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Abstract: Pollen fertility is an important factor affecting the seed setting rate and seed yield of
plants. The Arabidopsis thaliana enolase gene ENO2 (AtENO2) can affect the pollen morphology,
germination, and pollen tube growth. AtENO2 encodes two proteins AtENO2 and AtMBP-1. To
examine the effect of AtENO2 protein on pollen development, the 2nd ATG of the AtENO2 coding
sequence for AtMBP-1 was mutated by site-directed mutagenesis, and transgenic plants
expressing only AtENO2 but not AtMBP-1 were obtained. Phenotypic analysis indicated that
AtENO2 was essential in the pollen development. The mechanisms of AtENO2 on pollen
development were analyzed. AtENO2 can affect development of the pollen intine, and the
mechanism may be that AtENO2 regulated the methyl esterification of pectin in pollen intine
through ARF3 and AtPMEI-pi. The -734 ~ -573 sequence of AtENO2 promoter is the main
transcriptional regulatory region of AtENO2 affecting pollen development. The functional
cis-acting element may be GTGANTG10(GTGA), and the trans-acting factors may be KAN, AS2
and ARF3/ETT. Moreover, the deletion of AtENO2 can cause significant difference in the
expression of multiple genes related to pollen exine development. These results are useful for
further studying the function of AtENO2 and exploring the mechanism of plant pollen
development.
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1. Introduction
Pollen development is a key step in double fertilization in flowering plants. Pollen fertility is

a determinant of the seed setting rate and crop yield (Moles et al., 2005; Liu et al., 2016). In
angiosperms, mature pollen is wrapped by a pollen wall, which ensures the maintenance of the
normal structure and function of pollen, protects pollen from various environmental stresses and
preserves pollen germination and polar growth of the pollen tube (Arizumi et al., 2004; Scott et al.,
2004; Guan et al., 2008). The pollen wall is one of the most complex cell walls among all plant
cell wall types. It is divided into the exine and intine layers. The main components of the intine
layer include cellulose, hemicellulose, pectin, and structural protein; these components are similar
to those of common cell walls (Quilichini et al., 2015; Hesse et al., 2016; Gigli et al., 2018). As a
major component of the pollen intine, pectin is closely related to formation of the pollen wall and
growth of the pollen tube (Varner et al., 1989; Aouali et al., 2001; Dardelle et al., 2010). A large
number of pectin metabolism-related genes, including genes encoding pectin methylesterase
(PME), pectin methylesterase inhibitor (PMEI), polygalacturonase (PG), and pectate lyase like



(PLL), are involved in construction of the pollen intine.
Abnormal pectin synthesis and modification processes directly influence intine formation

(Ridley et al., 2001; Willats et al., 2001). During pectin metabolism, PMEs can catalyze pectin
demethyl esterification, and demethyl esterified pectin is degraded by PG and pectate lyase (Bosch
et al., 2005). Demethyl esterified pectin combines with calcium ions to form Ca2+-pectinate
crosslinking complexes, which can enhance cell wall hardness (Pelloux et al., 2007; Mohnen et al.,
2008; Chebli et al., 2012). At the top of pollen tube, the cell wall is only composed of the pectin
layer. Demethyl esterified pectin is distributed mainly in the shank region of the pollen tube and is
able to maintain the hardness of the pollen tube wall. Methyl esterified pectin is located mainly in
the top region of the pollen tube to improve plasticity of the pollen tube tip (Bosch et al., 2005;
Chebli et al., 2012). The enzymatic activity of PME is negatively regulated by PMEI, which can
bind with the active site of PME to form a 1:1 complex (Zhang et al., 2010; Woriedh et al., 2013;
Paynel et al., 2014). Pectin methylesterase inhibitor was first found in Actinidia chinensis Planch
(Giovane et al., 2004; Matteo et al., 2005). Transcripts of PMEI are abundant in different tissues,
developmental stages, and stress responses of plants (Pinzón-Latorre et al., 2013; Nguyen et al.,
2016). Several PMEI genes, including AtPMEI1, AtPMEI2, AtPMEI3, AtPMEI6, AtPMEI10,
AtPMEI12, EDA24, BcMF23, and ZmPMEI1, have been cloned (Peaucelle et al., 2008; Zhang et
al., 2010; Saez-Aguayo et al., 2013; Lionetti et al., 2017; Liu et al., 2018a).

Enolase (ENO, 2-phospho-D-glycerate hydrolyase), a metalloenzyme in glycolysis, can
catalyze the dehydration of 2-phospho-D-glycerate (2-PGA) to phosphoenolpyruvate (PEP).
ENO2 is an isozyme of ENO that is widely distributed and highly conserved in plants. ENO2 not
only participates in the glycolysis process but also has many other functions. One of its functions
is to regulate the growth and development of plants. Compared with wild-type (WT) Arabidopsis,
the T-DNA insertion mutant eno2- (los2-2, SALK-021737) was found to exhibit many phenotypic
defects. The morphology of eno2- pollen was shrunk and deformed, the pollen germination rate in
vitro was significantly decreased, and the pollen tube length was reduced. These defects led to a
decrease in the seed setting rate in eno2- (Eremina et al., 2015; Liu et al., 2019, 2020). However,
the molecular mechanism of AtENO2 in pollen development is still unclear.

AtENO2 encodes both an enolase (AtENO2) protein and a c-Myc binding protein 1-like
(AtMBP-1) protein. AtENO2 is 444 amino acids in length. AtMBP-1 is translated from the second
start codon of AtENO2 transcripts and lacks 92 amino acids in the N-terminus of AtENO2. There
is a typical enolase structure (from the 3rd to the 139th amino acid) in the N-terminus of AtENO2,
resulting in the loss of enolase activity in AtMBP-1 (Lee et al., 2002; Kang et al., 2013).
Arabidopsis transgenic plants that overexpress AtMBP-1 (in the WT/35S::AtMBP-1-GFP line)
show defects similar to those of eno2-, and AtMBP-1 is modulated by the E3 ubiquitin ligase
AtSAP5 (Kang et al., 2013). AtMBP-1 has been found to exert negative feedback regulation on
the promoter of eno2- (Eremina et al., 2015). The eno2-/35S::AtENO2-GFP line can return to the
WT morphology, but the eno2-/35S::AtMBP-1-GFP line cannot (Liu et al., 2019). However, the
function of AtENO2 in plant growth and development has not been fully characterized.

In this work, we observed that AtENO2 was able to regulate the pollen development and
morphology, especially the pollen wall. The mechanism of AtENO2 affecting pollen intine may
be related to ARF3 and AtPMEI-pi, which are associated with formation of the pollen intine by
regulating pectin methyl esterification in pollen grains. The objectives of this study were to
explore the function and regulatory mechanism of AtENO2 on pollen development.

https://pubmed.ncbi.nlm.nih.gov/?term=Pinz%C3%B3n-Latorre+D&cauthor_id=24168262
http://www.ncbi.nlm.nih.gov/pubmed/?term=Eremina%20M%5bAuthor%5d&cauthor=true&cauthor_uid=25620024
http://www.ncbi.nlm.nih.gov/pubmed/?term=Eremina%20M%5bAuthor%5d&cauthor=true&cauthor_uid=25620024


2. Materials and methods

2.1. Plant materials and growth conditions
The WT Arabidopsis is the ecotype Columbia (Col-0), and the mutant AtENO2 T-DNA insertion
(SALK_021737) was provided by the Arabidopsis Biological Resource Center (ABRC, Columbus,
Ohio). The homozygous eno2-/35S::mAtENO2-GFP line was obtained by screening on Murashige
and Skoog (MS) medium supplemented with 50 mg/mL hygromycin. The seeds were sterilized
with 0.1% (w/v) HgCl2 for 5 min and washed 3 times with sterilized water. They were sown on
solid MS plates and vernalized at 4°C for 2 d in the dark. The 10-day-old seedlings were
transplanted into soil and grown in a growth chamber at 22°C with a 16-h light/8-h dark cycle and
a relative humidity of 70%.

2.2. Plasmid construction
Using the WT Arabidopsis cDNA as a template, the coding sequence of AtENO2 was cloned with
primers 5'-GTCCTAGGATGGCTACTATCACCG-3' and
5'-CCCATGGGGTAGGGTTCCACAGGTT-3' and transformed into the pEASY-T3 vector
(TransGen, Beijing, China). Then, using the pEASY-T3-AtENO2 plasmid as a template and
5'-CTGCTATTGACAACTTCCTGGTCCATGAAC-3' and
5'-GGAAGTTGTCAATAGCAGTCTGCTGAGTTG-3' as primers, site-directed mutagenesis was
carried out using a Fast Mutagenesis System (TransGen, Beijing, China). Positive clones were
identified to obtain the plasmid pEASY-T3-mAtENO2. The coding sequence of mAtENO2 was
cloned using the plasmid pEASY-T3-mAtENO2 as a template and transformed into the
pCAMBIA1302 vector to generate the construct vector 35S::mAtENO2-GFP, which encodes only
mAtENO2. This construct vector was delivered into the eno2- Arabidopsis plants via the
Agrobacterium tumefaciens-mediated transformation system, resulting in two homozygous
transgenic lines, eno2-/35S::mAtENO2-GFP-5 (mAtENO2-5) and eno2-/35S::mAtENO2-GFP-8
(mAtENO2-8).

2.3. Quantitative real-time RT-PCR analysis
Total RNA was isolated using an Eastep® Super Total RNA Extraction Kit (Promega, Madison,
Wisconsin, USA) and reverse transcribed using a GoScript™ Reverse Transcription system
(Promega). Quantitative real-time RT-PCR (qRT-PCR) was performed using a TransStart® Green
qPCR SuperMix Kit (TransGen, Beijing, China). Reactions were performed at 94°C for 30 s, 40
cycles at 94°C for 5 s, and at 60°C for 34 s. The expression of β-actin was measured in parallel as
an endogenous control. The qRT-PCR experiments included three independent biological
replicates and three technical replicates for each biological replicate. The primers used for
qRT-PCR are shown in Table S1.

2.4. Enolase activity assay
Enolase activity was determined using an ultraviolet and visible spectrophotometer (Straeten et al.,
1991). The reactions were performed in 50 mM Tris-HCl (pH 7.5) containing 1 mM MgCl2 and
2.5 mM 2-phospho-D-glycerate. The reaction mixture was incubated at 25°C for 10 min, and 2
mL HCl (0.1 M) was added to terminate the reaction. The absorbance of the sample at 230 nm was



measured. The experiment consisted of three independent biological replicates.

2.5. High-throughput mRNA sequencing analysis
Total RNA was extracted from the 45-day-old Arabidopsis plants, RNA concentration was
quantified using Qubit® 3.0 Flurometer (Life Technologies, CA, USA) and RNA integrity was
assessed using RNA Nano 6000 Assay Kit on the Agilent Bioanalyzer 2100 system (Agilent
Technologies, CA, USA). The cDNA library construction and sequencing were performed by
Annoroad Genomics (Beijing, China) on the Illumina Hiseq Xten platform (Illumina, San Diego,
CA, USA). The insert size of cDNA library was detected by Agilent 2100 (Agilent Technologies,
CA, USA). Gene expression levels were assessed using Fragments per Kilobase per Million
Mapped Fragments (FPKM). HTSeq2 was used to calculate the raw read counts for each gene.
Gene expression normalization among samples was performed using DESeq2. The screening
criteria was FC (Fold change)≥2 and q≤0.05. Genes function were annotated based on the Gene
ontology (GO, http://www.geneontology.org/) and Kyoto Encyclopedia of Genes and Genomes
(KEGG, https://www.genome.jp/kegg/) databases.

2.6. Pectin methylesterase activity assays
Arabidopsis seedlings were ground and infused with a protein-extracting solution. The reactions
were performed on ice for 30 min and then centrifuged for 15 min at 4°C and 12000 rpm. The
supernatant was used to measure the protein concentration using the BCA Protein Assay Kit
(Sangon Biotech, Shanghai, China). A chromogenic solution (0.5% pectin, 0.2 M NaCl, and 0.015
(w/v) methyl red , pH 6.8) (950 μL) was added to 20 μL protein solution, and the absorbance was
detected at 525 nM after 20 min of reaction. The standard curve was measured with 0.01 M HCl,
and the activity of PME was expressed by the number of H+ released per hour per unit mg protein
(Solecka et al., 2008; Dedeurwaerder et al., 2009).

2.7. In vivo determination of pollen viability
Pistils of Arabidopsis were fixed and decolorized in a solution consisting of 10% ethanol, 30%
chloroform, and 60% acetic acid, immersed in 4 mol/L NaOH for 40 min and washed with 50
mM/L K3PO4 (pH 7.5) 3 times. After staining with aniline blue for 15 min, the pistils were
observed under a fluorescence microscope ImagerM1 (Carl Zeiss AG, Oberkochen, Germany).

2.8. Transmission electron microscopy
Anthers collected at 10-13 developmental stages (Sanders et al., 1999) were immersed in 2.5%
glutaraldehyde (v/v) in 0.1 M phosphate buffer (pH 7.2), fixed at 4°C, and washed with 0.1 mol/L
phosphate buffer (pH 7.2) for 3 × 15 min and with 1% osmic acid solution for 2 h. The anthers
were then washed with 0.1 mol/L phosphate buffer (pH 7.2) for 3 × 15 min. The samples were
dehydrated with a gradient ethanol solution series (i.e., 50, 70, 80, 90, and 95%) for 15 min each.
Then, the samples were treated with 100% ethanol for 20 min, acetone for 20 min, a mixture of
Spurr embedding agent and acetone (1:1) for 1 h, and a mixture of embedding agent and acetone
(3:1, v/v) for 3 h. The samples were embedded in resin and heated at 70°C overnight to obtain the
embedded samples. Sections were sliced with an EMUC7 instrument (Leica, Wetzlar, Germany),
stained with uranyl acetate and lead citrate for 5-10 min, and observed under an HT7800
transmission electron microscope (HITACHI, Tokyo, Japan) (Zhang et al., 2007).



2.9. β-Glucuronidase (GUS) activity assay
GUS protein fusion expression vectors were constructed for each truncated sequence of the
AtENO2 promoter and transformed into WT Arabidopsis to obtain homozygous transgenic lines.
Flowers of the transgenic and WT plants were incubated at 37°C overnight in GUS solution
comprising 1 M PBS buffer (pH 7.0), 40 mM potassium ferricyanide, 40 mM potassium
ferrocyanide, 0.1 M EDTA, and 5 mg/mL X-Gluc. The samples were decolorized in 70% ethanol.
Photographs were taken using a Zeiss DiscoveryV12 fluorescence microscope.

2.10. Yeast One-Hybrid Assay
Yeast one-hybrid assay was performed according to the Matchmaker® Gold Yeast One-Hybrid
Library Screening System (Clontech, CA, USA). The tandem repeat of the -734 ~ -573 sequence
of AtENO2 promoter was synthesized by Sangon Biotech (Shanghai, China). Arabidopsis
transcription factor library was constructed by Oebiotech (Shanghai, China). The bait vector was
transformed into the yeast strain AH109. The transcription factor library was in the yeast strain
Y187. After the two transformed strains were mixed cultured, the transcription factors interacting
with DNA were screened on the synthetic dextrose medium-Trp-Ura, -His-Trp-Ura, and
-Trp-Leu-Ade-His.

3. Results

3.1. Identification of the mAtENO2 line with a mutation in the 2nd ATG
AtENO2 encodes AtENO2 and AtMBP-1 with the 1st ATG and the 2nd ATG as initiator codons,
respectively. AtMBP-1 lacks the N-terminal amino acid of AtENO2 (Fig. 1A). To examine the
functions of AtENO2 in pollen development, the 2ndATG of the AtENO2 coding sequencing was
mutated to CTG (Leu) by site-directed mutagenesis. The mutated AtENO2 coding sequence only
encodes AtENO2 (mAtENO2). A vector was constructed to contain the coding sequence of
mAtENO2 that was fused at their C-terminus to the GFP coding sequence under transcriptional
control of the CaMV 35S promoter. The construct vector (35S::mAtENO2-GFP) was transformed
into eno2- Arabidopsis plants (Fig. 1B), resulting in two homozygous transgenic lines,
eno2-/35S::mAtENO2-GFP-5 (mAtENO2-5) and eno2-/35S::mAtENO2-GFP-8 (mAtENO2-8). The
expression of AtENO2 was significantly higher in the mAtENO2-5 and mAtENO2-8 lines than in
the eno2- line. The expression of AtENO2 was higher in the transgenic plants than in the WT (Fig.
1C). The enolase activity of AtENO2 was similar in the mAtENO2-5 and mAtENO2-8 transgenic
plants compared to WT (Fig. 1D).



Fig. 1. Schematic representation of the mAtENO2 mutation and identification of the transgenic
lines. (A) Intron-exon organization of the AtENO2. The position of the T-DNA insertion in the
eno2- mutant alleles and the initiator codon ATG of coding AtENO2 and AtMBP-1 is indicated. (B)
Schematic representation of vector construction. The initiator codon 2nd ATG of the AtENO2
coding sequence was mutated to CTG by site-directed mutagenesis. Orange and green boxes
indicate the CaMV 35S promoter and GFP, respectively. (C) Relative expression levels of AtENO2
and (D) enolase activity of AtENO2 in the WT, eno2-, mAtENO2-5, and mAtENO2-8 lines. All
experiments were performed in triplicate. Asterisks indicate a significant difference from the WT
(P < 0.05).

3.2. Functions of AtENO2 in pollen development of Arabidopsis
The internal morphology of flowers in the same period was observed. Compared with the WT,
mAtENO2-5, and mAtENO2-8 lines, in eno2- mutant plants, stamen development was impaired,
the filaments became shorter, and there were few pollen grains on the stigmas and in the anthers
(Fig. 2A). The pollen vigor experiment in vivo showed stronger pollen-stigma binding and pollen
germination abilities of mAtENO2-5 and mAtENO2-8 lines than the WT and eno2- (Fig. 2B).
Compared with WT plants, the pollen development of eno2- was defective, and the pollen
morphology was shrunken and deformed. However, the pollen phenotype of the mAtENO2-5 and
mAtENO2-8 lines were similar to that of the WT (Fig. 2C). Based on the Alexander staining
experiment, the defective pollen in the eno2- plants was also viable (Fig. 2D), which indicated that
AtENO2 had no significant effect on pollen viability. Therefore, the defects of pollen morphology,
germination and pollen tube growth in eno2- mutant may be related to the pollen wall. We found
that the silique phenotype of mAtENO2-5 and mAtENO2-8 lines were identical to that of the WT,
while the silique of eno2- was shorter than that of the WT, and there were fewer seeds in siliques
of eno2- than in the WT (Fig. 2E).



Fig. 2. Functions of AtENO2 on pollen development and morphology. (A) Comparison of stamen
development of flower. (B) Aniline blue stained pollen and pollen tube on the stigma in vivo. (C)
Transmission electron micrographs of pollen grains. (D) Alexander staining experiments of pollen
grains. (E) Comparison of silique length and seeds in siliques observed under transparency. Plants
were randomly selected and photographed under the same conditions.

3.3. Transcriptome analysis of the WT, eno2-, and mAtENO2-8 lines
The percentages of clean reads for the WT, eno2-, and mAtENO2-8 plants to the Arabidopsis
genome sequences were 96.59%, 96.8%, and 97.41%, respectively. There were 2562 differentially
expressed genes (DEGs), 1420 up-regulated and 1142 down-regulated, between the eno2- mutant
and WT (eno2- vs. WT) (Fig. 3A). As shown in Fig. 3B, 1436 DEGs were identified from
mAtENO2-8 and eno2-, 592 of which were up-regulated and 844 were down-regulated. A total of
2849 DEGs were identified from mAtENO2-8 vs. WT, of which 1468 genes were up-regulated and
1381 genes were down-regulated (Fig. 3C). Among them, 147 were differentially expressed in the
three groups. We found that these 1340 genes should be mainly related to AtMBP-1 by analyzing
the variables of the three groups (Fig. 3D). At the transcriptional level, the DEGs were clustered
according to the gene expression level. There were significant differences among the WT, eno2-,
and mAtENO2-8 lines (Fig. 3E). To understand the function of DEGs, we performed GO
annotations analysis (Table 1). In the mAtENO2-8 vs. eno2-, there were 47 GO terms that were
significantly changed at FDR < 0.05, including 20 biological processes, 12 cellular components,
and 10 molecular functions (Fig. 3F). The top term was “cell part” (265 up-regulated and 408
down-regulated DEGs) in the cellular component category. The top term was “cellular process”
(239 for up-regulated DEGs, 366 for down-regulated DEGs) in the biological process category. In
the molecular function category, the highest GO term for DEG count was “binding” (197
up-regulated and 324 for down-regulated DEGs) (Table S2). To further explore the biological



functions of the DEGs, an enrichment analysis based on KEGG database was performed. The
KEGG analysis showed that 677 DEGs were enriched in 106 pathways in eno2- vs. WT group,
701 DEGs were enriched in 110 pathways in mAtENO2-8 vs. WT group, and 355 DEGs were
enriched in 89 pathways in mAtENO2-8 vs. eno2- group. Among the comparison groups,
phenylpropanoid biosynthesis had the greatest number of DEGs (Table S3, 4, 5). The expression
profiles of 15 selected DEGs (5 up-regulated and 10 down-regulated) from the RNA-seq assay
were confirmed by qRT-PCR. The expression of these genes was consistent in the qRT-PCR and
RNA-seq analyses (Fig. 3G). The Pearson correlation coefficient of the gene expression by the
two techniques was 0.709 (P < 0.01), indicating the reliability of the RNA-seq data.

Fig. 3. Analysis of differentially expressed genes (DEGs) for the WT, eno2- mutant, and
mAtENO2-8 line. Volcano maps of the DEGs for eno2- vs. WT (A), and mAtENO2-8 vs. eno2- (B),
and mAtENO2-8 vs. WT (C). Blue and yellow dots denote significantly different expression levels
in each data set (fold change > 2, P < 0.05). Gray dots indicate no significant difference in the
expression of genes. (D) Venn diagram showing the number of DEGs shared between comparison
groups. (E) Heatmap of the DEG expression level. Each row represents a gene, and each column
represents a sample. (F) GO analysis of DEGs in the group mAtENO2-8 vs. eno2-. (G) RNA-seq
results were examined by qRT-PCR with three biological replicates. The relative expression is
represented by the color scales as indicated on the right. R is the Pearson’s correlation coefficient
value between the two methods.



Table 1 The count of total and significantly enriched Gene Ontology.

Comparison

groups

Functional classification of DEGs GO with significant enrichment
Biological
Process

Cellular
Component

Molecular
Function

Biological
Process

Cellular
Component

Molecular
Function

eno2- vs. WT 2744 414 1110 149 11 63

mAtENO2-8 vs. WT 2942 455 1171 124 18 66

mAtENO2-8 vs. eno2- 2176 332 826 50 15 22

3.4. Analysis of differentially expressed genes related to pollen development
To analyze the mechanism of pollen development regulated by AtENO2, the DEGs related to
pollen in the comparison group of mAtENO2-8 vs. eno2- were analyzed. There were 14
sub-category classification of DEGs related to pollen (Table 2). These functions were mainly
related to the formation of pollen wall, pollen recognition, pollen germination and pollen tube
development, which indicates that AtENO2 may play an important role in development of the
pollen wall and pollen tube growth. There were 44 DGE associated with pollen wall and pollen
tube and cluster analysis of these DEGs was performed (Table S6). As shown in Fig. 4A, AMS,
MS1, ABCG1/26, CYP703A2, CYP704B1, PKSA/B and TKRP1/2 are all important genes involved
in regulation of the pollen exine and pollen coat formation (Kim et al., 2010; Chen et al., 2011;
Zhu et al., 2020). VGDH2 and PME48 are pollen specific expression genes belonging to PMEs
family. They are essencial to pollen germination and pollen tube growth (Jiang et al., 2005;
Leroux et al., 2015). Pectin is the main component of pollenintine. Therefore, AtENO2 may also
affect the development of pollen intine.

Among the DEGs of mAtENO2-8 vs. eno2-, At4G15750 gene (Log2FC=6.572) was the most
significantly up-regulated gene, but it was not annotated into GO function. According to the Tair
database (https://www.arabidopsis.org), At4G15750 encodes a pectin methylesterase inhibitor
superfamily protein. There were 79 PMEI family genes in Arabidopsis (Table S7). Phylogenetic
analysis showed that At4G15750 belonged to a branch of PMEIs family and it’s amino acid
sequence of was similar to those of At3G12880 and At1G56100, but the specific functions of these
genes have not been reported (Fig. 4B). The amino acid sequence of At4G15750 was conserved in
the Arabidopsis PMEI family, especially the three cysteine residues that could form the secondary
structure by forming disulfide bonds (*) were conserved (Fig. 4C). Analysis of the tertiary
structure of At4G15750 coding product showed that it had pectin methylesterase inhibitory
activity, and its tertiary structure was 100% similar to the sequenced PMEI proteins (Fig. 4D).
According to the Tair database, the At4G15750 gene was expressed during mature pollen
stage, flowering stage, plant embryo globular stage, and expressed in flower pedicel, plant
embryo, plant sperm cell, pollen, sepal. Therefore, the At4G15750 may be related to the
mechanism of pollen development regulated by AtENO2. According to the main functional
orientation of pectin in pollen is pollen intine, the At4G15750 gene was named AtPMEI-pi.

https://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22891
https://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22891
https://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22934
https://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22973
https://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20451
https://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20126
https://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20126
https://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20002
https://www.arabidopsis.org/servlets/TairObject?type=keyword&id=38293
https://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20410


Fig. 4. Analysis of DEGs related to pollen development. (A) Heatmap showing the relative
expression level of major DEGs related to pollen development. (B) Phylogenetic tree of the PMEI
family in Arabidopsis. Amino acid sequences of PMEI family proteins were analyzed by the
neighbor-joining method with genetic distance calculated by MEGA4.1. The numbers at the nodes
represent percentages. The red box indicates AtPMEI-pi. (C) Sequence alignment of AtPMEI-pi
with known PMEIs in Arabidopsis. The asterisk indicate the cysteine residues. (D) The tertiary
structure of AtPMEI-pi was analyzed by Phyre2.

Table 2 Functional classification of the DEGs related to pollen.

GO category Up-regulated
DEGs

Down-regulated
DEGs

Total Percentage* (%)

Pollen wall assembly 2 12 14 33.3

Pollen exine formation 1 10 11 33.3

Pollen hydration 4 0 4 66.7

Pollen development 7 10 17 10.1

Pollen sperm cell differentiation 1 4 5 20

Pollen maturation 2 1 3 13.6

Pollen germination 3 1 4 10.3

Recognition of pollen 4 1 5 8

Pollen tube growth 2 4 6 6.7

Regulation of pollen tube growth 2 0 2 7.7

Pollen tube guidance 0 2 2 5.1



Pollen coat 6 0 6 85.7

Pollen tube 4 1 5 10.4

Pollen tube tip 0 1 1 8.3

Percentage* (%): DEGs related to pollen development/count of all background genes annotated to
the GO category.

3.5. Characterization of the pectin methylesterase inhibitor gene AtPMEI-pi
AtPMEI-pi is located on chromosome 4 of Arabidopsis. The full length of AtPMEI-pi is 1097 bp,
including two exons and one intron. The full length cDNA sequence is 767 bp with 67 bp 5' UTR
and 184 bp 3' UTR, which can encode 171 amino acids. The relative molecular mass of
AtPMEI-pi is 19.3 kD, the isoelectric point is 4.91, and the instability coefficient of AtPMEI-pi is
34.06 (less than 40)，indicating that it belongs to stable protein. The signal peptide of AtPMEI-pi
is a 20 amino acid sequence located at the N-terminal of AtPMEI-pi, which has a splicing site at
the 20-21 amino acid (TRA-DE) position (Fig. 5A). AtPMEI-pi has no transmembrane domain,
indicating that it is a protein in cytoplasm or organelle, not a membrane protein or secretory
protein (Fig. 5B). The recombinant plasmid CaMV35S::AtPMEI-pi-GFP was constructed and
transferred into onion epidermal cells by microprojectile bombardment. Since pectin is the main
component of the cell wall, plasmolysis of onion epidermis was carried out to determine whether
AtPMEI-pi was expressed the cell wall. The fluorescence signal of the PMEI-GFP fusion protein
was different from that of the positive control CaMV35S::GFP, which was present in both the
nucleus and cytoplasm (Fig. 5C). The fluorescence signals showed that AtPMEI-pi was expressed
mainly in the cytoplasm but not in the cell wall (Fig. 5D).

Fig. 5. Characteristics of pectin methylesterase inhibitor AtPMEI-pi. (A) Signal peptide analysis
of AtPMEI-pi by SignalP-5.0. (B) Transmembrane domain analysis of AtPMEI-pi by TMHMM
(http://www.cbs.dtu.dk/services/TMHMM/). (C) Subcelluar localization of AtPMEI-pi in onion
epidermal cells. (D) Transient expression analysis of AtPMEI-pi in onion epidermal cells after
plasmolysis.

3.6. Relative expression pattern of AtPMEI-pi
The transcripts of AtPMEI-pi in roots, seedlings, stems, leaves, flowers, and siliques of the WT,



eno2-, and mAtENO2-8 plants were detected by qRT-PCR. The relative expression levels of
AtPMEI-pi in flowers and siliques were significantly higher than those in the other tissues. The
relative expression level of AtPMEI-pi was 15-fold higher in the WT flowers than that in eno2-

flowers, and 8461-fold higher than that in leaves of the WT flowers (Fig. 6A). The expression
level of AtPMEI-pi was 320-fold higher in pollen than in flower buds and twice that in flowers
(Fig. 6B), indicating that AtPMEI-pi was highly expressed in pollen, especially at later stages of
pollen development. Since PMEI can directly affect the activity of PME, we analyzed the activity
of PME in the pollen of the WT, eno2-, and mAtENO2-8. The PME activity was higher in eno2-

than in the WT and mAtENO2-8 plants (Fig. 6C).

Fig. 6. Relative expression pattern of AtPMEI-pi and PME activity analysis. (A) Relative
expression pattern analysis of AtPMEI-pi using qRT-PCR in different tissues of the WT, eno2-,
and mAtENO2-8. (B) Relative expression patterns of AtPMEI-pi in the bud, flower, and pollen of
the WT. (C) PME activity in flowers of the WT, eno2-, and mAtENO2-8. All experiments were
performed in triplicate. Asterisks indicate a significant difference from eno2- (P < 0.05).

3.7. Functions of AtENO2 on formation of the pollen intine in Arabidopsis
According to the characteristics and relative expression pattern of AtPMEI-pi, to determine the
effect of AtENO2 on the pollen intine, the morphology of pollen intine was observed. Transverse
sections of pollen at the trinucleate stage were observed by transmission electron microscopy
(TEM). Compared with the WT, the intine of the mAtENO2-8 line was further thickened, whereas
the intine of eno2- was seriously defective, showing a variety of defective phenotypes, such as
abnormal thinning, abnormal thickening and deletion (Fig. 7). According to these results, we
confirmed that AtENO2 could affect formation of the pollen intine in Arabidopsis.



Fig. 7. Effect of AtENO2 on formation of the pollen intine layer. Transmission electron
microscopy (TEM) of pollen at the trinucleate stage of the WT, eno2-, and mAtENO2-8. Arrows
indicate the pollen intine layer. the bars are 1.0 µm.

3.8. Functions of AtENO2 on the pollen germination and pollen tube growth.
Pectin is an important component of pollen tube wall, especially the top of pollen tube has only
one layer of pectin wall. To determine the effect of AtENO2 on the pollen germination and pollen
tube growth, the pollen germination rate and pollen tube growth were analyzed. The pollen
germination rate of eno2- was lower than that of the WT, and the growth of the pollen tube was
also defective. Compared with the WT, the pollen germination rate of mAtENO2-8 line was higher
and the growth of pollen tube was stronger (Fig. 8).

Fig. 8. Effect of AtENO2 on the pollen germination and pollen tube growth. Pollen germination in
agar medium for the WT, eno2-, and mAtENO2-8 in vitro. Asterisks indicate a significant
difference from the WT (P < 0.05).



3.9. Effect of AtENO2 on pollen development at the transcriptional level
Analysis of the 5′ terminal truncated of the AtENO2 promoter revealed a significant difference in
GUS gene expression between the WT/AtENO2prom-734::GUS and WT/AtENO2prom-573::GUS
lines (Fig. 9A). The GUS activity was significantly higher in the anthers and stigmas of the
WT/AtENO2prom-734::GUS line than the WT/AtENO2prom-573::GUS line (P < 0.05) (Fig. 9B).
These results indicated that the -734 to -573 region of the AtENO2 promoter was the main region
of transcriptional regulation of AtENO2 affecting flower and pollen development. Based on the
PLACE database search (https://www.dna.affrc.go.jp/PLACE/?action=newplace), a pollen specific
cis-element GTGANTG10(GTGA), involved in the region from -734 to -573 of the AtENO2
promoter. Using the AtENO2prom (-734 ~ -573) sequence as a bait, yeast one-hybrid assay was
carried out by using the transcription factor library. A total of 5 transcription factors related to
floral organ development were screened (Fig. 9C).

Fig. 9. Transcriptional analysis of AtENO2 regulating pollen development. (A) Relative
expression analysis of the GUS gene using qRT-PCR in the flower of transgenic plants with the
truncated promoter sequences. The experiment was performed in triplicate (P < 0.05). (B)
Histochemical GUS assay of the transgenic plants flowers. The flowers were randomly selected
and treated under the same conditions. (C) The screening of transcription factors interacting with
AtENO2prom (-734 ~ -573) by yeast one-hybrid.

4. Discussion
Double fertilization is an important biological process that directly affects the seed setting rate and
seed yield. During double fertilization, pollen fertility is an important factor affecting the seed
setting rate and crop yield (Moles et al., 2005; Dresselhaus and Franklin-Tong, 2013; Liu et al.,
2016). In recent years, it has been found that AtENO2 has an effect on pollen development.
Compared with WT Arabidopsis, the pollen morphology, pollen germination rate in vitro, and
pollen tube length of eno2- were all defective (Eremina et al., 2015; Liu et al., 2019). Enolase
ENO2 is a key glycolytic enzyme that is widely distributed and highly conserved in plants. In
addition to participating in the glycolytic pathway, recent studies have shown that the ENO2 gene
also has many non-glycolytic functions, such as affecting plant growth and responding to abiotic
stresses (Lee et al., 2002; Barkla et al., 2009; Sharma et al., 2012; Kang et al., 2013; Eremina et
al., 2015; Zhang et al., 2018; Liu et al., 2019, 2020). AtENO2 encodes two proteins AtENO2 and
AtMBP-1. Compared with the non-glycolytic function of AtENO2, there are many studies on the
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function of AtMBP-1. For example, AtMBP-1 has a negative transcriptional regulation function
and responds to abiotic stresses such as low temperature, ABA, and high salt, and feedback
represses the activity of AtENO2 (Kang et al., 2013; Eremina et al., 2015; Liu et al., 2018b).
However, the phenotypic analysis of the eno2-/35S::AtMBP-1-GFP line showed that AtMBP-1
had no significant effect on the growth and development of Arabidopsis (Liu et al., 2019).
Therefore, AtENO2 protein may be the main factor affecting the growth and development of
Arabidopsis. In this study, through site-directed mutagenesis of the start codon of the AtMBP-1
coding sequence, we obtained a sequence that only expressed AtENO2 and obtained
complementary transgenic lines (eno2-/35S::mAtENO2-GFP-5 and eno2-/35S::mAtENO2-GFP-8)
(Fig. 1B). Further analysis of the pollen development and morphology of the transgenic lines
confirmed that AtENO2 had an important effect on the pollen development (Fig. 2).

PMEI can affect the pectin methyl esterification in the pollen intine by negatively regulating
the activity of PME (Giovane et al., 2004; Matteo et al., 2005). Seventy-nine PMEI genes have
been identified in Arabidopsis (Pinzón-Latorre et al., 2013). It was found that PMEI family genes
have a variety of biological functions, such as affecting plant growth, organ development, fruit
ripening and response to stresses (Pelletier et al., 2010; Peaucelle et al., 2015; Tundo et al., 2016;
Liu et al., 2017). In this study, the gene with the highest significant expression difference was
found by transcriptome sequencing. It was a PMEI family gene, AtPMEI-pi (At4G15750), with an
unknown specific function. Multiple sequence alignment (Fig. 4C), tertiary structure prediction
(Fig. 4D) and subcellular localization (Fig. 5C, D) of AtPMEI-pi indicated that AtPMEI-pi might
be a cytoplasmic protein with PMEI activity. Furthermore, it was found that the expression level
of AtPMEI-pi was the highest in Arabidopsis pollen, and the PME activity of eno2- mutant pollen
was significantly higher than that of WT and mAtENO2-8 (Fig. 6). These studies showed that
AtENO2 may affect the development of pollen intine by regulating the expression of AtPMEI-pi.
Transmission electron microscopy of pollen showed that AtENO2 did affect the pollen intine
development. At present, we have confirmed that AtENO2 has an effect on development of the
pollen intine, and its mechanism may be related to AtPMEI-pi. Only by verifying the PMEI
activity of AtPMEI-pi at the protein level, obtaining double mutant of eno2- and atpmei-pi, or
overexpression lines of AtPMEI-pi, can we make clear that the mechanism of AtENO2 in pollen
intine development is indeed related to AtPMEI-pi.

PMEI can inhibit the activity of PME by non covalent binding with PME (Di Matteo et al.,
2005). It has been found that the PMEI-PME interaction in Arabidopsis include
AtPMEI2-AtPPME1, AtPMEI7-AtPME3, and AtPMEI4-AtPME17 (Röckel et al., 2008;
Sénéchal et al., 2015). The VGDH2 and PME48 can affect pollen germination and pollen tube
growth (Jiang et al., 2005; Leroux et al., 2015), but there is no report about PMEI inhibiting its
activity. Because AtPMEI-pi, VGDH2, and PME48 were significantly differentially expressed
genes in mAtENO2-8 vs. eno2- (Fig. 4A), whether AtPMEI-pi can inhibit the activity of VGDH2
or PME48 needs to be verified by protein interaction analysis. In addition, besides VGDH2 and
PME48, DEGs related to pectin metabolism also include PME42, PME17, QRT1, and PME19.
Among them, PME42, QRT1, and PME19 are expressed mainly in flowers and seeds. Whether
AtPMEI-pi can regulate these genes needs further exploration.

The activity of the 5′ terminal truncated sequences of AtENO2 promoter were analyzed. The
results showed that the activity of AtENO2prom-734 in flowers was significantly higher than that
of AtENO2prom-573 (Fig. 9A). The GUS activity in anthers and stigmas of the two transgenic

http://www.ncbi.nlm.nih.gov/pubmed/?term=Eremina%20M%5bAuthor%5d&cauthor=true&cauthor_uid=25620024
https://pubmed.ncbi.nlm.nih.gov/?term=Pinz%C3%B3n-Latorre+D&cauthor_id=24168262


Arabidopsis was also significantly different, which may be the difference of GUS activity in
pollen. A pollen development specific element GTGANTG10 (GTGA) was found in the -734 ~
-573 (161 bp) sequence of AtENO2 promoter. The element was first found in g10, a functional
gene of tobacco pollen development. g10 is homologous with LAT56, a specific gene of tomato
pollen development. The homologous pollen specific genes g10, LAT56, LAT52, and LAT59 are
all pectate lyase homologous genes, and GTGA element is a common element in the promoters of
these genes. Through mutation and deletion analysis of GTGA element in g10 promoter, it was
found that GTGA element was a functional element affecting pollen development (McCormick et
al., 1991; Kim et al., 1997; Rogers et al., 2001). Whether this element is a functional element of
AtENO2 affecting pollen development remains to be studied. The main function of pectate lyase
(PL) is to degrade demethyl-esterified pectin by PME. Pectate lyase-like genes catalyze the
degradation of pectin in the presence of Ca2+ through β-elimination. They are necessary for
loosening of the pollen intine and entry of the pollen tube into the style during pollen germination
(Youssef and Anja, 2018). Demethyl esterification of pectin reduced the pH value, and low pH
affected the activity of pectate lyase and the plasticity of the pollen wall. The dynamic balance
among PMEI, PME, and PL is important to maintain the metabolism of pectin (Catoire et al., 1998;
Denès et al., 2000; Chebli et al., 2012; Wang et al., 2020). Therefore, it is necessary to explore
whether the relationship between AtENO2 and AtPMEI-pi is related to pectate lyase.
Transcription factors KAN, AS2, and ARF3/ETT could interact with the -734 ~ -573 sequence of
AtENO2 promoter (Fig. 9C). The organ polarity gene KAN plays an important role in leaf, carpel
and flower organs (Ó'Maoiléidigh et al., 2018; Zumajo-Cardona and Ambrose, 2020). KAN can
directly inhibit the expression of AS2, and AS2 can directly participate in the epigenetic inhibition
of ARF3 through DNA methylation (Wu et al., 2008; Machida et al., 2015; Vial-Pradel et al.,
2018). ARF3 is a transcription factor of ARF (Auxin response factor) family. ARF3 affects floral
meristem development by regulating cytokinin biosynthesis and signal transduction. ARF3 is also
correlates with a reduction in the methylesterification of cell-wall pectins and a decrease in
cell-wall stiffness in the valve tissues of the ovary (Zheng et al., 2018; Andres-Robin et al., 2020 ).
Immediate targets of ARF3 suggest PMEIs are likely to be key actors that mediate the regulation
of gynecium development by ARF3, while ARF3 may simultaneously regulate PMEs to prevent
exaggerated developmental effects from the regulation of PMEIs. In addition, there are one or
more rapidly-acting intermediate factors in the transcriptional regulation of PMEs and PMEIs by
ARF3 (Andres-Robin et al., 2020 ). Whether these transcription factors are involved in the
regulatory mechanism of AtENO2 affecting pollen development needs to be verified by
DNA-protein interaction and analysis of deletion mutants of the transcription factors. We
constructed a model of AtENO2 on development of the pollen intine based on the current results
together with previous findings (Fig. 10).
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Fig. 10. The regulatory network of AtENO2 in pollen intine development.

Compared with the pollen intine, the structure of pollen exine is more complex. The exine is
further divided into the sexine layer and nexine layer (Hesse et al., 2016; Paxson-Sowders et al.,
2001). The pollen exine is mainly composed of tectum, bacula and footlayer, but some pollen
walls have no tectum (Shi et al., 2015). These structures can form species-specific textures on the
pollen surface. The chemical composition of the exine is mainly sporopollenin, which has extreme
corrosion resistance. In Arabidopsis and other plants, the pollen coat is also attached to the pollen
exine, such as tryphine or pollenkitt, which are mainly composed of lipids, proteins, pigments and
aromatic compounds that are crucial for the recognition of pollen fertilization signals and the
attachment of stigmas. The nexine is a smooth cell wall located on the surface of the intine, which
is divided into two layers: nexine I and nexine II (Ariizumi and Toriyama, 2012). In this study,
the pollen exine structure of mAtENO2-8 was denser than that of eno2- by TEM. In addition, it
was found that the pollen nexine of eno2- was thickened or completely absent (Fig. 7).
Transcriptome analysis of the eno2- and mAtENO2-8 lines revealed that many DEGs related to
development of the pollen exine and pollen coat, such as AMS, MS1, ABCG1/26, CYP703A2,
CYP704B1, PKSA/B, and TKRP1/2. The genetic pathway
DYT1-TDF1-AMS-MS188/MS103-MS1 controls pollen exine formation by regulating
sporopollen synthesis and transport. AMS and MS1 are important transcription factors in this
pathway (Shi et al., 2015; Lu et al., 2020). AMS can also directly regulate the expression of TEK,
forming DYT1-TDF1-AMS-TEK genetic pathway to regulate formation of the pollen nexine
(Xiong et al., 2016; Wang et al., 2018). ABCG1/26 are transporters of the sporopollen, while
CYP703A2, CYP704B1, PKSA/B, and TKRP1/2 are the genes involved in sporopollen biosynthesis
in tapetum (Morant et al., 2007; de Azevedo Souza et al., 2009; Grienenberger et al.,2010; Kim et
al., 2010; Chen et al., 2011). These finding indicates that AtENO2 plays an important role in
regulating development of the pollen exine, although the regulatory mechanism remains unclear.

5. Conclusion
AtENO2 can affect pollen development and encode two proteins AtENO2 and AtMBP-1. We
obtained the sequence encoding only AtENO2 and studied the functions and molecular
mechanisms of AtENO2 in pollen development. The results presented herein show that AtENO2
can affect development of the pollen intine, and the mechanism may be that AtENO2 regulated the
methyl esterification of pectin in pollen intine through ARF3 and AtPMEI-pi. The -734 ~ -573
sequence of AtENO2 promoter is the main transcriptional regulatory region of AtENO2 affecting
pollen development. The functional cis-acting element may be GTGANTG10(GTGA), and the



trans-acting factors may be KAN, AS2 and ARF3. Moreover, the deletion of AtENO2 can cause
significant difference in the expression of multiple genes related to pollen exine development.
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