (CcAFB3) to 631 amino acids
(CcAFB4) and the molecular weights range from 64.19 to 70.61
kDa. The predicted isoelectric points of CcTIR1/AFBs have a range
from 5.42 (CcAFB4) to 6.67 (CcAFB3). As predicted, all the family
members of CcTIRI/AFB are localized in the nucleus.

To explore the localization on which the CcTIR1/AFBs might
perform their functions, some of the CcTIRI/AFBs were selected
randomly and transiently transformed into tobacco leaves. The
results showed that the CcTIR1/AFB proteins were located in the
cellular nucleus (Figure 2).

3.2 Phylogenetic relationship of TIR1/AFB
proteins derived from Carya cathayensis,
Oryza sativa, Populus, and Arabidopsis

In order to uncover the phylogenetic organization of CcTIRI/
AFB and to reveal the phylogenetic relationship of TIRI/AFB of
Carya cathayensis and of other different species, the TIR1/AFB family
members from three species, Oryza sativa, Populus, and Arabidopsis,
were chosen for the phylogenetic tree construction using neighbor-
joining method with MEGA X (Figure 1). According to the
phylogenetic relationships, we divided the TIRI/AFB family
members into four groups and successively named those as clades
I, IL IIL, and IV. The members of each class were varied from three to
eight. The TIRI/AFBs from Carya cathayensis were scattered in all
four groups and always clustered stronger with those from Populus.
CcTIRI/AFB was distributed almost evenly in each class. The number
of CcTIRI/AFB in clades I, I1, III, and IV were two, two, one, and two,
respectively. It was noteworthy that only group III contained the
family genes from Carya cathayensis and Populus, but the other
groups contained those family genes from all four species.

3.3 Gene structure, motif, and domain
analysis of CcTIR1/AFB proteins in
Chinese hickory

The investigation of the gene structure, the conserved domains,
and the motifs of CcTIR1/AFB showed that the protein sequences
of CcTIR1/AFBs were similar and conserved. The construction of
phylogenetic tree of CcTIR1/AFBs was performed with MEGA X
based on neighbor-joining method (Figure 3A). Their exon—-intron
structure was obtained from the Chinese hickory genome. Motif
analysis was conducted using the MEME Suite with eight conserved

frontiersin.org


https://cn.string-db.org/
https://doi.org/10.3389/fpls.2024.1494579
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Mei et al.

CeAFB2
Ceapp,

10.3389/fpls.2024.1494579

[ .
o Species
PS“I Carya cathayensis
AV
Arabidopsis thali
AMFBS‘ A Arabidopsis thaliana
OsAFBL Oryza sativa
s
AtAFB4 A Populus
OsAFRs Groups
2 Groupl
OsAFBY
2 GroupII
Oy,
b 2 Group Il
§%°
os®
1 Group IV

Cey 5y

Tla4uy
[QTERE]
B w‘v:’)

FIGURE 1

Phylogenetic tree of TIR1/AFB derived from Carya cathayensis, Oryza sativa, Populus, and Arabidopsis. The phylogenetic tree was created by MEGA X
using neighbor-joining method with 1,000 bootstrap replicates. The numbers located in each node indicate bootstrap values. The TIR1/AFB family
members were divided into four groups. Different species and groups were distinguished with the colored dots or polygons and the colored blocks,
respectively. TIR1/AFB, transporter inhibitor responsel/auxin signaling F-box. CcTIR1/AFB, AtTIR1/AFB, OsTIR1/AFB, and PtrFBL6 represent the TIR1/

AFB family in Carya cathayensis, Arabidopsis, Oryza sativa, and Populus, respectively.

motifs. All eight motifs were detected in every CcTIR1/AFB protein
(Figure 3B). Except for CcAFB4 which contained two exons and one
intron, all of the other six CcTIR1/AFBs contained three exons and
two introns (Figure 3C). Conserved domain analysis was performed
using CCD and visualized with ggplot2. The results showed that all
seven CcTIR1/AFBs contained both the F-box domain and the LRR
domain (also called transporter inhibitor response 1 domain)
(Hayashi et al,, 2008; Sheard et al., 2010). Besides that, all the
CcTIR1/AFBs contained one to two complete or incomplete AMN1
(antagonist of mitotic exit network protein 1) superfamily domain
which was composed of a number of leucine-rich repeats
(Figures 3D, E) (Wang et al., 2003).

3.4 cis-acting element analysis of CcTIR1/
AFB promoters

It is extremely vital to explore the CcTIRI/AFBs transcriptional
regulation and to infer their biological function. Therefore,
prediction of the cis-acting elements was conducted by plant-
CARE after submitting the upstream 2,000 base pairs of CcTIR1/
AFBs. All CcTTR1/AFB promoters contained six kinds of cis-acting
element of interest, including light response element, temperature
response element, stress response element, and three kinds of
phytohormone response elements, including auxin response
elements, abscisic acid response elements, and MeJA response

TABLE 1 Sequence information about Carya cathayensis transporter inhibitor responsel/auxin signaling F-box (CcTIR1/AFB) gene family.

Gene name Gene ID CDS length (bp) L FEEE MW (Da) Predictgd
ength (aa) localization
CcTIRI CCA098150065 1,755 584 65,621.97 6.28 Nucleus
CcAFBI CCA053550053 1,755 584 65,394.77 6.01 Nucleus
CcAFB2 CCA125080070 1,722 573 64,610.43 6.28 Nucleus
CcAFB3 CCA153980035 1,716 571 64,194.08 6.67 Nucleus
CcAFB4 CCA053380235 1,896 631 70,606.37 542 Nucleus
CcAFB5 CCA109750042 1,878 625 69,196.82 5.85 Nucleus
CcAFB6 CCA072950024 1,740 579 65,165.38 6.12 Nucleus

CDS, coding sequence; MW, molecular weight; pl, isoelectric point.
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35S::CcTIR1-GFP

35S::CcAFB1-GFP

35S::CcAFB3-GFP

35S::CcAFB4-GFP

35S::CcAFB5-GFP|

35S::CcAFB6-GFP

FIGURE 2

RFP

10.3389/fpls.2024.1494579

Subcellular localization of CcTIR1/AFB in Nicotiana tabacum leaves. The CDS sequences of CcTIR1/AFBs are inserted into the pCambia 1300-GFP
vector and are under the control of 35S promoter. GFP, GFP fluorescence; RFP, RFP fluorescence; Bright, bright field; Merge, GFP/RFP/bright field
overlay. The bar indicates 25 pm. CcTIR1/AFB, Carya cathayensis transporter inhibitor responsel/auxin signaling F-box; GFP, green florescent

protein; RFP, red florescent protein; 35S, CaMV35S promoter

elements. Fach element class contained 12, one, one, two, one, and
two kinds of cis-acting elements, respectively.

The light response elements, as the majority of the cis-acting
types of CcTIRI/AFB promoters, are scattered evenly on the
promoters, suggesting that CcTIRI/AFB might play a significant
role in the response to light. The stress and temperature response
elements were set upstream and downstream of the promoter,
respectively. As for the phytohormone response element, the
auxin response elements mostly occupy the downstream part of
the promoters, but both the abscisic acid response and the MeJA
response elements are mostly concentrated on the upstream
part (Figure 4A).

The promoter of CcTIRI/AFBs, from CcTIRI to CcAFB6,
contained 24, 28, 22, 19, nine, 12, and 15 cis-acting elements of
interesting, respectively. The CcTIRI promoter contains four classes
of cis-acting elements of interest, except for the temperature
response and the stress response. CcAFBI contains the most
abscisic acid response elements (ABRE) and light response
elements. CcAFB2 possesses five classes of response types of cis-
acting elements except for the stress response. According to the
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prediction, the temperature and stress response elements only exist
in the promoter of CcAFB2, CcAFB5, and CcAFB6 and occupy a
small part of all CcTIRI/AFB cis-acting elements. As for the cis-
acting elements of the promoters, Box-4 and G-box are the two
most common cis-acting elements belonging to the light response,
the number of which are 22 and 20, respectively. ABRE (abscisic
acid response elements) follows with a total number of 16. The
element classes with the minimum numbers are the temperature
response class and the stress response class, which only contained
two LTR and two TC-rich repeats, respectively (Figure 4B).

3.5 The interactions between CcTIR1/AFBs
and CclAAs are regulated by different
concentrations of IAA

The TIRI/AFB genes play a critical role in the auxin signaling
pathway. The interactions of TIR1/AFB proteins with Aux/TAA
proteins contribute to the degradation of Aux/IAA, resulting in the
release of ARFs which, with the presence of IAA, activate the
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FIGURE 3

Gene structure, conserved motifs, and conserved domains of CcTIR1/AFB. (A) Phylogenetic tree of CcTIR1/AFBs being constructed with the protein
sequences. (B) Motif distributions of the CcTIR1/AFB proteins generated in MEME Suite. Eight motifs were represented with eight blocks with
different colors. (C) Exon—-intron structure of CcTIR1/AFBs. The UTRs (untranslated region), exons, and introns were represented with green blocks,
yellow blocks, and gray lines, respectively. (D) Conserved domain of CcTIR1/AFBs. The red, blue, and green blocks indicate the TIR1 protein domain,
the F-box domain, and the AMN1 superfamily domain, respectively. The outline of the blocks represented the incomplete degree of the AMN1
superfamily domains. The description of the legends is as follows: Complete, the domain was complete; C, the domain was incomplete in C
terminal; N, incomplete in N terminal; NC, incomplete in both N and C terminals. (E) Information of the discovered motifs from CcTIR1/AFBs. The
size of the letters suggests the conservation degree of the amino acids. CcTIR1/AFB, Carya cathayensis transporter inhibitor responsel/auxin
signaling F-box; UTR, untranslated region; CDS, coding sequence; AMN1, antagonist of mitotic exit network protein 1; Trans_inhibit, transporter

inhibitor response 1 domain.

expression genes involved in a series of biological processes. Based
on that, it is necessary to explore the interactions between CcTIR1/
AFBs and Cc/IAAs.

The amino acid sequences of CcTIRI/AFB and of CcIAAs
acquired from NCBI were selected to perform the interaction
prediction with the online database, STRING. Each Chinese
hickory sequence was mapped to the homologs in Arabidopsis
based on sequence similarity. The Arabidopsis homologs were
taken to construct the protein interaction network. The most
similar Chinese hickory sequences were labeled next to the
Arabidopsis homologs. The edge boldness indicated the
interaction confidence. The predicted interaction network was
composed of 14 nodes and 66 edges. There were a variety of
strong interactions not only between two gene families but also in
the same gene family (Figure 5A).

Besides that, six CcTIR1/AFBs (CcTIR1 and CcAFB1-5) and
eight CcIAAs (CcIAA1-4, CcIAAl6, CcIAA27b, CcIAA29a, and
CcIAA29b) were selected randomly to confirm the interactions
between CcTIR1/AFBs and Aux/IAA via the Y2H assay. The
diploids were generated and confirmed with DDO medium
(Figure 5B). The diploids transformed only with CcTIR1/AFBs or
only with CcIAAs were not able to grow ordinarily on the DDO
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medium, which suggested that both of them could not activate the
reporter genes independently (Figure 5C). From CcTIR1/AFBs’
perspective, each of the three CcTIR1/AFBs (CcTIR1, CcAFBI1, and
CcAFB2) was able to interact with CcIAA16, CcIAA27b, and
CcIAA29a. Besides that, CcAFB3 shows the ability to interact with
CcIAA27, CcIAA29a, and CcIAA29b. There also existed interactions
between CcAFB5 and three CcIAAs (CcIAA16, CcIAA27b, and
CcIAA29D). Particularly, CcAFB4 interacted with five CcIAAs
(CcIAA1, CcIAA16, CcIAA27b, CcIAA29a and CcIAA29b). The
interaction strength between CcAFB4 and both CcIAAl and
CcIAA16 was stronger than the other tested interaction
combinations. Meanwhile, from the CcIAAs’ perspective, the
results showed that CcIAA2, CcIAA3, and CcIAA4 were incapable
of interacting with any of the six TIR1/AFBs. On the contrary,
CcIAA16, CcIAA27b, and CcIAA29a could interact with the
majority of the six CcTTR1/AFBs. CcIAA29b interacted with half of
the selected CcTIR1/AFBs (CcAFB3, CcAFB4, and CcAFB5).
CcIAAL interacted only with CcAFB4, which was associated with
strong interaction strength. As the concentrations of TAA were
increased, the yeast grew more quickly in the QDO medium, which
indicated that the TAA molecule could strengthen the interactions
between CcTIR1/AFBs and CclAAs (Figure 5D).
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FIGURE 4

cis-acting element analysis of CcTIR1/AFB promoters. The upstream 2,000-bp sequences of CcTIR1/AFB genes were identified as the promoters.
(A) Distribution of cis-acting elements on the promoter of CcTIR1/AFB. (B) The amounts of cis-acting elements belonging to different response
classes on the promoter of each gene. The color of each bubble indicates each responsiveness class. The size of the bubble on the left plot
suggests the quantity of each cis-acting element type, and the exact numbers are shown below the bubbles. The bar plot on the right illustrates the
relative amounts of each response element on the promoter of each gene. TIR1/AFB, Carya cathayensis transporter inhibitor responsel/auxin
signaling F-box. On the x-axis, ABRE to LTR represent different cis-acting elements.

3.6 Expression profiles of CcTIR1/AFB
genes during grafting of Chinese hickory

To examine the response of CcTIRI/AFB genes during the
grafting process of Chinese hickory, the relative expression of
CcTIRI/AFBs, both at different stages during grafting (0, 3, 7, and
14 days after grafting) and at different parts of the grafting units (the
scion and rootstock of Chinese hickory), was quantified using RT-
qPCR. It was shown that the expression of most CcTIRI/AFBs
(CcTIRI1, CcAFB3, CcAFB5, and CcAFB6), with the highest
expression at 0 days after grafting (DAG), was downregulated
after grafting both in the scion and the rootstock. Those CcTIR1/
AFBs were mostly expressed higher in the scion than in the
rootstock at the same stage after grafting. Besides that, CcAFBI
and CcAFB2 show a similar expression pattern: the expression of
CcAFBI1/CcAFB2 is lower in the scion than in the rootstock at 0
DAG. The expression of CcAFB1/CcAFB2 in the scion was
significantly upregulated at 3 DAG and gradually downregulated
until 14 DAG and that in rootstock are downregulated from 0 DAG
to 14 DAG. The expressions of CcAFB1/CcAFB2 in both scion and
rootstock were decreased to nearly the same low at 14 DAG. Finally,
CcAFB4 displayed a distinct manner compared with the others. The
expression of CcAFB4 was downregulated in the scion but
upregulated firstly, downregulated secondly, and upregulated
finally in the rootstock. In general, the results suggested that
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CcTIRI, CcAFB3, CcAFB5, and CcAFB6 might function similarly
and CcAFBI, CcAFB2, and CcAFB4 might play a critical role in the
Chinese hickory grafting process (Figure 6).

4 Discussion

Auxins are involved in a series of plant growth and development
processes via the auxin signaling pathway (Carrillo et al., 2023). The
TIR1/AFB family works as the auxin molecule receptor and plays a
vital role in that signaling pathway (Ang and Ostergaard, 2023). So
far, the TIRI/AFB families containing all members have been
identified in a few plant species, including six members in
Arabidopsis (Parry et al., 2009), five members in rice (Guo et al,
2021), eight members in Populus (Shu et al., 2015), and 18 members
in Brassica juncea (Cai et al., 2019), which indicates that the TIR1/
AFB gene family is small in most plant species. The Chinese hickory
(Carya cathayensis), classified in the Juglandaceae family, is known
for its nutritious nuts and economic value (Huang et al., 2022). In
our study, seven CcTIR1/AFBs were identified based on the genome
data and were cloned for further confirmation. The TIRI/AFB gene
family in Chinese hickory is larger than in Arabidopsis and in rice
but smaller than in Populus and Brassica juncea.

The TIRI/AFB gene was firstly reported in 1998 and called
transport inhibitor response 1 because of the deficiency of auxin
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transport in the Arabidopsis mutant (tirl) (Ruegger et al., 1998). Then,
TIRI and its homologies (AFBs) are identified as the auxin receptor
(Dharmasiri et al, 2005; Greenham et al, 2011). The TIR1/AFB
proteins mainly contained two conserved domains, F-box domain
and LRR domain. The former domain is required for TIR1/AFBs to
interact with the SKP protein, which facilitates the formation of SCF
complex, and the latter containing a number of leucine-rich repeats is
required for them to bind auxin and to interact with Aux/IAAs (Yu
et al, 2015). In our study, all seven CcTIR1/AFBs contain one F-box
domain and one LRR domain on the N terminus of the protein, which
is consistent with BjuTIR1/AFBs as described in Brassica juncea (Cai
et al., 2019).

The ability of TIRI/AFBs to interact with Aux/IAAs, whose
strength is enhanced along with the increment of auxin
concentration, has been reported in other species with the yeast two-
hybrid assay. In Arabidopsis, TIR1, AFB1, and AFB2 are able to interact
with TAA3,TAA5, TAA7, and TAAS, respectively (Calderon et al., 2012).
Besides that, the TIR1 can also interact with IAA1 (Gilkerson et al.,
2015) and TAA17 (Nan et al, 2014). In peas, PsTIRla, PsTIRID,
PsAFB4, and PsAFB6 are able to interact with PSTAA6 (Ozga et al,
2022). In Brassica napus, BnTIR1 is capable of interacting with
BnIAA7 (Ping et al, 2022). Both the TIR1/AFB family proteins and
the Aux/IAA family proteins are mostly located in the cell nucleus and
influence the transcription response directly in many other species,
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such as Arabidopsis (Prigge et al., 2020), rice (Guo et al, 2021), and
rapeseed (Ping et al., 2022). In our study, it is firstly predicted with Cell-
PLoc and further confirmed with the subcellular localization assay that
the CcTIR1/AFBs of Chinese hickory are located in the nucleus, which
increased the possibilities of spatial interactions between CcTTR1/AFBs
and CcIAAs. Given that, the yeast two-hybrid assay associated with
different auxin concentrations was conducted. The results show that
each of the CcTIR1/AFBs being tested is capable of interacting with
some CcIAAs. As the auxin concentration is increased, the interaction
of each combination is strengthened. The results also suggest that the
CcTIR1/AFBs interact with CcIAAs in an auxin-dependent way in
Chinese hickory, which has also been reported in Arabidopsis (Yu et al.,
2013). CcTIR1, CcAFB1, and CcAFB2 are able to interact with
CcIAA16, CcIAA27b, and CcIAA29a, respectively. It is suggested
that CcTIR1, CcAFBI1, and CcAFB2 might be similar in function
based on the Y2H assay. Interestingly, CcAFB4 shows an interaction
pattern distinct from the other CcTIR1/AFBs. CcAFB4 shows a strong
ability to interact with CcIAAI and CcIAAIl6. It is indicated that
CcAFB4 might show a different manner in the biological process from
the other CcTIR1/AFBs.

Both the scions and the rootstocks are essentially the plant
segments cut from different plant individuals (Wang et al, 2017).
A successful grafting mostly depends on the adhesion of scions and
rootstocks, a process called graft union formation (Gautier et al,, 2019).
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Expression pattern of CcTIR1/AFB genes both in scion and in rootstock at different stages (0, 3, 7, and 14 days after grafting). The letters above the
error bar display the significant differences between each sample group and are determined by Duncan’s test (p < 0.05). CcTIR1/AFB, Carya

cathayensis transporter inhibitor responsel/auxin signaling F-box).

The vascular tissues from both the scion and the rootstock are
regenerated and reconnected in that process, which determines the
plant survival after being grafted (Melnyk et al., 2018). Auxin and auxin
signaling pathway play a critical role in vascular regeneration after
grafting—for instance, auxin alters PIN polarity via the Aux/TAA-ARF-
dependent pathway to facilitate the regeneration of vascular tissue at
the wound (Sauer et al., 2006). ARF6 and ARFS8 are involved in the
regulation of tissue reunion in the Arabidopsis stems (Weerasak et al,,
2014). The TIRI/AFB gene family plays as the auxin receptor and the
necessary element in the auxin signaling pathway (Salehin et al., 2015).
The TIR1/AFB signaling pathway is essential for vascular regeneration
after wounding (Mazur et al., 2020). In order to understand the role of
CcTIR1/AFBs during Chinese hickory grafting, their expression
patterns in both the scion and the rootstock of Chinese hickory at
different time points were analyzed. The four time points were
determined according to the morphological changes based on the
previous study, such as isolation layer formation at 3 DAG, callus
formation at 7 DAG, and vascular reconnection at 14 DAG (Yang et al,,
2022). Particularly, both CcAFB1 and CcAFB2 in the scion and
CcAFB4 in the rootstock are significantly upregulated at 3 DAG.
The special expression pattern indicates the special role of CcAFBI,
CcAFB2, and CcAFB4 in Chinese hickory grafting. In Arabidopsis,
phloem reconnection is severely affected at 4 DAG in the triple mutant,
tirlafb2afb3, which suggests that TIRI, AFB2, and AFB3 are
indispensable for vascular regeneration (Melnyk et al,, 2015). TIR1/
AFBs are capable of interacting with Aux/IAAs and facilitate the
degradation of the latter. Aux/IAA might prevent the vascular tissue
from generation—for instance, the downregulation of SITAAIS
contributes to the increasing number of xylem cells in tomato (Deng
et al, 2014). In our study, CcIAA16, CcIAA27b, and CcIAA29a are
able to interact with CcAFB1, CcAFB2, and CcAFB4. CcIAA1 and
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CcIAA16 interact with CcAFB4 strongly. The cis-acting element
analysis showed that CcAFB1, CcAFB2, and CcAFB4 might be
involved in the auxin response process. These results indicate that
they are worthy of being studied further in Chinese hickory grafting.

5 Conclusion

Chinese hickory is an economic nut tree famous for its nutrient
value and is broadly planted in east of China. In our study, seven
CcTIRI/AFB family genes were identified, cloned, and
characterized. The expression pattern analysis and the Y2H assay
further indicate the potential role of the CcTIRI/AFB family and
provide the special CcAFBs worthy of further study to explore the
molecular mechanism during the grafting process.
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