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Abstract

Cunninghamia lanceolatavar. Luotian (herein, Luotian), a natural variety of Cunninghamia lanceolata
(Chinese fir, herein Lanceolata), shows great potential for agricultural protection short-period and high-
density plantations because of its narrow, pointed, tower-shaped crowns, thin braches and older drooping
branches that die naturally at 6-7 years old. The physiological mechanisms of the pendulousness and the natural
death of the branches are still unclear. To investigate these mechanisms, phytohormone levels and nutritional
ingredients of different positions of branches in Luotian and Lanceolata were determined. Phytohormone
analyses showed that IAA and ZR played critical functions on the branch initial growth, and that GA3 was
related to bending of branches. Meanwhile, ABA may enhance abscission of the branches in Luotian.
Nutritional ingredient analyses showed that the accumulation of nutritional ingredients in Luotian and
Lanceolata were consistent with the morphology of their branches. An integrated analysis implied that
phytohormones had a strong influence on pendulous characteristics by interacting with other factors. This
study helps to elucidate the mechanism governing the pendulous trait and provides theoretical basis and
technical support for its cultivation, introduction, plantation management and genetic improvement.
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Introduction

Cunninghamia lanceolata (Lamb.) Hook (Chinese fir, denoted as Lanceolata), is the most important
forest tree species for plantations in southern China because of its good timber quality, fast growth, and wide
distribution. The species has been cultivated in the Yangtze River Basin for more than 1000 years (Zheng,
1983), with a total area of 11.26 million hectares and 734.09 million cubic meters in 2010 (Xu et a/, 2015).
Chinese fir possesses geographical provenance variations because of its great natural distribution range.
Affected by the complex interactions between ecological environment and human factors, Chinese fir
populations have formed different genetic characteristics for different ecological environment (Wu, 1984).
Cunninghamia lanceolatavar. Luotian (denoted as Luotian), discovered in Luotian County, Hubei Province
in the mid-1970s (Hubei Institute ez a/, 1977), has the novel morphological features, such as narrow, pointed,
tower-like crowns, thin branches, and older drooping branches that die naturally at 6-7 years old (Xu er al,
2016,2019).

Plant architecture is a vital characteristic that can contribute to crops and economically important trees.
Crown morphological structure is not only influenced by various factors, such as branch angle and orientation,
branch length, plant height, branching pattern, branching cycle, growth rate variation, and plant hormone
transport (Srivastava, 2002; Hollender and Dardich, 2015; Wang er a/, 2018), but also by environmental
factors, such as light, temperature, and moisture (Wang and Li, 2008). Therefore, tree architecture is
considered to be a very complex morphology, and the mechanisms involved in tree architecture are not yet
clear. In order to well describe and classify types of woody plants, Hallé ez a/ (1978) first proposed 23 general
plant types to predict the growth potential of plants under no biological or abiotic stresses, and thought that
the growth process of some species could be inferred from these classifications. Additionally, several other
nonstandard tree architectures were proposed, such as straight and weeping. A straight tree possesses such a
architecture in which the branches grow suberect and upward, named as apogeotropism, while a weeping tree
has another crown architecture in which the branches grow prostrate or droop without appearing a straight
branch (Halle er a/, 1978; Tworkoshi and Scorza, 2001).

Pendulous tree architecture has been found in many woody plants, not only in broad-leaved species, such
as Betula pendula (Salojirvi eral, 2017), Prunus mume(Lv and Chen, 2003; Zhang et al, 2015), Prunus persica
(Werner and Chaparro, 2005) and Morus alba (Yamanouchi er al, 2009), but also in coniferous species, such
as Araucaria cunninghamii ‘Pendula’, Cedrus deodara ‘Pendula’, Larix deciduas “Varied Directions’, Picea
glauca ‘Pendula’, Taxodium ascendens ‘Nutans’ (Lv, 2001). For woody plants, the secondary xylems in the
vascular bundles are the key supporting structures, and the formation of secondary xylem is often involved in
the co-action of various phytohormones. Phytohormones play important roles in initiating primary wall
expansion and secondary wall formation in procambium differentiation (Mellerowicz er a/, 2001; Sundberg ez
al, 2000). Among these phytohormones, auxin is the most important hormone that controls wood formation,
which is involved in many physiological processes, including apical potential, stem elongation and lateral root
formation, and is also recognized as a stimulant of wood formation (Davies, 2010). Other phytohormones are
also found to be involved in xylem development, with synergism (gibberellin, cytokinin, ethylene) or
antagonism (abscisic acid) with IAA (Plomion et a, 2001). It was found that the change in GA concentration
inside the branches, the timing of reaction wood formation and the response to gravitation might be the factors
for the formation of pendulous branch habits. However, the relationship between these factors and the
experimental results is not clear at present (Hollender and Dardich 2015). Nugroho et a/ (2012) suggested
that GA had a strong influence on the initial stages during the formation of tension wood and stem
gravitropism in Acacia mangium. Similarly, GA could restore the upward and upright growth trend of the
branches in weepingpeach  (Prunus persica) and weeping cherry (Prunus spachiana) (Nakamura eral, 1994,
1995). Israclsson ez al (2005) showed that GA was mainly localized and synthesized in the xylem cell extension
area, and the main function of GA in wood formation was to regulate early xylem differentiation, including cell
clongation. Liu er a/ (2017) suggested an important role of GA and auxin in regulating the weeping trait in
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Salix matsudana. Li et al. (2020) also indicated that GA synthesis and signal transduction pathways play a role
in weeping traits in crape myrtle (Lagcrsrrocmizz indica).

Compared with common Chinese fir, under the same site conditions, height, diameter at breast height
(DBH), and volume of single tree of Luotian was 30%~ 60%, 10%~40%, 30%~70% higher than that of
common Chinese fir, respectively, (Xu er a/, 2005). In addition, Luotian has a straight trunk with little
junctions and high economic productions (Zheng, 1983; Xu et al, 2005). Since short-period plantations
provide small and medium size timber, higher densities in Luotian plantations might maintain higher yield.
Additionally, Luotian is a good variety as agricultural protection forest species for its narrow and small crown,
with less effect on crops in aspect of light. Previous studies mainly focused on its propagation (Huang er al,
2016; Xu er al, 2017), photosynthetic physiology (Huang et a/, 2015), morphology (Xu et a/, 2005, 2020),
anatomy (Yang et a/, 2018), and genetics (Li er a/, 2012). However, the physiological mechanism involved in
the formation of pendulous branches in Luotian and its natural pruning are not clear. In order to explore the
mechanisms, this study investigated the changes in the concentrations of phtohormones, the total soluble
sugars and proteins, and starch in different developmental stages of Cunninghamia lanceolatavar. Luotianand
Cunninghamia lanceolara. This paper attempts to reveal the formation process of pendulous branches and its
relationship with phytohormones and nutrients, and provides theoretical basis and technical support for its
cultivation, introduction, management and genetic improvement.

Materials and Methods

Introduction to study site

All materials were obtained in a plantation with Luotian and common Chinese fir, located in Luotian
County in the northeast of Hubei province, with geographic site of E 115°06'~ 115°46' and N 30°35 '~ 31°16),
at the southern foot of Ta-pich Mountains. The territory is mountainous, with terrain inclining from northeast
to southwest, surrounded by mountains in the north. Seven mountains have an elevation of more than 1000
m, while the rest of the mountains are above 300 m. The terrain of the central region is relatively open, with
widely distributed hills with elevations of more than 200 m. The climate is north subtropical monsoon, which
is dry and cold in winter, humid in summer, warm in spring and cool in autumn. The average annual total
sunshine duration is 2047 h, the average annual radiant energy is 109.25 kCalem™. The average annual
temperature in the county is 16.4 °C, and the maximum temperature reaches to 41.6 °C, the minimum
temperature is as low as -14.6 °C. The average frost-free period is 240 days and the average annual precipitation
is 1330 mm which mostly occurs in May, June and July, accounting for about 50% of the annual rainfall. The
study area is in the junction of Hubei and Anhui province on the southwestern slope of Ta-pich Mountains
with the highest elevation at 1408.2 m. It is one of the main waters shed between the Yangtze and Huai River
and contains more than 1600 species of plants, including more than 200 species that are nationally protected.
Additionally, there are over 100 species rare animals and 20,000 acres of virgin forest in this area, with forest

coverage as high as 90%.

Sampling

A plantation of preserved C. fanceolata var. Luotian was selected which was built in 1993 with clone
seedlings, with the density of 2x3 m, mixed with C. /anceolatain the plantation. Three sample trees of Luotian
and Lanceolata were random collected in the plantation. After the sample trees were felled, some parameters
were measured, such as diameter at breast height (DBH), height (H), crown size (CZ), and height to the lowest
live crown base (HCB) (Table 1). For all sample trees, the crown was separated into three layers, i.e., from the
crown tip to the base, the first, the second, and the third layer. In each layer, 3-5 standard lateral branches were
chosen as samples for analyses, and these branches were divided into three parts: base, middle, and tip part.
Samples were obtained at the upper side and downside of each branch part mentioned above according to
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gravity, i.c., upper side of base part (UB), down side of base part (DB), upper side of middle part (UM), down
side of middle part (DM), upper side of tip (UT), downside of tip (DT). The barks of all samples were peeled
and their secondary xylems were scraped into 3 mm of the samples. These secondary xylems were used for
analyses of phytohormones and nutrients.

Table 1. Summary of data for Cunninghamia lanceolatavar. Luotianand C. lanceolata sample trees

No. of sample H DBH HCB CZ

Tree
trees (m) (cm) (m) (m)
Luotian 3 14.3 15.7 11.6 1.8
Lanceolata 3 12.8 17.4 4.2 5.3

Note: H: height, DBH: diameter at breast height, HCB: height to the lowest live crown base, CZ: crown size.

Determination of phyrohormones and nutrition components

All endogenous hormones (IAA, GA3, ABA, and ZR) were analyzed by Enzyme-linked
Immunosorbent Assays (ELISA) at the lab of Prof. Wang (Engineering Research Center of Plant Growth
Regulator, Ministry of Education, China Agricultural University, China), as previously described (Chen ez a/,
2009).

The soluble protein (SP) content was estimated as described by Bradford (1976), with bovine serum
albumin as the standard. Anthrone-sulphuric acid colorimetry was used to determine the content of total

soluble sugars (SS) and starch (ST) (Riazi et al, 1985).

Data analyses

The variables related to endogenous hormone, hormone ratios and nutritional ingredients were
analyzed by using SPSS 22.0 and Microsoft excel 2010, significance levels between Luotian and Lanceolata
samples, and the tendency of endogenous hormone levels, and nutritional ingredients concentrations at the
same position of branches in different crown layers were also determined, and the significance level was set at p

=0.05.

Results

Hormone concentrations

Changes in ABA concentrations

In both the upper and down sides of the branches in the first crown layer of Luotian, ABA
concentrations reduce gradually from the base to the tip parts of the branches, and ABA concentrations in the
downsides of the tip part and base part of the branch was significantly lower than those in the corresponding
upper sides (p<0.05, Table 2). On the contrary, ABA concentrations in the upper and down sides of branches
in the second and the third crown layers gradually increased from the base to tip part, and ABA concentrations
in the tip parts of branches were significantly higher than those in the base and the middle parts of branches
(p<0.05, Table 2). For cach part of the branches in the second and the third crown layer, ABA concentrations
were not significantly different between the upper and the down side (p>0.05, Table 2)).

In general, in the first crown layer of Lanceolata, ABA concentrations also reduced gradually from the
base part to tip part, and at each part ABA concentrations were not significantly different between the upper
and the down side (p>0.05, Table 2). In the second and the third crown layer, ABA concentrations were the
highest at the tip parts of the branches (Table 2)

In order to investigate the role of ABA in abscission of Luotian branches, ABA concentrations were
compared between Luotian and Lanceolata. ABA concentrations at the tips of branches in the second crown
layer of Luotian were significantly higher than those of Lanceolata trees (p<0.05, Figure S1), and ABA
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concentrations were not significantly different in other parts of the branches in all the three crown layers
(p>0.05, Figure S1).

As for ABA concentration changes in the whole crown, Luotian and Lanceolata showed similar patterns
(Figure S2). From the first to the third crown layer, ABA concentrations in the upper and the down sides at
the base and the middle parts of the branches gradually reduced, and gradually increased at the tip parts of the
branches (Figure S2).

Table 2. Comparison of hormone concentrations in different positions at the same crown layer in
Cunninghamia lanceolatavar. Luotianand C. lanceolata

POSitfion The first crown layer The second crown layer The third crown layer
Tree o

branch ABA GA3 TIAA ZR ABA GA3 IAA ZR ABA GA3 IAA ZR
UB 152.9+ 7.1+ 41.7+ 9.8+ 53.4+ 4.7+ 29.1+ 3.8+ 26.3+ 5.7+ 27.5+¢ 3.8+
2.5a 2.3a 5.0a 2.3a 14.8b 1.2a 9.0a 1.0c 4.8b 1.3a 1.8a 0.3a
DB 1379+ | 7.5¢ 33.5+ 8.0+ 59.1+ 6.5+ 27.5+ 4.2+ 37.2+ 5.6+ 33.0+ 4.4+
24.7ab 2.9a 1.2a 1.9ab 12.7b 0.0a 5.4a 0.6bc 12.7b 0.6a 16.1a 14a
o UM 116.8+ 6.7+ 28.8+ 6.3+ 63.3+ 6.5+ 36.3% 4.9+ 50.5+ 6.3+ 33.7+ 4.8+
2 25.2ab 2.3a 1.7a 1.1ab 3.8b 3.2a 22.1a 1.6abc 5.3b 1.7a 13.6a 1.3a
E DM 122.8+ 7.9+ 34.8+ 7.3+ 68.0+ 7.4+ 26.4+ 4.7+ 59.0+ 5.9+ 29.6+ 4.6+
5.9ab 4.0a 4.6a 2.9ab 21.7b 2.0a 6.l1a 0.9abc 18.5b 1.3a 3.7a 0.5a
UT 1107+ | 6.9+ 41.6+ 6.0+ 1231+ | 63+ | 389+ 6.2+ 1412+ 55+ 332+ | 44+
24.0ab 0.8a 10.9a 1.6b 4.4a 2.2a 8.5a 0.8a 40.4a 1.6a 7.6a 1.1a
DT 96.2+ 6.1+ 434+ 5.7+ 122.4+ 6.8+ 422+ 5.9+ 138.2+ 5.5+ 31.6+ 4.1+
50.2b 1.4a 18.9a 2.5b 13.1a 0.9a 6.4a 1.1ab 50.3a 1.6a 8.8a 1.0a
UB 126.5+ 5.9+ 39.3+ 7.0+ 69.4+ 44+ | 39944 | 62+2. | 30.842 | 4.5+1 | 34.8+3 | 6.1+
27.2a 1.6a 7.6a 1.8a 49.9a 0.7a .6a lab 1.0b 3a Sa 1.8a
DB 115.3+ 5.3+ 45.0+1 7.3+ 67.4+ 4.1+ 42.5+ 4.9+ 42.8+ 52+ 36.7+ 6.3+
27.6a 0.5a 22a 1.6a 49.1a 0.7a 5.7a 0.5b 30.3b 1.3a 4.6a 14a
s 1135+ | 65+ 426+ 6.7+ 583+ 57+ | 371+ 63+ 37.3+ 4.0+ 347+ | 5.6%
Tg; UM 37.6a 0.8a 12.8a 2.5a 25.1a 1.8a 3.4a 0.9ab 28.5b 1.49a 5.5a 2.2a
g DM 121.8+ | 65+ | 4571+ | 84% 58.7+ 55+ | 352+ 52+ 333+ 5.3+ 363+ | 5.2+
— 30.2a 1.0a 10.8a 2.3a 23.0a 1.2a 9.3a 1.1ab 25.7b 2.0a 7.5a 14a
UT 110.1+ | 54+ 455+ 8.2+ 1120+ | 54+ | 423+ 7.7+ 121.6+ | 4.8+ 407+ | 7.1%
37.4a 1.3a 3.0a 2.3a 1.5a 1.3a 10.5a 2.1a 13.1a 1.4a 7.0a 0.8a
DT 107.1+ 5.1+ 49.3+ 8.1+ 103.7+ 43+ 40.4+ 6.2+ 1163+ 49+ 45.1+ 7.2+
41.1a 1.2a 8.0a 2.0a 4.9a 0.9a 15.8a 1.2ab 32.2a 1.5a 9.0a 3.1a

Note: Different letters in each column indicate that they are significantly difference (LSD test, p < 0.05) according to
Least Significant Difference (LSD) (The same below)

Changes in GA3 concentrations

There was no significant difference in GA3 concentrations between different parts of the branches in
the same crown layer of Luotian and Lanceolata (Table 2). For the first crown layer of Luotian, GA3
concentrations were higher at the upside of the base and middle parts of branches than those at the downsides.
For changes in GA3 concentrations in Lanceolata, in general, GA3 concentrations were higher at the upper
sides than those at the down sides of the branches in the first and the second crown layer, but in the third crown
layer, the situation was just contrary (Table 2).

GA3 concentrations in the upper and down sides of branches in the first and the third crown layer were
higher in Luotian than those in Lanceolata, but the differences were not significant (p>0.05, Figure S3). GA3
concentrations in the down sides at the base and the tip part were significantly higher in Luotian than those in
Lanceolata (p<0.05, Figure S3).

In general, GA3 concentrations were higher in Luotian than those in Lanceolata in the upper and down
sides of the same positions of the branches, but GA3 concentrations showed no significant differences between
Luotian and Lanceolata (p>0.05, Figure $4), except few cases.
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Changes in IAA concentrations

For Luotian, IAA concentrations in the upper sides at the base parts of branches in the first and the
second crown layer were higher than those in the down sides at the same position, and the situation was just
contrary at the base parts of the branches in the third crown layer (Table 2). But for Lanceolata, IAA
concentrations in the upper sides at the base parts of branches in the first and the second crown layer were
lower than those in the down sides at the same position (Table 2).

Between Luotian and Lanceolata, IAA concentrations in the upper and the down sides of at almost all
parts of the branches in the three crown layers were higher in Luotian (Figure S5).

There were significant differences in IAA concentrations between Luotian and Lanceolata at the
downside of the base parts of the branches in the second crown layer and at the upside of the base parts of the
branches in the third crown layer (p<0.05, Figure S5).

In the whole crown of Luotian, IAA concentrations in the upper sides at the base parts of the branches
reduced gradually from the first to the third layer, IAA concentrations in the down sides at the base parts of
the branches seemed to be consistent (Figure S6A, B). At the same time, changes in IAA concentrations in the
upper and the down sides at the base parts of the branches in all the three crown layers were little (Figure S6A,
B).IAA concentrations in the middle and the tip parts showed little changes in Luotian and Lanceolata (Figure

S6, C-F).

Changes in ZR concentrations
For Luotian, ZR concentrations in both of the sides reduced gradually from the base parts to the tip

parts of the branches in the first crown layer, and ZR concentrations were higher in the upper sides at the base
part than those in the down sides, but the situations were just contrary in the second and the third crown layer
(Table 2). ZR concentrations in the two sides of branches gradually increased in the second crown layer, and
ZR concentrations at the base parts were significantly lower than those in the tip parts (p<0.05, Table 2).

For Lanceolata, although ZR concentrations showed no significant changes from the base part to the tip
part of branch in the first crown layer (p>0.05, Table 2), ZR content in the upper side at the base part of the
branch in the first crown layer was lower than that in the down side, but there was no significant difference
(p>0.05, Table 2).

In both the sides at the base part of the branch in the first crown layer, ZR concentrations were higher
in Luotian than those in Lanceolata, but there were no significant differences (p>0.05, Figure S7). But at the
middle and the tip part of the branch in the first crown layer, ZR concentrations in the two sides were lower in
Luotian than those in Lanceolata (Figure S7). The same situations occurred in the second and the third crown
layer (Figure S7).

In general, in the whole crown of Luotian and Lanceolata, ZR concentrations gradually decreased from

the first to the third crown layer (Figure S8)

Hormone ratios

Changes in ABA/GA3 ratios

In most cases, the ABA/GA3 ratios in Lanceolata were higher than those in Luotian, but in all the cases
there were no significant differences in ABA/GA3 ratios all the positions (p>0.05, Figure 1). In both Luotian
and Lanceolata, the ABA/GAS3 ratio was correlated with depth into crown base. As shown in Figure 1, for both
Luotian and Lanceolata, higher ABA/GA3 ratios occurred in young branches and young parts of old branches.

Furthermore, ABA/GAS3 ratios were higher in Luotian than those in Lanceolata in the tip parts of old branches
in the third crown layer.

For Luotian, the ABA/GA3 ratios in the tip parts of the branches in the third crown layer were
significantly higher than those in the first crown layer in Luotian (p<0.05, Table S1), and also were significantly
higher than those in the base and middle parts of branches in the third crown layer (p<0.05, Table S1).
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Figure 1. The ratios of ABA/GA3 at different positions of Cunninghamia lanceolatavar. Luotianand C.

lanceolata

Changes in ABA/IAA ratios

ABA/IAA ratio in Luotian was significantly higher than that in Lanceolata in the downside of the base
part of the branch in the first crown layer and in the downside of the tip part of the branch in the third crown
layer (p<0.05, Figure 2). For Luotian, ABA/IAA ratios in both sides of the tip part of branch were significantly
higher than those in the other parts of branch in the third crown layer (p<0.05, Table S1),and ABA/IAA ratios
gradually increased from the base to the tip part of branch in the third crown layer (Figure 2). Meanwhile, the
ABA/IAA ratios in Luotian in all the three layers were higher than those in Lanceolata, except for the downside
of tip part of branch at the first crown layer (Figure 2).

7 -

6 | MLuotian W lanceolata *
s »
S~
=
f 4 - * *
[e]
53 -
e
22 -
] T

1 .

0 .

uB DB UM DM UT DT |UB DB UM DM UT DT|UB DB UM DM UT DT
The first crown layer The second crown layer | The third crown layer

Figure 2. The ratios of ABA/IAA at different positions of Cunninghamia lanceolatavar. Luotianand C.
lanceolata
Note: * in each bar indicate that they are significantly difference (LSD test, p < 0.05) (The same below)
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Changes in ZR/GA3 ratios
The differences in ZR/GA3 ratios were obvious between Luotian and Lanceolata (Figure 3). Compared

to Lanceolata, in all the tip parts of Luotian branches, ZR/GA3 ratios were significantly lower (p<0.05, Figure
3). Furthermore, in all parts of branches in the second and the third crown layers, ZR/GA3 ratios were
significantly lower in Luotian, compared to Lanceolata (p<0.05, Figure 3), and ZR/GA3 ratios were not
significantly different in the base and the middle parts of branches in the first crown layer (p>0.05, Figure 3).

2,5 -
M Luotian M Lanceolata
*
2 * *
2 SRR
=15 - * T
N
Y *
2 i I : :
E 1 T * * x *
g *
'_
0,5 -
O .
uUuB DB UM DM UT DT|uUB DB UM DM UT DT |UB DB UM DM UT DT
The first crown layer The second crown layer The third crown layer

Figure 3. The ratios of ZR/GA3 at different positions of Cunninghamia lanceolaravar. Luotian and C.
lanceolata

Changes in IAA/ZR ratios

There were no significant differences in IAA/ZR ratios at all the positions of the branches between
Luotian and Lanceolata (p>0.05, Figure 4). In the first crown layer of Luotian, IAA/ZR ratios in the tip parts
of branches were higher than those in the other parts, especially in the downside of tip part, whose IAA/ZR
ratio was significantly greater than that in the downside at the base and middle part (p<0.01, Figure 4). There
were no significant differences in IAA/ZR ratios among the positions in the third crown layer of Luotian
(p>0.05, Table S1). In the tip of Lanceolata branch, IAA/ZR ratio at the downside was higher than those at
the upside amongall crown layers. At the middle of Lanceolata branch, the value of TAA/ZR ratio at the upside
of the first crown layer was greater than those at the downside, but IAA/ZR ratio at the upside of the second
and third crown layer was less than that at the downside. While the upside of the first and second crown layer

had higher IAA/ZR ratio than that at the downside, however, which was opposite at the third crown layer
(Table S1).
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Figure 4. The ratios of IAA/ZR at different positions of Cunninghamia lanceolata var. Luotian and C.
lanceolata

Changes in TAA/GA3 ratios
IAA/GA3 ratios showed that in Lanceolata which were higher than those in Luotian (Figure 5). There

were significant differences in IAA/GA3 ratio at the downside of the base part at the second crown layer
(p<0.01) and the upside of the middle part at the third crown layer (p<0.05) among all the positions of sample
trees (Figure 5). Although the IAA/GAS3 ratio has no significant difference among different positions in every
crown layer both in Luotian and Lanceolata (p>0.05, Table S1), IAA/GA3 at downside of the tip of the first
crown layer was notably greater than that at downside of middle part at the second crown layer in Luotian
(p<0.05, Table S1).

Changes in ABA/ZR ratios

ABA/ZR ratio in Luotian was higher than that in Lanceolata at all the positions of branches, except the
upside of the base at the first crown layer (Figure 6). The significant differences of ABA/ZR ratios between
Luotian and Lanceolata were showed at the tip of the third crown layer (p<0.01, Figure 6).

The maximum ABA/ZR ratio in Luotian was 33.62, which was at the downside of the tip in the third
crown layer, while the minimum value was 6.98, at the upside of the base in the same crown layer. While in
Lanceolata, the highest value of ABA/ZR was 18.21, which was at the upside of the base at the first crown layer,
while the lowest ratio of ABA/ZR (4.62) was at the upside of the base at the third crown layer. For Luotian,
ABA/ZR ratio at the tip of the third crown layer significantly differed from the all-other positions (p<0.05,
Table S1), especially the other parts at the third crown layer (p<0.01, Table S1). With regard to Lanceolata,
the ratio of the tip was also significantly greater than those of the other parts in the third crown layer (p<0.05,
Table SI1). At the same time, ABA/ZR ratio at the base and middle parts in the first crown layer was
significantly higher than those in the third crown layer (p<0.05, Table S1), respectively.

Compared to the two sides of the branches, the ratio at the upside was greater than that at the downside
in the first crown layer, while for the second and third crown layer, the ratio at the upside was less than that at
the downside in Lanceolata, almost as the same as in Luotian (Table S1).
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Nutrient concentrations

Changes in soluble proteins

Soluble protein concentrations were measured both in Cunninghamia lanceolata and Cunninghamia

lanceolata var. Luotian branches showed in Figure S9. Compared to Lanceolata, the soluble protein
concentrations of the first and the second crown layers in Luotian were lower, except that at the upside of the
tip of the second crown layer. However, in the third crown layer, except the downside of the middle part, the
soluble protein concentrations in Luotian were higher than that in Lanceolata. There were significant

differences in soluble proteins at the upside of the base and middle part (p<0.05), and the downside of tip
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(p<0.01) at the first crown layer, as well as those at the upside of the base (p<0.01) and middle part (p<0.05),
the downside of the base part (p<0.05) at the second crown layer (Figure S9).

The soluble protein concentration was increased with the growth of the branches amongall crown layers
in Luotian, as well as in Lanceolata (Table 3). In both Luotian and Lanceolata, the concentrations of soluble
proteins at the downside of the tip among three crown layers varied significantly (p<0.05), with similar
variations in trend (Figure $10).

Table 3. Comparison of nutritional ingredient concentrations in different positions at the same crown
layer in Cunninghamia lanceolatavar. Luotianand C. lanceolata

T Positions The first crown layer The second crown layer The third crown layer
e ofbranch | sp ss ST 33 ss ST 33 ss ST

UB 1.1+ 153.0+ 144.4+ 1.8+ 268.3+ 1382+ 14.1+ 172.6+ 116.2+

0.4a 21.0a 54.9a 0.8a 77.6a 79.6a 19.7a 38.6a 55.4a

DB 2.4+ 200.2+ 150.4+ 1.2+ 185.6+ 101.6+ 5.3+ 207.6+ 146.6+

1.5a 95.1a 14.4a 0.7a 82.6a 59.2a 5.5a 77.9a 70.3a

UM 1.7+ 3254+ 159.4+ 1.1+ 2253+ 1237+ 2.6+ 266.2+ 127.5+

Luotian 1.4a 258.9a 58.5a 0.3a 64.4a 78.9a 2.0a 155.9a 21.2a
DM 1.6+ 235.4+ 1613+ 2.6+ 2321+ 84.6+ 7.1+ 242.1% 128.8+

1.5a 115.2a 36.9a 1.8a 80.2a 52.3a 6.5a 123.6a 40.6a

UT 3.4+ 256.6% 199.9+ 6.9+ 245.1+ 113.4+ 19.9+¢ 158.8+ 84.4+

1.7a 107.5a 78.1a 8.6a 79.3a 60.4a 11.2a 69.9a 50.0a

DT 2.2+ 184.4+ 179.0+ 6.9+ 251.3¢ 116.9+ 14.5+ 117.5+ 86.6+

0.3a 58.0a 33.6a 5.6a 13.4a 66.2a 8.9a 91.2a 18.2a

UB 53+ 409.3+ 151.5+ 5.0+ 139.8+ 205.6+ 3.7+ 231.0+ 80.4+

1.8a 74.4a 53.6a 0.4a 101.7a 158.4a 3.7b 169.2a 27.6a
DB 64+ 447 4+ 157.6+ 6.0+ 83.9+ 209.9+ 4.7+ 242.0+ 1023+

2.2a 114.2a 70.7a 2.0a 56.8a 136.2a 0.3ab 199.1a 28.2a
UM 57+ 481.8+ 206.6+ 5.34+ 2337+ 200.0+ 85+ 163.2+ 1723+

0.5a 242.1a 168.9a 2.1a 176.8a 143.9a 4.6a 36.7a 118.3a

Lanceolata

DM 6.0 + 449.7+ 269.9+ 7.3+ 162.5+ 208.5+ 6.5+ 1453+ 125.4+

2.5a 116.8a 250.0a 4.2a 110.9a 152.0a 1.8ab 46.6a 75.7a

UT 54+ 391.7+ 102.9+ 6.2+ 2372+ 239.0+ 7.6% 144.4+ 90.0+

0.9a 97.9a 79.4a 2.8a 140.8a 140.9a 1.2ab 33.8a 62.9a
DT 37+ 3922+ 202.3+ 8.3+ 254.2+ 224.5+ 8.4+ 140.4+ 126.7+

0.3a 167.0a 139.1a 3.2a 208.7a 70.2a 0.9a 38.5a 66.2a

Note: SP: soluble protein, SS: soluble sugars, ST: starch

Changes in concentrations of soluble sugars

The ranges of soluble sugar concentrations in Luotian and Lanceolata were 117.51-325.38 mgeg-1 and
83.90-481.76 mgeg-1, respectively (Table 3, Figure S11). The soluble sugar concentrations distributed in the
first crown layer in Luotian were lower than those in Lanceolata, especially at the base of the branch (p<0.05,
Figure S11). And the highest soluble sugar concentration occurred at the upside of middle part of the first
crown layer both in Luotian and Lanceolata. The soluble sugar concentrations varied greatly at the upside of
the base part and the downside of the tip part among three crown layers in Luotian. Whereas in Lanceolata,
except the upside of the middle, the downside of the tip showed no significant difference in soluble sugar
concentrations (p>0.05, Table 3), and soluble sugar concentrations in the all-other positions had significant
difference at all crown layers (p<0.05, Figure S12).

Changes in starch concentrations

The starch concentrations in Luotian sample trees were lower than those in Lanceolata sample trees,
except those at the upside of the tip at the first crown layer, the base and the downside of the middle part at the
third crown layer (Figure S13). All of the differences among all positions were not obvious between Luotian
and Lanceolata (p>>0.05). There was no significant difference at the different positions at the same crown layer
in Luotian, which as the same as in Lanceolata (Table 3).
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Among three crown layers, higher starch concentrations occurred in the first crown layer in Luotian,
while in Lanceolata, the starch concentrations in the first and second crown layers were presented higher than
those in the third crown layer. However, there were no significant differences at the same positions among
crown layers in starch concentrations in Lanceolata. Compared to Lanceolata, the starch concentrations varied
significantly at the downside of the tip in Luotian sample trees (p<0.05, Figure S14).

Discussion

Crown structure and tree morphology have powerful effects on the productivity of plantations.
Research on plant architecture helps manipulate branch numbers, branch orientations, and tree sizes. Plant
architecture influences the growth, carbon sequestration, shading, filtering of fine air particulates, and risk of
windbreak for other trees (Pretzsch er al, 2015). An ideal plant architecture could minimize the need for
pruning and maximize light use efficiency (Li ez a/, 2020). In this study, the crown architecture of Luotian is
narrow, pointed, and tower-like, and the older drooping branches die naturally at the age of 6-7 years old, thus
the forest species is an ideal one for plantations with high densities and farmland protection. Based on our
previous study, the branching angles of Luotian were remarkably larger than those of Lanceolata, 71.8% of the
branching angles in Luotian were more than 90°, resulting the branch drooping of Luotian (Xu er a, 2020).
To reveal the underlying physiological mechanisms involved in drooping and natural death of the branches of
Luotian, analyses in phytohormones and nutritional ingredients were performed in Luotian and Lanceolata
trees. The results indicated that the drooping branches were influenced by the phytohormone levels and
nutritional ingredient distribution.

Phytohormones play critical roles in plant morphogenesis and organ longevity. ABA, as a plant growth
inhibitor, has regulatory roles during plant growth and development (Leng er a/, 2014). In this study, ABA
concentration in Luotian was higher than that in Lanceolata, particularly at the tip part in the second and third
crown layers (Figure S1), which was in accordance with the research in weeping Mei (Prunus mume) (Zhang,
2016). Previous studies have suggested that ABA may be an inhibitor of bud development (Chatfield, 2000),
suggesting that ABA may inhibit the development of the axillary buds of Luotian branches, whose branches
grow faster than those of Lanceolata, thus leading to the formation of the crown structure of Luotian and
naturally drooping branches. These results also explained the hypothesis that the thicker crowns of Luotian is
related to the strong sprouting ability of the axillary buds of the main trunk in Luotian or to the simultaneous
inhibition of the apical buds on the lateral branches (Xiong, 1984; Xu er al, 2020). However, the direct
relationship between ABA and early branch death of Luotian remains to be further verified by subsequent
experiments.

Gibberellic acid (GA3) is also significantly associated with plant architecture. In this study, there were
unremarkably difference in GA3 content among different positions both in Luotian and Lanceolata (Figure
2), which was in a line with the results of the studies on Mei (Wang, 2014). However, GA3 concentration in
Luotian was higher than those in Lanceolata among all positions (Figure S4). In the third crown layer, the
upsides of all parts had a higher GA3 concentration in Luotian than those at the downsides, in accordance with
the reports in Japanese cherry (Nakamura eral, 1994; Kei-ichi et al, 1995, Yoshida eral, 1999). It is speculated
that higher concentration of GA3 in one side of a branch cause faster growth than the other side, resulting in
the bending of branches and the formation of pendulous and straight branches.

Indole-3-acetic acid (IAA), one of the best-known phytohormones, has an extremely wide spectrum of
activity, and is particularly important in plant growth and developmental processes. ZR, a plant cytokinin, can
promote plant cell division, prevent chlorophyll and protein degradation, slow down respiration, maintain cell
vitality, and delay plant senescence. Both in Luotian and Lanceolata, the concentrations of IAA and ZR had a
similar tendency, which in Luotian was lower than those in Lanceolata, in particular at the tip of the branches
(Figures S3 and S$4). IAA and ZR promote branch growth in Luotian and Lanceolata. The IAA concentrations
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at the upsides were lower than those at the downsides in Lanceolata, especially in the third crown layer (Figure
S6). The branches may curve upward because the downside grows faster than the upper side. Nakamura
(Nakamura er al, 1994) applied exogenous IAA on weeping peach (Prunus persica) and weeping cherry
(Prunus spachiana). Their results showed that neither of IAA and ZR changed the shape of the vertical
branches of cherry and peach, and it was believed that IAA and ZR might synergistically regulate the formation
of xylem during the bending of the vertical branches to gravity with GA3. Furthermore, higher concentrations
of IAA and ZR caused the greater base diameters and lengths of branches in Lanceolata, which was explained
in the investigation carried out by Xu (2020).

Based on the overall analysis of four hormone concentrations in different crown layers both in Luotian
and lanceolata, it was found that the deeper the depth into the crown base became, the less the concentrations
of the four hormones were almost, these concentrations appearing a tendency of decline (Figures S2, $4, S6,
S$8). However, ABA concentration increased in the tip of branches both in Luotian and Lanceolata from the
first to the third crown layer (Figure S2), while GA3 concentrations had differed at the downside of the second
crown layer between Luotian and Lanceolata (Figure S4). The differences in IAA concentrations appeared at
the base and the downside (Figure S6), as well as the ZR concentrations between Luotian and Lanceolata
(Figure S8). The results indicated that IAA and ZR played a critical function on the initial of the branch growth
and GA3 related to the bending of branch. Meanwhile, ABA may improve the drooping of the branches in
Luotian.

Plant growth is not only affected by the respective concentrations of endogenous hormones, but also
related to the balance between various hormones, especially the ratios and balance between promoting growth
hormones and inhibiting growth hormones. In the present study, both in Luotian and Lanceolata, the
ABA/GAS3 ratios were correlated with the depth into crown base, with the similar variations in trend (Figure
1). However, ABA/GA3 of Luotian showed more rapid changes than those of Lanceolata (Figure 1). In
particularly, the ratios of ABA/GA3 in the tips of branches increased with the increased depth of the crown
layers (Figure 1). The ratios of ABA/IAA and ABA/ZR had the same trend with the ratios of ABA/GA3 both
in Luotian and Lanceolata (Figures 2 and 6). However, ABA/IAA and ABA/ZR in Luotian were higher than
those in Lanceolata, which was almost opposite with ABA/GA3 ratios (Figures 1, 2 and 6). Moreover, the
ratios of ABA/GA3, ABA/IAA, and ABA/ZR in the tips of branches in the second and third crown layer were
higher than those in the base and middle parts of branches localized in the same crown layer both in Luotian
and Lanceolata, especially in the third crown layer of Luotian, suggesting that the ratios of ABA/GA3,
ABA/IAA, and ABA/ZR in the abaxial parts were greater than those in the adaxial parts of branches. Based on
these results, ABA could play an important role on the branch death in Luotian. With regard of IAA/GA3 and
ZR/GA3, Lanceolata had both greater ratios in all positions than those of Luotian (Figures 3 and 5). The ratios
of IAA/ZR in the base and middle parts of branches in the first crown layer, the downsides of the base and
middle parts of branches in the second crown layer, and the downsides of the middle parts of branches in the
third crown layer in Lanceolata were greater than those in Luotian (Figure 4). Therefore, a higher ratio of
TAA/ZR could induce faster branch growth, resulting in upward branches. As a result, the distribution and
proportion of phytohormones in Luotian and Lanceolata has influenced the branch morphogenesis. The
interdependence and influence of these phytohormones on pendulous branch growth need to be further
studied. Their biosynthetic pathways, signal transduction pathways, and genetic control mechanisms of these
hormones in Luotian have not yet to be studied.

The differences between Luotian and Lanceolata on the physiological processes were also reflected in
concentrations of carbohydrates, proteins and starch (Figures $9-S14). The accumulation of nutrition
components in branches of Luotian and Lanceolata were consistent with the morphology of these branches.
Plants produce proteins in response to biotic and abiotic stresses, and some of these proteins are induced by
phytohormones (Hussein er a/, 2007).In this study, soluble protein concentrations in Luotian were
significantly greater than those in Lanceolata in the upsides of the base parts of branches in the third crown
layer (Figure S9), suggesting more reactive physiological processes in the upsides of the base parts of the Luotian
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branches, i.c., more rapid growth of the upsides of the base parts, and finally resulting in drooping of these
branches. It is possible that the base parts of Luotian branches in the third crown layer were pulled down by
the branch weight. Moreover, Xu (2020) reported that the leaf biomass in each layer of the Luotian was higher
than that of Lanceolata, and leaf biomass increased with crown thickness. Similarly, the branch length in
Luotian increased with increase in the crown layers. Both affected by higher leaf biomass and longer branch,
the tension on the base of Luotian branches increased with the increase in crown layers. Thus, the branches in
the third crown layer in Luotian are easier to drooping and falling. Meanwhile, in order to response to the
tension, Luotian trees produced more soluble proteins at the base of the branch.

Sugars act as energy sources and structural materials in plant growth. The total soluble sugar
concentrations in Lanceolata branches were higher than those in Luotian branches in the first crown layer
(Figure S11), indicating that Lanceolata branches grew faster than those of Luotian branches in the first crown
layer. Recent studies found that sugars, especially sucrose, can act as a molecular signal in a manner similar to
phytohormones and play a regulatory role in many processes, such as plant growth, development, maturation
and senescence (Graham eral, 1994; Jangand Sheenh, 1997; Morcuende er a, 1998; Koch er al, 2000; Loreti
et al,2001). But it is still unclear about crosstalk between sugar and phytohormones in regulating plant growth
and development.

Starch is the accumulation of organic matters in plants. For Lanceolata, starch concentrations in
branches in the first and second crown layer were higher than those in the third crown layer, while there were
no significant differences among the three crown layers in Luotian (Table 3). Moreover, starch concentrations
in Lanceolata were greater in all same positions than those in Luotian (Figure $14). It was similar with the study
of Xu (Xu er al, 2020), indicating that branch growth differed significantly between Luotian and Lanceolata,
but the lateral branches grew at a similar rate among Luotian trees of different ages.

From the point of overall nutrition distribution, the starch accumulation is directly related to the
diameter and length of branches. In this study, the starch concentrations in branches in the first and second
crown layer in Luotian were higher than those in Lanceolata (Figure S14), therefore, the diameters and length
of the branches in the first and second crown layer were higher than those of Lanceolata, which was consistent
with the previous results of tree crown analysis of Luotian and Lanceolata (Xu er a/, 2020). Compared with
the branches of Lanceolata in the same crown layer, it was found that the differences in nutrient accumulation
was smaller and smaller from the first to the third crown layer, and the concentrations of soluble sugars and
proteins in the branches in the third crown layer of Luotian were even higher than those of Lanceolata (Figures.
$12 and $14), which could not be separated from its influence on tree crown structure. As the branch angles of
Luotian branches are bigger and bigger, the material exchange between the base of branches and the main axis
of tree is less and less. Therefore, the branches in the third crown layer appear physiological stress response, and
the concentrations of soluble sugars and soluble proteins are increased.

Conclusions

The experimental results of this study suggested that IAA and ZR played a critical function on the initial
of the branch growth of Luotian and Lanceolata and GA3 related to the bending of branches in Luotian. To
further assess the ratios of hormones in Luotian and Lanceolata, the distribution and proportion of
phytohormones has influenced the branch morphogenesis and ABA is pivotal in the branch death in Luotian.
Meanwhile, nutritional ingredients analysis indicated that the accumulation of nutritive components in
Luotian and Lanceolata were consistent with the morphology of their branches. An integrated analysis implied
that phytohormones had a strong influence on pendulous characteristics by interacting with other factors. Our
results provide an important foundation for improving branch orientations and branch death in
Cunninghamia lanceolata. In addition, elucidating the mechanism governing the pendulous trait may
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contribute to provide theoretical basis and technical support for its cultivation, introduction, tending
management and genetic improvement.

Authors’ Contributions

All authors directly participated in planning this paper. Yujic YANG and Chu WU conceived and
drafted the manuscript. Yujie YANG, Chu WU and Yezhou XU conceived and designed the experiments;
Chaoqun DU and Hui YUAN performed the experiments. Yujie YANG and Chaoqun DU analyzed the data;
Shaoliang YAN and Hui YUAN took part in field investigation. All authors read and approved the final
manuscript.

Acknowledgements

This work was supported by the special project of central government guidance local science and
technology development in Hubei Province (20192YYDO072), and the sub-project of National Key R & D
project (2016YFD0600302-4).

Conflict of Interests

The authors declare that there are no conflicts of interest related to this article.

References

Bradford MM (1976). A rapid and sensitive method for the quantification of microgram quantities of protein utilizing
the principle of protein-dye binding. Analytical Biochemistry 72:248-254. Attp://dx.doi.org/10.1016/0003-
2697(76)90527-3

Chatfield SP, Stirnberg P, Forde BG, Leyser O (2000). The hormonal regulation of axillary bud growth in Arabidopsis.
Plant Journal 24(2):159-169. Ateps://doi.org/10.1046/.1365-313x.2000.00862.x

Chen Q, Qi WB, Reiter R], Wei W, Wang BM (2009). Exogenously applied melatonin stimulates root growth and raises
endogenous indoleacetic acid in roots of etiolated seedlings of Brassica juncea. Journal of Plant Physiology
1(66):324-328. heeps://doi org/10.1016/),jplph.2008.06.002

Davies PJ (2010). The plant hormones: their nature, occurrence, and functions. Plant hormones. Germany: Springer, pp
1-15. http://www.onacademic.com/detail/journal 1000034835382310_7428.heml

Graham IA, Denby JK, Leaver CJ (1994). Carbon catabolite repression regulates glyoxylate cycle gene expression in
cucumber. Plant Cell (6):761-772.

Hall¢ F, Oldeman RAA, Tomlinson PB (1978). Tropical trees and forests: an architectural analysis. New York, Springer-
Verlag. htep://dx.doi.org/10.1007/BF02892746

Hollender CA, Dardick C (2015). Molecular basis of angiosperm tree architecture. New Phytologist 206:541-556.
heep://dx.doi.org/10.1111/nph. 13204

Huang GW, Du CQ, Chen HC, Xu XY, Yan SL, Xu YZ (2016). Study on the rooting ability of the cuttings from
Cunninghamia Lanceolata cv. Luotian. Hubei Forestry Science and Technology 45(1):12-15.
heep://dx.doi.org/CNKI:SUN:FBLL0.2016-01-003

Huang GW, Du CQ, Ma LJ, Xu XY, Yan SL, Xu YZ (2015). Analysis of photosynthetic physiological characteristics of
Cunninghamia lanceolata ‘Luotian’ in different age lateral branches. Journal of Forest and Environment

35(3):236-242. hetp://dx.doi.org/10.13324/j.cnki jfc£2015.03.009

15



Yang Y ez al. (2022). Not Bot Horti Agrobo 50(1):12528

Hubei Institute of Forestry, Huanggang Institute of Forestry, Luotian County Institute of Forestry (1977). A preliminary
report on a fine type of Chinese-firr Hubei Forestry Science and Technology 1:15-19.
hetp://dx.doi.org/CNKI:SUN:FBLI0.1977-01-006

Israclsson M, Sundberg B, Moritz T (2005). Tissue-specific localization of gibberellins and expression of gibberellin-
biosynthetic and signaling genes in wood-forming tissues in aspen. The Plant Journal 44(3):494-504.
hetp://dx.doiorg/10.1111/5.1365-313X.2005.02547 x

Jang JC, Sheenh J (1997). Sugar sensing in higher plants. Plant Science 2:208-214. Ateps://doi.org/10.1016/51360-
1385(97)89545-3

Kei-Ichi B, Adachi K, Take T, Yokoyama T, Nakamura T (1995). Induction of tension wood in GA3-treated branches of
the weeping type of Japanese cherry, Prunus spachiana. Plant Cell Physiology 36:983-988.
hetps://doi.org/10.1093/oxtordjournals.pcp.a078870

Koch KE, Ying Z. Wu Y, et al. (2000). Multiple paths of sugar-sensing and a sugar/oxygen overlap for genes of sucrose
and ethanol metabolism. Journal of Experimental Botany 51:417-427.
heeps://doi.org/10.1093/jexbor/51.suppl 1.417

Leng P, Yuan B, Guo Y (2014). The role of abscisic acid in fruit ripening and responses to abiotic stress. Journal of
Experimental Botany 65:4577-4588. https://doi.org/10.1093/jxb/eru204

LiL,and Deng QL (2012). Study on filial generation morphological genetics in seed orchard of Cunninghamia Lanceolata
cv. Luotian. Hubei Forestry Science and Technology 174(2):23-25. https://doi.org/10.1038/s41438-020-
0279-3

Li S, Zheng T, Zhou X, Li Z, Li L, Li P, Qiu L, P H, Wang J, Cheng T, Zhang Q (2020). Transcriptome profiles reveal
that gibberellin-related genes regulate weeping traits in crape myrtle. Horticulture Research 7:54.
hetps://doi.org/10.1038/s41438-020-0279-3

LiuJ, ZengY, Yan P, He C, ZhangJ (2017). Transcriptional and hormonal regulation of weeping trait in Sa/ix matsudana.
Genes 8(12):359. hteps://doi.org/10.3390/genes8120359

Loreti E, Bellis L D, Alpi A (2001). Why and how do plant cells sense sugars. Annals of Botany 88:803-812.
heeps: //doi.org/10.1006/anbo.2001.1526

Lv YM, Chen J Y (2003). Preliminary report on the genetics of pendulous characteristics of Prunusmume. Journal of
Beijing Forestry University 25(Supp):43-45.

Lv YM (2001). Pendulous landscape trees and shrubs and their application in landscaping. Journal of Beijing Forestry
University 23(Supp.):92-94. Ateps://doi.org/CNKI:SUN:BJLY.0.2001-52-032

Mellerowicz E J, Baucher M, Sundberg B (2001). Unravelling cell wall formation in the woody dicot stem. Plant Cell
Walls: Springer, pp 239-274. hrtps://doi.org/10.1007/978-94-010-0668-2_15

Morcuende R, Krappe A, Hhrry V (1998). Surose feeding leads to increased rates of nitrate assimilation, increased rates
of a-oxoglutarate synthesis, and increased synthesis of a wide spectrum of amino acids in tobacco leaves. Plants
(206):394-409. hreps://doi.org/10.1007/s004250050415

Nakamura T, Saotome M, Ishiguro Y, Itoch R, Higurashi S, Hosono M, Ishii Y (1994). The effects of GA3 on weeping
of growing shoots of the Japanese cherry, Prunus spachiana. Plant Cell Physiolology 35(3):523-527.
hetps://doi.org/10.1007/s00417-002-0444-4

Nakamura T, Saotome M, Tanaka H (1995). Weeping habit and gibberellin in Prunus. Acta Horticulturae 394:273-280.
hetps://doi.org/10.1007/s00417-002-0444-4

Nugroho WD, Yamagishi Y, Nakaba S, Fukuhara S, Begum S, Marsoem SN, Ko J-H, Jin H-O, Funada R (2012).
Gibberellin is required for the formation of tension wood and stem gravitropism in Acacia mangium seedlings.
Annals of Botany 110(4):887-895. Attps://doi.org/10.1093/aob/mcs148.

Plomion C, Leprovost G, Stokes A (2001). Wood formation in trees. Plant Physiology 127(4):1513-1523.
hetps://doi.org/10.1201/b16714

Pretzsch H, Biber P, Uhl E, Dahlhausen J, Ro“tzer T, Caldentey J, ... Pauleit S (2015). Crown size and growing space
requirement of common tree species in urban centres, parks, and forests. Urban For Urban Green 14:466-479.
hetp://dx.doi.org/10.1016/).utug.2015.04.006

Riazi A, Matsuda K, Arslan A (1985). Water-stress induced changes in concentrations of proline and other solutes in
growing regions of young barley leaves. Journal of Experimental Botany, 36:1716-1725.
heeps: //doi.org/10.1093/jxb/36.11.1716

16



Yang Y ez al. (2022). Not Bot Horti Agrobo 50(1):12528

Salojirvi J, Smolander O-P, Nieminen K, Rajaraman S, Safronov O, Safdari P, ... Kangasjirvi ] (2017). Genome sequencing
and population genomic analyses provide insights into the adaptive landscape of silver birch. Nature Genetics
49(6):904-912. heeps://doi.org/10.1038/ng.3862

Srivastava LM (2002). Plant growth and development: Hormones and Environment. Elsevier Sci. USA.
heep://library.oum.edu.my/oumlib/content/catalog/719956

Sundberg B, Uggla C, Tuominen H (2000). Cambial growth and auxin gradients. BIOS Scientific Publishers Ltd., Oxford,
UK, pp 169-188.

Tworkoshi T, Scorza R (2001). Root and shoot characteristics of peach trees with different growth habits. Journal of the
American Society for Horticultural Science 126:785-790. Attps://doi.org/10.21273/JASHS.126.6.785

Wang B, Smith SM, Li JY (2018). Genetic regulation of shoot architecture. Annual Review of Plant Biology 69:25.
hetps://doi.org/10.1146/annurev-arplant-042817-040422

Wang F (2014). Separation, endogenous hormone and molecular research of pendulous characteristics of Prunus mume.
Master Thesis. Beijing Forestry University, Beijing, China.

Wang YH, LiJY (2008). Molecular basis of plant architecture. Annual Review of Plant Biology 59:253-279.

Werner JD, Chaparro JX (2005). Genetic interactions of pillar and weeping peach genotypes. HortScience 40(1):18-20.

WuZL (1984). Cunninghamia lanceolata. China Forestry Publishing House, Beijing, pp 202-203.

Xiong LD (1984). A preliminary study on the natural branch drooping and shedding characteristics of Cunninghamia
lanceolata  (Lamb.) Hk. cv. Luotian. Hubei Forestry Science and Technology —2:8-12.
hetps://doi.org/CNKI:SUN:FBLIL0.1984-02-002

Xu H, Sun Y, Wang X, Wang J, Fu Y (2015). Linear mixed-effects models to describe individual tree crown width for
China-fir in Fujian province, southeast China. PLoS One 10(4):€0122257.
hetps://doi.org/10.1371/journal.pone.0122257

Xu YZ, Du CQ, Xu XY, Hu XY, Zhang YD, Xu XH, Huang GW, Fang LQ (2016). A new variety of Cunninghamia
Lanceolata‘E Sha 1’. Scientia Silvae Sinicae 52(11):170. Azeps://doi.org/CNKI:SUN:LYKE.0.2016-11-021

Xu YZ, Huang GW, Shu FF, Du CQ, Xu XY, Yan SL, Chen HC, Yuan H (2017). The technology of light substrate
container cuttage of Cunninghamia Lanceolata cv. Luotian. Hubei Forestry Science and Technology 46(4):84-
85. heeps://doi.org/CNKI:SUN:FBLL0.2017-04-024

Xu YZ, Tang WP, Hu XY, Zhang P (2005). Study on biological characteristics of Cunninghamia lanccolata (Lamb) Hk.
cv. Luotian-A superior variation of Cunninghamia Lanceolata. Journal of Wuhan Botanical Research
23(6):577-582. htep://europepmc.org/abstract/CBA /602162

XuY,Du C,Huang G, LiZ, Xu X, ZhengJ, Wu C (2020). Morphological characteristics of tree crowns of Cunninghamia
lanceolata var. Luotian. Journal of Forestry and Research 31: 837-856. hAttps://doi.org/10.1007/511676-019-
00901-4

Yamanouchi H, Koyama A, Machii H, Takyu T, Muramatsu N (2009). Inheritance of a weeping character and the low
frequency of rooting from cutting of the mulberry variety ‘Shidareguwa’. Plant Breeding 128:321-
323. hetps://doi.org/10.1111/5.1439-0523.2008.01587.x

Yang XM, Cheng C, Peng YB, Xiang J, Li SS, Xu YZ, Huang GW (2018). Comparative anatomical observation on
terminal bud of Cunninghamia lanceolata (Lamb) Hk. cv. Luotian and Cunninghamia lanceolata. Molecular
Planting Breeding 16(23):7827-7833. Attp://dx.doi.org/10.13271/j.mpb.016.007827

Yoshida M, Yamamoto H, Okuyama T, Nakamura T (1999). Negative gravitropism and growth stress in GA3-treated
branches of Prunusspachiana Kitamura f. spachiana Plenarosea. Journal of Wood Science 45:368-372.
heeps://doi.org/10.1007/bf01177907

Zhang J, Zhang QX, Cheng TR, Yang WR, Pan HT, Zhong JJ, Huang L, Liu EZ (2015). High-density genetic map
construction and identification of a locus controlling weeping trait in an ornamental woody plant (Prunus
mume Sieb. Et Zucc). DNA Research 22(3):183-191. Aeeps://doi.org/10.1093/dnares/dsv003

Zhang J (2016). Constriction of high-density genetic map and QTL analysis of ornamental traits in Mei. PhD Thesis.
Beijing Forestry University, Beijing, China.

Zheng WJ (1983). Chinese trees. vol 1. China Science and Technology Press, Beijing, pp 307-310.

The journal offers free, immediate, and unrestricted access to peer-reviewed research and scholarly work. Users are
OPEN ACCESS|

allowed to read, download, copy, distribute, print, search, or link to the full texts of the articles, or use them for any

other lawful purpose, without asking prior permission from the publisher or the author.

17



Yang Y ez al. (2022). Not Bot Horti Agrobo 50(1):12528

License - Articles published in Notulae Botanicae Horti Agrobotanici Cluj-Napoca are Open-Access,
distributed under the terms and conditions of the Creative Commons Attribution (CC BY 4.0) License.

© Articles by the authors; UASVM, Cluj-Napoca, Romania. The journal allows the author(s) to hold the
copyright/to retain publishing rights without restriction.

18



