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Abstract

C. morifolium cv. 'Hangju' is used as material medicine and herbal tea in China for several centuries. In
the previous observation, it was found that sufficient rainfall conditions can affect the flower buds
differentiation process of 'Hangju'. In order to study the effects of flooding stress on 'Hangju', this study
simulated the flooding stress during the reproductive growth of 'Hangju' and detected the morphological
difference of the capitulum and luteoloside content change in different growth stages. RNA-seq was also
used to contrast transcriptomes of pre- and post-treatment performance. In total, 101,806 unigenes were
obtained and 968, 624, 964, and 582 differentially expressed genes (DEGs) were identified between
flooding groups and control groups in the 4 stages. GO enrichment analysis of DEGs was performed to
derive the main enrichment entries, KEGG enrichment analysis reveals a significant enrichment of DEGs
in the biosynthetic pathway of secondary metabolites, which include flavonoid, flavone, and flavonol
biosynthesis pathways. Overall, our research provides reasonable insights into the flower bud
differentiation response mechanisms of 'Hangju' is subjected to flooding stress, and will expand our
understanding of the transcriptional response to flood stress. These results will provide a better
understanding of the formation of quality in 'Hangju' when subjected to flooding stress and will expand
our understanding of the transcriptional response to flooding stress. These results will provide greater
understanding of the formation of quality in 'Hangju'.

Key Message

Chrysanthemum morifolium cv. 'Hangju' is an important medicinal plant. Investigated the contents of
luteoloside and capitulum morphological of 'Hangju' with flooding stress in flower buds differentiation
process, RNA-seq identified DEGs associated with flooding resistance, which provided insight into the
flooding resistance mechanism and the formation of road quality in 'Hangju'

Introduction

Chrysanthemum morifolium cv. 'Hangju' is used as material medicine and herbal tea in China for several
centuries, which has an important economic value. Many pharmacological studies have shown that it
has a wide range of antioxidant activity (Lii et al. 2010; Cui et al. 2012; He et al. 2012; Zheng et al. 2015;
Zhan et al. 2022), antimicrobial (Kuang et al. 2018) and anti-inflammatory (Ukiya et al. 2001; Tao et al.
2017), and cardiovascular protection functions (Gao et al. 2016; Xu et al. 2019), which benefits from the
main components, such as flavonoids (Xie et al. 2012; Lin et al. 2015), organic acids (Clifford et al. 2007
Wang et al. 2013) and volatile oils (Guo et al. 2008; Yu et al. 2023). Therefore, luteolin and chlorogenic
acid have been made indicator components in the Chinese Pharmacopoeia as indicator ingredients for
the quality control of Flos Chrysanthemi.

Flavonoids is a important class of secondary metabolites, which are mainly controlled by plant genes. It
has been reported that CmMYB3a and CmMYB3b transcription factors isolated from C. morifolium can
regulate flavonol biosynthesis in Arabidopsis (Yang et al. 2023). And their synthesis is regulated by
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environmental stimuli, including light (Hong et al. 2015; Pan et al. 2017), temperature (Olsen et al. 2009;
Petridis et al. 2016), moisture (Castellarin et al. 2007; Nakabayashi et al. 2014) and other factors. All of
these environmental conditions are the key factors that regulate and control the high quality of genuine
medicinal materials. Based on our previous research, 'Hangju' among Flos Chrysanthemi has a long
history of cultivation and has gradually developed into multiple genotypes (Shao et al. 2010). Meanwhile,
'Hangju' from Tongxiang County, Zhejiang Province, which is a traditional area, is considered to have an
advantage over other growing areas in terms of luteolin content (Wang et al. 2014). Analyzing the
environmental conditions of different producing areas, the moisture has a significant relationship with
the content of luteolin. So, whether moisture is the key environmental factor to determine the high quality
of C. morifolium needs to be verified.

In the entire life activity of plants, water plays an important role as an active substrate for cellular life;
nevertheless, excess water can disrupt the water balance of the organism, causing numerous variations
in the morphological characteristics, structure, physiology and metabolism of plants, eventually
influencing the growth and development, yield and quality of plants (Liu et al. 2010; Anee et al. 2019; Gao
et al. 2022; Gong et al. 2022). When plants are stressed by flooding, the oxygen supply to the root system
decreases and aerobic respiration gradually changes to anaerobic respiration, thus influencing the natural
growth and development for the root system (Peng et al. 2020). Harmful metabolites, as ethanol and
lactic acid, also accumulate in the anaerobic respiration process, disrupting the plants' normal metabolic
pathways (Liao and Lin 2001; van Veen et al. 2014). Finally, it affects the photosynthesis of the plant
(Xiao et al. 2020). 'Hangju' is a medicinal herb with dried capitulum, and the morphology and active
ingredient content of its capitulum are important indicators of its quality composition. The formation of
capitulum undergoes the process of flowering transformation the transition from nutritional to
reproductive growth (Poethig 2003; Baurle and Dean 2006), which is an important process of plant
growth and development and is related to the continuation of species for generations. Water is one of the
factors affecting the differentiation of flower buds in plants, and some scholars have found that flooding
stress prolongs the time of flower bud differentiation, reduces the number of inflorescences, and leads to
the occurrence of asymmetrical and incomplete inflorescences in 'Hangju' (Zhang et al. 2020). In addition
to affecting the ornamental value of the plant itself, the change of flower shape may also affect the
quality of flowering herbs like 'Hangju', which deserves further study.

In this study, RNA-seq was performed to identify these molecular mechanisms in genotype Zaoyang’ of
C. morifolium cv. 'Hangju' with flooding stress at the beginning of the flower bud development. Then, we
compared the morphology of the capitulum in the developing stages by paraffin section. The content of
luteolin was detected and quantified by HPLC, and genes related to luteolin biosynthesis were screened
and verified by transcriptome analysis. Our study illuminated the molecular mechanism of moisture-
regulating luteolin biosynthesis in C. morifolium development. Furthermore, the study offered a research
method to analyze the genuine character of medicinal materials and a foundation for the introduction of
C. morifolium.
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Methods
Plant materials and flooding treatment

The genotype Zaoyang' of C. morifolium cv. 'Hangju' was obtained from the chrysanthemum germplasm
resource preserving center, Tongxiang County, Zhejiang province, and was grown in a greenhouse at
Nanjing Agricultural University under natural daylight conditions. When the flower buds initiate, the
material in the first stage were collected. Then, the flooding treatment was performed for about 72 h,
while the control group was treated with the normal amount of water. Hereafter, the capitulum in two
groups was collected every 12 days until mid-October. The samples were divided into three parts, one part
was stored in the FAA(70% ethanol: formaldehyde solution: glacial acetic acid = 18:1:1), one part was
dried and the rest were frozen in the - 80°C

Plant sections of C. morifolium capitulum

The apical buds at different developmental stages were obtained from five C. morifolium individual
plants after flooding treatment. Then, the plant materials were fixed in FAA and dehydrated in an
ascending series of ethanol. The flower buds were embedded in paraffin, and the materials were cut into
8 um slices using a rotary microtome. After being stained using safranine-fast green, the observations
and photomicrographs were carried out using a microscope (Olympus BX 60, Tokyo, Japan) with an auto-
photo system.

Quantitative analysis of flavonoid

The dried capitulum was crushed into powder, then a 0.25 g sample was accurately weighed and
suspended in 25 mL of 70% methanol. After ultrasonication (300 W, 45 kHz) for 40 min, the extracted
solution was filtrated and analyzed by Agilent HPLC 1260 series system (Agilent, USA), which is equipped
with a C,4 reversed-phase column (4.6 mm x 250 mm, 5 pm, Agilent, USA). The column temperature and
wavelength were kept at 25°C and 348 nm, the mobile phases consisted of (A) acetonitrile and (B) 0.1%
phosphoric acid. The 20 pL of each sample solution were injected and eluted at a flow rate of 1.0
mL-min~ " with the conditions: 10—18% of A from 0 to 5.5 min, 18—20% of A from 5.5 to 15 min, and
20% of A from 15 to 20 min.

RNA extraction and transcriptome sequencing

Total RNA was isolated from the sample in different stages and treatments by using the TaKaRa
MiniBEST Plant RNA Extraction Kit (TaKaRa, China). The quality of RNA was assessed on Nanodrop
2000 Spectrophotometer and agarose gel. For transcriptome sequencing, equal quantities of RNA from
each sample were pooled. The mRNA was enriched with Oligo (dT) magnetic beads and was broken into
short fragments, which were used as a template to synthesize cDNA. After purification, the cDNA was
end-repaired and connected with a single nucleotide of adenine at the 3’ terminal. Finally, the cDNA library
was constructed using PCR, followed by quality evaluation and sequencing with Illumina HiSeq TM 2000
system.
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De novo assembly and functional annotation

Raw data were collected and processed to generate clean reads by removing low-quality reads and reads
containing adapters or more than 5% unknown nucleotides. The clean data were then assembled into
unigenes with eliminating redundant sequences. For functional annotation, the resulting unigenes were
searched against the NCBI non-redundant nucleotide (Nt), NCBI non-redundant protein (Nr), SwissProt,
Clusters of Orthologous Groups of proteins (COG), Gene Ontology (GO), and Kyoto Encyclopedia of Genes
and Genome (KEGG) database by BLAST.

DGE sequencing and gene expression analysis

After extracting the total RNA, the DGE libraries were constructed and sequenced as described for the
transcriptome sequencing above. The clean data were mapped to our chrysanthemum transcriptome
database using Bowtie2 software, and gene expression levels were calculated by the Reads per Kb per
Million reads (RPKM) method. Differential gene expression (DGE) analyses were performed in a Poisson
distribution model. The unigenes comply with the criteria of change ratio = 2 and false discovery rate
(FDR) < 0.001 were assigned as differential expression genes (DEGs) which also were mapped to terms
in the GO and KEGG databases. To further analyze the expression profiling of genes involved in the
flavonoids biosynthesis pathway, the candidate unigenes were identified. The RPKM values of the genes
were visualized in a heatmap by R package.

Results

The morphological development of the capitulum after
flooding treatment

To further investigate the pre- and post-treatment phenotypic of flower buds, four-petal primordium
differentiation phases of flower buds were selected to analyze the influences of flooding treatment at
early stages of inflorescence development in C. morifolium (Fig. 1A, C). The results showed that the
initiation time of flower bud differentiation was delayed after flooding treatment, the four periods (Stage
B Stage C Stage D, and Stage E) of flower bud differentiation were all delayed compared with the control
group after the flooding treatment. In addition, comparing the two groups of sections, their microscopic
characteristics were obvious differences in flower buds, for example, the treatment group had more
sepals than the untreated group, the tip of the inflorescence was sharper, and so on. Compared to the
control, the capitulum tended to be more compact and smaller in flower shape, and the number of disc
florets and the diameter of flower clusters became smaller after the flooding treatment.

The luteoloside change in the C. morifolium capitulum

To further analyze the pre- and post-treatment performance of the active component, the luteoloside was

extracted and quantified in different stages (Fig. 1B). We found that the content of luteoloside increase

with the capitulum development. Interestingly, the buds contain more luteoloside in stages B and C after
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flooding, which may be a result of the plants producing secondary metabolites (such as flavonoids) to
defend against waterlogged stress. While the growth and developments of the buds in treatment groups
were retards at the last stages, there is a lower active ingredient.

Transcriptome data and unigene annotation

To analyze the molecular mechanism of the changes between the flooding and unflooding groups, the
total cDNA library of C. morifolium capitulum was constructed and sequenced. A total of 53,397,608
clean reads with Q20 and GC percentages of 98.9% and 42.73% were generated after filtering the low-
quality reads (Supplementary Table 1). And all the clean reads were de novo assembled into 101,806
unigenes with an average length of 670 bp and N50 of 1184 bp. Then, all unigenes were compared
against the public database for functional annotation. The results showed that a total of 54,702 unigenes
were annotated, of which, 52,480 unigenes were matched into the Nr database with high blast hit against
Vitis vinifera (24.97%) and Lycopersicon esculentum (16.40%). Furthermore, there are 34,742, 30,857,
18,030, and 38,728 unigenes that showed significant similarity to sequences in the Swiss-Prot, KEGG,
COG, and GO databases, respectively (Supplementary Tables 2 and 3, Supplementary Fig. 1).

DGE library and functional analysis

To analyze the gene expression profiling in the C. morifolium after flooding, the DGE library was
constructed and sequenced. A total of 11,738,261, 12,448,013, 11,719,089, and 12,054,980 clean reads
were obtained from the flooding groups at four developing stages, while 12,621,025, 12,601,115,
12,451,596 and 12,488,478 reads were isolated from the control groups (Supplementary Table 4), which
have more than 75% mapping rate to the reference sequence. After calculating the gene expression level
by RPKM value, there are 968, 624, 964, and 582 DEGs between flooding groups and control groups in the
4 stages, compared to Stage B of flooding groups and control groups, a total of 968 differentially
expressed genes were identified, among which 537 (55.5%) were differentially expressed up-regulated
genes and 431 (44.5%) down-regulated genes (Fig. 2A, Supplementary Fig. 2). At Stage C of flooding
groups and control groups, 624 DEGs were found, of which 470 (75.3%) were up-regulated genes and 154
(24.7%) were down-regulated genes (Fig. 2A). At Stage D of flooding groups and control groups, 964
DEGs were found, of which 650 (67.4%) were up-regulated genes and 314 (32.6%) were down-regulated
genes (Fig. 2A). At Stage E of flooding groups and control groups, 582 DEGs were found, of which 265
(45.5%) were up-regulated genes and 317 (54.5%) were down-regulated genes (Fig. 2A). Although there
were no common DEGs in all stages according to the Venn results, different DEGs could belong to one
key enzyme gene (Fig. 2B).

To understand their functions, all the DEGs were searched against the GO database (Supplementary

Fig. 3), of which, 531, 346, 620, and 357 DEGs were annotated and classified into biological process,

cellular component, and molecular function. And the representative subclasses such as metabolic

process, cellular process, cell, cell part, and catalytic activity were significantly enriched in four stages.

While comparing the DEGs to the KEGG database, a total of 468, 330, 518, and 290 DEGs were enriched

into 98, 83, 97, and 73 pathways, respectively. We found that the metabolic pathway or the pathway of
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biosynthesis of secondary metabolites is the main pathway to enrich DEGs (Fig. 3), of which, there were
21,27,22,and 15 DEGs involved in these two pathways (Supplementary Table 5), which indicated that
flooding could influence the biosynthesis of the flavonoid component.

In the biosynthesis of flavonoids, the highest number of genes were annotated as metabolic pathways in
stages B, C and E, in addition to stage D; the biosynthetic pathways of secondary metabolites were
significantly enriched and had higher gene abundance in all four groups, indicating that the activities of
related differential proteins were more vigorous, and Stage D nodes had the highest number of genes; the
biosynthesis of isoflavones, flavonoids and flavonols were mainly enriched in Stage B, C, and D. The
genes of anthocyanin biosynthesis pathway were mainly enriched in Stage B and C (Fig. 4).

The expression profiling of genes involved in the luteolin
biosynthesis pathway

According to the KEGG database, there were more than 7 key genes in the luteolin biosynthesis pathway
including PAL, C4H, 4CL, CHS, CHI, FNS, and F3'H. According to the unigenes sequence similarity and
expressional abundance, we obtained 14 unique sequences, whose expression profiling was shown in the
heatmap (Fig. 5). The gene expression was a similar tendency with the luteoloside content, most of the
unigenes in the flooding group had a higher expressive level at Stage C and a lower level at Stage D and
E.

Discussion

The capitulum morphological responses of 'Hangju' to early
flooding treatments

Under drought conditions, plants can respond through morphology, physiology, and metabolism. Whereas
excess water is likewise one of the adverse plant stresses, the degree of inundation at different depths
and durations also exerted selection pressure on various plant traits (Avramova 2019). 'Hangju' is the
most widely cultivated and highest-yielding strain of Flos Chrysanthemi among medicinal plants in
China, and Tongxiang country, Zhejiang Province is considered to be the authentic production area of
'Hangju' (Huang et al. 2011). Earlier studies found that floral bud differentiation of 'Hangju' occurred in
mid to late August, Coincidentally, at this time, the traditional cultivation area of Tongxiang is in the
typhoon season, and has significantly higher precipitation in August than other cultivation areas (Zou et
al. 2018), which most likely affected the bud differentiation process of 'Hangju'. The results showed that
short flooding during the pre-flower bud differentiation period induced morphological adaptations in
'Hangju' chrysanthemum, which manifested as changes in the capitulum, the whole head tended to be
more compact, while the flower shape became smaller, especially the number of tubular flowers
decreased and the diameter of flower clusters became smaller, indicating that the flooding treatment
negatively regulated the development of 'Hangju' capitulum. Under nutrient-rich conditions, nutrient
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uptake and utilization by plants is an important means of resisting flooding stress (Qiu et al. 2020). The
effect of flooding stress on 'Hangju' capitulum development may be due to the influx of energy and
nutrients into the developmental pathway of the ray flowers and the promotion of its differentiation under
higher soil moisture conditions, while the disc florets are relatively inhibited. The experiment simulated
the soil moisture conditions of 'Hangju' in its native habitat, which is of practical significance for further
exploring the mechanism of quality formation of the native medicinal herbs.

Effect of flooding stress on the active ingredients in the
capitulum of 'Hangju'

Plants live in complex natural environments where their growth and developmental processes are
affected by a variety of environmental stresses (also called adversity). The main medicinal components
of Chinese medicines are usually secondary metabolites, and stress stimulation affects the synthesis of
secondary metabolites in plants (Huang and Guo 2007). Previous studies have shown that the
accumulation and synthesis of secondary metabolites are influenced by physical, chemical and
biological stresses (Ramawat and Mérillon 2013; Pereira 2016). Soil moisture levels as a key factor in the
plant's development, are closely related to the formation, accumulation, and transport of secondary
metabolites in plants (Coutinho et al. 2018; Copolovici et al. 2021; Grof-Tisza et al. 2022). The growth and
development of plants can be impacted by soil moisture content (Peng et al. 2020) and the effect of its
content on plant secondary metabolites varies according to species and specific pathways. Studies have
reported results in component accumulation differences in /satis tinctoria in response to flooding stress
and found that too high or too low water content in the soil was detrimental to the accumulation of indole
indirubin. Previous studies have found most of the total flavonoid content of 'Hangju' significantly
enhanced after flooding stress and affected secondary metabolic biosynthesis (Zou et al. 2018). Some
scholars have found that the aliphatic glucosinolate and flavonoid contents of Arabidopsis thaliana
under normal conditions were lower than that under flooding stress (Mewis et al. 2012). Consistent with
the results of previous studies, the present study showed that flower buds in stages B and C after flooding
contained more luteoloside. Taken together, flooding stress promotes the increase of flavonoids in
'Hangju' as a way to resist the environmental stress. This phenomenon complements the reasons for the
formation of the medicinal qualities of 'Hangju'.

KEGG pathways for flavonoid component biosynthesis are
associated with 'Hangju' in response to flooding stress

With the continuous updating and development of transcriptome sequencing technology, it is gradually
playing an important role in the field of biology (He and Jiao 2014; Arismendi et al. 2015; Hou et al.
2021). This technique can powerfully reveal transcriptomic changes in plants in response to flooding
stress, providing a basis for further elaboration of the molecular mechanisms by which plants respond to
flooding stress. In the present study, the capitulum of experimental and control plants was collected at 12
days intervals after 3 days of flooding treatment at the beginning of flower bud differentiation, and the
transcriptomes were sequenced using lllumina HiSeq TM 2000. The sequencing results yielded a total of
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53,397,608 clean reads, with 968, 624, 964, and 582 DEGs between the four-stage flooding groups and
the control group, respectively. These differentially expressed genes may play an important regulatory
role in the morphological and structural changes, and related metabolic regulation in response to flooding
stress in 'Hangju'. In the GO annotation, DEGs were significantly enriched in cellular processes, cells,
cellular fractions and catalytically active fractions. KEGG enrichment analysis further demonstrated the
metabolic pathways of 'Hangju' under flooding stress and provided a reference for further revealing the
biological functions of these DEGs. The results revealed that some differentially expressed genes in the
treated groups were enriched in the metabolic pathways related to flavonoids, indicating that flooding
stress promoted gene expression in the biosynthetic pathways of flavonoids in 'Hangju' as a positive
adaptation to the occurrence of flooding stress. Flavonoids are important components for plants to resist
multiple extreme environments such as cold, drought, and UV-B radiation by providing OH groups to
reduce oxidative stress (Liu et al. 2014), but there are fewer studies on the possible role of flavonoids in
flooding stress. Previous studies have explored that flooding stress can alter flavonoid accumulation by
influencing the expression of appropriate key enzymes in the synthetic pathway of flavonoids (Wang et
al. 2019). In addition, it was found that Pterocarya stenoptera could enhance tolerance to flooding stress
by increasing the synthesis of flavonoids and related signaling pathways (Li et al. 2021). Collectively, our
results confirmed our hypothesis that the biosynthetic pathway of flavonoid components may be related
to the response to flooding stress in 'Hangju'.

Conclusion

In this study, we investigated the luteoloside and transcriptional changes in capitulum of C. morifolium
cv. 'Hangju' to determine the effects of flooding stress on above-ground parts. Our results suggest that
the timing and morphological structure of flower bud differentiation and the content of luteoloside, a key
active ingredient in the capitulum of ‘Hangju’, will be affected by flooding stress. Transcriptome
sequencing analysis on the basis of lllumina sequencing technology determined the expression of genes
related to the biosynthesis of flavonoid components affected in ‘Hangju' under flooding conditions. This
transcriptome analysis offered significant information for the continued study of flooding resistance-
related genes in 'Hangju' and provided a foundation for future functional genomics studies of 'Hangju'
and other chrysanthemum cultivars. This study has important implications for cultivation practices and
will help to promote the formation of medicinal qualities of 'Hangju'.
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Dynamic changes of flower bud differentiation and luteolin content of ‘Hangju’ in different stages. A
Diagram of flower bud differentiation of ‘Hangju’ before flooding treatment, B Luteolin content of each
treatment stage, C Flower bud differentiation of'Hangju’ after flooding treatment. (Stage B) petal
primordium differentiation early; (Stage C) petal primordium differentiation middle; (Stage D) petal
formation period; (Stage E) petal formation period
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Figure 2

Differentially expressed genes (DEGs) between flooding groups and control groups in the 4 stages. A The
horizontal axis represents the sample comparison result N-VS-F, where N is the control and F is the
treatment. Number of DEGs up-regulated (red) or down-regulated (green) at four different stages. B Venn
diagram of unique and common DEGs at four different stages. The horizontal axis indicates the size of
the enrichment factor, the vertical axis indicates

the name of the metabolic pathway, and the size of the dots in the graph indicates the number of genes
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In the biosynthesis of flavonoids, the highest number of genes were annotated as metabolic pathways in
stages B, C and E, in addition to stage D; the biosynthetic pathways of secondary metabolites were
significantly enriched and had higher gene abundance in all four groups, indicating that the activities of
related differential proteins were more vigorous, and Stage D nodes had the highest number of genes; the
biosynthesis of isoflavones, flavonoids and flavonols were mainly enriched in Stage B, C, and D.
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Figure 4

Number of DEGs associated with flavonoid biosynthesis in four stages
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