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Abstract

It is a debate whether trunk twisting belongs to environmental alteration or genetic variation. Through a diallel cross experiment,
we first determined that trunk twisting of Yunnan pines was controlled by recessive genes. Anatomical analysis identified that
straight and twisty types differed in xylem and phloem. RNA-seq of materials enriched by laser microdissection revealed three
genes involved in auxin signal transduction, photosynthesis, and sucrose metabolism, namely ARF, POR, and CBH. These
genes were co-expressed at different growth stages of twisty types, and among them, ARF is crucial regulating trunk twisting
formation. The enzyme activities involved in sucrose metabolism, carbon fixation, and glycolysis were significantly increased
after exogenous auxin was added to twisty types. When auxin signal transduction inhibitor (auxinole) and transport inhibitor
(TIBA) were added, the plant height and related pathways were more obviously reduced in straight types. ARF can not only
downregulate POR to block chlorophyll synthesis but also allows abundant sucrose to synthesize cellulose. Nevertheless, due
to downregulated CBH expression and abnormal cellulolysis, cellulose accumulates and the lignin content decreases, eventually
making the trunk highly prone to twisted growth. This study suggests that ARF can be vital in trunk shape screening during
the early growth of Yunnan pines.
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ABSTRACT

It is a debate whether trunk twisting belongs to environmental alteration or genetic variation. Through a
diallel cross experiment, we first determined that trunk twisting of Yunnan pines was controlled by recessive
genes. Anatomical analysis identified that straight and twisty types differed in xylem and phloem. RNA-seq
of materials enriched by laser microdissection revealed three genes involved in auxin signal transduction,
photosynthesis, and sucrose metabolism, namely ARF ,POR , and CBH. These genes were co-expressed at
different growth stages of twisty types, and among them, ARF is crucial regulating trunk twisting forma-
tion. The enzyme activities involved in sucrose metabolism, carbon fixation, and glycolysis were significantly
increased after exogenous auxin was added to twisty types. When auxin signal transduction inhibitor (auxi-
nole) and transport inhibitor (TIBA) were added, the plant height and related pathways were more obviously
reduced in straight types. ARF can not only downregulatePOR to block chlorophyll synthesis but also allows
abundant sucrose to synthesize cellulose. Nevertheless, due to downregulatedCBH expression and abnormal
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cellulolysis, cellulose accumulates and the lignin content decreases, eventually making the trunk highly prone
to twisted growth. This study suggests that ARF can be vital in trunk shape screening during the early
growth of Yunnan pines.

KEYWORDS

Trunk, twisted growth, controlled crossing, RNA-seq, IAA, cellulose

1 INTRODUCTION

Plants usually grow in a linear or circumferential orientation; however, some plants show twisted (Kerwin,
2021), spiral, and circled growth (Zheng et al., 2018). These phenotypic traits are alterations caused by
increased environmental selection pressure (Max et al., 2021; Alexandra et al., 2019) or heritable variations
(Guo et al., 2022). Some genes involved in twisted growth have been identified using model plants, includ-
ingSmSPR1 (Liu et al., 2021), WAVY (Masashi et al., 2010), spiral1 , spiral2 (Stéphane et al., 2019),lefty1
, lefty2 (Siripong et al., 2002), and CSI1 (Martin et al., 2012). These genes mainly play a regulatory role in
microtubule motility. Microtubule and microfiber development is the driving force for cell development (Li
et al., 2012). In plants, twisted growth is tightly linked to microtubule development, cellulose biosynthesis
(Collings et al., 2021), cell wall architecture (Joanna & Joseph, 2019), and organ biomechanics that control
organ growth and morphogenesis (Emonet & Hay, 2022). Moreover, adjacent cells tend to coordinate plant
growth through the connectivity of the cell wall, implying that all cells rotate in-phase around the organ axis
when twisting an axial organ (Renate et al., 2011). Wang et al. (2021) discovered that ectopically expressed
GhIQD14 , a protein localized to microtubules in Arabidopsis , causes twisting of organs such as seedlings,
trichomes, rosette leaves, and capsules. By constructing a model, Chakraborty et al. (2021) modeled the
expansion force, external force received during plant cell growth, and the interaction between forces during
cell wall expansion. They argued that the handedness of twisting cell growth depends on external torque and
intrinsic characteristics of the cell wall. According to them, cells produce left-handed spirals by “default” in
a sense.

Some studies have investigated the stem twisting phenomenon in woody plants. For example, Shavnin (2018)
noticed trunk twisting in bothP. sylvestris and Picea obovata and found that the twisting direction in the
second year was likely to be the opposite of the previous year. On the basis of results of the twisting degree
and frequency, they reported that forest types and weather conditions were the main contributors to such
twisting. They also explained this phenomenon by constructing a morphogenetic model. Liu et al. (2012)
proposed that abnormal expression of the cellulose synthase genePtCesA8A in Populus tomentosa may induce
twisting by reducing stem stiffness. Genetic patterns of trunk twisting were investigated through controlled
cross tests on Corylus avellana(David & Mehlenbacher, 1996) and Salix matsudana (Lin et al., 2007).

Yunnan pine (Pinus yunnanensis Franch.) mainly grows in the central Yunnan Plateau and extends to
some areas of Tibet, Sichuan, Guangxi, and Guizhou, which are adjacent to Yunnan (Fan et al., 2021).
This is a typical plant of the subtropical arid region of western China (Li et al., 2021; Zhang et al., 2021)
and is a forest type with the largest extant area in Yunnan Province, accounting for 19.63% of the total
forest stands and 14.28% of the forest stock in this province. Thus, Yunnan pine occupies a pivotal position
in forestry production (Jerzy et al., 2021) and eco-economic construction in southwest China (Pan et al.,
2017). The trunk twisting phenomenon of Yunnan pines has aroused considerable attention, with some
studies attributing it to environmental conditions. For instance, by observing the macrostructure and phloem
microstructure of the pine bark at different latitudes and altitudes, Wang et al. (2009) concluded that trunk
twisting is a manifestation of adaptation of Yunnan pines to the local climate. However, further studies
have suggested that twisting of trunk and texture is genetically controlled. The trunk shape of offspring
stands mainly relies on seed tree quality, rather than environmental conditions (Zhou et al., 2016, He, 1994).
However, due to the limitation of technical means in the previous studies, whether the trunk twisting of
Yunnan pines is controlled by environmental or genetic factors remains unclear.

Plant organs consist of multiple cell and tissue types, and essential gene expression changes occurring in
specific cells or tissues can be overlooked by isolating RNA from entire organs (Yoshihito et al., 2018). Laser
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capture microdissection (LCM) combines microscopy and laser beams to isolate specific tissue or cell types
from the sections of a specimen (Robert et al., 2005). LCM has been employed for isolating and analyzing
high-quality RNA, terpene synthase enzyme activity, and terpenoid metabolites from resin ducts and cambial
zone tissues of white spruce (Picea glauca ) (Eric et al., 2010). RNA extracted from the phloem (Nina et
al., 2014) has also been used to enrich ray parenchyma cells of Phellodendron amurenseRupr. (Zheng et
al., 2016). LCM has been widely used for plant transcriptome analysis, such as combining LCM with 454
pyrosequencing for transcriptome analysis of maritime pine (P. pinaster ). Using an adapted protocol for
conifer RNA amplification, complementary DNA (cDNA) was synthesized and amplified from tiny amounts
of total RNA from LCM samples. This approach significantly improved sequencing quality and facilitated
whole gene expression analysis of conifer tissues (Rafael et al., 2014). Goué et al. (2012) isolated ray and
spindle cells from poplar cambium cells through LCM. Transcriptome sequencing was performed on these
cells to explore regulatory mechanisms underlying wood quality and quantity, thereby providing theoretical
information about how to select the best trees and how to cut them without affecting their physiological
parameters. Preserving intact plant cell structures is easier with paraffin embedding and sectioning than with
frozen sectioning. However, because the process of paraffin section preparation is lengthy, RNA degradation is
likely to occur during this period. Using a modified paraffin sectioning method, Verma et al. (2019) enriched
cells of an apple bud meristem through LCM of its paraffin sections and extracted high-quality RNA from
the enriched cells. Takahashi et al. (2010) designed a serial sectioning method to ensure RNA integrity by
shortening time and reducing temperature at each step of traditional paraffin sectioning. Improvement in
RNA quality and yield eliminates major obstacles in the widespread use of LCM with high-throughput
technologies for plants.

In this study, through artificially controlled pollination experiments, we first confirmed that trunk twisting
of Yunnan pines was a heritable variation trait. Then, LCM-enriched xylem and phloem cells were used
for transcriptome analysis to screen for differentially expressed genes (DEGs) during the twisting process
and explore significantly enriched metabolic pathways. Key genes involved in twisting were further identified
using control experiments, qRT-PCR, and physiological and biochemical index measurements to preliminarily
reveal the cause underlying twisting in Yunnan pines.

2 MATERIAL AND METHODS

2.1 Plant materials and controlled crossing

According to a complete diallel crossing design, 15-year-old twisty and straight Yunnan pines from the Lufeng
Experimental Station of the Institute of Highland Forest Science, Chinese Academy of Forestry (102°12’10",
25deg13’23"), were selected as parents for controlled crossing. In March 2014, mature pollen of Yunnan
pines was collected individually from each plant, dried and placed in clean glass bottles, and stored at 4
in a dry place of the laboratory. When the mother tree started blooming in April, P. yunnanensis pollen
was sprayed on the female strobilus of the mother tree with a syringe, covered with sulfuric acid paper, and
tightened. After 2–3 days, the sulfuric acid paper was unraveled and the female strobilus was re-pollinated.
During this process, each mother tree was only pollinated with the pollen individually collected from the
same plant, and multiple clonal mother trees were pollinated with different paternal pollens. In total, 7–15
female inflorescences were covered in each bag (n = 10 bags) for each cross. To promote fruit setting after
hybridization, the paper bags were removed at the end of all male pollen shedding in the mother forest. In
December 2016, mature cones were also individually collected from each plant, and seeds of each plant were
used as a hybrid combination. Hybrid seeds were uniformly raised in nutrient bags in March 2017 and used
for afforestation in the rainy season of 2018 through a randomized block design (a single row of 5 plants
and 4 replicates) with a row spacing of 2 m x 3 m. At the end of each year, each tree was investigated to
determine the status of trunk twisting and straightening.

A portion of the harvested hybrid seeds was sown in nutrient soil (organic soil: perlite: vermiculite =
2:1:1), cultured (25, 16 h of light: 8 h of dark, 60% humidity) in an artificial climate chamber (PQX-1000,
Hongdu, Shanghai), and watered three times a week. After emergence, the trunk shape was assessed weekly.
These materials were used for anatomical experiments, microdissection, RNA-seq, and physiological and
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. biochemical experiments.

2.2 Histological observation

Straight and twisty stem segments of Yunnan pines of ages 30, 60, and 180 days were selected. Stem
samples of approximately 0.5-cm3 volume were fixed in FAA buffer (50 mL of 70% ethyl alcohol, 5 mL
acetic acid, 5 mL formaldehyde, 10 mL glycerin, and 25 mL water) for more than 24 h (Hao et al., 2021;
Tao et al., 2020), washed, dehydrated, cleared with tert-butyl alcohol and gradient alcohol, and embedded
in paraffin. The stem segments were cut into 10-μm sections with a microtome (Leica RM2135). Paraffin
around the plant tissues was washed away with ethanol and xylene (Chen et al., 2019). The sections of
Yunnan pines were stained with toluidine blue staining solution containing 0.5% borate, mounted in neutral
gum, microphotographed using an Olympus IX71 microscope, and micromeasured with a built-in ruler. The
images obtained were analyzed; transverse sections of the stem segments of straight and twisty Yunnan pines
were observed through scanning electron microscopy (SEM) (PRECIPOINT M8, Germany), and xylem and
phloem cell diameters of the stem segments were measured using ImageJ software.

2.3 LCM

Fresh straight and twisty stems of Yunnan pines were snap-frozen in the OCT embedding medium, stored
at -20 °C, and sectioned into 15-μm sections by using a freezing microtome (Leica CM1950). The slides
with the sections were dried in a desiccator at 4°C for at least 2 h or dried on a 4°C cold metal block in a
vacuum chamber (-0.9 bar) for 15 min (Olsen & Krause, 2019). The cryosections were placed on stainless
steel slides with PET membranes (Lecia Microsystems, Wetzlar, Germany), and xylem and phloem cells
were collected into the caps of nuclease-free 0.2 mL PCR tubes (Axygen, USA) containing the appropriate
buffer for RNA and protein extractions using LCM (LMD7000, Lecia, German). The collected cells were
snap-frozen in liquid nitrogen and stored at -80degC (Blokhina et al., 2016). During microdissection of
multiple tissues from a single cryosection, dissection of one tissue type was completed before beginning to
cut the next tissue type to avoid cross contamination of tissue samples. The settings for dissection were as
follows: 10x magnification; aperture: 20; power: 45; and speed: 6 (Agusti et al., 2011).

2.4 RNA extraction, library construction, and RNA-seq

For LCM-enriched tissues, total RNA was isolated using the PicoPure RNA Isolation Kit (Thermo Fisher
Scientific, Sweden) (Ranjan et al., 2022). Each sample consisted of three independent biological replicates.
The quantity and quality of RNA samples were analyzed using a 2100 Bioanalyzer (Agilent Technologies,
USA) (Ram et al., 2020). High-quality RNA samples were used to construct cDNA libraries, and the
starting RNA material for library construction was total RNA. mRNA with polyA tails was first enriched
with oligo (dT) beads, and the resulting mRNA was subsequently randomly interrupted with divalent cations
in fragmentation buffer. First-strand cDNA was synthesized in an M-MuLV reverse transcriptase system
by using fragmented mRNA as the template and random oligonucleotides as primers, followed by RNA
strand degradation with RNaseH. Second-strand cDNA was synthesized from dNTPs in a DNA polymerase
I system. The purified double-stranded cDNA was end-repaired, A-tailed, and ligated with sequencing
adapters. The cDNA of approximately 370–420 bp was screened using AMPure XP beads and amplified
by PCR. The PCR product was purified again with the AMPure XP beads to finally obtain the libraries.
Illumina NovaSeq 6000 sequencing (Ye et al., 2020) was performed after pooling different libraries according
to the effective concentration and the amount of on-target data. A total of 150-bp paired-end reads were
generated. The basic principle of sequencing is sequencing by synthesis. For amplification, four fluorescently
labeled dNTPs, DNA polymerase, and adaptor primers were added to the sequenced flow cell. When
each sequencing cluster extended the complementary strand, each fluorescently labeled dNTP released the
fluorescence when it was added. To obtain the sequence information of the fragments to be tested, the
sequencer captured the fluorescence signals and converted them into sequencing peaks through computer
software. The DEGs were selected based on the following criteria: |log2 fold change| [?] 1 and p< 0.05.
The pathway enrichment analysis of the DEGs was conducted by referring to the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (Wang et al., 2017). The raw sequence data are available at NCBI
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. Sequence Read Archive (BioProject accession number: PRJNA877377).

2.5 Exogenous hormone and inhibitor treatment and enzyme activity assay

Sixty-day-old straight P. yunnanensis (S60) and twisty P. yunnanensis (T60) were sprayed with different
concentrations of auxin (IAA), auxin inhibitors (Triiodobenzoic acid (TIBA) and auxinole), andPseudomonas
syringae . The assay was conducted in an artificial climate incubator (25 temperature, 16:8 h light:dark
cycle, and 60% humidity). Graded levels of IAA (S18031, Yuanye, Shanghai) (0.1, 50, and 500 μm L-1)
(Zhao et al., 2019), TIBA (S30709, Yuanye, Shanghai) (50, 100, and 150 mg L-1) (Zhang et al., 2017), and
auxinole (HY-111444, MedChemExpress) (0.125, 0.25, and 0.5 mM) (Denbigh et al., 2020) working solutions
were prepared by adding solute to distilled water and stirring the mixture until dissolution. The P. syringae
slant, purchased from the Beijing Microbiological Culture Collection Center (Beijing, China), was placed
in liquid medium and prepared into a bacterial solution with OD600 = 0.1. The controls of the hormone
and P. syringae were distilled water and P. syringae medium, respectively. A randomized block design was
employed in this assay with three replicates for each treatment. Each Yunnan pine plant was sprayed with
5 mL of the solution once a day for 55 days.

The treated plants were phenotyped and sampled to determine activities of acid invertase (BC0560, Solarbio,
Beijing), phosphoenolpyruvate carboxylase (BC2190, Solarbio, Beijing), and phosphofructokinase (BC0530,
Solarbio, Beijing); sucrose synthase synthesis direction (ml076692, Mlbio, Shanghai) and sucrose synthase
decomposition direction (ml076680, Mlbio, Shanghai); and contents of cellulose (BC4280, Solarbio, Beijing),
hemicellulose (BC4440, Solarbio, Beijing), and lignin (BC4200, Solarbio, Beijing) (Han et al., 2017).

2.6 Sucrose content assay

The content of sucrose was determined using HPLC (Cheng et al., 2018). Sucrose was extracted from Yunnan
Pine by grounding, and it was then dissolved and filtered through a SEP-C18 cartridge (WAT021515; Waters,
Shanghai, China) and Sep-Pak filter. A Waters 1525 HPLC system (Waters) was used to determine sucrose
content. The column had an inner diameter of 6.5 mm × 300 mm and a particle size of 10 μm (Waters),
with a guard column from Sugar-pak 1 Guard-Pak Holder and Insert (Waters). The column temperature
was maintained at 85°C. The injection volume and flow rate of the mobile phase were 10 μl and 0.6 ml
min-1, respectively. Sucrose contents were determined according to an external standard solution. The
concentration of each sample was calculated by the comparison of peak areas and retention times with those
of calibrated sugar solutions of known concentrations (Lü et al., 2020). Three biological replicates were used
for determining each index.

2.7 Validation of quantitative real-time PCR

Total RNA was isolated from the straight and twisty stem segments of Yunnan pines at three growth stages
by using a plant RNA extraction kit (Tiangen, Beijing, China) (Xiao et al., 2020). In total, 19 DEGs
were selected for quantitative real-time (qRT)-PCR analysis. The extracted RNA was reverse transcribed
into cDNA by using the SuperScript III Platinum Two-Step qRT-PCR Kit (Invitrogen). qRT-PCR was
performed following the protocol of TB Green Premix EX TaqTM II (Takara, Dalian, China) by using
the 7300 Real-Time PCR System (Applied Biosystems, Carlsbad, USA). Actin was selected as an internal
reference gene. Relative gene expression was quantified using the 2−Ctmethod. Three biological replicates
were used for each sample, and three technical replicates were used for each reaction. Corresponding primer
sequences are presented in Table S1.

2.8 Immunohistochemistry

Tissue sections of stem segments of Yunnan pines were blocked for 1.5 h in blocking solution comprising
0.5% normal goat serum and 1% BSA. Primary antibodies (CDC2, AS06153; cFBPase, AS04043; PEPCK,
AS07241; POR, AS05067; RbcL, AS03037A; SUS1, AS152830) were purchased from Agrisera and were
diluted 1:500 in blocking solution. Following washing with PBS, the tissues were incubated in the primary
antibody solution for 12–16 h at 4 and washed three times in PBS solution at room temperature (Nagaki &
Yamaji, 2019). The secondary antibody was an anti-rabbit antibody from Abbkine (A21020). It was diluted
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. to 1:1000 in PBS and was added to the tissue sample, and then subjected to 2-h reactions at 37degC, washed
three times with PBS, and developed using DAB.

2.9 Data processing

The DEG abundance patterns were analyzed using the standard procedure of the weighted gene co-expression
network analysis (WGCNA) package in R (Langfelder & Horvath, 2008) and visualized using the pheatmap
package. To interpret the biological functions of the DEGs identified, MapMan v. 3.6.0RC1 (Thimm et
al., 2004) was used to display the data on biological process maps. For each assay, at least three biological
replicates were used, with three independent technical replicates each, in addition to enzyme activity assays.
To determine significant differences, one-way ANOVA was performed using the statistical program SPSS
(version 13.0), followed by Duncan’s multiple range test. Student’s t -test and Pearson’s correlation analysis
were also conducted. Significance was accepted at the p < 0.05 level.

3 RESULTS

3.1 Inheritance of the twisty trait

In total, 120 plants in the F1 generation were produced by crossing twisty Yunnan pines with straight Yunnan
pines. This cross produced 92 straight and 28 twisty Yunnan pines, approximately 3:1 ratio (Table 1), a
chi-square test showed that the segregation fits a 3:1 ratio (P>0.05), indicating that the twisted trait was
controlled by recessive alleles at a single locus.

3.2 Phenotypic indicator determination and tissue dissection of stem segments of Yunnan pines

To systematically compare the growth differences between straight and twisty Yunnan pines, plant height
and DBH were used as indicators. The twisty type had a higher height gain than the straight type before
42 days after growth, whereas after 42 days, the former had a slower height gain and a slightly lower plant
height than the latter (Figure 1). DBH of the straight type was larger than that of the twisty type at
different growth stages.

In the natural environment, morphological differences between straight and twisty pines are easily discernible,
as the twisty pines form a distinct twisty texture in the bark that is visible even after peeling (Figure 2A).
To determine the main differences in histological anatomy between the straight and twisty stems of Yunnan
pines, the stems at 30, 60, and 180 days were histologically sectioned and the tissue sections were stained
with toluidine blue. The twisty pines at the same growth period showed more irregularly shaped xylem cells,
significantly increased cell number, and more tightly arranged phloem cells compared with the straight pines.
SEM revealed that the shape of xylem cells changed irregularly after trunk twisting. Moreover, the cells were
more tightly arranged in the stem segments of 180-day-old twisty P. yunnanensis (T180) (Figure 2J, K).
The longitudinal sections displayed that the xylem duct cells of the straight pines were smoother, whereas
those of the twisty pines had significant breakage and stratification (Figure 2L, M). This indicated that
stem twisting would affect ductal arrangement. Therefore, xylem and phloem were the main sites in which
morphological differences occurred between straight and twisty Yunnan pines. Furthermore, we used LCM
to enrich xylem and phloem materials from straight and twisty pines for downstream RNA-seq analysis.

3.3 Digital RNA-seq data and transcriptome assembly

The libraries of straight and twisty pines at three growth stages were sequenced to generate raw data. We
used the Sanger quality score to evaluate data sequencing quality. The Phred mass fraction represents high-
quality sequencing results obtained with values ranging from 97.13% to 98.32% for Q20 and 91.80% to 94.86%
for Q30. All subsequent analyses were based on high-quality clean data. Because a reference genome was
lacking, clean reads were assembled with Trinity software to obtain transcriptome sequence files. Short-read
sequences were assembled into 77,931 unigenes (average length: 1194 bp); of them, 48,692 unigenes (62.48%)
were 300–1000-bp long, 15,920 unigenes (20.43%) were 1000–2000-bp long, and 13,319 unigenes (17.09%)
were >2000-bp long (Figure 3A). BUSCO (BenchUniversal Single-marking Copy Orthologs) was employed
for the quality assessment of de novo assembled genes.

6



P
os

te
d

on
A

u
th

or
ea

10
O

ct
20

22
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

53
80

21
.1

82
32

19
7/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. 3.4 Functional annotation and classification

Different databases including NCBI non-redundant protein (Nr), NCBI non-redundant nucleotide sequence
(Nt), UniProt/Swiss-Prot, Pfam, Kyoto Encyclopedia of Gene and Genomes (KEGG), KOG/COG, and Gene
Ontology (GO) were used to annotate assembled unigenes. Numerous DEGs were identified at three growth
stages: 30, 60, and 180 days. Of the total DEGs, 34 were mapped in all the three growth stages (Figure
3C). The KEGG enrichment analysis revealed that the DEGs were mainly involved in phytohormone signal
transduction, photosynthetic carbon fixation, starch and sucrose metabolism, and plant–pathogen interaction
pathways (Figure 3D, E). These results demonstrated that the twisted growth of the Yunnan pine stem is a
complex biological process.

3.5 MapMan annotated metabolic pathways and WGCNA analysis

To comprehensively understand the biological metabolic processes of stem twisting in Yunnan pines, different
algorithms were used to mine differential metabolic pathways. First, DEGs were enriched for the twisty vs
straight type at different growth stages by using MapMan (Figures 4, S1, and S2). Compared with straight
Yunnan pines, the twisty pines exhibited an increase and then a decrease in the expression of DEGs enriched
in cell wall synthesis, lipid metabolism, sucrose metabolism, ascorbic acid cycle, and secondary metabolic
pathways with an increase in growth time, in addition to a continuous decrease in the expression of light
response-related DEGs. WGCNA was performed to analyze gene expression patterns in stem segments of
Yunnan pines at different growth times, to cluster genes with similar expression patterns, and to analyze
the correlation of each module with straight and twisty Yunnan pines at each developmental stage (Figure
5). Genes in the high-correlation modules that corresponded to different growth stages were enriched in
the same metabolic pathways as those analyzed by KEGG and GO. This also confirmed the accuracy of
the differential metabolic pathways screened in this study. Comparing the results of WGCNA, KEGG, and
MapMan analyses, we selected the three pathways enriched in twisty pines at different growth stages for
the study, namely starch and sucrose metabolism, photosynthetic carbon fixation, and phytohormone signal
transduction.

3.6 DEGs involved in starch and sucrose metabolism

RNA-seq results showed that the expression of genes involved in carbohydrate hydrolysis pathways was low in
twisty Yunnan pines. For instance, INV is involved in sucrose hydrolysis, EXG andBGL involved in glucose
hydrolysis, and CBH involved in cellulose hydrolysis. The expression of starch and sucrose synthesis- related
genes BAM and Susy was upregulated in twisty Yunnan pines (Figure 6).

3.7 DEGs involved in carbon fixation in photosynthetic organisms

In total, 23 DEGs related to the photosynthetic carbon fixation pathway were found (Figure 7). Of them,
PEPCK, AST, MDH, and 14 genes of the dmlA family were involved in the C4 cycle. Overall, the expression
levels of these genes were higher in straight Yunnan pines. Genes involved in the Calvin cycle, except FBA
andFBP , were downregulated in twisty Yunnan pines. This suggested a great impact of trunk twisting on
the pine’s photosynthetic carbon fixation ability.

3.8 DEGs involved in plant hormone signal transduction

In total, 25 DEGs were upregulated in the phytohormone signaling pathway (Figure 8A), with most being
enriched in auxin signal transduction pathways. In addition to TIR1 , ARF and SAUR were downregulated
in twisty Yunnan pines. Thus, we speculated that blocking auxin signal transduction leads to stem twisting.
Further expression analysis of genes involved in the auxin metabolic pathway indicated that only PIN was
upregulated in twisty pines (Figure 8B).

3.9 Spraying test of exogenous phytohormones and bacterial solution

Among the aforementioned three metabolic pathways, ARF ,POR, and CBH expressions were downregulated
in twisty Yunnan pines, showing a co-expression trend. Therefore, a series of experiments was conducted
to investigate the relationship betweenARF , POR, and CBH expression and stem twisting. We conducted
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. spraying experiments of exogenous auxin IAA and auxin inhibitors. The experimental group was sprayed
with the auxin signal transduction inhibitor auxinole as ARF is a critical gene of the auxin signal transduction
pathway. The control group was sprayed with the same amount of distilled water as the experimental group.
An exogenous auxin transport inhibitor, TIBA, was also sprayed to compare the responses of Yunnan
pines to the two inhibitors. We found that plant–pathogen interaction metabolic pathways were more
significantly enriched in straight Yunnan pines than in twisty Yunnan pines, in which three genes were
associated with P. syringae . To test whether the plant–pathogen interaction ability changed after stem
twisting, an experimental group sprayed with exogenous P. syringae bacterial solution was established. The
exogenous auxin, auxin inhibitors, and bacterial suspension were sprayed onto the needles of 60-day-old
Yunnan pines, followed by 50-day monitoring. Twisty Yunnan pines were more sensitive to IAA stimulation,
as shown by the more pronounced increase in plant height of twisty pines after exogenous auxin addition
compared with the control group (Figures 9A, B). TIBA and auxinole inhibited the plant height of straight
pines more significantly. However, plants in the twisty group sprayed with auxinole stopped growing earlier
than the straight plants (Figure 9 C–F). After spraying both straight and twisty pines with the bacterial
solution for 55 days, the twisty pines grew significantly faster than the straight pines (Figure 9 G, H). This
result was consistent with the KEGG enrichment results showing upregulated expression of plant–pathogen
interacting genes in twisty Yunnan pines.

Biochemical characteristics of straight and twisty Yunnan pines sprayed with auxin and auxin inhibitors
were examined. The enzyme activities of exogenous IAA-sprayed twisty Yunnan pines involved in sucrose
metabolism (Figure 10A, D, E), photosynthetic carbon fixation (Figure 10B), and glycolysis (Figure 10C)
pathways were significantly increased at each stage compared with the control group. TIBA had little
effect on the twisty pines, but after exogenous auxinole treatment, both twisty and straight pines showed
significantly decreased enzyme activities (Figure 10). Therefore, we concluded that stem twisting can enhance
the disease resistance of Yunnan pines, which may result from its long-term adaptability. However, inhibition
of auxin signal transduction may seriously affect the normal growth of Yunnan pines.

3.10 Immunohistochemistry

To further identify the metabolic pathways involved in twisty and straight traits at the protein level, we
immunolocalized antibodies corresponding to POR , RbcL , Susy , FBP ,PEPCK, and CDC2 in the sections
of stem segments of straight and twisty pines that were 30-, 60-, and 180-day old (Figure 11). The six
proteins were specifically detected in the stems of both straight and twisty pines. The expression signals
of CDC2 involved in cell division, cFBPase and PEPCK involved in gluconeogenesis, and SUS1 involved
in sucrose metabolism were stronger in the 30-day-old straightP. yunnanensis (S30) than in the 30-day-old
twisty P. yunnanensis (T30). The SUS1 and PEPCK expression signals were stronger in T60 than in S60.
POR and RbcL are closely related to photosynthesis. Because the stem is not the main photosynthetic organ,
POR and RbcL expression signals were weak in the stem segments and weaker in the twisty stem segments.
Expression signals of these six proteins were stronger in the straight pines than in the twisty pines by 180
days of growth. Accordingly, we speculated that twisted stem growth would decrease the expression of crucial
proteins required for the growth and development of Yunnan pines and adversely affect their development.

3.11 Comparison of cellulose, hemicellulose, and lignin contents in stem segments of straight and twisty
Yunnan pines

CBH is a key gene regulating cellulolytic processes and is downregulated in all growth stages of Yunnan
pines. We, therefore, determined cellulose, hemicellulose, and lignin contents in the stem segments of S60,
S180, T60, and T180. The cellulose content was significantly higher in twisty pines than in straight pines
(Figure 12A). This indicated that CBH expression downregulation did hinder cellulolysis in twisty Yunnan
pines, allowing cellulose accumulation in the twisty plant. The lignin content was significantly lower in the
twisty Yunnan pines than in the straight Yunnan pines (Figure 12B); the hemicellulose content did not
reflect a close correlation between the two groups (Figure 12C). The sucrose content was significantly higher
in twisty pines than in straight pines (Figure 12D).
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. 3.12 Validation by qRT-PCR

To further validate the reliability of the RNA-seq analysis data, 19 DEGs were validated using qRT-PCR
(Figure 13). These DEGs were associated with cell division (CDC2 ), starch and sucrose metabolism (BAM ,
BGL , CBH , cFBPase ,INV , PEPCK , and SUS1 ), photosynthesis (FBA ,FBP , PGK , POR , RbcL , and
XFP ), and phytohormone synthesis and signal transduction (ARF , SAUR ,TIR1 , PIN , and YUC ). The
qRT-PCR results were generally consistent with the RNA-seq analysis results, confirming the accuracy of the
RNA-seq results. According to the results, the expressions of ARF , POR, and CBH were downregulated
in twisty Yunnan pines, showing a co-expression trend.

4 DISCUSSION

4.1 Inheritance of trunk twisting

To investigate whether trunk twisting in P. yunnanensis is caused by environmental or genetic factors,
He et al. (1994) speculated that twisty and straight trunks are a pair of relative traits controlled by a
pair of alleles; of them, twisty trunk is dominant and straight trunk is recessive, as determined through
progeny tests. Using molecular marker assays, Xu et al. (2015) reported that the straight pine and twisty
pine populations exhibit no significant genetic differences, supporting the belief that twisty pines are an
ecological type of Yunnan pines. In this study, crossing twisty pines with straight pines resulted in a seedling
ratio of 92 straight: 28 twisty, consistent with the segregation ratio of 3:1. This suggested that recessive
genes control the trait of twisted growth in Yunnan pines. This result is similar to that of Smith et al.’s study
(Smith & Mehlenbacher, 1996) on twisted C. avellana . Smith et al. conducted a 6-year hybrid experiment
on different varieties ofC. avellana from 1987. Crossing of twisty C. avellana with each normal variety
produced no twisted progenies. However, self-crossing of twisty C. avellana with another twisty C. avellana
resulted in 3 normal: 1 twisted progeny. To identify trunk twisting as a stable inherited trait, the resulting
twisty progenies were backcrossed with the twisty plants, and a segregation ratio of 1 normal: 1 twisty was
obtained. Yoshida (1994) statistically analyzed segregation patterns in self-pollinated and crossed progenies
of two lines of Trifolium pratense (Poncirus trifoliate ). The study found that the two dwarf Trifolium
varieties were controlled by one and two recessive genes, respectively. Recessive genes also control the left-
handed helix of tomato stems (Yang et al., 2020). However, Lin et al. (2007) studies the phenotypic statistics
of the progenies obtained from a cross of twisty Salix matsudana with wild-type plants and concluded that
the twisty phenotype is controlled by a dominant gene. Identification of recessive genes as the controller for
trunk twisting of Yunnan pines provides guidance for future breeding of this plant. Accordingly, artificial
emasculation or pollination of Yunnan pines can be performed to ensure stable inheritance of the straight
trunk trait and to provide richer germplasm resources for its breeding.

4.2 RNA-seq based on LCM

Xylem and phloem cells were collected from frozen sections of straight and twisty stem segments at dif-
ferent growth stages by using LCM. RNA was extracted from the collected cells, linearly amplified, and
transcriptome-sequenced using RNA-seq. Consequently, 2,386 DEGs significantly associated with trunk
twisting were obtained. The combination of LCM with RNA-seq has been widely used in woody plant
research. For example, Turner et al. (2018) enriched epithelial cells of resin secretory ducts in P. taeda
needles by using LCM and compared them with the genes expressed in mesophyll cells. They reported that
487 genes involved in resin biosynthesis were significantly enriched in the epithelial cells. Difficult regulation
of adventitious root development is a major obstacle to the reproduction of woody plants of commercial
value. To regulate adventitious root development from a molecular viewpoint, Stevens et al. (2018) enriched
cortical, phloem fiber, or phloem parenchyma cells in the stem segments of Juglans nigra L. by using LCM
and performed RNA-seq. After qRT-PCR analysis, mRNA abundance of nine root-related genes was found
to be changed. Ranjan et al. (2022) enriched cambium cells from the stem cuttings of two hybrid poplar
cultivars (easy and difficult rooting cultivars). They identified 17,997 genes significantly associated with
adventitious root formation through RNA-seq. Major regulators of adventitious root development were suc-
cessfully mapped by combining LCM with RNA-seq. Radiation cells can play a role in tracheid lignification.
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. To test this hypothesis, radiation cells and tracheids from tangential cryosections of P. abies xylem were
enriched with LCM, and 1,073 DEGs were detected using RNA-seq (Blokhina et al., 2019). A gene expressed
only in radiation cells was identified, and the results exhibited that the genes related to the biosynthesis
pathway of lignin monomers were active in radiation cells. This finding suggested that radiation cells could
produce monomers that contribute to lignification of tracheid cell walls. LCM combined with RNA-seq
provides single-copy genes as molecular markers for seed plant phylogeny (Li et al., 2017). The LCM and
RNA-seq technology combination greatly improves the research efficiency and accuracy. This combination
realizes more targeted research on the research object and focuses on the sites where differences occur.

4.3 Twisting phenomenon alters metabolic pathways

RNA-seq analysis of LCM-enriched materials revealed POR ,CBH , and ARF co-expression. Moreover,
KEGG enrichment, WGCNA, and MapMan analyses combined with physiological and biochemical parameter
assessment revealed that the cellulose content increased and the lignin content decreased in twisty Yunnan
pines compared with those in straight pines. When stimulated by gravity, stems and branches of woody
plants form tension wood, which is usually the inclined or bent upper side of the trunk or branch, that is,
the xylem of the tensioned site. The characteristic of tension wood differing from that of ordinary wood
is mainly the fibers formed with gelatinous cell wall layers composed of crystalline cellulose (Andersson-
Gunnera et al., 2006). Therefore, the content of cellulose is high in tension wood, and it lacks lignin and
hemicellulose. The xylem material from stem segments in poplar tension wood formed at an early stage
was subjected to transcriptome analysis. This analysis revealed significant enrichment of genes involved in
gibberellin and brassinolide pathways, as well as flavonoid and phosphoinositide pathways (Collings et al.,
2021). The results indicated that these pathways may have a role in twisting morphogenesis. RNA-seq of
tension wood formed in California poplar revealed that the genes related to lignin and cellulose biosynthesis
were downregulated and upregulated, respectively, in tension wood (Kerwin, 2021). This result was also
obtained in tension wood formed by P. trichocarpa andBetula luminifera (Cai et al., 2018; Liu et al., 2021).
In addition, studies on gerbera (Hamedan et al., 2019), maize (Sun et al., 2018), and soybean (Hussain et
al., 2021) have shown that an increase in the content of lignin, a secondary cell wall component, negatively
affects the stem strength and reduces stem bending or lodging. Because the expression of the cellulolytic gene
CBH was downregulated in twisty Yunnan pines, we determined the cellulose and lignin contents in stem
segments of S60, S180, T60, and T180. We found that the cellulose content in twisty pines was significantly
increased, similar to that in tension wood. By contrast, the lignin content decreased, thereby reducing the
stem hardness of Yunnan pines and creating conditions for the twisted growth.

Genes involved in cellulose synthesis, lignification, cytoskeletal development, signaling, and stress response
were identified in poplar tension wood (Azri et al., 2013). Tension wood formation-induced alterations in
cell wall traits result from a combination of lignin biosynthesis downregulation and hemicellulose remodeling
rather than the frequently proposed notion of the activation of cellulose biosynthesis pathways (Mizrachi
et al., 2014). When auxin signal transduction is compromised, cellulose biosynthesis is promoted, thereby
accelerating tension wood formation. Therefore, increase expression of auxin transport-related genes is
considered the most important cause of twisted growth (Yu et al., 2016). Verger et al. (2019) found
thatArabidopsis organs also exhibit twisted growth when auxin correspondence or transport is affected.
Felten et al. (2018) and Seyfferth et al. (2019) found that ethylene also induces tension wood formation.

A regulatory relationship does exist between auxin and cellulose (Lehman & Sanguinet, 2019). Xin et al.
(2020) concluded that auxin alters the interaction between cellulose microfibrils in the cell wall because cell
wall elongation depends on cell wall acidification and auxin plays a vital role in acid growth. Ehrhardt
et al. suggested that auxin controls cellulose deposition in the cell wall by regulating cortical microtubule
arrangement (Echevin et al., 2019, Ehrhardt & Shaw, 2006). Wang et al. (2020) successfully mapped auxin-
related genes that affect the cellulose content in plants. These genes include the auxin signal transduction
gene SAUR , which stimulates apoplast acidification and cell wall loosening, and the auxin transport gene
PIN , whose polar localization is limited by cellulose deposition. Therefore, cellulose deposition is believed
to affect auxin distribution in plant species. Fruit softening involves cellulose hydrolysis in the cell wall, and
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. Qian et al. (2022) identified the auxin-related genes ARF ,SAUR, and TIR1 involved in fruit softening.
Studies have revealed an indirect regulatory relationship between auxin and cellulose, and auxin-related
genes can affect photosynthesis. Yuan et al. (2018) found that S1ARF10, a member of the ARF family of
tomato, positively regulates POR to affect chlorophyll metabolism. This increases the starch, fructose, and
sucrose contents in tomatoes. Liu et al. (2021) performed a transcriptomic analysis of transgenic A. thaliana
overexpressing the right-handed helical gene SmSPR1 and discovered that numerous DEGs were involved
in plant light signal reception, chlorophyll synthesis, and photosystem building. Moreover, they found that
the genes involved in light signal transduction were co-expressed with auxin-related genes, indicating that
the light response and auxin signaling pathways may have crucial roles in etiolated spiral growth.

The auxin signal transduction gene ARF , chlorophyll synthesis gene POR , and cellulolytic gene CBH in
twisty Yunnan pines were also mapped in this study. Based on the results of control experiments with the
addition of exogenous auxin and auxin inhibitors, immunohistochemical techniques, and physiological index
determination, we introduced a working model for the molecular mechanism underlying trunk twisting in
Yunnan pines (Figure 14). Downregulation of ARFexpression blocks auxin signal transduction in Yunnan
pines in an unfavorable growth environment. This leads to the downregulation ofPOR expression, thereby
impeding chlorophyll synthesis and hindering the normal photosynthesis. In addition, ARF can upregulate
Susy expression and increase the sucrose content (Figure 11, Figure 12D, Figure 13), which allows a large
amount of sucrose to synthesize cellulose. However, due to downregulatedCBH expression and abnormal
cellulolysis, cellulose accumulates and the lignin content decreases in Yunnan pines, eventually making the
stem highly prone to twisted growth. However, the exact molecular mechanism of how auxin-related genes
regulate chlorophyll synthesis and cellulose breakdown has not been elucidated, warranting further research.

5 CONCLUSION

The present study explained the molecular differences between twisty and straight Yunnan pines and provided
theoretical references for its breeding. Through a diallel cross experiment, we found that recessive genes
control the heritable trait of trunk twisting in Yunnan pines. Tissue dissection was performed to identify the
sites that resulted in the differences between twisty and straight pines. LCM was used to enrich materials
from the sites for RNA-seq analysis. A combination of RNA-seq analysis and metabolic pathways enriched by
WGCNA and MapMan successfully mapped three genes co-expressed in twisty Yunnan pines, namely ARF
, POR, and CBH . Furthermore, the model of trunk twisting formation in Yunnan pines was established by
applying exogenous hormones and inhibitors and through immunohistochemical techniques and physiological
index determination. Auxin signal transduction is inhibited and auxin synthesis and transport are affected
in Yunnan pines in an unfavorable growth environment. With the downregulation of the key gene (POR ) for
chlorophyll synthesis, chlorophyll synthesis is blocked and photosynthesis is weakened. Under-expression of
the gene CBH , which is involved in cellulolysis, leads to cellulose accumulation and a decrease in the lignin
content in twisty pines. This reduces the stem hardness, making the stem more prone to twisting. Because
ARF can directly and indirectly regulate POR and CBH , ARF expression may be used as an accurate and
convenient indicator for trunk shape evaluation in Yunnan pines.
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Figure Captions

Figure 1 Variations in height and DBH (diameter at breast height) ofP. yunnanensis at different growth
stages. Lines in different colors indicate straight and twisty P. yunnanensis , respectively. Bars represent SE.

Figure 2 Anatomical differences in the stem of straight and twistyP. yunnanensis . A 1-year-old P. yunna-
nensis shows clear twisting of the xylem texture after peeling; B-C Growth status of straight and twisty P.
yunnanensis in the field; D–I Results of paraffin sections, in which D, F, and H represent materials with
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. straight growth at 30, 60, and 180 days, respectively, while E, G, and I represent materials with twisted
growth at 30, 60, and 180 days, respectively; J–M Results of SEM; S180 and T180 represent materials with
straight and twisty growth at 180 days, respectively. Bar = 100 μm.

Figure 3 RNA-seq analysis of twisty and straight stem segments ofP. yunnanensis at different growth stages.
A, Transcripts and unigene length distribution; B, Volcano plot of DEGs; C, VENN plot of DEGs involved in
twisty versus straight P. yunnanensis at different growth stages. D, KEGG enrichment plot of upregulated
genes in T180 vs S180; E, KEGG enrichment plot of downregulated genes in T180 vs S180.

Figure 4 MapMan metabolism overview displaying differences in transcript levels (T180 versus S180). The
average transcript abundance was transformed to Log2 ratios based on three replicates. The resulting file
was loaded into the MapMan Image Annotator module to generate the metabolism overview map. On the
logarithmic color scale, blue and red indicate downregulated and upregulated transcripts, respectively.

Figure 5 Heat map of the correlation between twisty and straightP. yunnanensis at different growth stages
and modules. Each cell contains the corresponding Pearson’s correlation coefficient and the p value (in
brackets) determined by the groups’ eigengene.

Figure 6 DEGs involved in starch and sucrose metabolic pathways during the development of twisty and
straight traits in P. yunnanensis .BAM , beta-amylase; BGL , beta-glucosidase; CBH , cellulose 1,4-beta-
cellobiosidase; EGase , endoglucanase;EXG , glucan 1,3-beta-glucosidase; INV , invertases; andSusy , sucrose
synthase.

Figure 7 DEGs involved in photosynthetic carbon fixation metabolic pathways during the development
of twisty traits in P. yunnanensis . AST , aspartate aminotransferase; dmlA , malate dehydroge-
nase(decarboxylating); FBA , fructose-bisphosphate aldolase; FBP , fructose-1,6-bisphosphatase I; GAPDH ,
glyceraldehyde-3-phosphate dehydrogenase; MDH , malate dehydrogenase; PEPCK , phosphoenolpyruvate
carboxykinase;PGK , phosphoglycerate kinase; PRK , phosphoribulokinase;XFP , xylulose-5-phosphate;
XPK , fructose-6-phosphate phosphoketolase.

Figure 8 DEGs involved in auxin signal transduction and metabolic pathways in the development of stem
twisting in P. yunnanensis . A, ARF , auxin response factor; BSU1 , serine/threonine-protein phosphatase;
PP2C , protein phosphatase 2C; PR-1 , pathogenesis-related protein 1; SAUR , small auxin up RNA; SnRK2
, serine/threonine-protein kinase;TCH4 , xyloglucosyl transferase; and TIR1 , transport inhibitor response
1. B, ABAH , abscisic acid 8’-hydroxylase;DHQ/SDH , 3-dehydroquinate dehydratase/shikimate dehydroge-
nase;DXR , 1-deoxy-D-xylulose-5-phosphate reductoisomerase;NCED , 9-cis-epoxycarotenoid dioxygenase;
PGD , 6-phosphogluconate dehydrogenase; PIN , auxin efflux carrier component; and YUC , indole-3-
pyruvate monooxygenase.

Figure 9 Phenotypic analysis of straight and twisty P. yunnanensis after being sprayed with auxin/auxin
inhibitors. A: Phenotypes of P. yunnanensis 55 days after being sprayed with IAA. B: The plant height
monitoring of P. yunnanensis sprayed with IAA and the control for 55 days. C: Phenotypes of P. yunnanensis
55 days after being sprayed with TIBA. D: The plant height monitoring of P. yunnanensis sprayed with
TIBA and the control for 55 days. E: Phenotypes of P. yunnanensis 55 days after being sprayed with
auxinole. F: The plant height monitoring of P. yunnanensis sprayed with auxinole and the control for 55
days. G: Phenotypes of P. yunnanensis 55 days after being sprayed with distilled water. H: Phenotypes of
P. yunnanensis 55 days after being sprayed with P. syringae . Bars represent ST. The scales represent 1
cm.

Figure 10 Biochemical characteristics of S60 and T60 after hormone spraying. A, Acid invertase (AI); B,
PEPC, Phosphoenolpyruvate carboxylase; C, PFK, Phosphofructokinase; D, SS-I, Sucrose synthase decom-
position direction; E, SS-II, Sucrose synthase synthesis direction.*, ** and ***indicate differences at 0.05,
0.01 and 0.001 level based on the Student’s t -test, respectively. Bars represent ST.

Figure 11 Immunohistochemical analysis of P. yunnanensis . CDC2, Cell-division-cycle kinase 2; cFBPase,
Cytosolic fructose-1,6-bisphosphatase; PEPCK, PEP carboxykinase; POR, Protochlorophilide oxidoreduc-
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. tase; RbcL, Rubisco large subunit, form I; SUS1, Sucrose synthase 1. S30, 30-day-old straight P. yunnanen-
sis ; S60, 60-day-old straight P. yunnanensis ; S180, 180-day-old straight P. yunnanensis ; T30, 30-day-old
twistyP. yunnanensis ; T60, 60-day-old twisty P. yunnanensis ; T180, 180-day-old twisty P. yunnanensis .
Bar = 100 μm.

Figure 12 A–D, Cellulose, lignin, hemicellulose and sucrose contents of straight and twisty P. yunnanensis
S60, S180, T60, and T180 were compared, and significance was determined by performing a student’st -test.
*, ** and*** indicate differences at 0.05, 0.01 and 0.001 level, respectively.

Figure 13 qRT-PCR analysis of DEGs in 6 periods (S30, T30, S60, T60, S180, T180). Column and broken
line are corresponded to qRT-PCR and FPKM in RNA-seq, respectively. ARF , auxin response factor;
BAM , beta-amylase; BGL , beta-glucosidase; CBH , cellulose 1,4-beta-cellobiosidase; CDC2 , cell-division-
cycle kinase 2;cFBPase , cytosolic fructose-1,6-bisphosphatase; FBA , fructose-bisphosphate aldolase; FBP
, fructose-1,6-bisphosphatase I; INV , invertases; PEPCK , PEP carboxykinase; PGK , phosphoglycerate
kinase; PIN , auxin efflux carrier component;POR , protochlorophilide oxidoreductase; RbcL , rubisco large
subunit, form I; SAUR , small auxin up RNA; SUS1 , sucrose synthase 1; TIR1 , transport inhibitor response
1;XFP , xylulose-5-phosphate; YUC , indole-3-pyruvate monooxygenase. Bars represent ST.

Figure 14 Schematic diagram showing the formation pattern of straight and twisty P. yunnanensis . This
model was constructed using DEGs involved in phytohormone synthesis and signal transduction, and su-
crose metabolism associated with photosynthesis. ARF , auxin response factor; CBH , cellulose 1,4-beta-
cellobiosidase; FBA , fructose-bisphosphate aldolase; FBP , fructose-1,6-bisphosphatase I; INV , invertases;
PGK , phosphoglycerate kinase;PIN , auxin efflux carrier component; POR , protochlorophyllide oxidore-
ductase; PRK , phosphoribulokinase;RbcL , rubisco large subunit, form I; SAUR , small auxin up RNA; Susy
, sucrose synthase; TIR1 , transport inhibitor response 1; XFP , xylulose-5-phosphate; XPK , fructose-6-
phosphate phosphoketolase.

Table Captions

Table 1 Segregation for growth habit in P. yunnanensis
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