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Abstract

Codonopsis pilosula, a renowned traditional Chinese herbal medicine indigenous to the northwest region
of China, was investigated to determine its pollination mechanism. Two Gansu cultivars were utilized to
conduct a field pollination experiment, wherein pollen viability and stigma acceptability were assessed,
and the single flower cycle was observed. The findings confirmed the existence of dichogamy and
Secondary Pollen Presentation in Codonopsis pilosula. Furthermore, Transcriptome sequencing analysis
was conducted, revealing the presence of the S-RNase and SLF-controlled S-RNase self-incompatibility
systems.

1 Introduction

Codonopsis pilosula is the dried roots of Codonopsis pilosula (Franch.) Nannf, Codonopsis pilosula
Nannf. var. modesta (Nannf.) L. T. Shen and Codonopsistangshen Oliv., which are belongs to
Campanulaceae (Liao et al. 2017; Xiong et al. 2018; Wang et al. 2022). As a well-known traditional
Chinese medicine, Codonopsis pilosula has the effect of strength spleed and tonifying lung, nourishing
blood and engendering liquid (Chao et al. 2015; Xie et al. 2017; Yang et al. 2020), which is normally used
as a replacement for expensive ginseng ( Zou et al. 2019; Bai et al. 2022). Secondary pollen presentation
is that pollen was released directly from anther to another organ surface (frequently females) to
pollinator, which affects reproduction ( Ladd and Donaldson 1993; Castro et al. 2008). Dense villous
structure on stigma surface and Some of the accessory structures of the style can be used for pollen
presentation (Ladd 1994). Secondary Pollen Presentation can be divided into two periods. The first stage
is the male stage, when the anther adheres tightly to the stigma, but the stigma does not crack, and this
stage lasts for 1-3 days. The second is the female stage, when the pollen is released by anther, and the
movement of filaments makes the anther leave the stigma, leading to the self-pollen is exposed and
taken away by pollinators. Then the stigma dehination allows the cross-flower pollen to be placed on the
inner surface of the stigma (Stephenson et al. 2000). Secondary Pollen Presentation results in a large
amount of self-flowering pollen on the stigma, but it is difficult for own pollen of the species to reach the
receptive surface of the stigma for pollination. Thus, most of these plants are dichogamy or outcrossing
(Ladd 1994). Dichogamy refers to the temporal separation of sexual functions in hermaphrodite plants
(Tel-Zur and Keasar 2020). In general, it is an effective floral mechanism used by plants to avoid self-
fertilization, but an increasing number of researchers have found that many species of dichogamy are
also self-incompatibility (Bai and Zhang 2005). Self-incompatibility (SI) system is one of the most
important systems for sexual reproduction in many angiosperm, which can inhibit self-crossing and
increase the genetic diversity of plants ( Thomas et al. 2006; Hiroi et al. 2013; Chen et al. 2018). There are
two types of self-incompatibility (SI) in plants: sporophytic self-incompatibility (SSI) and gametophytic
self-incompatibility (GSI) according to how the incompatibility phenotype of the pollen grain is
determined ( Liu et al. 2018; Claessen et al. 2019). SSI phenotypes were determined by a series of
complex alleles at S-locus ( Edh et al. 2008; Chen et al. 2020), Gametophytic self-incompatibility (GSI) is
controlled by a complex S locus containing the pistil determinant S-RNase and pollen determinant
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SFB/SLF (Puerta et al. 2009; Wang et al. 2012). GSl is further divided into S| of papaveraceae and Sl of S
RNasein Rosaceae, Solanaceae and Scrophulariaceae (Miller and Kostyun 2011).

Codonopsis pilosula is classified in the Campanulaceae family and codonopsis genus (Nam et al. 2023).
Whether there is a self-incompatibility system in this species is unknown. Based on artificial field
pollination and transcriptome sequencing (RNA-seq), we verified the pollination characteristics of
Codonopsis pilosula with low self-setting rate, high natural setting rate, dichogamy, secondary pollen
presentation, and the possible S genes controlling self-incompatibility in Codonopsis pilosula were
mined. Revealing the molecular mechanism of self-incompatibility can provide a new idea for further
research on self-incompatibility in platycodon plants.

2 Material and methods
2.1 Plant materials

The seeds of C.pilosula No. 1 (We1') and C.pilosula No. 3 (We3') grown in Weiyuan County, Dingxi City
were germinated in laboratory and transplanted to the Experimental Park of Northwest Normal University.
'We3 ' was produced by ' We1 ' radiation mutagenesis breeding (Su 2012; Wang and Song 2015). An
annual C.pilosula var. Modesta (‘Wn') growing in Wenxian County of Longnan City was transplanted into
the Experimental Park of Northwest Normal University. Female, male, petal and leave of 'We1-1', 'We1-2',
'We1-6','Wn2','Wn3', 'Wn5' plants were collected at bud stage, which was quickly frozen in liquid nitrogen,
and then stored with dry ice and sent to Beijing Nohe Zhiyuan Technology Co., Ltd. for RNA extraction
and related sequencing.

2.2 Natural pollination

During the flowering period, 20 flowers with the same growth condition were selected and marked with
labels, and the seed setting rate was counted after the seeds were mature.

2.3 Stigma dehiscent stage pollination

Six flowers were chosen from a specific section of the designated plant for the purpose of being
emasculated and bagged prior to flowering. Following stigma dehiscence, the flowers were subsequently
pollinated. Pollen was obtained from either the same or different flowers that had released pollen on the
day of flowering.

2.4 Pollination during different flowering cycles

A total of 50 flowers were selected from the same part of the plant two days before flowering, and 5
flowers were de-pollinated every day. After pollination, they were bagged for self-pollination, and the
pollen was all selected from the pollen released by the flowers of the same plant on the day of flowering.

2.5 Observation of single flowering stage of Codonopsis
pilosula
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Three flowers of 'We3' plants two days before flowering were selected for hanging and marking, and
photos were taken from 8:00 to 9:00 every morning to record the status of stigma and anther until the 7th
day after flowering.

2.6 Determination of pollen viability

Acetic magenta method (Yu et al. 2013).

2.7 Determination of pollen germination rate

Anthers were collected from 2 days before flowering to 7 days after flowering (-2 to 5) at the full flowering
stage (July to August) and stored in a 1.5 mL centrifuge tube in a seed storage closet at 4°C. The sucrose
solution was set at 5 concentrations of 2%, 5%, 8%, 10% and 15%, and counted once every 1 h for 6 h to
investigate the optimal sucrose solution and germination time of Codonopsis pilosula pollen.

2.8 Determination of stigma acceptability

Stigma receptivity was determined using the benzidine-hydrogen peroxide method (Duan et al. 2019;
Gong et al. 2021). The flowers were collected from 2 days before flowering to 7 days after flowering, and
the stigma was removed and immersed in a concave slide containing the reaction liquid (benzidine:
hydrogen peroxide: water = 4:11:12). If the stigma were permeable, the surrounding stigma would appear
blue and a large number of bubbles would appear. The receptivity of the stigma is judged by the depth of
dyeing, the speed of bubble formation and the number of bubbles.

2.9 Microscopic observation of pollen tube growth

12 flowers of 'We' plant with the same growth state were selected, castrated and bagged. Pollination was
pollinated on the day of complete stigma dehiscence (the third day after flowering), with 6 outcrosses
and 6 selfcrosses. 24 hours after pollination, the stigma and style of the flowers were completely
removed and placed in the Carnot fixative. The style fixed for 24 hours and rehydrated with 80%, 50%,
30% ethanol and ddH,0. The samples were softened in 8M NaOH solution for 24 h and rinsed 3 times
with ddH,0 (Sogo and Tobe 2006). The samples were transferred to aniline blue dye solution for dark
staining overnight (Regan and Moffatt 1990). After complete staining, the style and stigma were
observed under a fluorescence microscope.

2.10 Sequencing and Raw Data Processing

Using the lllumina high-throughput sequencing of cDNA library sequencing platform get a lot of high
quality reads, referred to as the original data (raw data) (Luff et al. 2019). The original data obtained were
evaluated and cut by fastqc and trimmomatic, and the splice, sample identification sequence, low-quality
Reads and Reads with more N bases were removed to obtain high-quality Clean reads (Zeng et al. 2019).
Software Trinity was used to assemble the obtained Clean reads (Grabherr et al. 2011). After assembly,
the script perl 5.22 was used to deredundant and cluster the assembled transcripts, and the unigene
database of this species was obtained. The transcriptome sequencing library was further evaluated for
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quality (Gu et al. 2017). After qualified evaluation, a series of analysis were carried out for expression
level and gene structure.

2.11 Gene expression analysis

Reads sequenced were compared with Unigene library using Bowtie1.3.0 (Langmead et al. 2009).
According to the comparison results, expression level was estimated using RSEM 1.2.19 software (Li and
Dewey 2011), and the FPKM value was used to represent the expression abundance of corresponding
Unigene.

2.12 HMMER search

Hmmer 3.0 (http://www.hmmer.org/) is an application package that uses a statistical Model or Hidden
Markov Model (HMM) to search for gene sequences (Eddy 2008). HMM search was conducted on the
protein data in the ' We 'transcriptome, and the expected value (E value) was set to be less than 10 - 5 to
obtain the candidate sporulation self-incompatibility factors SRK and SCR in ' We', Self-incompatibility
factors pS and sS of papiferae type and self-incompatibility factors T2 nuclease and SLF/SLFL/FBK of S-
RNase type.

2.13 Blast search

The candidate T2 nucleases and SLF/SLFL/FBK obtained by HMMER search were used as queries to
perform TBLASTN search on the Unigene of ' Wn ' and the genome of Radix Codonopsis Lanceolatae and
Platycodon grandiflorus., and then get their candidate S-RNase and SLF/SLFL/FBK fragment. The
Fgenesh tool (http:/linux1.softberry.com/berry.phtml|?topic= fgenesh&group = programs&subgroup =
gfind) in Softberry website was further used to predict genes.

2.14 Phylogenetic tree construction, protein structure and
cell localization analysis

The candidate style S factor and pollen S factor were compared with the identified style S factor and
pollen S factor in Solanaceae, Rosaceae and Scrophulariaceae by muscle (Edgar 2004) of MEGA7.0
(https://www.megasoftware.net/) (Kumar et al. 2016). The phylogenetic tree was constructed by
Neighbor-Joining method and the Bootstrap value was set to 1000 (Stamatakis 2014).

The number, molecular weight, theoretical isoelectric point, hydrophobicity and other physicochemical
properties of amino acids were predicted and analyzed by using Protparam
(https://web.expasy.org/protparam/), an online tool provided by ExPaSy (Chen and Liu 2013). The online
tool PSORT (https://psort.hgc.jp/) was used for subcellular localization of pollen S factor and style S
factor (Meinken et al. 2014). The secondary structure of pollen S factor and style S factor was predicted
by online SOPMA program (Chen and Liu 2013).

2.15 RT-PCR and sequencing
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To ensure the accuracy of transcriptome sequencing, the total RNA extracted from the samples was
reverse transcribed using TaKaRa reverse transcription Kit PrimeScriptTM Il 1st Strand cDNA Synthesis
Kit, followed by cDNA as a template. The style S gene and pollen S gene were screened by reverse
transcription PCR in 6 tissue 'We1-1', 'We1-2', 'We1-6', 'We3-1', 'We3-2', 'We3-5', Cpactin gene was obtained
by blast search of Cpactin gene in Arabidopsis Thaliana (Wang et al. 2019).

Table 1
Primer sequence of RT-PCR

Gene Primer Bases 5'—-3' Bases
We66712 66712_F CCAAAAATGTCGGCATGGGG 20

66712_R  ACATGTGAGTGAGAGAGCGAG 21
We571917 57191_F CCTTCATGAAAGATGCCACTCC 22

57191_R  TCAGCCCCAGAGCTCAGATT 20
Cpactin ACT_F GTGGWCGTACMACHGGTATTGTG 23

ACT_R AGACCTAACCTMACCKCCAAG 21

3 Results

3.1 Seed setting rate and average number of seeds per fruit of Codonopsis pilosula under different
treatments

Continuous pollination at flowering stage and stigma dehysis stage were pollinated on Codonopsis, and
compared with natural pollination (Fig. 1).

3.2 Observation of single flowering stage of Codonopsis
pilosula

Observation showed that the single flower cycle of Codonopsis pilosula lasted for ten days (Fig. 2). (a)
The anthers wrap tightly around the stigma two days before flowering. (b) Anthers dehiscent and adhere
tightly around stigma the day before flowering. (c) (d) On the day of flowering and one day after
flowering, the stigma was not dehiscent, the stigma surface was densely villous, the anthers dried up and
contracted, and the pollen was still adhered to the stigma. (e) 2 days after flowering, the stigmas were
more flat, and the outer surface of stigmas became smooth. At this time, the adherent pollen on the outer
surface was nearly absent. (f) (g) From 3 days after flowering to 4 days after flowering the stigma is
completely dehiscent and reverse outward rolled, with the inner surface completely exposed. (h) (i) (j) The
stigma and style gradually dried and withered from 5 to 7 days after flowering.

3.3 Pollen viability and germination rate
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The pollen activity and germination rate of Codonopsis pilosula at different flowering stages were
consistent with the flowering cycle of single flower. The pollen activity and germination rate of
Codonopsis pilosula reached the maximum on the day of flowering and decreased with the increase of
time (Fig. 3).

3.4 Stigma acceptability
The stigma receptivity was determined at different flowering stages. Consistent with the observation of

the flowering process of single flower, the stigma completely cracked on the 3rd day after flowering, and
the stigma receptivity reached its maximum on the 3rd day after flowering (Table 2).

Table 2
Stigma acceptability at different flowering stages
time 2 -1 0 1 2 3 4 5 6 7
Stigma acceptability - - - + + +++ ++ - - -

- Stigma incapacitated; +: Stigma with receptivity; ++: Stigma has stronger acceptability; +++:Stigma
has Extremely strong acceptability

3.5 Microscopic observation of pollen tube growth

The results showed that both inbred and outbred pollens could germinate on the surface of stigma after
stigma cracking, and pollen tubes grew normally. There was no significant difference in the degree of
pollen tube elongation between inbred and outbred, which extended to the lower end of style (Fig. 4).

3.6 RNA-seq sequencing analysis

The transcriptome sequencing data of each sample showed that base error rate of each sample is 0.02%
or 0.03%, the GC content is above 42.07% and the percentage of Q20 base and Q30 base were more than
97% and 92%, indicating the transcriptome sequencing data was abundant, accurate and of high quality.
After assembling the sequencing data, a total of 11925 'Wn' Unigene and 97838 'We' Unigene were
obtained. Unigenes length distribution for transcriptome sequencing reported in Table 3.

Table 3
Unigenes length distribution for transcriptome sequencing

Sequence length (bp)  Number of unigene  Percentage (%)
We Wn We Wn
300-500 30407 53390 31.08 4477
500-1000 30815 36126 31.50 30.29
1000-2000 19625 17178 20.06 14.40
>2000 16991 12561 17.37 10.54
Total 97838 119255 100 100
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3.7 Screening of candidate style S factor and pollen S
factor

A total of 107 candidate pollen S factors and 7 candidate style S factors in 'We' (Table 4) and 7 candidate
pollen S factors and 1 candidate style S factors in 'Wn' (Table 5) were obtained by hmmer and blast
search.

Table 4
Candidate style S factor and pollen S factor of C.pilosula
Type of SI Style factor/Pollen E- Number of candidate style factors/pollen
factor value  factors
SSlI SRK <105 827
SCR/SP11 <105 O
Papaveraceae pS <105 O
SI
sS < 10—5 14
S-RNase S| RNase T2 <10°5 7
SLF/SLFL/FBK <105 107
Table 5

Candidate style Sgenes and pollen Sgenes in
C.pilosula, C.pilosula var. modesta and P grandiflorus

Style gene/Pollen gene E-value Wn ClI Pg

RNase T2 <10°5 1 1 2

SLF/SLFL/FBK <105 37 73 86

3.8 Construction of phylogenetic tree of T2 nuclease
candidate proteins

The T2 nuclease gene family can be divided into three types (Igic and Kohn 2001). Class lll is the Class I
T2 nuclease (S-RNase), Class and Class are the class | T2 nuclease and Class Il T2 nuclease,
respectively. These three types of nucleases can be clearly divided into three branches on the
phylogenetic tree (Fig. 5).

3.9 Phylogenetic tree of FBK/SLFL/SLF candidate proteins

Phylogenetic trees were constructed based on the SLF/SLFL/FBK candidates from C.pilosula, C.pilosula
var.modesta and C./anceolate and the identified SLF/SLFL/FBK from Rosids and Asterid, The results
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showed that all the sequences could be divided into five main branches (Fig. 6). candidate SLF/SLFL in
C.pilosula, C.pilosula var. modesta are show in Table 6.

Table 6
Screened SLF/SLFL in C.pilosula, C.pilosula var. modesta and C. lanceolata

species sequences

C.pilosula  We47165, We32167, We66712, Wed7287, We41753, We55668, We4697, We45636,
We17833, We17829, We39906, We40717, We57191, We54379, We30592, We16714

C.pilosula Wn1, Wn25, Wn33, Wn34, Wn36, Wn14
var.
modesta

3.10 Tissue specific expression analysis of S-RNase and
SLF

The expression levels of pollen S factor and style S factor mentioned above were analyzed and verified
by RT-PCR. The results showed that two style S genes (We36730 and We36737) were highly expressed in
the female of C.pilosula, two pollen S gene (We66772 and We54379) were specifically expressed in the
male of C.pilosula (Fig. 7). Other S genes were not tissue-specific expressed (Fig. 8), so they were not the
S genes controlling Sl in Codonopsis pilosula.

3.11 Analysis of Sequencing Results

The S genes We66712 we sequenced in pollen (We11_66712; We12_66712; We16_66712; We31_66712;
We32_66712; We35_66712) was compared with the gene sequences obtained by second-generation
transcriptome sequencing (We667172) (Fig. 9). The results showed that the sequences were basically
consistent, indicating that the transcriptome sequencing sequence was accurate.

3.12 Physicochemical properties of S-RNase and SLF
proteins

In this study, it was found that the hydrophobicity values of SRNase proteins were all positive, indicating
that they were hydrophobic proteins, but the degree of hydrophobicity was different. The hydrophobicity

of SLF proteins is negative (Table 7), indicating that all of them are hydrophilic proteins, but there are
differences in the degree of hydrophilicity.
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Table 7

Physical and chemical properties of SRNase and SLFin C.pilosula

Protein

We36130
We36131
Web54379
Web66712

Length/aa

698
315
411
485

MW/kDa

59675.68
26040.21
47087.31
56158.08

Pl

5.12
5.29
8.59
8.34

Hydroph
obicity
0.906
0.926
-0.142
-0.067

Instability
coefficient
54.75
40.77
45.90
37.01

Aliphatic-aa
coefficient
31.23

37.78

87.71

90.39

Arg +
Lys

0

0

45
49

3.13 Predictive analysis of secondary structure of S-RNase

and SLF

The secondary structure analysis of S-RNase and SLF proteins showed that the secondary structure of
SRNase and SLFin C.pilosula mainly consisted of a-helix, -folding, random curling and extended chain
structure, which was similar to the secondary structure of other five identified S-RNase and SLF proteins.

3.14 Subcellular localization analysis of S-RNase and SLF

The subcellular localization results of S-RNase and SLF proteins showed that S-RNase in C.pilosula was
located in extracellular cells, suggesting that the protein might be secreted. SLF proteins were all located
in the cytoplasm (Table 8), suggesting that they might be non-secretory proteins. S-RNase is expressed in

large amounts in the style and secreted into the Style transport tissue extracellular matrix. In incompatible
plants, S-RNase enters into the pollen tube and decomposes the RNA in the pollen tube, resulting in the

growth disorder of the pollen tube, thus affecting the synthesis of proteins and causing the self-
incompatibility reaction (Yu et al. 2019; Zhang and Xue 2019).

4 Discussion

Table 8
S-RNase and SLF subcellular localization in
C.pilosula

Protein Site Certainty (%)
We36130 extracellular 9.7

We36131 extracellular 11.1
We54379 nucleus 10.8
We66712  chloroplast 3.0

This study has confirmed that Codonopsis pilosula exhibits pollination characteristics that include high
natural seed setting and low self-fertilization seed setting. Additionally, the study has confirmed the
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presence of dichogamy and pollen secondary presentation pollination characteristics in Codonopsis
pilosula.

Furthermore, we conducted a transcriptomic analysis to investigate the potential self-incompatibility
genes of S nuclease type in Codonopsis pilosula. Our findings revealed the identification of four genes,
namely We36130, We36131, We54379, and We66712. Notably, We36730 and We361737 exhibited female-
specific expression, while We54379 and We66712 demonstrated male-specific expression. Additionally,
we successfully detected the specific expressions of We54379 and We66712. The present study involved
the prediction of the secondary structure of the genes under investigation, revealing that they
predominantly exhibit a-helix, B-folding, random curling, and extended chain structures, akin to the
secondary structure of S-RNase and SLF proteins observed in other organisms. Additionally, subcellular
localization analysis indicated that We36730 and We36137 are extracellularly located, whereas We54379
and We66712 are situated within the cytoplasm, implying their potential involvement in material transport
and pollen tube growth. In addition, the exploration of S-RNase and SLF genes offers a theoretical
framework for the genetic enhancement and hybridization techniques of Codonopsis pilosula, which are
more efficient in terms of time and resource utilization in comparison to conventional selective breeding
methods.
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Figure 1

C: natural pollination of Codonopsis pilosula; FSP: Pollination during different flowering cycles; SCP:
Stigma dehiscent stage pollination. Error bars represent standard deviation. Categories marked by
different letters are significantly different (p<0.01).

Figure 2

Codonopsis pilosulasingle flower opening process (a) Two days before flowering. (b) One days before
flowering. (c): Flowering day. (d) One day after flowering. (¢) Two days after flowering. (f) Three days
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after flowering. (g) Four days after flowering. (h) Five days after flowering. (i) Six days after flowering. (j)
Seven days after flowering
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Figure 3

Pollen viability and germination rate changed with the process of flower cycle

-2-7: Two days before flowering to seven days after flowering
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Figure 4

Observation of pollen tube under fluorescence microscope (a), (b) and (c) are self-crossing styles of
Codonopsis pilosula; (d), (e) and (f) are outcross styles of Codonopsis pilosula
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Figure 5

Phylogenetic tree of identified SRNase and candidate SRNasein C.pilosula The green branch is Class |
RNase T2. The brown branch is Class Il RNase T2. The blue branch is Class lll RNase T2. The
phylogenetic tree marked in red is RNase T2, screened from the '‘We'
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SLF/SLFL in Rosids

W, /
' / / SLF/SLFL in Rosids, Asterids
7,

7 and C pilosula, C pilosula var.
modesta and C. lanceolata

’SLFL in Rosids, Asterids
and Cpilosula, C pilosula var.
modesta and C. lanceolata

Figure 6

Phylogenetic tree of identified SLF/SLFL and candidate SLF/SLFL/FBKin C.pilosula, C.pilosula var.
modesta and C. /lanceolate The black branch of FBK was identified as non-SLF and non-SLF in C.pilosula,
C.pilosula var.modesta and C. lanceolate. The blue indicates the identified SLF/SLFL in the Rosids.
Those marked in green indicate identified SLFS/SLFLS in Asterids. The orange indicates a possible
SLF/SLFL in C.pilosula. Those marked in red indicate possible SLF/SLFL in C.pilosula var. Modesta.
Those marked in green indicate identified SLFS/SLFLSin C. lanceolate
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Figure 7

Tissue-specific or highly expressed S-RNase and SLF (A) Tissue-specific expressed pollen S genes. (B)
Tissue-specific or highly expressed style S genes. (C) RT-PCR gel electrophoresis of specific or highly
expressed S genes. Wel1, We12, We16, We31, We32, We35 are 6 samples of C.pilosula L (Leaf), P (Petal),
M (Male), F (Female) are 4 tissues of C.pilosula. Cpactin is the internal reference gene
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Non-tissue-specific expression of SRNL and SLFL (partial) (A) Non-tissue-specific expression of pollen S
genes in C.pilosula. (B) Non-tissue-specific expression of style S genes in C.pilosula
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