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Abstract: [Objective] Blue honeysuckle (Lonicera caerulea L. var. angustifolia Bunye), distributed i
n the Qilian Mountains, is a rare plant with abundant nutrients and medicinal value in high-altitude area
s. Studying its phenotypic diversity is of significant importance. [Method] To explore the phenotypic div
ersity of different populations of blue honeysuckle and their variation patterns under different geographic
al and climatic conditions, we conducted measurements and analyses of 41 phenotypic traits of 40 plants
from eight populations in the Qilian Mountains region. [Result] The study revealed rich phenotypic var
iation in blue honeysuckle, with significant differences among populations and close correlations among
many traits. Leaf traits exhibited a gradient change pattern primarily influenced by altitude and precipitat
ion, while fruit traits were influenced by a combination of various geographical and climatic factors. Pri
ncipal component analysis (PCA) identifies leaf size and crown diameter as the main traits influencing t
he phenotypic diversity of blue honeysuckle. The 40 blue honeysuckle plants clustered into five groups,
which did not completely follow geographic distance clustering. [ Conclusion] This study lays the founda
tion for further analysis of the genetic mechanism of phenotypic traits in blue honeysuckle and provides
reference for the protection of its wild populations and the breeding of improved varieties.

Key words: blue honeysuckle; geographical climate variation; Lonicera caerulea; morphometric analy

sis; natural populations; phenotypic diversity.

Introduction

Phenotypic diversity, embodying the plethora of observable traits within and across plant populations,
is a fundamental aspect of plant biology, shaped by the interplay of genetic underpinnings and environ
mental influences(Raj et al., 2006). Plant growth reflects the adaptation of genotypes to environmental c
hanges, irreversible changes in long-term stress selection, and new phenotypes after stable inheritance, w
hich underlines the critical role of phenotypic diversity(Pigliucci et al., 2006). This diversity is a vital re
search variable employed to gauge species diversity, further emphasizing the inherent adaptability and ev
olutionary narratives of plant species(Yang et al., 2014). Therefore, understanding the phenotypic variatio
n of plants across different environments is essential for grasping their genetic variation, fitness, and evo
lutionary adaptability and the understanding plays a crucial role in germplasm resource conservation and
management, substantially aiding in plant introduction, breeding, and the identification of new cultivar va
rieties(Li et al., 2021). Furthermore, phenotypic diversity serves as a cornerstone in discerning plant resp
onses to ecological shifts, thereby fostering a deeper understanding of plant development and evolution(D

onohue et al., 2001). The current landscape of phenotypic diversity research is enriched by methodologic
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al advancements, prominently featuring multivariate analyses like correlation analysis, principal component
analysis, and cluster analysis, which are adept at handling the large datasets typically generated from pl
ant morphological characterizations(Balkaya et al., 2010). These analytical paradigms have found applicati
on across a variety of plant species, facilitating a nuanced exploration of phenotypic traits, which in tur
n, aid in identifying economically and ecologically valuable germplasm resources for subsequent variety
development(Omire et al., 2020). Moreover, the utilization of these analytical techniques has enabled the
grouping of diverse germplasm materials into distinct categories, thereby laying a robust foundation for t
he effective utilization of these resources in breeding new, improved varieties, and furthering our underst

anding of the genetic diversity landscape(Ebrahimi et al., 2020).

The Qilian Mountains, located at 38.08 N, 98.88 E, straddle the border between Qinghai Province a
nd Gansu Province in the western region of China. They sit on the northeastern edge of the Qinghai-Ti
bet Plateau, spanning an elevation range from 2000 to 5800 m a.s.l. The landscape is broadly composed

of numerous snow-capped peaks extending from northwest to southeast, punctuated by intermountain val
leys. The Qilian Mountains are surrounded by the Loess Plateau of central Gansu, the Alxa Desert regio
n, and the Qaidam Basin. To the west lies the uninhabited Lop Nur. Despite the harsh environmental co
nditions, the high mountain meltwaters of the Qilian Mountains foster the creation of many rivers and la
kes. Regulated by these water bodies, the region around the Qilian Mountains flourishes with vast grassl
ands and oases, showcasing the adaptability and richness of the local ecosystems. The climate of the reg
ion is influenced by the interaction of the Siberian high, East Asian monsoon, and westerly jet streams
(Chen et al., 2011). Precipitation mainly occurs during the warm months due to the East Asian monsoo
n, and it decreases from east to west influenced by the topography. The climatic conditions also contrib
ute to the formation and characteristics of glaciers in the Qilian Mountains. There are two types of glac
iers: subcontinental (subpolar) and extreme continental (polar)(Tian et al., 2014). In the eastern portion, s
ubcontinental glaciers are prominent, characterized by annual precipitation ranges of 500~1000 mm a’', a
n annual average air temperature of -12 to -6°C, a summer mean air temperature of 0~3°C at the ELA,
and an ice temperature of -10 to -18°C within the upper 20 m ice layer. The other type, extreme contin
ental (polar) glaciers as per Shi and Liu, 2000, also forms a part of the glacial landscape of the Qilian
Mountains. The Qilian Mountains play a critical role in water conservation for three inland river basins
in the Hexi Corridor, serving as a significant water supply source for both the Yellow River and Qingha
i Lake. This underscores its importance for biodiversity conservation in China(Zongxing et al., 2021), as

the region is an essential ecological barrier providing myriad ecosystem services.

Blue honeysuckle (Lonicera caerulea L.), also known as honeyberry and haskap, is a perennial deci
duous shrub. It is an excellent source of various beneficial substances, and consuming its fruit can help
prevent multiple chronic diseases. Scientific research has shown that blue honeysuckle possesses rich nutr
itional and medicinal values(Kula et al., 2016). Being a pure natural wild edible berry, blue honeysuckle

has caught people's attention in recent years due to its excellent characteristics and has been hailed as
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the 'King of the Third Generation of Small Berries." This plant, originating from the cold climates of Eu
rope, North America, and Northern Asia(Thompson et al., 2006), is now widely distributed in the Greate
r and Lesser Xing'an Ranges, Changbai Mountain in Northeast China, and in Northwestern regions such
as Xinjiang, Inner Mongolia, Qinghai, and Gansu. Blue honeysuckle exhibits outstanding cold resistance,
requiring no soil burial for overwintering, and can withstand low temperatures down to -50°C, and even
during the flowering period, it can tolerate temperatures from -8°C to 0°C(Frier et al., 2016). Moreover,
blue honeysuckle has strong soil adaptability, thriving in soil environments with a pH range of 4.5 to 7.
5. It also demonstrates strong disease resistance with less susceptibility to pests and diseases. Blue hone
ysuckle is an emerging small berry species following bayberry, blueberry, black currant, raspberry, and se
abuckthorn, serving as an economic tree species with multiple functions. Its branches, leaves, flowers, an
d fruits have developmental and utilization values. It has been processed into various types of food prod

ucts like juice, dried fruit, fruit wine, fruit tea, jam, pastry, freeze-dried powder, yogurt, and ice cream

(Khattab et al., 2016; Oszmianski et al., 2018).

In the Qilian Mountain area, the variety of blue honeysuckle (Lonicera caerulea L. var. angustifolia
Bunye) is widely distributed at elevations of 2000 to 3000 meters, typically growing under spruce forest
s, along forest edges, and in ditches, showcasing a strong ability to adapt to harsh environments. It is o
ne of the rare important edible and medicinal precious plants in high-altitude areas. However, due to the

lack of basic research and attention, the resources in this area have not been fully developed and utiliz

ed. Therefore, the primary goal of this research.
Materials and Methods
Experimental materials

In mid-July to early August 2023, a comprehensive survey was conducted on different forest stands
in various regions of Qilian Mountain area. This survey aimed to gather information on the growth cond
itions of the forest stands. Within the selected regions, five healthy and undamaged intermediate to nearl
y mature blue honeysuckle (Lonicera caerulea L. var. angustifolia Bunye) shrubs were chosen for investi
gation and sampling. Various growth parameters were measured, including tree height, number of branch
es, the diameter of the thickest branch, height from the ground to the lowest branch, crown width, bran
ch thickness of both large and small fruiting branches, the number of leaves on fruiting branches per un
it length, and the number of fruits on fruiting branches. The initially selected superior individual shrubs
were assigned unique identifiers and labeled for tracking purposes. Detailed records of latitude, longitude,

altitude, aspect, slope position, and slope gradient were documented, forming comprehensive records of

these outstanding trees.

According to the distribution records of blue honeysuckle in the Chinese Virtual Herbarium (http://w
ww.cvh.ac.cn/, accessed on 12 May 2023) and iPlant the field investigation, this study selected 8 countie

s as the research population sites in the areas where blue honeysuckle is distributed in the Qilian Mount
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ain area.

The blue honeysuckle in the study area is mostly distributed in the suburbs, roads, or villages, and
a small part is distributed in parks or temples. Almost all of these areas, there is soil drought and poor
site conditions. In the field investigation, a GPS positioning system was used to obtain the altitude, long
itude, and latitude of each group. The climate data were obtained from the WorldClim data website, cov
ering the period from 2001 to 2020, with a spatial resolution of 2.5 minutes. The soil data is sourced f
rom the 2023 edition of the Harmonized World Soil Database version 2.0, with a depth range of 0-20 c

m. The data were processed and extracted using ArcGIS software(Table 1 and Fig. 1).

Tab. 1 Geographical locations and main climatic and environment information conditions of eight blue honeysuckle
(Lonicera caerulea L. var. angustifolia Bunye) populations.

Sa

LON LAT ALT AMT AP WP WT DpP DT
Populations  mple Si ST

(°E) (°N) (m) (°0O (mm)  (mm) (¢ (mm) (=0

ze

Ledu(LD) 5 102.40 36.70 27452 2.37 4745 284.2 11.65 3.0 -8.25 CMe
Yongdeng(YD) 5 102.71 36.65 2507.1 4.39 419.0 246.8 14.15 29 -6.89 CHI
Huzhu(HZ) 5 102.51 36.83 2576.2 2.89 438.0 262.9 12.48 29 -8.24 CHI
Tianzhu(TZ) 5 102.67 36.92 2825.0 2.78 415.6 2524 12.33 35 -7.86 CHI
Pingan(PA) 5 101.91 36.34 2728.8 3.78 487.2 288.2 12.98 3.6 -6.93 LPe
Menyuan(MY) 5 102.02 37.15 2779.3 -0.19 524.8 3154 9.48 4.6 -10.85 CHI
Datong(DT) 5 101.78 37.00 2894.5 2.49 502.7 302.9 11.76 4.7 -8.30 CHI
Tongren(TR) 5 101.90 35.63 2900.3 2.70 560.3 317.2 11.77 5.5 -7.41 CHh

ALT, Altitude; LON, Longitude; LAT, Latitude; AMT, Annual Mean Temperature; AP, Annual precipitation, AMRH, Annual Mean Relative H
umidity; WP, mean precipitation of wettest quarter; WT, mean temperature of the wettest quarter; DP, mean precipitation of driest quarter; DT, mea

n temperature of the driest quarter. ST, Soil type
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Fig. 1 Geographical distribution of survey sites for various populations of blue honeysuckle (Lonicera caerulea L. var.
angustifolia Bunye). Geo-elevation data were derived from an SRTM DEMUTM 90 M resolution digital elevation in the
Geospatial Data Cloud (http://www.gscloud.cn/, accessed on 14 December 2023). ArcGIS 10.8 geographic information analy

sis software was used for data processing to generate distribution maps.

Morphometric Analysis

In each population, five plants with normal growth, no obvious defects and diseases and insect pest
s, and a plant age > S5a were randomly selected as research samples, and the spacing of samples was m
ore than 15 m. The plant height, diameter at breast height, and branch height of the sample plants were
measured, respectively. At the same time, five groups of complete branches, leaves, and fruit were eve
nly selected from the upper, middle, and lower parts of each sample plant, and the relevant indicators w

ere measured on site.

The phenotypic traits of blue honeysuckle were divided into quantitative traits and quality traits. Qu
antitative traits, including 28 traits such as tree height, crown diameter, and diameter at breast height, w
ere quantitatively evaluated (Table 2). The qualitative traits included 13 traits such as trunk type, crown

roundness, canopy density, and the qualitative evaluation method was used(Table 3).

Tab. 2 Quantitative traits and abbreviations of blue honeysuckle (Lonicera caerulea L. var. angustifolia Bunye).

No. Trait Code Unit No. Trait Code Unit
1 Tree height TH m 15 Leaf width Lwi mm
2 Under-branch height UBH m 16 Leaf shape index LSI -

base diameter of the th
3 BDTB mm 17 Leaf thickness LTh mm
ickest branch

4 Crown length diameter CL m 18 Leaf area LA mm

5 Crown short diameter CS m 19 Leaf weight LWe g
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6 crown width CcwW m 20 Stipule diameter StD mm

Crown ratio of length

7 diameter to LS - 21 Petiole length PL mm

chavt diamatar

8 Branching number BN number 22 Petiole diameter PD mm

diameter of fruiting twi
9 DFT mm 23 fruit length FL mm

gs

diameter of fruiting bra
10 DFB mm 24 fruit width FW mm
nches

diameter of major fruiti
11 DMFB mm 25 fruit shape index FSI -
ng branches

number of leaves on fr
12 NLFB number 26 hundred-fruit weight HFW g
uiting branches

fruiting density per unit number

13 FD 27 Fruit stalk length FSL mm
length (per50cm)

14 Leaf length LL mm 28 Fruit stalk diameter FSD mm

LSI = LL/LW, FSI = FL/FW. The ‘Fruiting density per unit length (FD)’ is the number of fruits per unit length of 50cm on the branch.

Tab. 3 Grading assignment of quality traits of blue honeysuckle (Lonicera caerulea L. var. angustifolia Bunye).

Grading Assignment

No. Trait Code
1 2 3 4 5 6
1 Trunk type TT creeping leaning upright - - -
Crown roundness
2 CR Messy Moderate Rounded - - -
3 Canopy density CD Low Medium High - - -
Ash Brow Rusty Dark B Deep A
4 Branch color BC light Brown Dark Taupe
n Red rown uburn
Lanceol Narrow
5 Leaf shape LeS Ovate Oval Long Oval Elliptic
ate Lanceolate
6 Leaf apex shape LAS Caudate Acuminate Acute Obtuse - -
7 Leaf base shape LBS Cuneate Acute Rounded - - -
8 Leaf color LC Green(a) Green(b) Green(c) Green(d) Green(e) -
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Eggplant- Capsicum- Banana-s
9 fruit shape FS Spherical Conical Oval
shaped shaped haped
10 fruit apex shape FAS Depressed Truncate Rounded Acute Hooked -
11 fruit base shape FBS Depressed Truncate Rounded Acute - -
Medium
Medium La Dark Blue Dark Very Dark Navy
12 fruit color FC Dark Blue
vender Blue Violet Delft Blue Blue Violet Blue
Violet
13 Fruit Taste FT Grade A Grade B CradeC Grade D Grade E -

* The lowercase letters represent different shades of the same color. The level a is the lightest, and the color is deepened from a to e.

The Trunk and branch indices were determined on-site in the plot, while tree height was measured
using a tree-height-measuring instrument. Crown diameter, diameter at breast height, and under-branch he
ight were measured using a tape measure. Ground branching number, fruit count, and leaf count were ta
llied and recorded. The methodology for assessing leaf and fruit phenotypic characteristics is as follows:
For each selected individual shrub, leaves from different orientations (north, south, east, west) and height
s (upper, middle, lower) of the fruiting branches, along with all fruits, were collected and segregated int
o separate bags. These samples were brought back to the laboratory and thoroughly mixed. Subsequently,

50 leaf samples and 100 fruit samples were randomly chosen for leaf and fruit phenotypic diversity ass
essment. Length measurements were taken using a digital caliper accurate to 0.0lmm, and weight measu
rements were obtained using an electronic balance accurate to 0.0001g. Each measurement was repeated
three times. Leaf and fruit length indices were measured using a scale and vernier caliper. Leaf area wa
s determined using a leaf area analyzer. Fruit color, leaf upper surface color, leaf lower surface color, a

nd branch color were compared and recorded using color cards.
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Fig. 2 Legend of some traits of blue honeysuckle (Lonicera caerulea L. var. angustifolia Bunye). (A) TT—Trunk typ
e: (Al) creeping; (A2) leaning; (A3) upright. (B) Three different levels of branch diameter: (B1) DFT—diameter of fruiti
ng twigs; (B2) DFB—diameter of fruiting branches; (B3)DMFB—diameter of major fruiting branches.

Statistical Analysis

Analysis of Variance: Statistically significant differences within and among populations were determi
ned by nested analysis of variance. The linear model comprises the following:
vijk =ptti+dj(i)+ eijk
vijk is the kth observed value of the jth family in the ith population, p is the total average, ti is t

he effect value among populations, pj(i) is the random effect value of the individual plant (family) in th

e population, and &ijk is the random error.

Phenotypic Differentiation Coefficient: The phenotypic differentiation within and among populations

was reflected by the phenotypic differentiation coefficient (VST). The formula comprises the following:
VST = o2t/s /o2t/s +o2s

o2t/s is the variance component among populations, and o2s is the variance component within the p

opulation (family)(Ge et al., 1988; Wang et al., 2023).

(3) Descriptive Statistics: Descriptive statistics were performed on the morphometrics of each popula
tion using SPSS 20.0 software, including the arithmetic mean (X), standard deviation (SD), Dun-ca’s mu

Itiple comparison, and coefficient of variation (CV) to determine the range of variation.
CV =SD/X

(4) Diversity Index: The diversity index of each trait was calculated by EXCEL2010 software. The
Shannon-Wiener index (H) is a quantitative expression used to describe the degree of variation of trait d

iversity. The calculation formula is the following:
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'= _¥(PixInPi)

H' is the diversity index and Pi is the effective percentage of the distribution frequency in the ith
grade material of a trait. The distribution frequency of quality traits is expressed as the percentage of th
e number of sample plants at a certain level of traits to the total number of sample plants. The average

value and standard deviation of the quantitative traits were calculated, and the obtained quantitative trait
data were graded and standardized. According to the total average (X) and standard deviation (SD), the
y were divided into 10 levels. Among them, level 1 was less than X— 2SD, level 10 was greater than

X + 2SD, and the difference between each level was 0.5SD(Maughan et al., 1995; Zeng et al., 2021).

Multivariate Analysis: Multivariate statistical methods were used to further determine the structure a
nd differences in the phenotypic traits of blue honeysuckle. The correlation between each trait and the c
orrelation between traits and geographical climatic factors were obtained by Pearson’s correlation analysis.
Principal component analysis (PCA) was used to reduce the dimension of each index to obtain the key
indexes affecting the phenotype of blue honeysuckle. Loading plot and biplot analysis were performed ac
cording to the obtained PC1, PC2, and PC3. Ward cluster analysis was used to divide the studied sampl
es into different groups, and a circular tree diagram was constructed with the square Euclidean distance
as the measurement method (Jain er al., 1975). Before the clustering analysis, the original data were pro
cessed by Z standardization (STD) to eliminate the influence of different dimensions on the analysis. Th

e above statistical analysis and graphics were completed by SPSS20.0 and Origin 2022 software.
Results
Phenotypic Variation of Traits

The results of the performed statistical analysis are shown in Table 4. Of all measured traits, the c
oefficient of variation (CV) ranged from 11.53% to 59.33%, with an average of 29.05%. The highest C
V was in Branching number (BN) (59.33%), followed by Leaf weight (LWe) (50.00%), and fruit shape
(FS) (42.99%), and the lowest was in fruit width (FW) (11.53%). The average coefficient of variation of

traits was greatest in the trunk (32.80%), followed by the branches (30.30%), and leaves (27.09%), and
lowest in the fruits (26.92%). The results showed that among blue honeysuckle traits studied, the trun
k traits were more phenotypically variable overall than the branch, leaf and fruit traits. In addition, leaf

and fruit traits related to its form showed more variability compared to those relating to leaf size.
Diversity Index of Phenotypic Traits

The phenotypic diversity index of 28 quantitative traits ranged from 1.67 to 2.08 (Table 4), with an
average of 1.974. Among them, the diversity of the fruit width (FW) was the highest (2.079). The div
ersity indexes of crown length diameter (CL), diameter of major fruiting branches (DMFB), number of 1
eaves on fruiting branches (NLFB), leaf length (LL), leaf width (LWi), leaf shape index (LSI), stipule di
ameter (StD), petiole length (PL), petiole diameter (PD), fruit length (FL), fruit width (FW), fruit shape
index (FSI), fruit stalk length (FSL), and Fruit stalk diameter (FSD) also exceeded 2. The branching nu
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mber (BN)was the lowest (1.668).

On the other hand, there are different degrees of difference in the distribution frequency of 13 quality traits. Amo
ng them, the number of sample plants with trunk type (TT), crown roundness (CR), and canopy density (CD) of grad
e three accounted for 35.0%, 35.1% and35.0%, Compared to the other two grades, the differences are not significant,
indicating a relatively even distribution of blue honeysuckle plant types among different growth patterns. The leaf ape
x shape (LAS) was mostly acute (44.4%), whereas within the leaf base shape (LBS), acute was the most prevalent (3
6.0%), and the distribution of branch color (BC), leaf shape (LeS), leaf apex shape (LAS), leaf base shape (LBS), le
af color (LC), fruit shape (FS), fruit apex shape (FAS), fruit base shape (FBS), and fiuit color (FC) was small at vari
ous levels. According to the Shannon—Wiener diversity indexes of the 13 quality traits, the diversity of the different tr
aits was different (Table S1). The diversity indexes ranged from 0.78 to 1.73, with an average of 1.313. The diversity
of Fruit Taste (FT) was the highest (1.732). The diversity of leaf apex shape (LAS) was the lowest (0.781).

In general, 28 quantitative traits exhibited a high phenotypic diversity, surpassing their quality trait diversity index
es significantly. This suggests that the phenotypic quantitative traits of blue honeysuckle are relatively more abundant
compared to their quality traits. Overall, both fruit and leaf parts of blue honeysuckle exhibit a high degree of diversit
y, with fruit characteristics showing slightly higher diversity.

Tab. 4 Summary statistics of the 41 morphological characters studied in the 40 trees of blue honeysuckle (Lonicera c
aerulea L. var. angustifolia Bunye) distributed in the 8 natural populations of China.

N
Trait Code Min Max Mean SD CV(%) H'
o.
1 Tree height TH 22 6.7 3.49 1.02 29.23 1.79
2 Under-branch height UBH 0.4 1.81 1.06 0.34 32.08 1.89

base diameter of the thic
3 BDTB 29.83 80.43 47.23 12.63 26.74 1.79
kest branch

4 Crown length diameter CL 1.2 5.47 321 0.92 28.66 2.04
5 Crown short diameter Cs 0.95 532 2.59 0.89 34.36 1.93
6 crown width Cw 1.08 5.4 2.90 0.85 2931 1.98

Crown ratio of length dia
7 LS 0.27 0.98 0.81 0.15 18.52 1.85
meter to short diameter

8 Branching number BN 1 14 445 2.64 59.33 1.67
9 Trunk type TT 1 3 2.15 0.74 34.42 1.05
10 Crown roundness CR 1 3 2.13 0.72 33.80 1.04
11 Canopy density CD 1 3 2.15 0.74 34.42 1.05
12 diameter of fruiting twigs DFT 0.69 2.04 1.14 0.28 24.56 1.96

diameter of fruiting branc
13 DFB 1.23 4.59 2.50 0.69 27.60 2.00
hes

14 diameter of major fruiting DMFB 2.84 8.99 5.74 1.11 19.34 2.07
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branches

number of leaves on fruit
15 NLFB 28 106 61.88 18.65 30.14 2.05
ing branches

fruiting density per unit |

16 FD 23 157 56.86 23.61 41.52 1.88
ength

17 Branch color BC 1 6 3.08 1.19 38.64 1.55
18 Leaf length LL 26.60 79.53 46.05 8.92 19.37 2.06
19 Leaf width LWi 8.50 32.77 15.92 3.52 22.11 2.02
20 Leaf shape index LSI 1.72 4.63 2.94 0.43 14.63 2.03
21 Leaf thickness LTh 0.07 0.23 0.14 0.02 14.29 1.99
22 Leaf area LA 1.48 15.64 4.92 1.96 39.84 1.95
23 Leaf weight LWe 0.01 0.12 0.04 0.02 50.00 1.95
24 Stipule diameter StD 2.54 11.93 5.42 1.54 28.41 2.01
25 Petiole length PL 1.99 7.64 4.11 0.71 17.27 2.06
26 Petiole diameter PD 0.31 1.66 0.77 0.19 24.68 2.06
27 Leaf shape LeS 1 6 3.60 1.34 3722 1.66
28 Leaf apex shape LAS 1 4 2.28 0.55 24.12 0.78
29 Leaf base shape LBS 1 3 2.35 0.77 32.77 1.00
30 Leaf color LC 2 6 3.50 0.96 27.43 1.34
31 fruit length FL 9.30 24.70 15.83 2.20 13.90 2.06
32 fruit width FW 433 10.16 7.11 0.82 11.53 2.08
33 fruit shape index FSI 0.24 3.32 2.24 0.31 13.84 2.08
34 hundred-fruit weight HFW 28.34 75.42 43.36 10.03 23.13 191
35 Fruit stalk length FSL 2.69 12.58 6.24 1.41 22.60 2.06

36 Fruit stalk diameter FSD 0.36 1.50 0.75 0.16 21.33 2.06

37 fruit shape FS 1 6 3.28 1.41 42.99 1.69

38 fruit apex shape FAS 1 5 2.93 1.05 35.84 1.41

39 fruit base shape FBS 1 4 2.58 0.96 37.21 1.32

40 fruit color FC 1 5 3.48 1.13 32.47 1.45

41 Fruit Taste FT 1 6 3.88 1.60 41.24 1.73

Note: Min—minimal value; Max—maximal value; SD—standard deviation; CV—coefficient of variation (%). H'—Diversity index H'. Calculate

d using all the data (includes the repeated measurements within a tree).
Phenotypic Differences among and within Populations

The variance analysis of blue honeysuckle quantitative traits showed that 14 traits were significantly
different among populations (p < 0.01), and all 20 traits were significantly different within populations

(p < 0.01). It can be observed that significant differences exist among populations for most phenotypic t
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raits. However, within the same population, differences among individual plants are even more pronounce

d. (Table 5).

According to the results of the nested variance analysis, the variance components and phenotypic d
ifferentiation coefficients of 20 phenotypic traits of blue honeysuckle among and within populations were
calculated, respectively. The phenotypic differentiation coefficients of each trait among populations range
d from 11.96% to 73.45%, with an average of 49.23%. The traits with the largest and smallest phenoty
pic differentiation coefficient were FSD and LSI. This shows that the Fruit stalk diameter is more differ
entiated among populations, while the Leaf shape index is less differentiated and relatively stable. The a
verage variance components of phenotypic traits among and within populations accounted for 26.37% an
d 27.45% of the total variation, respectively. The percentage of variation was slightly higher among the
trees within populations compared to that among populations (Table 5 and Fig. 3). However, the error ¢

omponent accounted for the greatest part of the total variation for the majority of measured leaf traits.

Tab. 5 The proportion of variance components, population differentiation coefficients and F values of 20 quantitative t
raits based on all the data (includes the repeated measurements within a tree) in 8 natural populations of blue honeysuckl
e (Lonicera caerulea L. var. angustifolia Bunye) in China.

F Value Proportion of Variance Components (%)
Within Phenotypic
Random
Traits Among Within Among Differentiation
Populations Populations Populations Populat Coefficients (%)
Errors
ions

DFT 3.04 * 1620 ** 28.21 42.37 29.42 39.97
DFB 3.97 ** 19.98 ** 35.69 41.14 23.17 46.45
DMFB 1.71 12.54 ** 16.48 44.02 39.50 27.24
NLFB 7.75 ** 2.57 ** 46.22 27.26 26.52 62.90
FD 2.20 21.21 ** 30.06 62.56 7.37 32.46
LL 8.78 ** 6.30 ** 33.71 17.54 48.75 65.77
LWi 5.83 ** 5.43 ** 23.20 18.18 58.62 56.06
LSI 0.62 8.29 ** 4.18 30.80 65.01 11.96
LTh 291 * 9.98 ** 18.87 29.43 51.70 39.06
LA 6.49 ** 6.28 ** 27.28 19.21 53.51 58.68
LWe 5.20 ** 5.98 ** 22.36 19.88 57.76 52.94
StD 7.36 ** 6.74 ** 30.92 19.20 49.87 61.69
PL 2.65 * 3.54 ** 8.89 15.33 75.78 36.71
PD 4.17 ** 6.60 ** 19.99 2191 58.10 47.70
FL 4.39 ** 21.64 ** 26.43 27.50 46.07 49.00
FW 5.20 ** 11.60 ** 21.60 19.01 59.40 53.19
FSI 4.65 ** 30.94 ** 31.89 31.36 36.75 50.42
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HFW 6.56 ** 46.69 ** 57.66 40.19 2.15 58.93
FSL 6.84 ** 3.68 ** 20.62 13.78 65.60 59.94
FSD 12.65 ** 2,13 ** 23.10 8.35 68.55 73.45
Mean 26.368 2745 46.18 49.23

* P < 0.05; ** P < 0.01; phenotypic trait abbreviations are shown in Table 2.

Statistically significant differences among and within populations were confirmed for mostly quantitative studi
ed traits at a significant level p < 0.01. The percent of variation was significantly higher among the trees within
populations compared to the one among populations (Fig. 3). However, the component of error accounted for the

greatest part of total variation for the majority of measured leaf traits. (007)

DFT
¥ Dy

%

Qg N0
AT

Among Populations @ Within Populations . Random Errors

Fig. 3 Partitioning of total variance by hierarchical level for studied phenotypic traits. phenotypic trait abbreviations ar
e shown in Table 2.

Variation Degree of Phenotypic Traits

The variation range and degree of 28 quantitative traits of eight populations are reflected by the me
an value, standard deviation, and coefficient of variation(CV). The results show that there was abundant
phenotypic variation in the quantitative traits of blue honeysuckle. The variation levels of different popul
ations were different. The average CV of seven in eight populations was more than 15%. The highest C

V was found in the Huzhu population(21.10%), and the lowest was in the Datong population(14.48%), b
ut still close to 15%.

There were also significant differences in the variation levels of different traits. The CV of each trait ranged
from 11.53% to 59.33%, with anaverage of 29.05%. Among them, the trait with the highest CV was branch nu
mber (BN) (59.33%). At the same time, the CVs of the Leaf weight (LeW)(50.00%), fruit shape(FS)(42.99%), fr
uiting density per unit length(FD)(41.52%) were also large, with rich polymorphism and variability. The fruit widt
h(FW)(11.05%), fruit shape index(FSI)(13.84%) and fruit length(FL) (13.90%) are the tree traits with the smallest
CVs and relative stability. In general, the CV of traits related to fruits and leaves was small, while the CV of tra
its related to trunk shape was large. The CV of the same trait was also significantly different among different po
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pulations.

Tab. 6 Coefficients of variation and Shannon-Wiener diversity indexes of phenotypic quantitative traits of blue honeys

uckle (Lonicera caerulea L. var. angustifolia Bunye).

Coefficient of Variation (CV) (%)

Traits
LD YD HZ TZ PA MY DT TR
TH 25.20 34.59 47.27 28.98 10.99 29.05 15.81 7.11
UBH 12.54 4321 15.89 14.50 14.82 50.34 37.29 21.66
BDTB 6.65 23.47 21.40 2935 21.54 6.42 22.61 21.09
CL 13.39 38.82 35.09 20.29 20.82 21.83 31.83 16.63
CS 8.42 48.21 44.48 28.63 23.96 10.36 33.93 41.93
Ccw 10.31 41.93 38.96 23.79 21.79 15.18 3227 23.58
LS 10.19 20.35 15.64 9.59 9.40 19.74 10.67 37.88
BN 73.38 38.03 84.71 35.97 37.42 61.41 42.13 31.04
DFT 20.61 22.55 14.43 19.50 19.45 5.56 15.41 10.11
DFB 21.10 9.62 16.66 29.12 22.10 5.08 16.93 19.34
DMFB 7.21 12.62 21.07 17.97 14.34 13.86 12.24 14.58
NLFB 20.61 15.12 2432 25.24 18.57 15.78 8.12 12.39
FD 32.69 47.30 29.50 35.66 41.50 26.44 24.56 21.14
LL 8.63 6.30 14.78 11.02 12.55 1.91 4.41 4.16
LWi 16.38 6.03 15.20 7.87 9.30 7.76 5.09 7.37
LSI 10.01 8.57 7.44 12.89 10.98 6.47 1.00 9.86
LTh 7.92 9.88 4.42 6.07 5.73 3.15 3.02 20.77
LA 23.96 8.62 33.28 14.48 16.36 12.59 12.01 5.38
LWe 26.60 12.22 30.92 16.74 14.88 15.13 13.27 9.81
StD 21.30 11.15 16.53 12.19 9.37 19.52 6.00 16.78
PL 5.34 4.52 7.22 6.34 10.59 6.15 7.05 11.92
PD 8.73 7.94 9.00 14.60 17.44 14.87 14.13 15.28
FL 10.56 5.70 4.16 2.75 10.24 12.39 6.39 5.13
FW 6.71 10.20 4.04 4.40 3.64 3.28 1.78 6.00
FSI 9.67 11.21 3.63 5.87 9.38 13.19 5.28 4.59
HFW 2231 17.14 22.32 7.77 14.04 10.73 13.96 13.34
FSL 11.07 7.02 5.28 6.87 7.71 15.46 5.90 12.45
FSD 6.76 6.48 3.17 3.61 7.27 9.34 2.32 14.18
Mean 16.37 18.89 21.10 16.14 15.58 15.46 14.48 15.55

Phenotypic trait abbreviations are shown in Table 2.

Correlations among Phenotypic Traits

Pearson’s correlation coefficient was used to show the correlations between traits (Fig. 4B), and ther
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e were different degrees of correlation among 28 phenotypic traits of blue honeysuckle. It was found tha
t 16 pairs of traits were significantly correlated (p < 0.001), 19 pairs of traits were significantly correlat
ed (p < 0.01) and 49 pairs of traits were significantly correlated (p < 0.05), including TH and UBH; C
S, CW, LL, LWi, LA, and LWe; PL, PD, BDTB, LL, and LA; FL, FW, and FSI; and DFT, DFB, and
FSD. At the same time, the following were also positive correlated with each other: between TH and U
BH; between BDTB and DFT; between LS and CS; and between FD, and DFT (p < 0.01). This shows
that these morphological characteristics are mutually reinforcing and a common variation. At the same ti
me, there were significant negative correlations (p < 0.05) between NLFB and LS, BN, DFB; between
LSI and LWi, FSD; between LTh and UBH, BDTB; between StD and CL, CW, LL, LWi; between FL
and LL, LA, LWe; between FSI and LL, LWi, LA, LWe, FW; and between FSD and CL, LSI.

(A) B)
TH TH 1
UBH ¥ * * UBH [=E=
BDTB * [ BDTB 0.8
CcL CL w :
cs CS =
cw cw e 0.6
Ls * * * LS o
BN BN *ox ok
DFT | [ | ek * DFT P . - 0.4
DFB *x * * * DFB )]
DMFB * DMFB *
NLFB * Hok NLFB L * ~0.2
ED E FD | = -
L = s LL |0 mE=E
Lwi e b Wl T St 0
LSI LSI « .
LTh [WSEEl * % P LTh Pl = | 02
LA kK ** LA | = EEE Efoed
Lwe | [ Lwe - e - ZZ
SiD StD 10 B ] |
PL | ® = * PL |= = = = E % ' 04
PD | e = ok PD - = o BE =
FL T FL * * x -0.6
W = [k | FW
FSI * FSI |[= EE e e
HFW * Hok [ES * HFW ® [ -0.8
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Fig. 4 Correlation heat map of phenotypic traits of blue honeysuckle. (A) Correlations among X phenotypic traits; (B)
Correlations between phenotypic traits and geo-climatic factors. *, P < 0.05; **, P < 0.01; *** P < 0.001; Black zone:
because at least one variable was constant, calculations could not be performed. Geo-climatic factors and phenotypic trait a
bbreviations are shown in Tables 1-3.

Correlation between Phenotypic Traits and Geo-Climatic Factors

Some phenotypic traits of blue honeysuckle were strongly correlated with geographical and climatic
factors (Fig. 4A). Among them, BDTB, DFT, PD, and FSD were positively correlated with longitude an
d annual mean temperature and negatively correlated with altitude and annual precipitation. UBH and PL

was positively correlated with longitude and negatively correlated with altitude. LS and DFB was positi
vely correlated with annual mean temperature and negatively correlated with annual precipitation. On the
contrary, between LTh and longitude and AWC for rootable soil depth showed a significant negative corr
elation, and latitude and annual precipitation showed a significant positive correlation. In addition, there
was a significant or extremely significant positive correlation between FSI and latitude, PL, NLFB and

AWC for rootable soil depth, NLFB, LL, LWi, LWe, and organic carbon content, and HFW and pH in
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water. At the same time, there were significant or extremely significant negative correlations between LL,
LWi, LA, LWe, FW,HFW and latitude, FD, LWi, and altitude, DFB, FL, FW, HFW and AWC for root
able soil depth, LS, DFB, DMFB, FL, HFW, FSD, and organic carbon content, UBH and pH in water.
The above results show that in the phenotypes of blue honeysuckle, the indexes related to leaf, fruit and
branch parts were affected by geographical, climatic and soil factors to a certain extent, among which
organic carbon content and altitude had a greater influence on the phenotypic traits of blue honeysuckle

than other factors.
Principal Component Analysis of Phenotypic Traits

Principal component analysis was used to reduce the dimension of 41 phenotypic traits of
blue honeysuckle, and the top 13 principal components with the largest proportion were extract
ed. The eigenvalues were all greater than 1, and the cumulative contribution rate was 83.48%,
indicating that these 13 principal components could objectively reflect the basic information of
phenotypic traits of blue honeysuckle (Fig. 5A). The contribution rate of PC1 was 17.10%, am
ong which LA, LWe, LL, LWi, CW, CL, CS, and PD had higher loading degrees, which mainl
y reflected the characteristics related to the size of leaf and crown. The contribution rate of P
C2 was 10.23%, among which LS, FL, FSD, FS, DFB, HFW, DFT and NLFB had higher loa
ding degrees, which mainly reflected the characteristics of fruit trait and branch size. The contr
ibution rate of PC3 was 9.87%, among which BC, FSD, FD, CS, CL, LeS and CW had highe
r loading degrees, which mainly reflected the characteristics related to Crown width and fruitin
g ability. The contribution rate of PC4 was 8.37%, and the loading degrees of LSI, LeS, LAS,

BDTB, and TT were higher, which mainly reflected the characteristics of leaf and trunk shap
e. The resultant nine principal components reflected the characteristics of Tree growth and fruit

shape, size and taste, respectively.

The scatter plot constructed according to PC1 and PC2 shows the relationships between sa
mples (Fig. 5B). The geographical distribution of different populations had a certain effect on t
he phenotypic traits of blue honeysuckle and the effects on leaf size and crown traits (PC1) w
ere greater than those of fruit and branch traits (PC2). The phenotypic traits of Yongdeng and
Ledu were relatively less affected by geographical factors, while the phenotypic traits of other
populations were greatly affected by geographical factors. The samples of Datong were more c
oncentrated in the scatter plot, while the scatter distribution of samples from Ledu and Yongde
ng, as well as Tianzhu and Pingan, exhibited the closest proximity to each other. The samples

from Huzhu being the most dispersed.

(A) (B)
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Fig. 5 Principal component analysis results of phenotypic traits of blue honeysuckle (Lonicera caerulea L. var. angusti
folia Bunye). (A) The load of phenotypic traits and its projections on the first three principal component axes. The length
of the line represents the size of the load, (B) Scatter plot of 40 samples based on PC1 and PC2. Phenotypic trait abbrev
iations are shown in Tables 2 and 3.

Cluster Analysis of Blue Honeysuckle Samples

The Ward method was used for cluster analysis based on the squared Euclidean distance,

and 40 samples were clustered into five clusters according to their morphological characteristics
(Fig. 6A). Cluster A contains three subclasses, a total of 15 samples, most of which are from
Datong, Ledu, and Tianzhu. Cluster A exhibits smaller dimensions across various leaf indicato
rs, with the slenderest petioles and the lowest yield. However, it features rounder crowns and t
he highest leaf shape index. Cluster B contains eight samples, in two subclasses, half of which
originate from Pingan. The features of B cluster encompass larger fruit dimensions, a higher f
ruit shape index, pointed leaf and fruit tips, thicker foliage, notably increased branch number, a
nd a more erect tree structure. Nevertheless, the plants exhibit shorter stature, slender stem dia
meter, reduced leaf number, and subpar fruit flavor. Cluster C contains 8 samples, mainly from
Menyuan and Tongren. The samples in this cluster display the tallest plant height, the highest
leaf count, deep fruit color, and excellent fruit flavor. However, they also exhibit the thinnest f
ruit-bearing branches, lighter branch coloration, smallest stipule diameter, relatively smaller fruit
size, and slender short fruit stalks. Cluster D contains 8 samples in two subclasses, mainly fro
m Huzhu, Tongren, and Yongdeng. The crown width, stem diameter, leaf size, and petiole leng
th of this cluster surpass those of the other clusters. However, its tree form is bent, crown sha
pe irregular, crown density low, leaves thin, leaf color light, fruits short, fruit shape index sma
1, fruit color light, with a relatively favorable taste. Only one plant from Yongdeng was classi
fied into Cluster E. During the survey and sampling process, we encountered a remarkably uni
que plant, in comparison to other clusters, it had only one branch, with a relatively low tree h
eight but a significant under-branch height. Its crown width was small, yet it boasted a dense

crown layer. The fruit-bearing branches were thick, with large stipule diameters. The leaves we
re deep in color, and both the fruit and leaf stalks were long and thick. This plant yielded an

exceptionally high quantity of fruit, characterized by a delightful taste.
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Fig. 6 Ward clustering analysis results based on the squared Euclidean distance for 40 blue honeysuckle (Lonicera ca
erulea L. var. angustifolia Bunye) plants.

Discussion

The phenotypic variation of plants is the result of the combined action of genes and the e
nvironment over a long period of evolution (Miljkovi¢ er al., 2019). The abundance of phenotypi
¢ variation may reflect, to a certain extent, its genetic diversity. Phenotyping of traits is the m
ost direct method to survey and evaluate the diversity of forest germplasm resources, which is
crucial for their reasonable breeding and conservation (Li et al., 2022). Blue honeysuckle is wid
ely distributed in the mountain forests of eastern Qinghai and southern Gansu Province, especia
lly in the mountain valleys of the Qilian Mountains. There are great differences in altitude, te
mperature, air pressure, annual precipitation, and soil. The changeable natural conditions and str
ong regional differences make some traits of blue honeysuckle produce genetic differentiation a
mong different populations. In this study, we comprehensively assessed the variation of 41 phe
notypic traits in trunk branches leaves and fruits of blue honeysuckle from 8 natural population
s. We also investigated the relationships between these traits and geoclimatic factors and the ef

fects of these factors on phenotypic variation.

The research findings indicate that the phenotypic variation of blue honeysuckle was quite
rich, the differences in traits both within and among different populations were extremely signif
icant (p < 0.01). The phenotypic differentiation coefficient is the percentage of variation among

populations in the total variation, reflecting the differentiation of species in traits. The higher
the coefficient, the easier the population differentiation. Our study showed that the average phe
notypic differentiation coefficient among blue honeysuckle populations was 49.63%, indicating t

hat the genetic differentiation degree of phenotypic traits of blue honeysuckle was relatively hi
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gh among populations. This may be due to the large differences in climatic and environmental

conditions among the distribution areas of various populations investigated in this study. Amon
g them, the coefficient of variation for fruit traits was the highest (57.49%), followed by leaf t
raits (49.35%), while branch traits were relatively lower (36.53%). Besides their fundamental bi
ological functions, fruit traits are more influenced by climatic factors such as water and heat.

Leaves, on the other hand, are crucial for long-term adaptation, survival, and evolution, which

most likely result in their most abundant variation among the traits of interest in natural popul
ations. In addition, blue honeysuckle is mainly distributed in natural secondary forests protected
by the government at altitudes of 2000 to 3000 meters, the scattered and discontinuous distrib
ution of habitats, coupled with the limited number of samples, hinders gene flow among popul
ations, resulting in population differentiation and variation in phenotypic traits (Qin et al., 2010).
The average variance component within populations exceeded that among populations, indicatin
g significant variation in phenotypic traits of blue honeysuckle in the Qilian Mountains primaril
y driven by population-level differences. This suggests that intra-population variability is the m
ain source of phenotypic diversity in blue honeysuckle, with higher diversity levels within popu
lations than among populations. This may be attributed to the environmental heterogeneity withi
n populations, which could subject individuals to diverse selective pressures, thereby resulting i
n significant phenotypic diversity within the population. Moreover, localized environmental cond
itions, such as microclimatic variations or soil differences, may lead to distinct phenotypic trait
s among individuals within the same population. Additionally, genetic drift within small or isol
ated populations can magnify the effects of random genetic fluctuations, leading to increased in
trapopulation variation. This high phenotypic variation endows blue honeysuckle with considerab

le selection potential and establishes a foundation for subsequent genetic improvements.

The variation levels of eight populations of blue honeysuckle in this study were quite diff
erent. The maximum and minimum coefficients of variation were found in the Huzhu populatio
n and Datong population, respectively. The reason for the large variation in the Huzhu populati
on may be due to the different distribution environments of the five samples in the population.

The slope, aspect, and elevation of the sampling sites varied significantly, with some samples
surrounded by dense growth of large trees such as spruce and birch while others grew in isola
tion within open forest stands, leading to pronounced phenotypic differences. The relatively sm
all variation in the Datong population may be attributed to the concentrated distribution of blue

honeysuckle, which mostly grows on the same side of the road within protected areas, intermi
xed with other shrubs and herbaceous plants, resulting in similar slope, aspect, and elevation ¢
ompared to other growth environments. In addition, the coefficient of variation among different
phenotypic traits was also quite different. The coefficient of variation of 28 quantitative traits r
anged from 11.53% to 59.33%. Among them, the variation in fruiting density per unit length,

branching number, crown short diameter, under-branch height, number of leaves on fruiting bra
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nches was greater, which may be because compared to other traits, the growth vigor, biomass,

and yield of blue honeysuckle plants are more susceptible to geographical, climatic, and enviro
nmental factors, as well as tree age. This is similar to the results of the analysis of Quercus g
ilva by Qin et al (Qin et al., 2010). The traits with a high coefficient of variation have a stro
ng adaptability to their environment and increase their selection opportunities among materials.

The traits with low coefficients of variation have a homology and stability among materials (Sa
fdari et al., 2021). In addition, the coefficient of variation of the leaf area and leaf weight of bl
ue honeysuckle was also higher than other traits, which could be explained by the fact that lea
f area plays an important role in effective light capture, water balance, and temperature regulati

on in different habitats(Kidner et al., 2010; Vidakovic™ et al., 2021).

Within our survey area, the distribution of characteristics such as trunk type, crown round
ness, and canopy density of blue honeysuckle appeared relatively uniform. This may be attribut
ed to significant environmental variations within the survey area, resulting in diverse growth co
nditions for the trees, with various growth states being prevalent. Acute leaf apex and leaf bas
e shapes predominated. This could be due to the relatively dry, cold, and high-light intensity e
nvironment of the plateau region, where plants tend to develop sharp-pointed leaf tips and base
s to reduce surface area and minimize water loss. Fruits and leaves are newly emerged parts d
uring the year, and due to climatic changes, they exhibit unstable and diverse manifestations, r
esulting in greater diversity and less distribution at various levels. The Shannon-Wiener diversit
y index, as an important indicator of plant trait richness, is widely used in genetic resource as
sessment and phenotypic diversity analysis(Jain et al., 1975; Petruccelli et al., 2013).According to t
he study of phenotypic diversity of Prunus Mume by Wu et al., the Shannon index reaches 1,
which is a high degree of diversity (Wu et al., 2011). In this study, the average Shannon index
of quality and quantity traits of tested blue honeysuckle populations exceeded 1 for all traits e
xcept Leaf apex shape, indicating substantial diversity. Some traits related to branches, leaves,
and fruits exhibited higher levels of diversity. In the future, the index could be used as a prior
ity for the analysis of phenotypic diversity of blue honeysuckle. This study also found that the

diversity index of quantitative traits was much higher than that of qualitative traits. Li et al.
and Szamosi et al. also obtained consistent results for the morphological traits of blueberry and
Cucumis melo germplasm resources (Szamosi et al., 2010; Li et al., 2020). The reason for this
may be that quantitative traits are greatly affected by germplasm resource types, environmental
conditions, genotypes, and other factors, while qualitative traits change only slightly and are rel
atively more stable. In addition, from the overall analysis results of quantitative traits, the varia
tion in the Shannon index and coefficient of variation (CV) is not consistent. For example, the
Shannon index of the fruit width is the largest (2.079), while the CV is the smallest (11.5
3%). The Shannon indexes of the leaf shape index, fruit length, petiole length, leaf length, dia

meter of major fruiting branches, and fruit shape index are also greater than 2.0, but the CV i
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s far lower than 20%. The larger the coefficient of variation, the greater the degree of variatio
n of traits; the larger the diversity index, the richer the trait diversity. However, there is no co
rrelation between the two. This situation is also consistent with the results of He et al. and Fu
et al.’s phenotypic studies on Dendrobium nobile and Salvia splendens(Fu et al., 2015; He et a

1., 2021).

The correlation of traits can indirectly achieve the effect of selecting another trait through
the selection of one trait, which can improve the selection efficiency of excellent plant varietie
s and accelerate the process of breeding (Rui et al., 2018). The correlation analysis of pheotypic

traits of blue honeysuckle in the Qilian Mountains showed that the correlation between most t
raits was significant or extremely significant. This is consistent with the previous research resul
ts of Wei Li on Lonicera caerulea (Li et al., 2020). Correlation analysis has a certain convenien
ce and guidance for the field collection and breeding of blue honeysuckle. Because most traits
are closely related, researchers can roughly infer the growth trends of other traits related to on
e trait, which can reduce the blindness of investigation and research to a certain extent (Norma
n et al.,, 2011). However, the linkage mechanism between these traits is still unclear and may n
eed to be explored from biochemical and molecular perspectives. Different species have differe
nt geographical variation patterns due to their different adaptability and sensitivity to the enviro
nment (Zeng et al., 2018). From this study, it was found that the traits related to the trunk of b
lue honeysuckle were not significantly affected by environmental factors, the branch traits were
mainly affected by temperature, precipitation and organic carbon content, and the leaf traits wer
e synergistically affected by altitude, latitude and organic carbon content, and the fruit traits ar
e significantly affected by AWC, and are also affected by factors such as latitude and organic
carbon content. Within suitable ranges, in relatively low altitudes, high longitudes, dry, low lati
tudes, and warm conditions, blue honeysuckle fruits exhibit high vitality, with thinner leaves, r
ounder fruits, and higher yields. In areas with low temperatures, high precipitation, low latitude
s, and high altitudes, leaves are smaller but thicker, and fruits are longer and larger. This diffe
rence may be attributed to the high altitude and relatively low latitude of plateau regions, wher
e temperatures are lower, diurnal temperature variations are greater, and ultraviolet radiation is
stronger. The relatively lower altitude and latitude allow blue honeysuckle to fully utilize light
and temperature resources, promoting its growth and photosynthesis. In such environments, plan
ts are typically more vigorous, and the warm climate may also help increase fruit yields and p
romote fruit formation and ripening but could lead to a shorter growing season. Under such pr
essure, nutrients and water are relatively scarce, leading to smaller and rounder fruits. In high-
altitude, low-latitude, and low-temperature regions, with low air density, plant transpiration is re
stricted. Plants tend to have lower vitality, with leaves experiencing severe wilting and thicker
epidermis. Lower temperatures, greater temperature differences, and sufficient moisture facilitate

the accumulation of nutrients and water, resulting in larger fruits. At the same time, with a de
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crease in altitude, longitude, and precipitation, the size of blue honeysuckle leaves showed an i
ncreasing trend. Previous studies have also found that the leaf area of many plants decreases

with increasing altitude, while the leaf thickness increases with increasing altitude (Cruz-Maldona
do et al., 2021; Huang et al., 2022). This is consistent with our findings. Plants can adapt to env
ironmental changes accompanied by a high altitude by reducing their leaf area and increasing t
heir leaf thickness, mesophyll tissue thickness, and stomatal density (Liu er al., 2020). Li conduc
ted a study on blue honeysuckle in the Changbai Mountain region, within an elevation range o
f 600-1800 meters. The results revealed a significant increase in leaf characteristics such as T
H, CL, LTh, LA, and LSI with increasing altitude. However, contrary to our study's findings, s
ome results showed the opposite trend. This discrepancy may be attributed to differences in the
elevation gradients studied. In lower elevation areas, tree height, crown length, and other featu
res tend to increase with altitude due to plants receiving more abundant sunlight and being les
s affected by negative altitude factors such as excessive ultraviolet radiation and sparse oxygen.
However, in higher elevation areas where most plants struggle to adapt, constraints imposed b
y altitude-related adverse factors lead to an opposite trend in features such as TH, CL, and L
A. This suggests that blue honeysuckle may exhibit its highest adaptability to climatic conditio
ns within a moderate range of altitude. The research findings regarding LA and LSI are consis
tent with ours, which also aligns with the general pattern of plant leaf characteristics adapting

to higher altitudes. Among the 8 populations, Datong and Tianzhu are situated at high elevatio
ns, exceeding 2800 meters, and they are also located at high latitudes. In these regions, blue h
oneysuckle is less distributed, with plants generally being shorter in stature, having lower under
-branch height, smaller crown width, narrower and thicker leaves, slender leaf stalks, and the 1
owest yield. Conversely, Yongdeng and Huzhu have the lowest elevations, below 2600 meters,

and in these areas, blue honeysuckle resources are relatively abundant. Crown width, stem thic
kness, leaf size, and leaf stalk length significantly exceed those in other regions, with thinner 1
eaves and lighter leaf color. This also indicates that the growth of blue honeysuckle is influenc

ed by high altitudes and cold, humid climates.

Principal component analysis can reduce the dimension of a dataset, maintain the character
istics of the largest variance contribution in the dataset, and provide the main information on t
he comprehensive performance of quantitative traits. In this study, the first 13 principal compo
nents were extracted from the phenotypic traits of blue honeysuckle by principal component an
alysis, and the cumulative contribution rate reached 83.48%. Among the traits related to the pl
ant shape, branch, leaf, and fruit of blue honeysuckle, the primary and key traits affecting the
phenotypic diversity are the traits related to leaf size and crown width, which is similar to the
phenotypic analysis results of Elaeagnus angustifolia in Zhangye City by Zeng et al. In future
investigations and studies, these traits could be used as key observational traits. Principal comp

onent analysis also further showed that the phenotype of blue honeysuckle was greatly affected
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by the geographical distribution of different populations. Most of the phenotypic traits of the p
opulation in Datong were stable, while the phenotypes of the two populations in Ledu and Yo
ngdeng, as well as Tianzhu and Pingan were closer. The traits of other populations were more
abundant and the degree of variation was higher, which may be due to genetic or environment

al effects (Karadeniz et al., 2002).

The purpose of clustering analysis is to classify individuals according to their characteristic
s. Individuals in a cluster are highly similar to each other, and the inhomogeneity and differen
ces among clusters are the largest. According to the clustering results of blue honeysuckle, the
geographical distribution of five clusters in 8 populations was obtained (Fig. 6B). The 40 samp
les were not completely clustered according to geographical distance. The distribution of the fi
ve clusters was overlapped, but the distribution of the same cluster had a certain degree of si
milarity, and the variation in phenotypic traits among populations was discontinuous. This show
s that geographical distance does not play a key role in the phenotypic differentiation of the st
udied blue honeysuckle population (Du et al., 2014). This may be due to the complex and diver
se geographical environment and climate differences in the Qilian Mountains. In addition to the
specific phenotypic characteristics, the population also has a specific ecological amplitude and
distribution range (Cao et al., 2021). The random effects of various specific genotypes or enviro
nmental factors often lead to differences in traits between individuals (Fu et al., 2017). Among
all clustering types, Type A has the most samples, primarily from Datong, Tianzhu, and Hedu,
which are high-altitude and high-latitude regions. They exhibit characteristics more suited to hig
h altitudes and low temperatures, such as smaller and thicker leaves, slender leaf stalks, and lo
wer yields. Samples from Ping'an area mainly belong to Type B, characterized by significantly
larger fruit size and the highest fruit shape index. The distribution of Type C blue honeysuckle
clusters is the most scattered, indicating that Type C may be a transitional group with less di
stinct characteristics within the cluster. Type D blue honeysuckle mainly exhibits small fruit siz
e, low fruit shape index, light fruit color, and excellent taste. Yongdeng region has the most di
verse types, possibly due to the scattered distribution of sample sites and the greatest environm
ental differences among the sites, reflecting significant heterogeneity within populations. Of part
icular note, Type E represents an isolated plant type from Yongdeng, with excellent characterist
ics in all aspects and significantly higher fruit yield than other plants. In the future, superior b

lue honeysuckle varieties can be selectively bred based on different purposes.

Conclusions

The phenotypic variation in different populations of blue honeysuckle is rich, and the vari
ation mainly comes from within the population. The phenotypic traits related to plant shape an
d branches had a large variation, and the phenotypic traits related to fruits and leaves had a s

mall variation. The phenotypic quantitative traits of blue honeysuckle were relatively more abun
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dant, the qualitative traits were more stable, and the diversity of fruits and leaves was higher.

Within a certain range, with increasing longitude and temperature, and decreasing altitude, latitu
de, precipitation, blue honeysuckle exhibits higher vitality, thinner and larger leaves, smaller an
d rounder fruits, and higher yields. This indicates that excessively high altitude and precipitatio
n within the surveyed area may be limiting factors for the growth of blue honeysuckle. As a t
opical original study of this species in the Qilian Mountains, the results of our study on the p
henotypic trait variation in blue honeysuckle will provide a basis for improving the efficiency

of population selection, provide a reference for selecting and establishing gene conservation are
as and seed collection areas, and is of great significance for accelerating the selection and bree
ding. In the future, the corresponding varieties of blue honeysuckle should be selected for diffe
rent purposes according to their geographical distribution and utilization direction. Using the ex
cellent plant shape and crown characteristics of Cluster A in this study, along with appropriate

tree height, under-branch height, and branch number, they could be considered for landscaping

decoration. Despite their lower yield, they possess a more compact and rounded appearance. Sa
mples from Cluster B, which exhibit the largest fruit size, attractive fruit shape, and higher pro
duction potential, are more suitable for commercial fruit production purposes. Targeted breeding
could be applied to gradually cultivate superior varieties. Cluster C, with its dark-colored fruit
s and excellent fruit taste, is also suitable for high-quality fruit production purposes. Its taller

plant height and higher leaf count are also suitable for planting in commercial orchards and ga
rdens. Cluster E demonstrates significant uniqueness compared to other clusters, making it valu
able for both landscape decoration and fruit production. However, its value is somewhat limited
due to the relatively small sample size. In summary, targeted breeding should be conducted to
gradually update and cultivate excellent varieties that combine ornamental and ecological funct
ions, characterized by bright, plump fruits and good tree form. Varieties with high yields, large
fruits, and excellent taste should be bred to produce fruits with both high yield and flavor. A
dditionally, in subsequent research, the nutritional content of the fruits should be determined to

more comprehensively develop high-quality varieties of blue honeysuckle.
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