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Abstract: The architecture of spray cut chrysanthemum is crucial for the quality and quantity of cut
flower production. However, the mechanism underlying plant architecture still needs to be clarified.
In this study, we measured nine architecture-related traits of 195 spray cut chrysanthemum varieties
during a two-year period. The results showed that the number of upper primary branches, number
of lateral flower buds and primary branch length widely varied. Additionally, plant height had a
significant positive correlation with number of leaf nodes and total number of lateral buds. Number
of upper primary branches had a significant negative correlation with primary branch diameter,
primary branch angle and primary branch length. Plant height, total number of lateral buds, number
of upper primary branches, stem diameter, primary branch diameter and primary branch length were
vulnerable to environmental impacts. All varieties could be divided into five categories according
to cluster analysis, and the typical plant architecture of the varieties was summarized. Finally, a
genome-wide association study (GWAS) was performed to find potential functional genes.

Keywords: spray cut chrysanthemum; GWAS; plant architecture; statistical analysis

1. Introduction

Chrysanthemum (Chrysanthemum morifolium Ramat.) is one of the four most popular
cut flowers worldwide and is an important component in the floral industry [1]. Branching
is one of the most important agricultural traits of chrysanthemum, playing an important
role in morphological formation, and affecting ornamental quality and economic value.
Operations involving decapitation and/or removal of lateral buds constitute nearly 1/3 of
production costs [2]. The growth and development of chrysanthemum are largely affected
by various environmental factors. As a quantitative trait controlled by multiple genes,
branching is affected by both the environment and the genetic background [3,4], and the
underlying molecular mechanism that governs branching still needs to be elucidated.

Shoot branching is controlled by various hormone signaling pathways, including
auxin, strigolactones (SLs), cytokinins (CKs) and brassinosteroids (BRs) [5]. Apical domi-
nance is a universal phenomenon in plants and is mainly maintained by auxin. According
to the auxin canalization model, auxin can act as a second messenger to regulate down-
stream signals or functions [6]. Moreover, auxin acts upstream of SLs and CKs, which
promote and inhibit shoot branching, respectively. The biosynthesis of CKs is repressed by
auxin, as the key CK biosynthesis-related enzyme Isopentenyltransferase (IPT) is down-
regulated by auxin [7,8]. The biosynthesis of SLs is activated by auxin, as the key SL
biosynthesis-related genes carotenoid cleavage dioxygenase7 (CCD7) and carotenoid cleavage
dioxygenase8 (CCD8) are upregulated by auxin [9]. Through the BR signaling component
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brassinazole-resistant1 (BZR1), BRs can promote increased tillering in rice [10] and bud
outgrowth of tomato [11]. Sugars are a major source of carbon and energy in plants. A
recent study indicated that sugars can promote initial bud outgrowth and downregulate
the expression levels of BRANCHED1 (BRC1) [12]. However, the gene regulatory network
governing plant architecture still needs to be elucidated, and new key genes and pathways
need to be identified for continued research.

The environment also plays an important role in determining plant architecture [13].
Treatments involving drought, heat and drought plus heat were shown to reduce the
shoot outgrowth of Pinus edulis [14]. Leaf distribution, branch distribution and canopy
photosynthetic rate were also influenced by temperature in potato [15]. Light is a pivotal
environmental factor that influences the growth of shoots, and increasing light intensity
can promote the growth of branches in herbaceous and tree species [16–18]. Nitrogen is an
important nutrient element in the soil and can alter the amino acid content and influence
the branch growth of plants [19]. TaNAC2-5A is a nitrate-inducible gene and can increase
tiller numbers and spikelet numbers of wheat [20]. Various environmental factors influence
the architecture of plants, which reflects their adaptation and evolution.

Genome-wide association studies (GWASs) are efficient tools to exploit complex
genetic mechanisms through associations of agronomic traits with single-nucleotide poly-
morphisms (SNPs) within a group of individuals or natural inbred lines [21,22]. For
chrysanthemum, GWASs have been used to identify genes related to waterlogging resis-
tance and flower color [23–25], providing a reference for transgenic breeding. GWASs
have also been used to identify key regulatory genes controlling plant architecture. In
Brassica napus, plant height, branch initiation height and branch number have been used
to identify functional loci [26–29]. In rice, plant height, tillering, and panicle morphology
were examined, and the gibberellic acid (GA) signaling-related gene OsSPY was found to
be associated with semidwarfism and small panicles [30]. However, no architecture-related
research has been conducted in spray cut chrysanthemum, and the molecular mechanism
controlling architecture still needs to be elucidated.

In this study, we performed phenotypic measurements and a statistical analysis on
nine architectural traits of 195 spray cut chrysanthemum varieties in two continuous years
(2019 and 2020). Because the environments of these two years were different, we defined
the environment in 2019 as EN2019 and the environment in 2020 as EN2020. The effect of
different environmental factors, variation and relationships of different traits and cluster
analysis of all spray cut chrysanthemum were analyzed. GWAS was also performed to find
latent functional genes controlling architectural traits in chrysanthemums.

2. Materials and Methods
2.1. Plant Materials

A total of 195 spray cut chrysanthemum varieties were used in this study, including
varieties developed by Nanjing Agricultural University and those collected from around
the world. These varieties were maintained at the Chrysanthemum Germplasm Resource
Preserving Centre of Nanjing Agricultural University, China (E118◦85′, N31◦95′). The
195 varieties evaluated during the two years are listed in Table S1.

2.2. Phenotypic Evaluation of Architectural Traits

Seedlings were planted in seedbeds in June 2019 and June 2020. Vigorously growing
and similarly appearing rooted seedlings were selected and transplanted into a greenhouse
in July of the same year. Fifty seedlings of each variety were planted in accordance with
a row spacing of 10 cm × 10 cm, and conventional field management practices were
performed. Flowering occurred from late October to late November. The monthly average
temperature, monthly precipitation and monthly average relative humidity of EN2019 and
EN2020 in planting location, Jiangning District, Nanjing, China (E118◦85′, N31◦95′) were
shown in Table S2.
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Nine phenotypic traits were measured. 1. For plant height, the height of the above-
ground part of the plant was measured with a ruler, with a precision of 0.1 cm; 2. for
number of leaf nodes, the number of leaf nodes on the trunk of the aboveground part of
the plant was counted visually; 3. for total number of lateral buds, the number of nodes of
all germinating buds or sprouted branches on the stem of the plant was counted visually;
4. for number of upper lateral branches, the number of all primary branches within 15 cm
from the top of the plant was counted visually; 5. for number of lateral flower buds, the
total number of flower buds on all primary branches was counted visually; 6. for stem
diameter, the diameter at 40 cm below the top of the plant was measured with a digital
Vernier caliper with precision of 0.01 mm; 7. for branch diameter, the diameter at 1/2 of the
three nearest primary branches around the main bud was measured with a digital Vernier
caliper with a precision of 0.01 mm; 8. for branch angle, the angle of the three nearest
primary branches around the main bud was measured with a protractor; 9. for branch
length, the length of all primary branches was measured with a ruler, with a precision of
0.1 cm. At the full-flowering stage, the measurement was performed on six plants for each
variety, and the mean values were taken.

2.3. Phenotypic Data Analysis

Microsoft Excel 2019 was used for basic descriptive statistical analysis of the 9 architecture-
related phenotypic traits of the 195 cut chrysanthemum varieties in EN2019 and EN2020
environments, and IBM SPSS 25.0 statistical software was used for correlation analysis of the
EN2019 and EN2020 data. Significant differences (paired-sample t tests) were assessed and
violin mapping and cluster analysis of two environmental data were conducted by R 4.0.4
(https://www.r-project.org/, accessed on 7 December 2021).

2.4. GWAS and Candidate Gene Annotation

In our previous study [31], 199 chrysanthemum accessions were sequenced, of which
forty-four spray cut chrysanthemum varieties were also measured in our study and the list
is shown in Table S3. In order to obtain more meaningful information, we performed GWAS
using these raw sequencing data. SLAF-seq raw reads whose quality scores were <30 and
separated by barcodes were discarded. The highest depth tag in each SLAF was chosen
as a reference due to the lack of a reference genome sequence. The qualified sequencing
data of the samples were aligned to the genome reference sequence of chrysanthemum
using Burrow–Wheeler Aligner (BWA) V0.7 (http://bio-bwa.sourceforge.net/, accessed
on 7 December 2021) [32], and then SNP sites were detected by SAMtools V1.4 (http:
//samtools.sourceforge.net/, accessed on 7 December 2021) [33]. After removing the SNPs
with a sequencing depth less than 3, a data loss percentage greater than 20%, and a minor
allele frequency (MAF) less than 5%, 191,417 high-quality SNPs were ultimately identified
for further analysis.

GCTA software V1.93 (https://yanglab.westlake.edu.cn/software/gcta/#Overview,
accessed on 7 December 2021) [34] was used for principal component analysis (PCA)
and construction of a kinship matrix, yielding an eigenvector principal component (PC)
matrix of all the individuals and a kinship matrix comprising data between every pair of
individuals. Combining the data of the nine phenotypic traits and the SNP sequencing
data, a GWAS was conducted via the compressed mixed linear model (cMLM) of GAPIT
software V3 (https://www.zzlab.net/GAPIT/, accessed on 7 December 2021) [35] and
via the cMLM and mixed linear model (MLM) of TASSEL software V5.0 (https://www.
maizegenetics.net/tassel, accessed on 7 December 2021) [36]. The mean values were used
for the GWAS, and the significance threshold was set at p ≤ 0.001. As a result, the SNPs
found to be significantly associated with the phenotypic data and the phenotypic variance
explained (PVE) were identified for gene mining.

According to the significant SNP sites detected by cMLM model of TASSEL, candidate
genes within 300 k of SNP sites were found. The function of genes was annotated via
The Arabidopsis Information Resource (TAIR) website (https://www.arabidopsis.org/,
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accessed on 7 May 2022) by BLASTX [37]. Through the functional annotations of Ara-
bidopsis and other function reported in other plants, the genes related to plant architecture,
hormone signaling pathways or plant development regulation were further selected as
final candidate functional genes.

3. Results
3.1. Analysis of Significantly Different Architectural Traits of Spray Cut Chrysanthemum between
EN2019 and EN2020

To explore the effects of different years on architectural traits, nine architectural traits
in EN2019 and EN2020 were compared, and their significance was assessed (paired-sample
t tests). As shown in Figure 1, there were significant differences in plant height, total
number of lateral buds, number of upper primary branches, stem diameter, primary branch
diameter and primary branch length between EN2019 and EN2020, while there were no
significant differences in number of leaf nodes, number of lateral flower buds or primary
branch angle. Among these traits, the median plant height, stem diameter, primary branch
diameter and primary branch length in EN2019 were larger than those in EN2020. The
median total number of lateral buds in EN2019 was similar to that in EN2020, while the
median number of upper primary branches in EN2019 was smaller than that in EN2020.
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Figure 1. Violin plots indicating variation in architectural traits of 195 spray cut chrysanthemum
varieties in EN2019 and EN2020. (a) Plant height; (b) Number of leaf nodes; (c) Total number of
lateral buds; (d) Number of upper primary branches; (e) Number of lateral flower buds; (f) Stem
diameter; (g) Primary branch diameter; (h) Primary branch angle; (i) Primary branch length. Note:
***, ** and * indicate significant differences at the 0.001, 0.01 and 0.05 probability levels, respectively.

3.2. Descriptive Statistics of the Architectural Characteristics of Spray Cut Chrysanthemum in
EN2019 and EN2020

The basic statistical analysis results of the data of the nine phenotypic traits of the
195 spray cut chrysanthemum species in EN2019 and EN2020 are shown in Table 1.
Although there were different coefficients of variation (CVs) for all the traits, the same traits
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in both years showed a significant positive correlation. In EN2019, the CV varied from
12.67% to 85.84%, among which the CV of stem diameter was the smallest and the CV of
number of lateral flower buds was the largest. In EN2020, the CV varied from 13.30% to
73.81%, and traits with extreme values were the same as those in EN2019. These results
showed that stem diameter trait was rather stable, while number of lateral flower buds
varied among the different spray cut chrysanthemum varieties. In addition, compared with
the other traits, primary branch length and number of upper primary branches also was
associated with larger CVs, which were more than 30%.

Table 1. Phenotypic characteristics of the architectural traits of 195 spray cut chrysanthemum
varieties.

Trait Environment Max Min Rang Mean SD CV/% Skewness Kurtosis r

Plant height/cm EN2019 153.67 36.10 117.57 101.84 21.20 20.82 −0.22 −0.16
0.794 **EN2020 141.42 42.98 98.43 94.67 19.89 21.01 −0.15 −0.55

Number of leaf nodes
EN2019 73.33 19.17 54.17 46.51 8.62 18.52 0.24 0.93

0.701 **EN2020 79.50 27.17 52.33 47.32 9.82 20.75 0.63 0.41

Total number of lateral buds
EN2019 73.33 19.17 54.17 45.40 8.94 19.68 0.20 0.81

0.649 **EN2020 79.17 26.33 52.83 46.60 9.77 20.96 0.57 0.43
Number of upper primary

branches
EN2019 13.00 2.00 11.00 5.04 1.60 31.75 1.56 4.16

0.593 **EN2020 15.33 2.67 12.67 5.95 2.13 35.82 1.26 2.16
Number of lateral flower

buds
EN2019 52.67 2.83 49.83 10.83 9.30 85.84 2.45 6.69

0.738 **EN2020 56.50 2.67 53.83 11.25 8.30 73.81 2.71 9.85

Stem diameter/mm
EN2019 7.87 3.62 4.24 5.54 0.70 12.67 0.25 0.58

0.618 **EN2020 7.21 2.77 4.44 5.07 0.67 13.30 −0.07 0.86
Primary branch
diameter/mm

EN2019 4.40 1.24 3.16 2.18 0.46 20.90 1.34 3.35
0.712 **EN2020 3.88 1.25 2.62 2.09 0.45 21.40 1.14 2.26

Primary branch angle/◦ EN2019 45.00 16.22 28.78 31.49 4.72 14.99 0.22 0.28
0.718 **EN2020 53.38 20.11 33.17 31.03 4.30 13.85 0.80 3.11

Primary branch length/cm EN2019 78.08 2.22 75.86 16.47 8.75 53.11 3.15 15.82
0.521 **EN2020 54.96 1.63 53.33 13.39 7.77 58.06 3.04 11.42

Note: r refers to the Pearson correlation coefficient between the two environments (EN2019 and EN2020).
** indicates a significant difference at the 0.01 probability level.

3.3. Correlation Analysis of Architectural Traits in EN2019 and EN2020

Table 2 shows the Pearson correlations between the nine phenotypic traits in EN2019
and EN2020. In total, there were 72 pairs of architecture correlations in EN2019 and EN2020.
Among all the architectural traits, the positive correlation between the number of leaf nodes
and total number of lateral buds was the strongest, whose correlation coefficients in EN2019
and EN2020 were 0.913 and 0.986, respectively, followed by the positive correlation between
primary branch length and primary branch diameter, whose correlation coefficients were
0.639 and 0.661, respectively. Similarly, the negative correlation between primary branch
length and number of upper primary branches in EN2019 was the strongest, with a corre-
lation coefficient of −0.317; in EN2020, the negative correlation between primary branch
diameter and number of upper primary branches was the strongest, with a correlation
coefficient of −0.466.

3.4. Cluster Analysis of the Architectural Traits of 195 Spray Cut Chrysanthemum Species

Cluster analysis was performed using both the K-means clustering algorithm and
the Pedigree clustering algorithm based on the nine architectural traits during the two-
year period (Figure 2). The best preset number of K calculated by K-means in EN2019
and EN2020 was 5 (Figure 2a,b), which was verified by pedigree clustering (Figure 2c,d).
However, in EN2019, the 195 spray cut chrysanthemum varieties were divided into six
categories according to the pedigree clustering diagram, which was inconsistent with the
results of the K-means clustering; in EN2020, the distribution of varieties in the pedigree
clustering diagram was nearly the same as that in the K-means clustering diagram.
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Table 2. Pearson correlations between the architectural traits of 195 spray cut chrysanthemum varieties.

EN2019

EN2020
Plant Height Number of Leaf

Nodes
Total Number of

Lateral Buds
Number of Upper
Primary Branches

Number of
Lateral Flower

Buds
Stem Diameter Primary Branch

Diameter
Primary Branch

Angle
Primary Branch

Length

Plant height 1 0.196 ** 0.188 ** −0.298 ** −0.195 ** 0.153 * 0.027 0.112 0.142 *
Number of leaf nodes 0.250 ** 1 0.913 ** 0.197 ** 0.079 0.388 ** 0.012 −0.154 * −0.059

Total number of lateral buds 0.253 ** 0.986 ** 1 0.133 0.041 0.334 ** −0.016 −0.160 * −0.138
Number of upper primary branches −0.369 ** 0.134 0.126 1 0.231 ** 0.110 −0.200 ** −0.293 ** −0.317 **

Number of lateral flower buds −0.232 ** 0.351 ** 0.341 ** 0.240 ** 1 0.109 0.579 ** −0.074 0.534 **
Stem diameter 0.322 ** 0.250 ** 0.257 ** −0.019 −0.191 ** 1 0.394 ** −0.041 0.044

Primary branch diameter 0.096 0.028 0.026 −0.466 ** 0.368 ** 0.147 * 1 0.147 * 0.639 **
Primary branch angle 0.063 −0.215 ** −0.242 ** −0.253 ** −0.108 −0.031 0.264 ** 1 0.148 *
Primary branch length 0.113 0.063 0.057 −0.402 ** 0.513 ** −0.279 ** 0.661 ** 0.160 * 1

Note: ** and * indicate significant differences at the 0.01 and 0.05 probability levels, respectively.
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Figure 2. Cluster analysis map of 195 spray cut chrysanthemum varieties in EN2019 and EN2020.
(a) K-means cluster of 195 spray cut chrysanthemum varieties in EN2019; (b) K-means cluster of
195 spray cut chrysanthemum varieties in EN2020; (c) Pedigree cluster of 195 spray cut chrysanthe-
mum varieties in EN2019; (d) Pedigree cluster of 195 spray cut chrysanthemum varieties in EN2020.
Different colors in every figure refer to different clusters.

Therefore, the categories in EN2020 were more suitable for summarizing the 195 spray
cut chrysanthemum varieties. As shown in Figure 3, the 195 were divided into five
categories, accounting for 3.08%, 12.31%, 29.74%, 13.85% and 41.45% of all the varieties,
of which the typical architecture types were summarized. In the first category, there were
only six varieties, represented by Nannong Taoliu (Figure 3a), which had a low starting-
branch height, long primary branches, a semispreading plant growth habit and a large
number of secondary branches. There were tertiary branches on the plants only in the first
category. The second category, represented by Nannong Meifengche (Figure 3b), included
24 varieties, which had loosely distributed branches and longer primary branches. There
were fewer leaf nodes and secondary branches on the plants in the second category. The
third category, represented by Nannong Cuilongzhao (Figure 3c), included 58 varieties
whose starting-branch height was lower than 1/3 of the total plant height. The plants
in this category had a relatively large distribution of flowering branches and secondary
branches. The fourth category, represented by Nannong Songmang (Figure 3d), included
27 varieties, which had a higher starting-branch height and shorter flowering branches.
These compact flowering branches displayed a nearly spherical appearance. The fifth
category, represented by Nannong Bingqing (Figure 3e), included 80 varieties, the plants of
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which had a relatively large amount of leaf nodes. The flowering branches of the plants in
this category displayed a tower-like shape.
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Songmang; (e) Nannong Bingqing. Bars = 10 cm. In each sub figure, the left one refers to an intact
plant, middle one refers to an intact plant without leaves and the right one refers to an intact plant
without leaves and flowers.

3.5. GWAS and Mining of Genes Controlling Plant Architecture

Combining the data concerning 191,417 high-quality SNPs and the data of the nine
phenotypic traits in EN2019 and EN2020, we performed a GWAS via the cMLM method
of GAPIT software and the cMLM and MLM methods of TASSEL software, with the PC
matrix and kinship matrix serving as covariates. When the significance threshold was
1 × 10−3, 281 SNPs associated with each trait and corresponding PVE values were obtained.
According to the data in Tables S4–S16, GAPIT software revealed 113 SNPs associated with
plant architecture in EN2019 and 93 SNPs in EN2020, and the PVE values ranged from
24.06% to 44.46% in EN2019 and from 25.20% to 44.48% in EN2020. The cMLM model
of TASSEL software revealed 35 SNPs associated with plant architecture in EN2019 and
40 SNPs in EN2020, and the PVE values ranged from 23.33% to 49.63% in EN2019 and from
22.37% to 59.73% in EN2020.

Among the identified SNPs, 18 were detected by GAPIT. 5__55325230, 5__55325289
and 10__268875261 were associated with plant height in EN2019 and EN2020; 27__13304666
was associated with stem diameter in EN2019 and EN2020; 9_193339518 was associ-
ated with primary branch diameter in EN2019 and EN2020. Eight SNPs (17__232431589,
27__194241646, 27__194241707, 17__46614191, 8__66464970, 27__55624912, 27__112009133
and 14__58564373) were associated with number of leaf nodes and total number of lateral
buds in EN2019. Five SNPs (3__163391415, 25__13632558, 25__13632658, 22__108888654
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and 7__185418131) were associated with number of leaf nodes and total number of lat-
eral buds in EN2020. According to the cMLM model of TASSEL, the same 10 SNPs
were detected: 23__171200599 was associated with plant height in EN2019 and EN2020,
8 SNPs (11__125802422, 17__280870788, 21__242369101, 24__15091361, 23__293787130,
23__293967285, 23__294075102 and 23__308947968) were associated with number of leaf
nodes and total number of lateral buds in EN2019, and 9__215337463 was associated
with number of leaf nodes and total number of lateral buds in EN2020. Additionally,
19__104723464 was associated with number of lateral flower buds in EN2020. According
to the MLM method of TASSEL, 23__171200599 was also associated with plant height in
EN2020; 11__125802422 was associated with total number of lateral buds in EN2019;
17__280870788 was associated with number of leaf nodes in EN2019; 21__242369101,
24__15091361, 23__293787130, 23__293967285, 23__294075102 and 23__308947968 were
associated with the number of leaf nodes and total number of lateral buds in EN2019;
9__215337463 was associated with number of leaf nodes in EN2020.

After comparing genes related to SNP loci of three models, the cMLM model of
TASSEL software was chosen finally. Combining the annotation of TAIR, candidate genes
are shown in Table 3, and the Manhattan plots of cMLM model of TASSEL can be found in
supplementary file S1. We identified four candidate genes: phyB, BRH1, CPC and bZIP16.

Table 3. List of SNP sites, candidate genes, and functional annotation for selected architectural traits
in spray cut chrysanthemums identified with cMLM model of TASSEL.

SNP Site Significantly Associated
Traits Candidate Genes Homologs in Arabidopsis

19__104723464
Number of lateral flower
buds/Number of upper

primary branches
evm.model.scaffold_940.421 AT2G18790.1 (phytochrome B, phyB)

9__215337463 Number of leaf nodes/Total
number of lateral buds evm.model.scaffold_11169.22 AT3G61460.1 (brassinosteroid-responsive

RING-H2, BRH1)

17__280870788 Total number of lateral buds evm.model.scaffold_3682.68 AT2G46410.1 (Homeodomain-like
superfamily protein, CPC)

21__242369101 Total number of lateral buds evm.model.scaffold_881.80 AT2G35530.1 (basic region/leucine
zipper transcription factor 16, bZIP16)

4. Discussion

In the two consecutive years of EN2019 and EN2020, the number of upper primary
branches, number of lateral flower buds and primary branch length presented the highest
CV values; these traits were also the key traits used to determine the output of spray cut
chrysanthemum. These results indicated that the architectural traits of the 195 spray cut
chrysanthemum varieties selected by artificial breeding were diverse and controlled by com-
plex gene pathways. As such, when selecting the appropriate spray cut chrysanthemum,
breeders should consider these three traits to have high priority.

During their growth, plants have limited resources. They can allocate resources rea-
sonably through different gene pathways to complete their life cycle. In the present study,
plant height had significant slightly large positive Pearson coefficients with number of
leaf nodes and total number of lateral buds, but had significant large negative Pearson
coefficients with number of upper flower branches and number of lateral flower buds.
Plant height was also found to positively correlate with tiller number in sorghum [38],
and negatively correlated with fruit branch length in Chinese upland cotton [39]. The
correlation relationships in chrysanthemums reflect the mutual negative relationship be-
tween vegetative growth and reproductive growth. The number of upper primary branches
had very significant negative correlations with primary branch diameter, primary branch
angle and primary branch length, which are key traits determining the quality of spray cut
chrysanthemum. Therefore, balancing the number of upper primary branches and their
quality is highly important.
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Plant architecture is species specific, and influenced by environmental conditions such
as light, temperature, humidity and nutrient status [40]. Low temperature can lead to the
dwarfed rosette and leaves with increased thickness in Arabidopsis [41]. Main differences
between EN2019 and EN2020 were monthly precipitation and monthly average relative
humidity according to Table S2. Monthly precipitation and monthly average relative
humidity of EN2020 in nearly each month were larger than that of EN2019. The mean
values of plant height, stem diameter, primary branch diameter, primary branch angle
and primary branch length decreased in EN2020 compared with EN2019, indicating a
weaker growth state in EN2020. These differences in growth might be attributed to three
main factors. First, the growth of chrysanthemum is sensitive to continuously cropped
soils, which is related to changes in physicochemical properties, soil microorganisms
and allelopathy of plants [42]. Second, the plum rain season in Nanjing was longer in
2020 than in 2019, as mentioned above, which increased the air humidity during the
rooting period of the seedlings and the initial root growth stages. Changes in vapor
pressure deficit (VPD) and relative humidity (RH) affect the height and flowering time of
chrysanthemum plants [43,44]. This explained why the growth of seedlings in EN2020 was
rather poor to some extent. Lastly, the seedlings of EN2020 were collected from mother
plants overwintering in EN2019, whose growth state might be worse than that in EN2019.
Number of leaf nodes, number of lateral flower buds and primary branch angle showed
no significant difference in two years, which means that they might not be significantly
influenced by a changed environment.

In this experiment, due to the differences in each trait in the two years, two cluster
methods were used to cluster the data from the two years. After the trials, the best K value
was set as 5. According to the clustering results, we divided the spray cut chrysanthemum
varieties into five categories; these categories could be used as typical architecture types for
summarize the architectural traits of spray cut chrysanthemum.

A low red light:far-red light ratio (R:FR) can lead to shade avoidance syndrome of
plants, resulting in enhanced shoot elongation and reduced branching, and phyB is a major
sensor of R:FR signal [45]. phyB has been found to control shooting branching together
with photosynthetic photon flux density (PPFD) and PIF4/PIF5 in Arabidopsis, regulating
related hormone pathway and expression levels of downstream genes such as BRC1 [46,47].
The phyB mutant in sorghum also showed enhanced apical dominance and shortened bud
length and the expression levels of TEOSINTE BRANCHED1 (TB1), Dormancy-associated
gene-1 (DRM1) and MORE AXILLARY BRANCHES2 (MAX2) were found to increase in
the axillary buds [48,49]. The number of upper primary branches in chrysanthemums
was found to correlate with phyB in our study, indicating the functional role of controlling
plant architecture. Three other genes were also found to participate in plant development
regulation and hormone signal pathway. BRH1 is a BR-responsive gene, and overexpression
of BRH1 results in the production of rounded leaves and may result in the growth and
development of rosette leaves [50]. By promoting the conversion of nonhair cells to root
hair cells, the R3-type MYB transcription factor protein CAPRICE (CPC) was shown to
induce root hair formation in the root epidermis [51]. bZIP16 can promote seed germination
and hypocotyl elongation in the initial stages of seedling development [52]. These three
genes also play a role in plant development in other plants, which might control plant
architecture in chrysanthemums.

5. Conclusions

In this study, we found that the number of leaf nodes, number of lateral flower buds
and primary branch angle were less influenced by environmental factors, while plant
height, stem diameter, total number of lateral buds, number of upper primary branches,
primary branch diameter and primary branch length were significantly influenced by
environmental factors. The number of upper primary branches, number of lateral flower
buds and primary branch length presented larger variation degree in 195 species. The
number of upper primary branches had very significant negative correlations with primary
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branch diameter, primary branch angle and primary branch length. We also summarized
five clusters with typical architecture and predicted four candidate functional genes (phyB,
BRH1, CPC and bZIP16) which might control plant architecture in chrysanthemums.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8050458/s1, Table S1: 195 spray cut chrysanthemum
varieties tested; Table S2. The monthly average temperature, monthly precipitation and monthly
average relative humidity of EN2019 and EN2020 in planting location, Jiangning District, Nanjing,
China (E118◦85′, N31◦95′) Table S3: 44 spray cut chrysanthemum varieties sequencing completed;
Table S4: SNPs (GAPIT-cMLM) for the architecture traits of plant height and number of leaf nodes;
Table S5: SNPs (GAPIT-cMLM) for the architecture traits of number of upper primary branches,
number of lateral flower buds and stem diameter; Table S6: SNPs (GAPIT-cMLM) for the architecture
traits of stem diameter, primary branch diameter and primary branch angle; Table S7: SNPs (GAPIT-
cMLM) for the architecture traits of primary branch length; Table S8: SNPs (GAPIT-cMLM) for
the architecture traits of primary branch length; Table S9: SNPs (Tassel-cMLM) for the architecture
traits of plant height, number of leaf nodes, total number of lateral buds, number of upper primary
branches and number of lateral flower buds; Table S10: SNPs (Tassel-cMLM) for the architecture
traits of number of lateral flower buds, stem diameter, primary branch diameter and primary branch
length; Table S11: SNPs (Tassel-MLM) for the architecture traits of plant height, number of leaf nodes
and total number of lateral buds; Table S12: SNPs (Tassel-MLM) for the architecture traits of number
of upper primary branches number of lateral flower buds and stem diameter; Table S13: SNPs
(Tassel-MLM) for the architecture traits of stem diameter, primary branch diameter, primary branch
angle and primary branch length; Table S14: SNPs (Tassel-MLM) for the architecture traits of primary
branch length; Table S15: SNPs (Tassel-MLM) for the architecture traits of primary branch length;
Table S16: SNPs (Tassel-MLM) for the architecture traits of primary branch length. Supplementary
Figures S1–S18: The Manhattan plots of SNPs detected by the cMLM model of TASSEL software.
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