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Abstract: In flowering plants, the success of fertilization depends on the rapid polar extension of a
pollen tube, which delivers sperm cells to the female gametophyte for fertilization. Numerous studies
have shown that the microenvironment in planta is more conducive to the growth and development
of pollen tubes than that in vitro. However, how stigma factors coordinate to regulate pollen tube
growth is still poorly understood. Here, we demonstrate that in tobacco, mature stigma extract, but
not immature stigma extract, facilitates pollen tube growth. Comparative transcriptomic and qRT-
PCR analyses showed that the differentially expressed genes during stigma maturation were mainly
enriched in the metabolism pathway. Through metabolome analyses, about 500 metabolites were
identified to be differently accumulated; the significantly increased metabolites in the mature stigmas
mainly belonged to alkaloids, flavonoids, and terpenoids, while the downregulated differential
metabolites were related to lipids, amino acids, and their derivatives. Among the different kinds of
plant hormones, the cis-form contents of zeatin were significantly increased, and more importantly,
cis-zeatin riboside promoted pollen tube growth in vitro. Thus, our results reveal an overall landscape
of gene expression and a detailed nutritional microenvironment established for pollen tube growth
during the process of stigma maturation, which provides valuable clues for optimizing in vitro pollen
growth and investigating the pollen–stigma interaction.

Keywords: microenvironment; pollen tube growth; stigma; metabolome; transcriptome; cis-zeatin
riboside; tobacco

1. Introduction

During the sexual reproduction of angiosperms, after a pollen grain lands on the top
of the stigma, it forms a tubular protrusion that navigates through the female tissues of
the pistil, enters the ovules, and delivers its sperm cell cargo to induce fertilization [1,2].
Therefore, pollen tube growth is an indispensable event in the double fertilization of
flowering plants. Besides their fundamental role in fertilization, pollen tubes also represent
outstanding systems for studying the dynamics and spatiotemporal control of polarized cell
growth owing to their unique characteristics, which include fast tip growth, easy culture
in vitro, and a haploid genome [3].

The pollen tube is a highly specialized polar structure, with a proximal streaming
region and a distal region of highly vacuolated cytoplasm, which are separated by callose
plugs. Thus, the cytoplasm remains in the front portion of the pollen tube regardless of
the pollen tube’s growth. The streaming region is subdivided into the shank region, which
contains the two sperm cells and the vegetative nucleus; the sub-apical organelle-rich
region, which contains the endoplasmic reticulum, Golgi apparatus, and mitochondria;
and the tip region, with an inverted cone shape, characterized by the presence of an
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abundant number of transport vesicles [4,5]. The tip growth of a pollen tube requires
active exo/endocytosis processes, cell wall deposition and recycling, and a highly dynamic
cytoskeleton, responsible for the polar organization of the pollen tube cytoplasm and
targeted exocytosis [4,6–12]. At the molecular level, pollen tube tip growth depends on an
ROP GTPase-dependent signaling network, ROS, cellular pH, ions, etc. [4,13–16].

Although pollen grains can germinate and form pollen tubes in vitro, numerous stud-
ies have shown that the in planta pollen germination rates, pollen tube growth rates, and
final tube lengths are far greater than those observed in vitro, pointing to the fact that
the pistil can create a more favorable microenvironment for pollen tube germination and
growth [17–22]. Thus, besides providing essential and indispensable elements, the pistil
may also produce stimulants to promote pollen germination and pollen tube growth. Until
now, the pistil factors known to affect pollen tube growth are proteins, plant hormones,
and small organic and inorganic molecules, e.g., transmitting-tissue-specific glycopro-
teins [23], γ-aminobutyric acid [24,25], D-serine [26], long-chain base phosphates [27],
azadecalins [28], brassinosteroids [29], STIL (Style Interactor for LePRKs) [30], hydrogen
peroxide [31,32], chemocyanin, and kaempferol [33,34]. However, there is no clear picture
of which elements are involved in the construction of the pistil microenvironment and how
these pistil factors regulate pollen tube growth [35–42]. There is no doubt that identification
and analysis of the microenvironment of a pollen tube’s growth in vivo would provide its
overall landscape, thus facilitating molecular–genetic dissections of the pathways through
which pistil components positively contribute to pollen tube growth. Here, we show that
in tobacco, mature stigma extract stimulated pollen tube growth. Transcriptomic and
metabolome analyses revealed a huge difference in the metabolites between immature and
mature stigmas. The metabolites significantly upregulated in mature stigmas are mainly
alkaloids, flavonoids, and terpenoids. Moreover, a sharp increase in the content of cis-
zeatin riboside was observed in the mature stigmas, and in vitro pollen germination assays
showed that cis-zeatin riboside contributed to pollen tube growth. Thus, our results may
help to establish a foundation for further research investigating the regulatory networks of
the interaction between the pollen and stigma during the pollen tube journey in a pistil.

2. Results
2.1. Mature Stigma Extract Stimulates Tobacco Pollen Tube Growth

To examine whether the stigma—the first female tissue that pollen makes contact
with—can stimulate pollen tube growth, we chose tobacco stigmas as our experimental
material because of their relatively large size, which is convenient for sampling and subse-
quent omics analysis. Immature stigmas (henceforth referred to as Simmature) correspond to
flower buds at 25–30 mm, and mature stigmas (henceforth referred to as Smature) correspond
to the flower opening stage (>40 mm) (Figure 1A,B). At 1 and 2 h after germination, the
pollen with an addition of Smature extract germinated to a significantly longer tube length
than that without, indicating that the mature stigma extract promoted pollen tube growth
(Figure 1C,D). Additionally, there was no stimulation of pollen tube growth when using
Simmature, indicating that the germination stimulant(s) was either abundant or specifically
present in the mature stigmas (Figure 1C,D). Therefore, in tobacco, the microenvironment
in Smature is more beneficial to pollen tube growth than that in Simmature.

2.2. Transcriptome Changes Between Immature and Mature Stigmas

To understand how gene expression impacts the microenvironment of pollen tube
growth in stigmas, RNA sequencing of Simmature and Smature was performed. Summaries
of the sequencing samples and results are shown in the Supplementary Data S1. After
removing low-quality reads, approximately 22 million clean reads were obtained for each
biological replicate. Overall, the transcripts from the same cell type but across different
biological replicates exhibited a high correlation (r > 0.96) (Figure 2A). A total of 13,040
(5718 upregulated and 7322 downregulated) differentially expressed genes (DEGs) were
identified between Simmature and Smature (Figure 2B and Supplementary Data S2 and S3). A
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hierarchical clustering analysis of the DEGs is shown with a heat map; the DEGs were
clustered into seven groups based on their abundance changes (Figures 2C and S1). These
results show that the expression patterns of the DEGs were significantly different be-
tween Simmature and Smature. Compared to Simmature, the expression levels of approximately
15% of the genome genes were changed in Smature, indicative of huge physiological and
biochemical changes during stigma maturation. Next, these DEGs were subjected to a
KEGG pathway analysis, and the results show that the pathways related to transport
and catabolism, transcription and translation, and signal transduction were enriched
(Figures 2D, S2 and S3). It is noteworthy that most DEGs were enriched in metabolic path-
ways, such as carbohydrates, energy, lipids, amino acids, terpenoids and polyketides,
cofactors and vitamins, flavonoids, and phenylpropanoids, indicative of their potential
roles as members of the microenvironment to promote pollen tube growth.

To validate the accuracy of the RNA sequencing data, 75 DEGs related to the metabolism
pathway were selected for quantitative real-time PCR (qRT-PCR) analysis. The fold changes
of 74 DEGs obtained from the qRT-PCR analysis were consistent with those obtained from
the transcriptome analysis, and a significant positive correlation between the RNA-seq
and qRT-PCR results was observed (Figure 2E,F). These results verify the accuracy of the
RNA sequencing data and indicate that the expression levels of genes involved in the
metabolic pathway, such as flavonoid biosynthesis, terpenoid biosynthesis, starch and
sucrose metabolism, pentose and glucuronate interconversions, carotenoid biosynthesis,
and fatty acid degradation and biosynthesis, were truly changed.

Figure 1. Mature stigma extract promotes pollen tube growth in tobacco. (A) Representative images
of tobacco flower buds at 25–30 mm and at the anther dehiscence stage. (B) Representative images of
pistils from tobacco flower buds (25–30 mm) and opening flowers. Simmature, stigma at flower buds
(25–30 mm); Smature, stigma at opening flowers. Bars = 10 mm. (C) Images of pollen germinated with
Simmature or Smature extracts at 2 h after germination (HAG). Without stigma extracts as the control
(CK). Bar = 100 µm. (D) Statistical data of wild-type pollen tube length at 1 or 2 HAG, with and
without stigma extracts. The data for pollen tube length are presented in the box-and-whisker plots.
The centerline in the plot represents the 50th percentile. The bottom and top of each box indicate
the 25th and 75th percentiles, respectively, and the whiskers represent the minimum and maximum
values. For 1 HAG, the number of pollen tubes in CK, Simmature, and Smature are 245, 255, and 254,
respectively. For 2 HAG, the number of pollen tubes in CK, Simmature, and Smature are 252, 231, and
236, respectively. For statistical comparisons of the multiple groups in (D), different letters denote
that these groups differ significantly (p < 0.0001) in one-way ANOVA and Tukey’s range test.
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Figure 2. Comparative transcriptomic analysis of immature and mature stigmas. (A) Heat map
showing Pearson’s correlation across RNA-seq datasets. Three biological replicates for each sample.
(B) Volcano plot depicts differentially expressed genes between Simmature and Smature. Red dots
indicate upregulated genes, while blue dots indicate downregulated genes. FC, fold change; FDR,
false discovery rate; NS, not significant. (C) Hierarchical clustering of differentially expressed
genes (DEGs). DEGs between Simmature and Smature could be categorized into seven distinct clusters.
(D) KEGG pathway analysis of DEGs. The number of enriched genes is shown above the column.
(E) High correlation between quantitative real-time PCR (qRT-PCR) and RNA sequencing results
(75 genes). (F) Verification of DEGs in flavonoid biosynthesis, terpenoid biosynthesis, starch and
sucrose metabolism, pentose and glucuronate interconversions, carotenoid biosynthesis, and fatty
acid degradation and biosynthesis pathways using qRT-PCR. The expression level of each gene was
estimated using log2 (FC).

2.3. Metabolite Profiling Between Immature and Mature Stigmas

Metabolomics analysis can enrich and further verify the accuracy of transcriptomic se-
quencing results; therefore, a comprehensive metabolic profiling of Simmature and Smature was
performed. A total of 1635 metabolites were identified from the stigma tissue, which could
be further classified into thirteen categories (Figure S4 and Supplementary Data S4) as fol-
lows: alkaloids (14.01%), amino acids and derivatives (13.76%), lipids (12.78%), flavonoids
(12.35%), terpenoids (9.66%), phenolic acids (7.95%), organic acids (5.5%), nucleotides and
derivatives (4.89%), lignans and coumarins (3.18%), quinones (0.98%), tannins (0.18%),
steroids (0.12%), and others (14.62%). Next, we focused on the differentially regulated
metabolites between the immature and mature stigmas. Compared to Simmature, there were
298 differentially upregulated and 185 differentially downregulated metabolites in Smature
(Figure 3A–C and Supplementary Data S5). The significantly upregulated metabolites
mainly belonged to alkaloids, flavonoids, and terpenoids, whereas the downregulated
differential metabolites were mainly lipids, amino acids, and their derivatives (Figure S5
and Supplementary Data S5). Moreover, the top ten upregulated metabolites comprised
eight alkaloids and two flavones (fold change > 50) (Figure S6). Conjoint transcriptome and
metabolome analysis revealed that the DEGs and different metabolites could be enriched
in flavonoid, flavone, and flavonol biosynthesis pathways, indicating that flavonoids might
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have an important role in promoting pollen tube growth (Figures S7 and S8). Previous stud-
ies have shown that flavonoids are required for pollen vitality, germination, and pollen tube
development [33,43–51], and several flavonols (quercetin, kaempferol, and myricetin) have
strong stimulatory effects on tobacco pollen germination frequency and pollen tube length
in vitro [33,34]. Thus, these upregulated flavonols, other upregulated compounds (alka-
loids and terpenoids), or a combination may be required for the stigma microenvironment
to support rapid pollen tube growth.

Figure 3. Determination of significantly changed metabolites between immature and mature stigmas.
(A) Pearson’s correlation of all six stigma samples. (B) A volcano map of differentially regulated
metabolites between Simmature and Smature. Red and green dots represent significantly up- or down-
regulated metabolites, respectively. The dot size indicates the VIP (variable importance in projection)
values. FC, fold change. (C,D) Heat map clustering and KEGG enrichment of differentially regulated
metabolites between Simmature and Smature.

2.4. Cis-Zeatin Riboside Facilitates Tobacco Pollen Tube Growth In Vitro

Plant hormones are also factors known to affect pollen tube growth and could be part
of the microenvironment beneficial to pollen tube growth. Previous studies have shown
that auxin, gibberellins, jasmonic acids (JAs), and brassinosteroids promote in vitro pollen
germination and growth, whereas abscisic acid shows an inhibiting effect [52–58]. We
analyzed different kinds of endogenous plant hormones, including their derivatives or
precursors in tobacco stigmas. Although indole-3-butyric acid (IBA), an auxin precursor,
was upregulated in mature stigmas, no significant changes in the IAA levels nor oxIAA
(oxidation of IAA) levels were observed (Figure 4A). Compared to Simmature, abscisic acid
and salicylic acid were significantly upregulated in Smature, while the JA and JA-Ile contents
showed the opposite trend (Figures 4A and S9). These results indicate that at least in
tobacco stigmas, auxin and jasmonic acids are not the active compounds that promote
pollen tube growth. Gibberellins and brassinosteroids could not be ruled out, as their
concentrations in the stigmas were below the limit of detection.
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Figure 4. cZR promotes tobacco pollen tube growth in vitro. (A) The quantification of different kinds
of plant hormones in Simmature and Smature. The data are presented as the mean ± SD from three
independent replicates. The up-regulated hormones were indicated in red and the down-regulated
shown in blue. Two-tailed Student’s t-test was used for statistical analysis (* p < 0.05; ** p < 0.01;
*** p < 0.001; **** p < 0.0001). IAA, 3-indolylacetic acid; oxIAA, 2-oxo-3-indolineacetic acid; IBA, 4-(3-
indolyl)butyric acid; ABA, abscisic acid; JA, jasmonic acid; JA-Ile, jasmonoyl-L-isoleucine; OPDA, 12-
oxo-phytodienoic acid; SA, salicylic acid; iP, N6-isopentenyladenine; iPR, N6-isopentenyladenosine;
tZ, trans-zeatin; tZR, trans-zeatin riboside; cZ, cis-zeatin; cZR, cis-zeatin riboside; DHZ, dihydrozeatin;
DHZR, dihydrozeatin riboside; CS, castasterone; 6-deoxoCS, 6-deoxocastasterone. (B) Images of
pollen germinated with supplement of tZR or cZR at 2 h after germination (HAG). Without the
addition of tZR or cZR as a control (CK). Bar = 100 µm. (C) Statistical data of wild-type pollen tube
length at 1 or 2 HAG. The data for the pollen tube length are presented in the box-and-whisker
plots. The centerline in the plot represents the 50th percentile. The bottom and top of each box
indicate the 25th and 75th percentiles, respectively, and the whiskers represent the minimum and
maximum values. For 1 HAG, the number of pollen tubes in CK, tZR, and cZR is 173, 191, and
197, respectively. For 2 HAG, the number of pollen tubes in CK, tZR, and cZR is 194, 216, and
173, respectively. Ordinary one-way ANOVA with Tukey’s multiple comparisons test was used
for statistical difference analysis among different groups. Different letters above the bars indicate
significant differences (p < 0.05) among the groups.

Typical representatives of isoprenoid cytokinins are isopentenyl adenine (iP) and its
hydroxylated forms zeatin (Z) and dihydrozeatin (DHZ) [59]. Our results reveal that the
content of DHZ decreased in the mature stigmas, but the iP level showed no change. There
are different zeatin isomers—cis-zeatin (cZ) and trans-zeatin (tZ), and their ribosides. The
concentrations of tZ and cZ show the opposite trend: the tZ content decreased during
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the two stages of the investigation, whereas the contents of cZ and cis-zeatin riboside
(cZR) increased, especially the latter, by up to three times (Figure 4A). Therefore, we
investigated whether cZR was involved in promoting pollen tube growth. In vitro pollen
gemination assays proved that the addition of cZR enhanced the pollen tube’s growth,
while a supplement of tZR did not (Figure 4B,C). Therefore, cZR is a candidate stimulant
for pollen tube growth in tobacco stigmas.

3. Discussion

In flowering plants, pollen tubes often elongate by hundreds to thousands of times the
length of the pollen grains to reach the ovary. In tobacco, this distance is usually more than
30 mm [54]. To guarantee successful fertilization, enough pollen tubes need to arrive at the
ovary to fertilize most of the ovules before stylar abscission (around 72 h after pollination).
Therefore, in vivo pistils have evolved a microenvironment to accelerate pollen tube growth
to ensure rapid fertilization within the narrow developmental window during which ovules
are receptive. Using an in vitro pollen germination bioassay, we defined a role for tobacco
stigmas in promoting pollen tube growth, finding that the microenvironment in mature
stigmas was more favorable to pollen tube elongation.

Angiosperm stigmas can be classified into two broad categories—wet and dry. Nico-
tiana belongs to the latter and possesses a surface secretion in its stigmas [60]. It was
found that the components of the stigma secretion of Nicotiana, rather than the stigma
cells themselves, were necessary and sufficient for compatible pollen germination and
pollen tube growth [61,62]. Besides serving as a storage site for pollen hydration and
pollen tube growth [60,63,64], tobacco stigmas also contain significant amounts of hy-
drogen peroxide, influencing pollen tube membrane hyperpolarization and changing the
pollen proteome [31], which was later proven to stimulate pollen germination and ensure
successful fertilization in vivo [32]. However, until now, few detailed studies of the pollen
microenvironment in stigmas have been conducted [35–42]. Here, both transcriptome and
metabolome analyses at two stages of stigma development were carried out, pointing to
huge differences in the accumulation of metabolites between Simmature and Smature. The
fact that 15% of the genome genes were changed and that about 300 metabolites, includ-
ing several plant hormones, were upregulated in mature stigmas, indicates a complex
stigma microenvironment for pollen tube growth in tobacco. In mature stigmas, there
are three main categories of upregulated metabolites, including alkaloids, flavonoids, and
terpenoids. Although flavonoids and terpenoids are derived from different metabolic path-
ways, they are metabolically linked [65–68], and both are closely related to pollen–stigma
interactions [33,43,49,69]. A very challenging but important future task will be to determine
their biological function in plant fertilization, perhaps not limited to promoting pollen tube
growth but also including pollen tube penetration or guidance.

So far, chemical substances that have been identified to be produced by pistil tissues
and to stimulate in vitro pollen germination or pollen tube growth are proteins and small
organic or inorganic molecules [23–33]. In addition to these, plant hormones (auxin,
gibberellic acid, brassinosteroids, and jasmonic acid) have also been reported to promote
pollen germination and growth in Prunus avium [52], Torenia fournieri [55,56], tobacco [54],
and Arabidopsis [57,58]. Here, we found that cis-zeatin riboside is a new stimulator of pollen
tube growth from the stigma. Zeatin was first discovered in maize (Zea mays) [70] and
belongs to an important class of plant hormones called cytokinins, which regulate many
physiological processes, including cell proliferation and differentiation, various aspects
of shoot and root growth and development, and stress resilience [59,71–74]. Zeatin is
widespread in nature [75] and can be distinguished as two geometrical isomers denoted
as cis- and trans-zeatin. While cis-forms have long been considered less important than
trans-forms due to low attributed biological activity, several studies have suggested that
cis-forms play different roles from the trans-forms in plant development and adaptation
to stress [76–81]. In this study, we found that cis-forms were upregulated in the mature
stigmas and able to stimulate tobacco pollen tube growth, whereas the trans-form were
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not, indicating that cis-forms have unique physiological functions in regulating pollen tube
growth. In plants, both pollen tubes and root hairs serve as excellent model systems for
rapid polar tip growth. In the Pi starvation response (PSR), tZ preferentially represses cell
cycle and PSR genes, whereas cZ induces genes involved in cell and root hair elongation
and differentiation [82]. More importantly, cZ acts as a PSR hormone that stimulates root
hair elongation. Together with our results, these findings support the role of cis-forms
in regulating polarity growth [82]. Cytokinins are mobile signals, and we speculated
that they can be translocated from stigmas to pollen to promote pollen tube growth. In
Arabidopsis, two isopentenyl transferase enzymes (IPT2 and IPT9) are responsible for cZ-
type production following tRNA degradation [83]. It is worth knocking out the homologous
genes in the tobacco and investigating whether the wild-type pollen tube growth rate is
reduced or impaired in the mutant stigma.

It has been shown that the substances that the pistil tissues release to accelerate pollen
tube growth are diversified in plants [23–34]. Meanwhile, the activity of pollen stimulants
seems to be species-specific. Flavonols stimulate pollen germination and growth in petunia,
tobacco, and tomato but are not required for Arabidopsis pollen germination [33,34,84,85].
Sulfinylated azadecalins could stimulate pollen germination in three species of Lineage
I of Brassicaceae but do not induce a germination response in Sisymbrium irio (Lineage
II of Brassicaceae) and tobacco [28]. And, given the variety of stigma structures and
microecology in flowering plants, identification of the role of the stigma in pollen tube
growth and analyses of the stigma microenvironment in more plants is very necessary and
will be no doubt update our current understanding of the molecular identity of exchange
signals between pollen and stigmas, and the cellular interactions that they regulate.

4. Materials and Methods
4.1. Plant Materials

Tobacco (Nicotiana tabacum L. cv. Petite Havana SR1) plants were grown under 12 h
of daylight at 25 ◦C in a glasshouse. Tobacco pollen was germinated in a pollen liquid
germination medium (PGM) (5 µM CaCl2, 5 µM Ca(NO3)2, 1 mM MgSO4, 0.01% H3BO3,
and 18% sucrose) under 28 ◦C in the dark for 1 h and 2 h. For the treatment of the immature
stigmas, the pistils were dissected from the flower buds at 25–30 mm; for the mature
stigmas, the flowers (>35 mm but unflowering) were emasculated 24 h before dissection.
Then, the pistils were cut at the junction between the stigma and the style. Four stigmas
(for each experiment) were ground in liquid nitrogen and dissolved in 1 mL PGM, which
was then filtered to obtain a PGM containing stigma extract. Here, PGM without stigma
extract was used as the control. For the treatment of zeatin, final concentrations of PGM
containing 2.5 µM trans-zeatin riboside and cis-zeatin riboside (Sangon Biotech, Shanghai,
China) were prepared by adding 1 µL stock solution (2.5 mM) dissolved in DMSO to 1.0 mL
PGM. Here, PGM with 0.1% DMSO was used as the control.

4.2. RNA Extraction, Transcriptome Sequencing, and Quantitative Real-Time PCR (qRT-PCR)

The total RNA was extracted using the TaKaRa MiniBEST Plant RNA Extraction Kit
(Takara, Beijing, China) following the manufacturer’s protocol. For Simmature and Smature,
10 stigmas were used. After the RNA extraction, the high-quality total RNA was sent
to Frasergen (Wuhan, China) for cDNA library construction. Then, the libraries were
sequenced on an MGI-SEQ 2000 platform by Frasergen Bioinformatics Co., Ltd., Wuhan,
China. After data filtering, the clean reads were mapped to the tobacco reference genome
using HISAT2 2.2.1 software with the default parameters [86–88]. For each transcript, FPKM
(fragments per kilobase of transcript per million mapped reads) were calculated using
RSEM 1.3.3 [89]. The differentially expressed genes (DEGs) were identified using DESeq2
1.22.2 software [90] with a |log2 (fold change)| ≥ 1 and false discovery rate (FDR) < 0.05.
Next, the Kyoto Encyclopedia of Genes and Genomes (KEGG) tools were used to annotate
the potential metabolic pathways of the DEGs [91–93].
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The cDNA was synthesized using a HiScript II 1st Strand cDNA Synthesis Kit (Vazyme,
Nanjing, China). qRT-PCR was performed according to a previously reported method [94];
the primers used are listed in the Supplementary Data S6.

4.3. Metabolomics Analysis

Tobacco stigmas (500 mg) were collected, and sample extraction and metabolomics
analysis were subsequently performed at Wuhan MetWare Biotechnology Co., Ltd., Wuhan,
China (www.metware.cn) according to their standard procedures [95,96]. The sample
extracts were analyzed using a UPLC-ESI-MS/MS system (UPLC, Chicago, IL, USA,
ExionLC™ AD https://sciex.com.cn/) and tandem mass spectrometry system (https:
//sciex.com.cn/). Metabolite quantification was performed using the multiple reaction
monitoring (MRM) mode in a triple/quadrupole mass spectrometer [96]. The variable
importance in projection (VIP) score obtained from the OPLS-DA (version 1.0.1) results
and metabolites with both VIP > 1 and |log2 (fold change)| ≥ 1 were determined as
significantly changed metabolites [97,98].

4.4. Hormones Measurements

Tobacco stigmas (300 mg) were collected and sent to the Wuhan Greensword Creation
Technology Co. Ltd., (Wuhan, China) (http://www.greenswordcreation.com). Analysis
of the phytohormones was performed on a UHPLC-MS/MS system (Thermo Scientific
Ultimate 3000 UHPLC coupled with TSQ Quantiva, Waltham, MA, USA) according to a
previous protocol [99].

4.5. Statistical Analysis

Statistical analyses were performed using GraphPad Prism software (version 8.0).
Statistical significance was determined using two-sided Student’s t-test or the Tukey–
Kramer multiple comparison test.

5. Conclusions

In summary, our study determined the pollen tube growth-promoting properties of
tobacco stigmas, which depend, at least partly, on cis-zeatin compounds. The diversity
of the endogenous factors that accelerate pollen tube growth and the findings that up to
300 metabolites were upregulated in the mature stigmas support the notion that multiple
factors work together to boost pollen tube growth for rapid double fertilization. This issue
needs to be explored in the future; perhaps we can create an active microenvironment
in vitro similar to that in planta using a combination of different stigma factors after
sufficient growth-promoting substances have been identified in future studies.
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