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Abstract: Maize is one of the most successful crops with regard to the utilization of heterosis. The
haploid induction technique is one of the fastest methods to obtain pure maize material at the present
stage. However, the molecular mechanism of haploid doubling is rarely reported. In this study, we
treated B73 and ZNC442 haploid young shoots with colchicine for 0 h, 6.2 h, and 10 h, and analyzed the
differentially expressed genes (DEGs). We found that colchicine treatment for 6.2 h and 10 h compared
to 0 h resulted in a total of 4868 co-DEGs. GO enrichment analysis and KEGG metabolic pathway
analysis found significantly enriched 282 GO terms and 31 significantly pathways, respectively.
Additionally, The GO term and KEGG pathway genes of spindle, cytoskeleton, microtubules and
nuclear division were selected for analysis, and three candidate genes were screened by taking
intersections. Zm00001d033112, Zm00001d010525, and Zm00001d043386 were annotated as kinesin-
associated protein 13, kinesin-like protein KIN-10C, and kinesin light-chain LC6, respectively. The real-
time fluorescence quantification (RT-PCR) results revealed that Zm00001d033112, Zm00001d010525,
and Zm00001d043386 had the same trends as RNA-seq. Interestingly, Zm00001d033112 is homologous
gene AT3G20150 in Arabidopsis, which was involved in the regulation of chromosome movement
and mitotic spindle assembly. Our study suggests that kinesin genes may play an important role in
doubling chromosomes, thus providing valuable information for future studies on the molecular
mechanisms of chromosome doubling in maize.

Keywords: maize; haploid; transcriptome; mitosis; kinesin

1. Introduction

Maize (Zea mays L.) is one of the world’s top three food crops and is an important
raw material for food, feed, energy, and industry [1–3]. At present, haploid technology,
molecular marker-assisted selection and transgenic technology are called the three major
biotechnologies in maize breeding [4]. The traditional breeding of maize inbred lines usually
takes 4–5 years, but the haploid technique is used to obtain completely homozygous inbred
lines (referred to as DH lines), which greatly reduces the breeding time. However, the most
central part of haploid technology is chromosome doubling. Colchicine is widely used for
chromosome doubling in various plants.

Chromosome mitosis is essential for cell division. The mitotic spindle, as the macro-
molecular machine responsible for chromosome segregation, comprises over 800 pro-
teins [5]. However, the mitotic spindle is built from highly dynamic microtubules. Most of
the less dynamic microtubule minus ends reside near the poles of the spindle, whereas the
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more dynamic plus ends extend towards the spindle equator and the cortex of the cell [6].
Spindle-driven chromosome movement is again indispensable for the role of kinesins [7].
Kinesin CeNPe was directly implicated in the movement of mono-oriented chromosomes to
the spindle equator [8]. The special structure of colchicine can cause the depolymerization
of α and β microtubules protein, hindering the formation of the spindle, interrupting
mitosis, and ultimately doubling the chromosomes [6,9]. Unfortunately, the molecular
mechanism of haploid chromosome doubling in maize remains unclear.

In recent years, research on haploid doubling genes has also been conducted. Sugihara
et al. obtained the mutant fdr1 by treating maize haploids with sodium azide, which
produced normal pollen from nearly half of the anthers, and the mutant was shown to
be fertile. It was found that fdr1 was expressed only in haploids and not in diploids [10].
Yang et al. found three QTLs related to male spike fertility by QTL localization of haploid
male spike fertility restoration genes, among which qHMF3b had a large effect value, a
primary QTL locus controlling the recovery of male flower fertility in haploids [11]. Using
CAU5 to induce haploidy in the F1 of the Yu87-1/Zheng58 population, the single plants
with chromosome doubling to restore fertility were selected for QTL localization, and
finally the qhmf4 of Bin6.07 was finely localized to 800 kb by the H1BC3 population of Yu87-
1/Zheng58, with the candidate gene AFD1 [12]. Thirty transcripts from wheat haploids and
their diploid plants were examined by cDNA single-strand conformation polymorphism
assay, and the gene TC251989 was found to be silenced in the haploid material [13].

However, the study of chromosome doubling in maize haploids based on transcrip-
tome sequencing has not been reported. In this study, we obtained an efficient chromosome
doubling method for maize haploids. Subsequently, we used transcriptome sequencing
technology to analyze the changes in gene expression during chromosome doubling under
colchicine treatment of B73 and ZNC442. B73 [14–16] (temperate origin) is a commonly
used inbred line in maize that has been genome-wide sequenced. ZNC442 [17] (tropical
origin) is the female parent of Chuandan 99, which is the cultivar with the largest planting
area in southwestern China, speculating candidate genes. This research is important to un-
derstand the complex regulatory mechanisms of chromosome doubling in maize haploids
under colchicine treatment, and is an important reference value for shortening the breeding
years of maize in the future.

2. Materials and Methods
2.1. Plant Materials and Doubling Methods

The haploids of B73 and ZNC442 lines were induced using the induced line EDI as
the donor parent. The seeds were selected for proposed haploids based on color markers:
purple endosperm and no purple embryo are proposed haploids; purple endosperm and
purple embryo are hybrids; no purple endosperm and no purple embryo are autopolyploids
or hybrids. Hence, the chromosomes of candidate haploid plants were observed in the root
tip, which had 10 chromosomes in view using microscope observation (Figure S1). The
haploid seeds of B73 and ZNC442 were soaked in 2% sodium hypochlorite solution for
20 min and transferred to clear water for 8 h. Subsequently, the seeds were placed on a
culture dish and incubated at 28 ◦C for 2.5 d of dark. 1. When the germ grew to 2 cm, a
small opening was made in the bud tip for colchicine solution treatment. 2. The maize
germs were incubated in 0.06% colchicine solution for 6.2 h and 10 h. 3. Processed germs
were washed in water for 2 h. In the CK group, colchicine was replaced with water. Three
biological replicates were set up for each treatment (20 shoots per replicate).

2.2. Construction of RNA-Seq Libraries and Transcriptome Sequencing

Total RNA was isolated from young shoots of B73 and ZNC442 haploid plants (includ-
ing treated plants) using TRIZOL reagent (Invitrogen, Gaithersburg, MD, USA) following
the manufacturer’s instructions. The tested samples were subjected to cDNA library con-
struction. Library construction utilized Oligo-dT magnetic bead method to enrich mRNA
with polyA structure in total RNA. mRNA was interrupted by ion interruption, followed by
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synthesizing the first strand using RNA as template with reverse transcriptase and 6-base
random primer, and then synthesizing the second strand using the first strand as template,
and finally, PCR amplification was used to enrich cDNA. An Agilent 2100 Bioanalyzer was
used for quality control of the 380-bp library, and then the total concentration of the library
and the effective concentration of the library were detected. Finally, the second-generation
sequencing technology was used to sequence these libraries based on Illumina sequencing
platform for double-end sequencing.

2.3. Read Processing and Identification of Differentially Expressed Genes

Raw data were filtered through data processing to produce Clean Data, and Q20,
Q30 and GC content were calculated to assess the quality of clean reads. Transcriptome
data were processed using Zea mays. B73_RefGen_v4 as the reference genome. HISAT2
2.1.0 software and eXpress 4.16.0 software were selected for reference genome sequence
comparison and reference transcriptome assembly, respectively. Trimmomatic-0.39 software
was used for quality control assessment analysis of the comparison results. Transcript
expression analysis was performed using Htseq 2.0.1 software for DEGs acquisition and
functional analysis. In this study, Deseq2 1.38.3 (R package) was used for differential
gene expression analysis, which were screened as significant differential genes for the
subsequent analysis in FDR p-value < 0.05 and |log2FC|≥ 1. Differently expressed genes
were functionally annotated and significantly enriched for GO and KEGG pathway.

2.4. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Validation

In order to verify the accuracy of the RNA-Seq results, 2 DEGs of B73 and ZNC442
haploid at different treatment times, with potentially important functions, were selected for
qRT-PCR analysis. The cDNA template used for qRT-PCR assay was consistent with that of
RNA-seq. The qRT-PCR was performed on an ABI7500 real-time system (Thermo Fisher
Scientific, Waltham, MA, USA) using the SYBR PreMix Ex Taq Kit (Takara, Dalian, China)
with the following program: 95 ◦C for 3 min, 95 ◦C for 10 s, 60 ◦C for 15 s, and fluorescence
collection: 42 cycles. The 2−∆∆C [18] method was used for expression calculation. GAPDH
was used as an internal reference gene, and three technical replicates were designed for
each sample. All primers are listed in Table S2.

2.5. Statistical Analysis

The collected data were organized and statistically analyzed using Microsoft Ex-
cel 2010 software. Rstudio analysis and image mapping of transcriptome data were
carried out.

3. Results
3.1. Pollen Dispersal Efficiency of Maize Haploids after Colchicine Treatment

Maize haploids were treated with colchicine for 0 h, 6.2 h, and 10 h in Sichuan and
Xishuangbanna, Yunnan, and the pollen dispersal rate was counted. The results showed the
pollen dispersal rate was the lowest at 0 h and the highest at 10 h, and the pollen dispersal
rate of ZNC442 was higher than that of B73. At 0 h, the average pollen dispersion rate was
15.92% for B73 and 23.00% for ZNC442. At 6.2 h, the average pollen dispersion rate was
23.82% for B73 and 31.15% for ZNC442. At 10 h, the average pollen dispersion rate was
35.22% for B73 and 43.97% for ZNC442 (Figure 1).

3.2. Quality Analysis of Maize Haploid Transcriptomes Sequencing

A total of 18 samples were measured using the Illumina sequencing platform. The raw
reads obtained from Trimmomatic were filtered, and clean reads were obtained. The results
revealed that clean sequence abundance was high in all samples, and the base quality
values (Q30) of all materials were above 93.71%, and the percentage of ambiguous bases
was low (Table 1).
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Figure 1. Pollen dispersal rate of maize haploids after 0 h, 6.2 h, and 10 h of 0.06% colchicine treat-
ment. (a) is a diagram of male flowers that can disperse pollen; (b) is a diagram of male flowers that 
cannot disperse pollen; (c) is pollen dispersal rate in Sichuan province; (d) is pollen dispersal rate in 
Yunnan province. * is p ≤ 0.05, ** is p ≤ 0.01, Student’s t test. 
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Z_Y_10_1 50,164,896 7,574,899,296 7,207,362,276 7,162,091,078 94.55 0.000724 
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Z_Y_10_3 53,007,968 8,004,203,168 7,615,212,068 7,570,813,834 94.58 0.00072 
Z_Y_ck_1 48,438,328 7,314,187,528 6,959,239,982 6,925,222,508 94.68 0.000724 
Z_Y_ck_2 44,036,844 6,649,563,444 6,326,827,520 6,251,640,160 94.01 0.000724 
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B_Y_6.2_1 56,845,106 8,583,611,006 8,167,464,972 8,087,517,555 94.22 0.00072 
B_Y_6.2_2 53,973,586 8,150,011,486 7,761,899,810 7,678,790,837 94.21 0.000719 
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B_Y_10_3 54,808,624 8,276,102,224 7,860,312,852 7,777,963,949 93.98 0.000726 
B_Y_ck_1 50,640,186 7,646,668,086 7,280,916,188 7,196,531,116 94.11 0.000724 
B_Y_ck_2 48,312,288 7,295,155,488 6,946,188,448 6,879,618,096 94.3 0.000717 
B_Y_ck_3 45,038,272 6,800,779,072 6,473,769,546 6,412,670,907 94.29 0.000731 

Figure 1. Pollen dispersal rate of maize haploids after 0 h, 6.2 h, and 10 h of 0.06% colchicine treatment.
(a) is a diagram of male flowers that can disperse pollen; (b) is a diagram of male flowers that cannot
disperse pollen; (c) is pollen dispersal rate in Sichuan province; (d) is pollen dispersal rate in Yunnan
province. * is p ≤ 0.05, ** is p ≤ 0.01, Student’s t test.

Table 1. Quality of maize haploid transcriptome sequencing under different treatment durations
of colchicine.

Sample Reads No. Bases (bp) CleanData (bp) Q30 (bp) Q30 (%) N (%)

Z_Y_6.2_1 50,317,580 7,597,954,580 7,232,153,758 7,159,455,508 94.22 0.000727
Z_Y_6.2_2 53,547,544 8,085,679,144 7,700,032,996 7,577,260,127 93.71 0.00071
Z_Y_6.2_3 52,561,604 7,936,802,204 7,554,463,560 7,452,697,706 93.9 0.000719
Z_Y_10_1 50,164,896 7,574,899,296 7,207,362,276 7,162,091,078 94.55 0.000724
Z_Y_10_2 47,767,530 7,212,897,030 6,858,606,032 6,781,139,650 94.01 0.000716
Z_Y_10_3 53,007,968 8,004,203,168 7,615,212,068 7,570,813,834 94.58 0.00072
Z_Y_ck_1 48,438,328 7,314,187,528 6,959,239,982 6,925,222,508 94.68 0.000724
Z_Y_ck_2 44,036,844 6,649,563,444 6,326,827,520 6,251,640,160 94.01 0.000724
Z_Y_ck_3 49,099,690 7,414,053,190 7,066,275,124 7,019,775,977 94.68 0.000726
B_Y_6.2_1 56,845,106 8,583,611,006 8,167,464,972 8,087,517,555 94.22 0.00072
B_Y_6.2_2 53,973,586 8,150,011,486 7,761,899,810 7,678,790,837 94.21 0.000719
B_Y_6.2_3 57,158,714 8,630,965,814 8,188,484,474 8,160,629,443 94.55 0.000726
B_Y_10_1 56,008,830 8,457,333,330 8,051,888,666 7,973,175,410 94.27 0.000723
B_Y_10_2 51,722,322 7,810,070,622 7,416,724,078 7,327,715,065 93.82 0.000721
B_Y_10_3 54,808,624 8,276,102,224 7,860,312,852 7,777,963,949 93.98 0.000726
B_Y_ck_1 50,640,186 7,646,668,086 7,280,916,188 7,196,531,116 94.11 0.000724
B_Y_ck_2 48,312,288 7,295,155,488 6,946,188,448 6,879,618,096 94.3 0.000717
B_Y_ck_3 45,038,272 6,800,779,072 6,473,769,546 6,412,670,907 94.29 0.000731
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In general, the reads have lower base quality at the 5’ and 3’ ends and a higher
base quality in the middle part. Our results showed that most of the sequences exceed
20 nucleo-bases, indicated better sequencing quality (Figure 2a). The sequence content
across all bases showed that the GC and AT content in each sequencing cycle is equal.
However, there are fluctuations in the nucleotide composition of the first few positions,
which is the 6 bp random primer used in reverse transcription synthesis of cDNA will cause
a certain preference in the nucleotide composition of the first few positions (Figure 2b).
These results indicated the reliability of our transcriptome sequencing results.
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distribution, and (b) is the base content distribution. Note: The horizontal coordinate is the base
position (5’->3’) in the reads, the vertical coordinate in a is the Q-value of the base at the corresponding
site, the red line represents the median, the blue line represents the mean, the yellow area represents
the 25–75% interval (according to the quartiles), and the tentacles indicate the 10–90% interval; the
vertical coordinate in b is the statistics of the proportion of a particular base at the site.

3.3. Identification of DEGs in B73 and ZNC442 Inoculated with Colchicine at Different
Time Points

To evaluate biological replicates in different samples, we used PCA main effect analysis
and a heat map of the distance between samples. The PCA showed that the same samples
were clustered together, and different samples were far away from each other (Figure 3a).
The heat map of distance showed that the correlation of the samples was better, and they
clustered together according to the inter-species relationships and treatment (Figure 3b).

A total of 7870 DEGs were screened for B0 vs Z0, which included 5178 up-regulated
genes and 2692 down-regulated genes. B0 vs B6.2 had 9715 DEGs, including 4826 up-
regulated genes and 4889 down-regulated genes. B0 vs B10 had 10,250 DEGs, including
5261 up-regulated genes and 4989 down-regulated genes. B6.2 vs B10 had 1977 genes,
including 1134 up-regulated genes and 843 down-regulated genes. Additionally, Z0 vs Z6.2
had a total of 12,149 DEGs, including 6480 up-regulated genes and 5669 down-regulated
genes. Z0 vs Z10 had 10,731 DEGs, of which 5840 genes were up-regulated and 4891 genes
were down-regulated. Z6.2 vs Z10 had 2269 DEGs, of which 1221 genes were up-regulated
and 1048 genes were down-regulated (Figure 3c). We found that B73 and ZNC442 had
many DEGs in treatment 0 h vs 6.2 h and 10 h, but had a few DEGs in treatments 6.2 h and
10 h. Theses results indicated that most of the DEGs completed functional expression. In
screening for potential candidate genes, the DEGs were overlapping at B6.2 vs B0, B10 vs
B0, Z6.2 vs Z0, and Z10 vs Z0. We found that 4868 common DEGs were overlapping in four
groups, and there were 5819 common DEGs in B73 and ZNC442 (Figure 3d).
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number of differentially expressed genes. (d) Venn analysis of differentially expressed genes.

3.4. GO Enrichment Analysis of the Common DEGs in Different Treatment with Colchicine

To study potential candidate genes, the 4868 common DEGs were used for GO en-
richment analysis (Figure 4a). A total of 188 significantly GO enrichment involved in
biological process (BP), included microtubule-based movement (GO: 0007018), microtubule
cytoskeleton organization involved in mitosis (GO: 1902850), mitotic spindle organiza-
tion (GO:0007052), mitotic nuclear division (GO:0140014), nuclear division (GO:0000280),
mitotic spindle assembly (GO:0090307) and others. In total, 55 significant cellular compo-
nents (CCs) were involved in GO enrichment, including microtubule associated complex
(GO:0005875), kinesin complex (GO:0005871), mitotic spindle (GO:0072686), microtubule
cytoskeleton (GO:0015630), and so on. In total, 39 molecular functions (MFs) were involved
in GO enrichment, including cytoskeletal motor activity (GO:0003774), microtubule motor
activity (GO:0003777), plus-end-directed microtubule motor activity (GO:0008574) and
others. Interestingly, there is a lot of GO enrichment involving the spindle, cytoskeleton,
microtubule and nuclear division pathways.
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Figure 4. Functional analysis of differentially expressed genes in response to colchicine stress.
(a) GO enrichment analysis graph. (b) GO enrichment analysis based on the number of mitotic DEGs.
(c) Graph showing GO enrichment analysis of the number of genes with different multiples of
variation.

The differential expression fold was adjusted to four-fold (|log2FC| ≥ 2, and FDR
p-value < 0.05). In biological process (BP), microtubule-based movement (GO:0007018)
has four DEGs, microtubule cytoskeleton organization involved in mitosis (GO:1902850)
has three DEGs, mitotic spindle organization (GO:0007052) has three DEGs, mitotic nu-
clear division (GO:0140014) has eleven DEGs, nuclear division (GO:0000280) has fifteen
DEGs, mitotic spindle assembly (GO:0090307) has two DEGs, and meiotic nuclear division
(GO:0140013) has five DEGs. In cellular component (CC), mitotic spindle (GO:0072686)
has two DEGs, and microtubule cytoskeleton (GO:0015630) has seven DEGs. In molecular
function (MF), cytoskeletal motor activity (GO:0003774) has three DEGs, microtubule mo-
tor activity (GO:0003777) has three DEGs, plus-end-directed microtubule motor activity
(GO:0008574) has one DEG, and microtubule motor activity (GO:0003777) has three DEGs
(Figure 4b).

3.5. KEGG Enrichment Analysis of the Common DEGs in Different Treatment with Colchicine

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis
revealed 31 significantly enriched pathways. These pathways were mainly involved in the
03010 Ribosome, 04016 MAPK signaling pathway, A09120 Genetic Information Process-
ing, 04812 Cytoskeleton proteins, and so on (Figure 4c). These 31 significantly enriched
metabolic pathways possibly affected the doubling of maize haploids by colchicine. The
04812 Cytoskeleton proteins pathway had 65 genes. However, when the differential expres-
sion was adjusted to four-fold (|log2FC| ≥ 2, and FDR p-value < 0.05), there were only
11 differentially expressed genes.
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3.6. Comparative Analysis of Potential Double-Related Genes with GO and KEGG

To obtain potential double-related genes, we used the KEGG and GO enrichment
analysis results, which involved the spindle, cytoskeleton, microtubules, and nuclear
division pathway. The results found two down-regulated genes, Zm00001d033112 and
Zm00001d010525, and one up-regulated gene, Zm00001d043386 (Table S1). The two down-
regulated genes were annotated as kinesin-associated protein 13 and kinesin-like protein
KIN-10C, respectively. The up-regulated gene was annotated as kinesin light-chain LC6,
flagellar outer arm. Since spindle filament or microtubule depolymerization is required to
keep the chromosomes from diverging toward the poles, which ultimately leads to cellular
chromosome doubling, these three genes were taken as candidate genes, and the metabolic
pathway diagram is shown below in Figure 5. Among them, Zm00001d033112 is involved in
the regulation of chromosome movement and mitotic spindle assembly in the homologous
gene AT3G20150 in Arabidopsis [19].
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3.7. qRT-PCR Confirms Gene Expression Profiles

To verify the accuracy of the transcriptome analysis results, the haploids of B73 and
ZNC442 were immersed in colchicine solution for different durations, and the three DEGs
of Zm00001d033112, Zm00001d010525 and Zm00001d043386 were selected to perform qRT-
PCR experiments (the primer design is shown in Table S2 and the reaction procedure is
shown in Table S3), and the results of the qRT-PCR experiments are shown in Figure 6. The
overall trend of the RNA-seq results and the qRT-PCR results tend to be consistent, so the
results of the RNA-seq experiments are correct and credible.

https://www.kegg.jp/kegg/
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Figure 6. qRT-PCR validation. (a) Relative expression of Zm00001d033112 in qRT-PCR. (b) Expression
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qRT-PCR. (f) Expression level of Zm00001d043386 in RNA-seq.

4. Discussion
4.1. Haploid Doubling Methods and Efficiency

The doubling methods of maize haploids are mainly divided into thenatural doubling
method and chemical doubling method. However, the doubling efficiency of the natural
doubling method is low [20,21]. Maize haploid doubling mostly adopts the chemical
doubling method for factory breeding. The chemical doubling method mainly adopts the
root dipping method, bud dipping method, injection method, and so on [22–24]. However,
the treatment of seedlings using 0.06% colchicine had a higher doubling efficiency [25,26].
The duration of the G1 + S phase of the mitotic cycle is 6.2 h in maize cells (G1 and S
phases are periods of cellular chromosome replication), and the total duration of the mitotic
cycle is 10.5 h in maize cells [26,27]. Our results showed that pollen dispersal rates were
significantly higher than CK in both 6.2 h and 10 h colchicine treatment, and the efficiency
was higher with an increasing treatment time (Figure 1). This result is consistent with
previous studies. Additionally, transcriptome analysis revealed that the genes of spindle,
cytoskeleton, microtubule, and nuclear division pathways were significantly different
(Figure 4a).
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4.2. DEGs Enrichment Analysis by RNA-Seq

The cytological principle of haploid doubling is to inhibit spindle formation using
colchicine and anti-microtubule herbicides. In contrast, spindle filaments are composed
of α-microtubulin and β-microtubulin as heterodimers of microtubulin [28]. The traction
of cells undergoing mitosis needed microtubule proteins, but the movement of micro-
tubules requires the action of kinesins [29–32]. In addition, kinesins are required for spindle
assembly, centromere segregation, and chromosome–spindle attachment during cell di-
vision [33,34]. In this study, we obtained 4868 common DEGs, overlapping at B6.2 v B0,
B10 vs B0, Z6.2 vs Z0, and Z10 vs Z0 (Figure 3d). These common DEGs had some genes
involved in maize haploid doubling. GO enrichment and the KEGG pathway found that
188 involved biological processes, 55 involved cellular components, 39 involved molecular
function, 11 involved KEGG pathways, and some of them involved the spindle, cytoskele-
ton, microtubules, and nuclear division pathway (Figure 4b).

4.3. Candidate Genes Identified by Chemical Treatment for Chromosome Doubling

The function of the spindle in mitosis is dependent on a variety of proteins, each of
which performs a different function [35]. The disruption of mitosis-associated proteins
may result in chromosome ploidy changes [36]. In this study, we found pathways re-
lated to the spindle, cytoskeleton, microtubules, and nuclear division in GO analysis, and
04812 cytoskeleton proteins in KEGG were also found to be present in the enrichment
pathway (Figure 4). Moreover, we raised the threshold of the multiplicity of differences,
i.e., |log2FC| ≥ 2, and FDR p-value < 0.05, and found that the GO terms of microtubule-
based movement, microtubule cytoskeleton organization involved in mitosis, microtubule
cytoskeleton, and so on, had 59 DEGs. Meanwhile, 11 genes were enriched in the 04812
Cytoskeleton proteins pathway of KEGG. We combined the GO and KEGG results to
identify three common DEGs, Zm00001d033112, Zm00001d010525, and Zm00001d043386,
respectively (Figure 5), and all three genes encode kinesin-related proteins. In the early
1990s, it was discovered that kinesin-associated proteins play a key role in chromosome
segregation in mitosis, and that these kinesin-associated proteins influence the movement
of the mitotic spindle [37]. In animals, the kinesin-10 family plays important functions
in chromosome alignment, spindle organization, and chromosome condensation [38,39].
Some members of the kinesin-10 family, such as kinesin family member 22 (KIF22), bind
directly to chromosomes and participate in chromosome segregation during mitosis [40].
Hklp2, also known as KIF15, belongs to the kinesin-12 family. KIF15 acts as a chromatin
agonist during mitosis [41]. Taken together, the kinesins play important roles in biological
mitosis and microtubule movement. To further validate the transcriptome results, we
performed RT-PCR and found that the results followed the same trend as the transcriptome
results (Figure 6). In addition, Zm00001d033112 is a homologous gene of AT3G20150, which
is involved in the regulation of chromosome movement and mitotic spindle assembly. So,
Zm00001d033112 may be an important potential candidate gene. This study deepens our
understanding and provides a reference for in-depth studies on the mechanism of chemical
doubling regulation in maize haploids.

5. Conclusions

In this study, we report an efficient chromosome doubling method for maize haploids,
which cutting the tips of maize sprouts and incubating the maize in 0.06% colchicine so-
lution for 6.2 h and 10 h. This method is effective in increasing the haploid dispersal rate.
Subsequently, we analyzed the transcriptome of B73 and ZNC442 materials with different
treatment times and found that three potential candidate genes involved in microtubule
dynamics are Zm00001d033112, Zm00001d010525, and Zm00001d043386. These three candi-
date genes were annotated as kinesin-related proteins, and in particular, Zm00001d033112
is a homologous gene of AT3G20150 involved in the regulation of chromosome movement
and mitotic spindle assembly. Our findings reveal an important message for new ideas in
maize haploid breeding and haploid chromosome doubling at the gene level.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy14030624/s1, Figure S1. Chromosome pressing to
identify Maize haploid material; Table S1. Genes and their basic information; Table S2. Genes and
their primers for qRT-PCR; Table S3. qRT- PCR reaction system.
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