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They were able to clone 2.3 kb and 3 kb �;�K�RI restriction fragment which they mentioned 

to be a portion of 12.5 kb and 12 kb fragments, respectively. The wild type lacked both 2.3 

kb and 3 kb �;�K�RI fragments. However, the wild type revertant of �D�H����homozygous recessive 

mutants had 2.3 kb fragment but lacked 3 kb XhoI fragment. Therefore, the study concluded 

that for a functional Ae1-5180 antimorph, presence of 3kb fragment is probably crucial. 

H3       E                S X       N N SN      S      X                     XS               H3 

12.5 kb fragment 

N E 
A

H3       E                S X       N N SN      S     N       XS                 E       H3 
N N

12 kb fragment 

B

XH  HB   P          NB NH M  SN         S      M H    BN           P  BH  H X 

3 kb fragment 

C

Figure 1.3 Restriction map of Ae1-5180 clones.   

A. Restriction map of the 12.5 kb Ae1-5180 HindIII (H3) fragment. This is a simple 

insertion of 1.4 kb Mu1 element (red hashed box) into Ae1.  B. Restriction map of the 12 

kb Ae1-5180 HindIII (H3) fragment. This Mu1 insertion is associated with an inverse 

duplication of Ae1 fragments, represented by the dashed arrow.  C. Restriction map of 

3kb XhoI (X) sub-fragment of the 12 kb fragment. Restriction sites: B = �%�D�QII; E = 

�(�F�R�5I; H = �+�L�QfI; H3 = �+�L�Q�GIII; M = �0�O�XI; N = �1�R�WI; P = �3�V�WI; S = �6�D�FII; X = �;�K�RI. 

Adapted from (Stinard, Robertson, & Schnable, 1993) 
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Chapter 2 

2 Analysis of two maize mutations that arose after exposure to 

radiation from a Plutonium-Beryllium source 

Abstract 

Maize reproduces sexually and undergoes a short gametophytic cycle. It produces pollen 

grains in an anther, the male inflorescence, and an embryo sac in an ovule, the female 

inflorescence, by the process of microsporogenesis and megasporogenesis, respectively.  

Mature pollen is trinucleate and consists of two haploid sperm cells and a vegetative cell. 

One sperm cell fuse with a haploid egg cell in the embryo sac and forms a diploid embryo, 

whereas the other fuses with two central cells to form a triploid endosperm. The vegetative 

cell after pollination forms pollen tube and function as transmitting tract for sperm cells. 

We exposed maize kernels heterozygous for r1 and c1 color factors to a fast neutron source, 

produced from a combination of Plutonium-Beryllium elements for three and six months, 

referred as mutant lines PB1 and PB2, respectively. Mutagenized plants were tested for 

reduced male gametophyte transmission, making reciprocal crosses with r1 and c1 testers.  

PB1 and PB2 lines showed reduced transmission of R1 marker through pollen, but normal 

transmission through female. The R1 transmission rate through pollen was 23.6% ±0.61% 

(n = 3) for PB1, and 1.48% ± 0.44% (mean ± se, n = 5) for PB2, instead of 50% transmission 

expected. The whole genome sequences of PB1, PB2 and unmutated P1 were assessed for 

potential mutations candidates unique in PB1 and PB2 and linked to the R1 marker. In PB1, 

32 genes are affected by the deletions within approximately 20 cM region proximal and 

distal of r1 whereas in PB2, 45 genes are affected within 1.5 cM region proximal and distal 
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to r1. Two genes in PB1 and ten genes in PB2 are eliminated by deletions. In PB2, genes 

that code for mechanosensitive ion channel protein, C2H2 type Zinc finger family protein 

and β-expansin have been previously reported to effect in pollen tube germination and 

elongation. Further verification using molecular approaches is needed to determine the 

effect of mutation candidates in pollen viability and pollination. 

Keywords: Pollen, r1, Mutation, deletion 
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2.1 Introduction 

Maize is a monoecious and diclinous plant. The male inflorescence is tassel and located at 

the top of the shoot, whereas the female inflorescence is ear, which is located on the shoot 

node. Maize produce haploid pollen in its anther by the process of microsporogenesis, and 

haploid embryo sac in ovule by the process of megasporogenesis (Kiesselbach, 1999). The 

precursor cells for the initiation of germline is archesporial cells, which originate from 

hypodermal cells.  The transition from hypodermal to archesporial cells failed in msca-1 

(male sterile converted anther 1), that eventually resulted into the anther without mature 

pollen (Chaubal et al., 2003). After archesporial cell is formed, it divides and form 

sporogenous cells and primary parietal layer. The primary parietal layer divides to form 

secondary parietal layer and endothecium. Similarly, the secondary parietal layer divides 

to form middle layer and tapetum (Zhou, Juranić, & Dresselhaus, 2017). After three 

consecutive division, a three-layered wall structure forms between sporogenous tissue and 

epidermis in anther. The sporogenous tissue develops into microspore mother cells. In mac-

1 (multiple archesporial cells1) mutants, the periclinal division during formation of wall 

layers is hindered. Instead, the archesporial cells divide uncontrollably and fail to 

differentiate to microspore mother cells (Sheridan et al., 1999). The microspore mother cell 

undergoes meiotic division and produces four pollen grains arranged in the form of tetrad. 

The pollen grains are released by the degeneration of microspore mother cell wall, 

enclosing the tetrad. Each immature pollen divides asymmetrically and forms large 

vegetative cell and small generative cell. Vegetative cell later forms pollen tube. The 

generative cell divides again and form two sperm cells. MAB1 (MATH-BTB domain 

protein) is essential for this asymmetrical division. Lack of MAB1 protein causes the 
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equational division of pollen and hinders pollen development in later stages (Juranić et al., 

2012). As the pollen starts to mature, two layers of cell walls are formed, inner intine and 

outer exine. The tapetal degradation adds additional lipids and proteins to the exine layer 

(Bedinger & Fowler, 2009). Failure to form the exine wall layer can lead to the inviable 

pollen as seen in ms-45 mutants (Cigan et al., 2001).  

Archesporial cells in ovule form megaspore mother cells, which undergoes meiosis and 

forms four megaspores in linear tetrad form. Unlike microspores, the three megaspores 

near to the micropylar region soon degenerate, and the functional megaspore divides thrice 

to produce eight nucleated embryo sac. Out of the eight nuclei, one from each end move to 

the center of the embryo sac to form the central cell. These “polar nuclei” remain unfused 

until fertilization. Three nuclei at chalazal end divide several additional times to form about 

20 to 40 antipodal cells. The embryo sac then enlarges to become mature and ready for 

fertilization (Kiesselbach, 1999; Zhou et al., 2017). 

As anther dehiscence, mature pollen is released and trapped by silk hairs. Soon, after the 

contact, pollen starts to hydrate, and the pollen tube starts to germinate. The pollen tube 

penetrates the stigma surface, elongates through the style, and grows through layers of 

maternal tissue before reaching embryo sac. Zea mays EGG APPARATUS 1 (ZmEA1) 

encodes for a stimulus protein, that guides the pollen tube in the micropylar region to the 

egg apparatus. Once in the egg apparatus, the pollen tube bursts and releases two sperm 

cells. One sperm nuclei fuse with egg cell to form diploid embryo, whereas other fuses 

with one central nuclei, which again fuses with the other nuclei to form triploid endosperm.  
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Therefore, for a successful pollination from male gametophyte perspective, a viable pollen 

is the first requisite. The viable pollen needs to be successfully delivered into the viable 

embryo sac for a successful fertilization. Therefore, failure to form viable pollen or failure 

to penetrate and grow inside maternal tissues, can cause sterility due to male gametophyte.  

In this study, we are using whole genome sequencing approach to identify the potential 

candidate genes in two mutant lines named as PB1 and PB2. PB1 and PB2 were exposed 

to a fast neutron sources generated by a combination of Plutonium and Beryllium. The field 

experiment data shows reduced male gametophyte transmission linked to r1 marker in 

these mutant lines, but at a different frequencies This study will provide insight on 

candidate genes that affect male gametophyte transmission in maize and linked to the r1-

marker. Thus, further verification of the gene function using molecular techniques can 

provide valuable insights on how a mutation in a gene can affect the pollen viability in 

maize. This knowledge can be used in inducing male sterile lines in maize.  

2.2 Methodology 

2.2.1 Plant materials 

Maize kernels heterozygous for r1 and c1 color factors were exposed to a fast neutron 

source, produced from a combination of Plutonium-Beryllium elements in South Dakota 

State University Department of Physics in 2015. Two groups of kernels were made and 

subjected to fast neutrons bombardment for three or six months. Kernels subjected to three 

and six months are referred as mutant lines PB1 and PB2 respectively hereafter.  Both lines 

were backcrossed to B73 for three and two generations, respectively. Mutagenized plants 

were grown in South Dakota and tested for reduced male gametophyte transmission.  In a 
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subsequent generation, the mutant lines PB1 and PB2 were crossed onto r1 C1 and R1 c1 

testers to determine whether the mutations were linked to r1 or c1. In both lines, the 

mutations were linked to r1 on the long arm of chromosome 10 (10L). Both lines were 

found to have reduced transmission of the R1 allele through the pollen; female transmission 

of this marker was normal. PB1, PB2 and the maize kernels from an unmutated R1 B73 ear 

(hereafter referred as P1) were grown up to two leaf stage in an incubator at 30° C before 

DNA extraction.  

2.2.2 DNA extraction and quality control 

DNA extraction for P1 was done using a protocol for high molecular weight DNA 

extraction using magnetic beads (Mayjonade et al., 2016). PB1 and PB2 DNA samples 

were previously extracted and sequenced (Burch, 2018). Fresh tissues immediately after 

harvest were frozen in liquid nitrogen and crushed into fine powder using mortar and pestle. 

To 100 mg of fresh tissue, 900 µl of freshly prepared lysis buffer and 5 µl of RNase A (100 

mg/ml) was added. The mixture was immediately homogenized by inverting the tube 20 

times and incubated at 65°C for an hour, inverting tubes 20 times, every 10 minutes of 

incubation period. After incubation, 300 µl of 5M potassium acetate was added, mixed and 

the mixture was then incubated on ice for 10 minutes. The mixture was centrifuged at 5000 

x g for 10 minutes at room temperature and the supernatant was transferred to a new 2 ml 

tube without disturbing the pellet. Next, one volume of binding buffer and 200 µl of Sera-

Mag beads at room temperature (5% solid, GE Healthcare, Pittsburg, PA, USA) were added 

to the supernatant and mixed immediately with gentle agitation for 10 minutes at room 

temperature. The beads were collected back by placing the tube on 3D printed magnetic 

tube rack with neodymium block magnets (B842, K &J Magnetics, Pipersville, PA, USA), 
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until the solution became clear. The sample was washed using 70% ethanol three times 

before air drying for a minute. 200 µl of preheated Buffer EB at 50°C was then added to 

the sample and the beads were resuspended and placed back into the magnetic rack 

overnight to ensure maximum DNA elution. DNA concentration and quality were 

determined using a Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA) and 

further confirmed by standard Gel Electrophoresis (2% agarose gel). 

2.2.3 Sequence and data analysis 

P1 was sent to Novogene corporation (Sacramento, CA, USA) and sequenced using 

NEBNextR DNA library Prep Kit in Illumina Novoseq 6000 platform that generates pair 

reads of 150 bp. PB1 was sequenced at Macrogen  (Rockville, MD,USA) with  Illumina 

TrueSeq PCR Free Library Kit on the Illumina HiSeq X for 150 bp paired-end reads. PB2 

was sequenced at Hudson Alpha Discovery using Chromium Genome Library Kit (10X 

Genomics, Pleasanton, CA, USA) in single lane Illumina HiSeq X generating 150 bp paired 

end reads.  

Quality check and trimming for P1 and PB1 samples were done using FASTQC (Andrews, 

2010). Reads were aligned to the reference genome B73_RefGen_V4 release-45 

(ftp://ftp.ensemblgenomes.org/pub/plants/release-45/fasta/zea_mays/dna)  using BWA-

MEM. (Li, 2013). Duplicate alignments were marked and removed using SAMBLASTER 

(Faust & Hall, 2014). The discordant pair end alignments and split pair end alignments 

were extracted using samtools (Li, 2011) or bamtools (Barnett, Garrison, Quinlan, 

Strömberg, & Marth, 2011). Structural variants were called using LUMPY (Layer, Chiang, 

Quinlan, & Hall, 2014) using pre-extracted splitter and discordant reads. 

ftp://ftp.ensemblgenomes.org/pub/plants/release-45/fasta/zea_mays/dna/Zea_mays.B73_RefGen_v4.dna.toplevel.fa.gz
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PB2 sample was analyzed using the Long Ranger v2.2 (10X Genomics, Pleasanton, CA, 

USA).  The whole genome mode paired with GATK 4.0.3 

(https://gatk.broadinstitute.org/hc/en-us) was used to clean and sort fasta files, aligned 

sequenced reads to the B73_RefGen_V4 release-45 and call structural variants. Small 

deletions and large structural variants were called into different output file in this 

workflow.  

All the structural variants from P1, PB1 and PB2 were subset to two different regions 

relative to the r1 (139779468bp-139791776bp) locus in chromosome 10 using VCFtools 

(Danecek et al., 2011). Previous data from our lab (unpublished) showed that the candidate 

mutations in PB1 line is about 24 cM away from r1, but for PB2, its only 1.5 cM 

approximately. However, for PB1, we also know that recombination of 24% is 

overestimation as we have evidence of incomplete penetrance. Taking the  linkage map 

from Maize GDB as a reference (https://www.maizegdb.org/data_center/map?id=940889), 

we defined a region in the distal and proximal side of r1, where chance of finding potential 

candidate mutations was high.  For PB1, approximately 20cM from r1 on proximal and 

distal side was considered as midpoint, and DNA sequences within 10cM left and right 

from the midpoint were assessed to find potential candidates in proximal and distal sides 

of r1. But, whenever there is a lack of information about gene within 10cM from midpoint, 

the nearest available gene coordinates were used. Similar approach was used for PB2, but 

the midpoint was determined at 1.5cM and length considered was 1cM left and right from 

midpoint. For PB1, DNA sequences of 31.5 Mbp (107000000 bp-138500000 bp) and 6.5 

Mbp (143500000 bp-150000000 bp) on proximal and distal side of r1 respectively, were 

checked for mutation candidates. For PB2, DNA sequences of 1.2 Mbp (138500000 bp-

https://gatk.broadinstitute.org/hc/en-us
https://www.maizegdb.org/data_center/map?id=940889
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1397000000 bp) and 3.7Mbp (139800000 bp-143500000 bp) on proximal and distal side 

of r1 respectively, were checked. The mutations in P1, PB1 and PB2 was set to include 

deletions only. Common mutations in P1, PB1 and PB2 within these regions were 

eliminated because it is unlikely that the same mutation causes different phenotypes. The 

functional consequences of the deletions was predicted using ENSEMBL Variant Effect 

Predictor (McLaren et al., 2016). The mRNA and protein expression of predicted candidate 

genes were observed using publicly available mRNA and proteomic data for maize 

vegetative and reproductive tissues. 

2.3 Results 

2.3.1 Reduced male gametophytic transmission of PB1 and PB2 

In PB1, the R1 transmission rate through pollen was 23.6% ±0.61% (n = 3) and C1 was 

50.7% ±1.49% (n = 3) In PB2 the pollen transmission for R1 marker was 1.48% ± 0.44% 

(mean ± se, n = 5), and C1 marker was 51.8% ±1.11% (n = 5) in PB2. (Burch, 2018). These 

phenotypic data show that the transmission of C1 is close to the expected ratio of 50%, 

whereas the transmission of R1 is far low than the expected ratio. These data provided 

evidence that the reduced male gametophyte transmission in mutants is linked to R1 allele. 

2.3.2 Genome sequencing and identifying mutations 

The sequencing depth of P1, PB1 and PB2 were 28X, 27.9X and 54.1X, respectively.  Of 

the total reads, 99.78% in P1, 99.39% in PB1 and 98% in PB2 aligned to B73 reference 

genome V4. The total number of mutations called throughout the genome was 9541, 6193 

and 7479 respectively for P1, PB1 and PB2 (Table 2.1). We checked different regions in 
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chromosome 10, around r1 to find out the potential mutation candidates as mentioned in 

detail in Methodology. A total of 32 and 45 unique genes are affected by deletions in PB1 

and PB2, respectively. The size of deletions ranges from few base pairs to 45,164 bp in 

PB1 and 280,000 bp in PB2. The common consequences of deletions as predicted by 

ENSEMBL Variant Predictor are upstream gene variants, downstream gene variants, intron 

variations, feature truncation, intergenic region variants, 5’and 3’ untranslated region 

(UTR) variants, coding sequence variants and transcript ablations (Figure 2.1). 

2.3.3 Identifying candidate genes in PB1 and PB2 

 In PB1, out of 32 genes affected, deletion of 21,231bp occurred in the region 135865341 

bp to 135886572 bp contains two genes: Zm00001d026008 and Zm00001d026009, which 

are completely lost. Zm00001d026008 codes for an uncharacterized protein. 

Zm00001d026009 encodes for transcription factor bHLH (basic helix loop helix).  Loss of 

function of the two genes mentioned may have caused mutant phenotypes in PB1. 

In PB2, the largest deletion of 280,000 bp from 139330000bp to 139610000bp eliminates 

nine different genes: Zm00001d026133, Zm00001d026134, Zm00001d026135, 

Zm00001d026137, Zm00001d026139, Zm00001d026140, Zm00001d026141, 

Zm00001d026142 and Zm00001d026143. All the large deletions are proximal to r1 and 

within 1.5Mbp distance from r1 (139779468bp-139791776bp). Zm00001d026094 encodes 

a heat shock factor protein, Zm00001d026095 encodes sugar isomerase (SIS) family 

protein and Zm00001d026108 encodes GRAS domain containing protein. Similarly, 

Zm00001d026133 and Zm00001d026134 encodes GDSL esterase/lipase, 

Zm00001d026135 encodes mechanosensitive ion channel protein, Zm00001d026137 
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encodes OSJNBa0084K11.10-like protein, Zm00001d026139 encodes calcium-dependent 

protein kinase and Zm00001d026140 encodes subtilisin-like protease SBT1.8. 

Zm00001d026141, Zm00001d026142 and Zm00001d026143 codes for the uncharacterized 

protein.  

Apart from these deletions, there are other deletions that can affect the gene function either 

by mutating the promoter or enhancer regions or by affecting transcript splicing. A list of 

deletion sites for PB1 and PB2, along with genes affected and their predicted consequences 

are shown in Table 2.2 and Table 2.3. 

2.3.4 Expression profile of potential mutation candidates 

Publicly available expression data from Chettoor et al. (2014), Walley et al. (2016) and 

Warman et al. (2020) were used for to check the expression of mutation candidates across 

different maize tissues for PB1 and PB2 lines.  Out of 32 total, nine candidates do not have 

any information on either mRNA or protein expression in PB1. Similarly, out of 45 totals, 

no information on expression of 16 protein coding candidates is available for PB2.  The 

expression of the candidate genes that probably caused mutant phenotypes in PB1 and PB2 

are shown in Figure 2.2, Figure 2.3, Figure 2.4, Figure 2.5 and Figure 2.6 using two 

publicly available datasets. In addition, expression of the candidate genes that are 

completely lost due to deletions in PB2 is shown in Figure 2.7. Genes that have higher 

mRNA expression in mature pollen than other maize tissues observed are 

Zm00001d026132, Zm00001d026133, Zm00001d026140 and Zm00001d026166. 
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2.4 Discussion 

Zm00001d026140 (protein: subtilisin-like protease) is among the top 20% genes that are 

highly expressed in mature pollen. Its expression is about 799 times higher in mature pollen 

than in seedlings, higher in vegetative tissues than in sperm cells (Warman et al., 2020). 

Subtilisin is a serine protease, which has a unique arrangement of Asp, His and Ser triad in 

its active site (Schaller, 2004). This type of protease had been previously isolated from 

microspore of lily (LIM9). LIM9 was present in microsporocyte from late Zygotene stage 

of meiosis, reached the peak in tetrad stage and also present in young pollen grains (Taylor 

et al.,1997) . An ortholog of LIM9 had been identified in tomato (TMP) with similar 

expression pattern (Riggs et al.,2001). The peak expression in tetrad stage and localization 

in tapetum hints that this protease may be involved in degradation of tapetal cells, an 

important process required for additional supply to thicken the exine layer of pollen. The 

thick exine layer is crucial for pollen dehydration and maturation.  This protein may have 

role in interaction between pollen tube and stigma during pollen tube penetration and 

growth. 

Mechanosensitive ion channel protein (encoded by Zm00001d026135) is a transmembrane 

protein that mediates the transport of ions in response to the mechanical stress such as 

osmotic pressure (Basu & Haswell, 2017). The presence of mechanosensitive channel 

protein in pollen is essential, most likely to maintain the balance of osmotic pressure inside 

pollen when the pollen hydrates, and the pollen tube starts to germinate after landing on 

stigma surface. A lack of a functional mechanosensitive channel at this stage can lead to 

inviable pollen, due to osmotic imbalance inside the cell and can cause the cell bursting, if 

the pressure inside the cell increases constantly. MSL8 (mechanosensitive channel of small 
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conductance-like 8) is a pollen specific mechanosensitive channel protein that is required 

to maintain pollen viability and prevent pollen from bursting due to osmotic pressure 

during pollen hydration, and also controls pollen tube germination in Arabidopsis. The 

pollen viability in msl8-4 mutants after two hours of hydration in distilled water was only 

46% compared to 83-95% in wildtype. In addition, 26% of the germinated pollen tube burst 

compared to 3% in wild type (Hamilton et al., 2015). 

Zm00001d026166 encodes a C2H2 type Zinc finger family protein. C2H2 type zinc finger 

motif consists of an α-helix and an antiparallel β sheet, and two cysteine and two histidine 

residues hold a Zinc ion in center. Most C2H2 type Zinc finger family proteins are 

transcriptional regulators, binding DNA (https://www.uniprot.org/).  A mutation in this 

protein is likely to cause inefficient transcription of DNA affecting gene expression. In 

Arabidopsis, several transcription factors related to C2H2 type zinc finger family protein 

have been studied for their function during pollen development. A T-insertion in DNA 

sequences of these transcription factors resulted in an abnormal phenotype in pollen. Two 

major pollen defects were observed; misarranged male germ unit in pollen ranging from 

20 to 45%, and two-celled pollen, that contains regular vegetative nucleus and only one 

sperm cell like nucleus ranging from 5-15%  in different transcription factor mutations 

within the C2H2 type zinc finger family protein (Renak, et al., 2012). This protein was 

exclusively detected in pollen. It could have been expressed earlier during mitotic cell 

division phase of immature pollen and retained in the mature pollen as well. Its role in 

pollen tube growth can be speculated. 

Zm00001d026169 is the beta-expansin 2 gene. Proteomic profiling of maize pollen  coat 

showed  presence of β-expansin (Wu et al., 2015).  The expression data we used so that 

https://www.uniprot.org/
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this protein is widely expressed in maize tissues. Pollen specific β-expansin proteins have 

been previously reported and a mutation in a gene coding for this protein affected the 

efficiency of pollen tube to geminate and penetrate, specifically when there is competition 

from wild type pollen. Mutation in all similar proteins had severe impacts on fertility of 

mutant plants when propagated as male (Valdivia, et al., 2009) . Since genes encoding 

pollen specific β-expansin have been mapped to four other chromosomes in maize, 

mutation in only one gene is less likely to have phenotypic consequences in pollen tube 

germination.  

Genes do not need to be exclusively expressed in male gametophyte to be a candidate gene 

potentially causing reduced male gametophyte transmission. Any genes that are expressed 

in male gametophyte and other tissues can be a potential candidate. Since, pollen is haploid, 

any mutation that would otherwise be complemented in sporophyte is expressed.  In 

addition, we are not sure that the exposure to the fast neutrons is the sole cause of mutation 

since mutation can be spontaneous or due to multiple environmental factors. 
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Figure 2.1. Functional consequences of unique deletions in PB1 and PB2 mutant lines.  

The functional consequences were predicted using ENSEMBL variant predictor. The 

numbers over the graph is total number of respective consequences seen on the candidate 

genes at transcript level. 
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Figure 2.2. Heat map showing mRNA expression of mutation candidates for PB1. 

The expression data were obtained from Supplementary table 2, Chettoor et al., 2014. 

Candidate genes that do not have information on expression were excluded from the plot. 
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Figure 2.3. Heat map showing mRNA expression of mutation candidates in PB1. 

Few genes are expressed both in pollen and sporophytic tissues. mRNA expression is 

obtained from Walley et al., 2016. 
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Figure 2.4. Heat map showing protein expression of mutation candidates in PB1. 

None of the candidate genes show expression in pollen. Expression data is obtained from 

Walley et al., 2016. 
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Figure 2.5. Heat map showing mRNA expression of mutation candidates for PB2. 

The expression data were obtained from Supplementary table 2, Chettoor et al.,2014. 

Candidate genes that do not have information on expression were excluded from the 

plot. 
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Figure 2.6. Heat map showing mRNA expression of mutation candidates in PB2.  

RNA expression data is obtained from Walley et al., 2016. Genes without any information 

on expression are excluded. 
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Figure 2.7. Heatmap showing mRNA expression for genes that are lost due to deletions in 

PB2.  

Loss of the genes that have expression in pollen can have a detrimental effect on pollen 

viability. Expression data is obtained from Walley et al., 2016. 
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List of Tables-PuBe Mutation project 

Table 2.1. Sequencing statistics for P1, PB1 and PB2 lines 

Statistics P1 PB1 PB2 

Depth 28X 27.9X 54.1X 

Total reads 515,515,928 392,162,928 882,624,074 

Mapped 

(B73 RefGenV4) 99.78% 99.39% 98% 

Total Mutations  9541 6193 7479 
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 Table 2.2 Deletion sites, length, functional consequences,  impact, genes affected, and  gene distance from deletion site for PB1 

Location 

Length 

(bp) Consequences Impact Gene Distance 

10:114254647-114254759 112 intron_variant,feature_truncation modifier Zm00001d025326 - 

10:122060468-122068401 7933 intergenic_variant modifier - - 

10:135748027-135748548 521 intron_variant,feature_truncation modifier Zm00001d026000 - 

10:135847348-135847495 147 downstream_gene_variant modifier Zm00001d026005 1755 

10:135865341-135886572 21231 transcript_ablation high 

Zm00001d026008, 

Zm00001d026009                - 

10:135911049-135929887 18838 downstream_gene_variant modifier Zm00001d026010 2598 

10:136025672-136025853 181 intergenic_variant modifier - - 

10:136027924-136038171 10247 upstream_gene_variant modifier Zm00001d026014 648 

10:136077034-136077077 43 

downstream_gene_variant 

upstream_gene_variant modifier 

Zm00001d026016 

Zm00001d026017 

3771 

1311 

10:136127260-136172424 45164 upstream_gene_variant modifier Zm00001d026018 2448 

10:136224671-136224952 281 

intron_variant,feature_truncation            

downstream_gene_variant modifier 

Zm00001d026019                    

Zm00001d026020 3299 

10:136230960-136233792 2832 

5_prime_UTR_variant,  

feature_truncation modifier Zm00001d026020 - 

10:136242899-136244677 1778 downstream_gene_variant modifier Zm00001d026021 1495 

10:136252016-136252023 7 downstream_gene_variant modifier Zm00001d026022 1266 
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10:136253829-136253865 36 

intron_variant,feature_truncation, 

downstream_gene_variant, 

 3_prime_UTR_variant modifier Zm00001d026022 271 

10:136297969-136298004 35 

intron_variant,feature_truncation, 

3_prime_UTR_variant modifier Zm00001d026025 - 

10:136317472-136317862 390 intergenic_variant modifier - - 

10:136318479-136318549 70 intergenic_variant modifier - - 

10:136369074-136369164 90 

downstream_gene_variant  

upstream_gene_variant modifier 

Zm00001d026029 

Zm00001d023184 

Zm00001d026028 

468   

1064 

3766 

10:136486117-136486151 34 upstream_gene_variant modifier Zm00001d023185 1268 

10:137005219-137005346 127 upstream_gene_variant modifier Zm00001d026050 374 

10:137107863-137108817 954 upstream_gene_variant modifier Zm00001d026051 147 

10:137206179-137207968 1789 intergenic_variant modifier - - 

10:137391022-137391025 3 

intron_variant,  

3_prime_UTR_variant,  

feature_truncation modifier Zm00001d026064 - 

10:137488757-137488895 138 upstream_gene_variant modifier Zm00001d026067 937 

10:137690676-137690705 29 

upstream_gene_variant  

downstream_gene_variant modifier 

Zm00001d026071 

Zm00001d026072 

3412 

2286 

10:137695294-137695389 95 upstream_gene_variant modifier Zm00001d026072 1912 

10:137726836-137727420 584 downstream_gene_variant modifier Zm00001d026073 575 

10:137854534-137909343 54809 upstream_gene_variant modifier Zm00001d026077 4725 

10:137884021-137909248 25227 upstream_gene_variant modifier Zm00001d026077 4820 
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10:138050831-138050993 162 upstream_gene_variant modifier Zm00001d026083 3137 

10:138380013-138393131 13118 downstream_gene_variant modifier Zm00001d026097 289 

10:138397589-138398713 1124 

coding_sequence_variant,  

5_prime_UTR_variant, 

intron_variant,feature_truncation modifier Zm00001d026097 - 

10:149355324-149358638 3314 

downstream_gene_variant, 

 upstream_gene_variant, 

intron_variant,feature_truncation modifier Zm00001d026647 1289 
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Table 2.3. Deletion sites, length, functional consequences, impact, genes affected, and gene distance from deletion site for PB2 

Location Length (bp)  Functional Consequences Impact Gene Distance  

10:138537881-138537932 51 

upstream_gene_variant  

downstream_gene_variant modifier 

ENSRNA049996917 

 zma-MIR171k  

Zm00001d026104 941 

10:138570000-138640000 70000 

upstream_gene_variant  

coding_sequence_variant, 

5_prime_UTR_variant,  

intron_variant,feature_truncation  

transcript_ablation 

modifier 

high 

Zm00001d026105  

Zm00001d026106 

 Zm00001d026108 

3429 

10:138642778-138643590 812 upstream_gene_variant modifier Zm00001d026108 4292 

10:138645444-138676623 31179 downstream_gene_variant modifier Zm00001d026109 1438 

10:138708207-138708383 176 

downstream_gene_variant,  

3_prime_UTR_variant, 

feature_truncation modifier Zm00001d026111 72 

10:138726941-138789000 62059 

upstream_gene_variant  

downstream_gene_variant modifier 

Zm00001d026113  

Zm00001d026115 

1548 

3406 

10:138772185-138788854 16669 downstream_gene_variant modifier Zm00001d026115 3552 

10:138881079-138881147 68 upstream_gene_variant modifier Zm00001d026120 3030 

10:138894559-138894678 119 upstream_gene_variant modifier Zm00001d026121 336 

10:138972090-138972361 271 downstream_gene_variant modifier Zm00001d026122 3938 

10:139095451-139095799 348 intergenic_variant modifier - - 

10:139297092-139297269 177 

intron_variant,feature_truncation  

downstream_gene_variant  

modifier 

Zm00001d026132  

Zm00001d026129  

Zm00001d026130 

 Zm00001d026131 

2698 

820 
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10:139325717-139325760 43 downstream_gene_variant modifier Zm00001d026131 2443 

10:139330000-139610000 280000 

downstream_gene_variant 

 

 

 

 

 

 

 

  

transcript_ablation 

modifier 

 

 

 

 

 

 

 

 

high 

Zm00001d026132 

Zm00001d026133 

Zm00001d026134 

Zm00001d026135 

Zm00001d026137 

Zm00001d026139 

Zm00001d026140 

Zm00001d026141 

Zm00001d026142 

Zm00001d026143 

2312 

10:139353060-139364498 11438 

feature_truncation, 

3_prime_UTR_variant  

downstream_gene_variant 

upstream_gene_variant modifier 

Zm00001d026133 

Zm00001d026134 

918 

3088 

10:139588304-139605834 17530 upstream_gene_variant modifier Zm00001d026143 241 

10:139640959-139641195 236 intergenic_variant modifier - - 

10:139825729-139891396 65667 intergenic_variant modifier - - 

10:139915887-139915939 52 

downstream_gene_variant 

upstream_gene_variant modifier 

Zm00001d026152 

Zm00001d026153 

1618 

1495 

10:139926577-139926740 163 

downstream_gene_variant 

intron_variant,feature_truncation modifier 

Zm00001d026153 

Zm00001d026154 
2230 

10:139928637-139928772 135 

downstream_gene_variant  

upstream_gene_variant modifier 

Zm00001d026153 

Zm00001d026154 

4290   

696 

10:139930905-139980201 49296 upstream_gene_variant modifier 

Zm00001d026154 

Zm00001d026156   

2964   

658 
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10:140031673-140116745 85072 

transcript_ablation 

coding_sequence_variant, 

5_prime_UTR_variant, 

intron_variant,feature_truncation 

 downstream_gene_variant 

high    

modifier 

modifier 

Zm00001d026159 

Zm00001d026160 

Zm00001d026161 

Zm00001d026162         2567 

10:140168834-140168906 72 

downstream_gene_variant  

upstream_gene_variant modifier 

Zm00001d026164 

Zm00001d026165 

3478 

753 

10:140178142-140179431 1289 downstream_gene_variant modifier Zm00001d026165 3250 

10:140190194-140190256 62 intergenic_variant modifier - - 

10:140191923-140192240 317 intergenic_variant modifier - - 

10:140226597-140246236 19639 downstream_gene_variant modifier Zm00001d026166 3244 

10:140247146-140247314 168 downstream_gene_variant modifier Zm00001d026166 2166 

10:140263156-140263284 128 downstream_gene_variant modifier Zm00001d026169 257 

10:140285378-140285433 55 

upstream_gene_variant  

downstream_gene_variant modifier 

Zm00001d026170 

Zm00001d026171 

2141 

2184 

10:140287474-140287520 46 

upstream_gene_variant  

downstream_gene_variant modifier 

Zm00001d026170 

Zm00001d026171 

4237    

97 
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Chapter 3 

3 Developing molecular markers for Antimorph Ae1-5180, An 

alternative to Ae1 to increase amylose content in maize endosperm 

Abstract 

Starch structure mostly consists of highly branched (amylopectin) and largely unbranched 

(amylose). Branch formation is catalyzed by starch branching enzymes. The primary starch 

branching enzyme in maize endosperm is starch branching enzyme IIB (SBEIIb), which is 

encoded by ae1 (amylose extender 1). In most Midwestern dents, the endosperm starch is 

about 75% amylopectin and 25% amylose. The amylose content increases up to 50% 

when ae1 is homozygous recessive.  An antimorph, (Ae1-5180) was identified (Stinard et 

al., 1993) that acts in a dominant fashion to eliminate SBEIIb. The essential portion of this 

mutant allele is a Mutator1 (Mu1) element flanked by an inverted duplication of the 3’ 

portion of the Ae1 gene. Based on the restriction map by Stinard et al., we developed an 

approximate predicted sequence for Ae1-5180 using the known sequences of the wildtype 

ae1 gene and Mu1 transposon.  Using this, we designed PCR primers targeted to amplify 

regions within a 3kb XhoI restriction fragment that appears crucial for the dominant action 

of Ae1-5180.  The primers amplify two DNA bands from samples expected to have Ae1-

5180, but none from B73. The sequence of the lower molecular weight band matches with 

181 bp of Mu1 and 364 bp of Ae1 (545 bp). The higher molecular weight band also 

possesses 181 bp of Mu1 but includes 438 bp of Ae1 (619 bp). The additional 74 bp 

includes a restriction site for NotI, which was predicted from the original restriction map. 



65 

 

Sequencing results indicate that these primers reliably detect the presence or absence of the 

Ae1-5180 allele. Also, the insertion site of Mu1 in Ae1-5180 is now exactly defined. 

Keywords: starch branching enzyme IIb (SBEIIb), ae1, Mu1, Ae1-5180 
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3.1 Introduction 

Maize is a monocotyledonous plant, belongs to the Grass family and consists of a total of 

10 chromosomes in its genome. Geographically, maize is believed to be originated from 

tropic regions of Central or South America (Kiesselbach, 1999). A teosinte species Zea 

mays ssp. parviglumis (hereafter called Parviglumis) shares the closest ancestor to maize 

as shown by genetic and archeological evidences (Sherry A. Flint-Garcia, 2017). Maize 

was domesticated around 9000 years ago in the Central Balsas River Valley in 

southwestern Mexico (Matsuoka et al., 2002). During domestication, an increase in the 

number of seeds and seed size were the major traits subjected to selection. Due to this 

reason, modern maize ears have large, soft, and larger number of kernels as compared to 

Parvglumis, which had very small and few kernels enclosed in hardened fruit case. In 

addition, maize kernels were also selected for kernel composition. Evidence shows that 

high starch and low protein were preferred. An increase of 34% is seen in starch content of 

modern maize in comparison to Teosinte (Sherry A Flint-Garcia, Bodnar, Scott, & 

Genetics, 2009). The genes involved in starch biosynthesis were also subject to selection. 

bt2, su1 and ae1 genes have low diversity compared to Parviglumis, indicating that these 

genes were selected during evolution (Whitt, Wilson, Tenaillon, Gaut, & Buckler, 2002). 

su1 and ae1 genes affect the structure of amylopectin. ae1 gene codes for starch branching 

enzyme IIb (SBEIIb), which is a dominant enzyme in amylopectin synthesis in maize.  

Modern maize lines can be broadly divided into three categories: Dent corn, Sweet corn, 

and Popcorn. Most of the Dent corns have the amylopectin and amylose content of 

approximately 70-75% and 25-30% respectively in endosperm starch. Amylose is a 

resistant starch which is not digested in small intestine by the enzymes and carried out to 
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colon. In colon, it is fermented by microflora to release short chain fatty acids at the final 

product. The short chain fatty acids promote the function of colon viscera. Thus, it helps 

to prevent risk of type II diabetes and colon cancer (Singh, Kaur, & Shevkani, 2014). The 

amount of amylose can be increased to 50% when ae1 gene is in recessive form. H99ae is 

a Mid-western Dent with amylose content up to 50%. However, another variety, GEMS-

0067, with recessive ae1 background publicly exists that has amylose content up to 70% 

in its endosperm starch. Another gene sbe1 which codes for starch branching enzyme I 

(SBEI) was found responsible for high amylose content in GEMS-0067 in recessive ae1 

background and it has additive effect (A. Gyawali & Auger, 2018).  DNA sequences 

comparison of GEMS-0067 with seventeen Mid-Western Dents and two teosinte species 

showed that sbe1 sequence from GEMS-0067 is identical to Parviglumis at amino acid 

level. It also showed six nucleotide polymorphisms with other Mid-Western Dents 

(Abiskar Gyawali, 2016). So, we hypothesize that it is the polymorphism in the sbe1, that 

is acting in a different manner during starch biosynthesis and thus increasing the proportion 

of amylose in endosperm starch. The effect of sbe1 is difficult to access when functional 

Ae1 is present. We use an antimorph Ae1-5180, which acts in dominant fashion to eliminate 

the SBEIIB enzyme, encoded by functional Ae1.  We report the PCR method of cloning of 

Ae1-5180 allele. However, we were not able to predict the effect of sbe1 due to inconsistent 

phenotype in kernels with Ae1-5180. 
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3.2 Methodology 

3.2.1 Sample generation 

Kernels heterozygous for wildtype Ae1 and Ae1-5180 (hereafter denoted as +/Ae1-5180) 

was obtained from Maize Genetics Cooperation Stock Center, University of Illinois, 

Urbana/Champaign. Kernels from +/Ae1-5180 were grown and were crossed with pollen 

from Z. mays parviglumis (hereafter called Parviglumis) on South Dakota State University 

Research Plot in 2015.  In 2018, seeds from hybrid of Parviglumis and +/Ae1-5180 were 

planted and crossed by pollen source expected to have Ae1-5180 in winter nursery, Huawei.  

For the pollen source, glassy looking and shrunken kernels were selected from an ear which 

was heterozygous for Ae1-5180 and selfed.  The resulting ears from the cross ((Parviglumis 

X +/Ae1-5180) X +/Ae1-5180) were used for accessing the presence of Ae1-5180. Glassy 

and shrunken kernels were selected from four different ears and grown on a Petri dish in 

dark conditions in an incubator at 300 C. 

The DNA extraction was done at two leaf stage using the Genomic DNA Mini Kit (Plant) 

from IBI Scientific (IBI Scientific 7445, Chavenelle Road Dubuque, Iowa 52002). 

Extracted DNA samples from respective kernels were tested for the presence of Ae1-5180 

marker.  

3.2.2 Confirming the presence of Ae1-5180 allele 

The predicted sequence of Ae1-5180 was developed based on the restriction map of Ae1-

5180 clones published on 1990’s (Stinard, Robertson, & Schnable, 1993) using the ae1 

gene and Mu1 transposon sequence.  The ae1 gene sequence (GeneID: 542238) and the 



69 

 

Mu1 sequence (Genebank Accession X00913.1) were obtained from National center for 

Biotechnology Information (NCBI) database. Using the restriction map as reference, the 

restriction sites were assessed in the ae1 and Mu1 sequence. Once the restriction sites 

shown on restriction map were found on physical sequence, the DNA sequences were used 

to construct predicted sequence of Ae1-5180.  The entire length of 12 kb fragment and 12.5 

kb fragment were not considered for developing PCR based markers. The predicted 

sequences of 3 kb and 2.3 kb XhoI fragment were used for designing primers.  

Two primers were designed: Ae1mu4F and 5180R4 to amplify sequences from 3 kb XhoI 

fragment and 3’ side of 2.3 kb XhoI fragment. Another forward primer Ae1F was designed 

to pair with Ae1mu4F to amplify the sequences on the 5’ side of 2.3 kb XhoI fragments. 

Because, the 5’ side 3 kb fragment has inverse duplicated sequences of same ae1 sequence 

in 3’ side, the same primer can be forward primer on one side and reverse on another. A 

total of 95 samples were tested for Ae1-5180 marker.  

For PCR analysis, the total reaction mixture of 25 µl reaction was made, which includes 1 

µl of the DNA sample, 1.25 µl each of primers diluted to 10 µm concentration, 0.75 µl of 

100% DMSO, 12.5 µl of High Fidelity Phusion PCR master mix (New England Biolabs, 

240 County Road, Ipswich, MA) and 8.25 µl of ddH2O.  PCR reaction conditions were 

980C, 30 seconds for initial denaturation, 980 C 10 seconds for denaturation, 630 C, 15 

seconds for annealing, 720C, 30 sec for elongation and 7 minutes for final elongation. PCR 

reactions were run for 35 cycles and final hold was at 40C.  Confirmation of the PCR bands 

were done by sanger sequencing from both sides of DNA. 
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3.3 Results 

3.3.1 Precise DNA sequence of Ae1-5180 clones 

In the sample that contain Ae1-5180, the primer pair Ae1mu4F and 5180 R4 produced two 

different size bands. Sanger sequencing results showed the band were 545 bp and 619 bp. 

In addition, when Ae1F was also added, additional band of 258 bp was also produced. 

NCBI blast results confirmed that these sequences match to Ae1 and Mu1 sequences. In 

absence of Ae1-5180 clones, primer pair Ae1F +5180 R4 produce 603 bp band amplified 

from functional Ae1 sequences.  

 

 

 

 

 

 

Figure 3.1: PCR bands from Ae1-5180 DNA and functional Ae1 DNA. 

 a. Lane 1 has two bands, 545 bp and 619 bp amplified using primer pair Ae1mu4F 

+5180R4. Lane 2 contains has an additional band of 258bp, when additional primer Ae1F 

was added with primer pairAe1mu4F+5180 R4 in PCR reaction. b. Lane 1 shows the 603 

bp band amplified using Ae1F and 5180 R4 from functional Ae1 gene.  
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Out of 95 samples tested for Ae1-5180 marker, 2 were homozygous for Ae1-5180 marker; 

62 were heterozygous for Ae1 and Ae1-5180, 17 were homozygous for functional Ae1 and 

14 samples showed band for Ae1-5180 marker but were not tested for functional Ae1 

primer. All the samples for Ae1-5180 marker were tested only using Ae1mu4F and 5180 

R4 primer pair, that forms two bands at 545 bp and 619 bp.  

3.4 Discussion 

The 3’ side flanking the Mu1 of the 3kb fragment, which is the part of 12 kb XhoI fragment, 

and 2.3 kb fragment, are identical (Figure 3). So, PCR amplification from 3’ side in both 

fragments should from identical bands.  Therefore the 619 bp band should be from both 

fragments. The 545 bp band should be from the 5’ side of 3 kb fragment only because it 

has an inverse duplication of the 3’ side, thus can be amplified by using same primer pair 

used in 3’ side. The band on the 3’ side is expected to be bigger and has an additional Notl 

restriction site. Sanger sequences of the 545 bp and 619 bp bands aligned with the predicted 

sequences of 3 kb fragment. The presence of the Notl restriction site was also confirmed in 

extra 74 bp sequence found in 619 bp band, in line with the restriction map published in 

1993. Careful visual observation of traces in 619 bp shows that trace contamination is seen, 

starting from extra 74 bp region of 619 bp and the alternative sequence match to 545 band 

at this region. This means the two bands processed for sequencing had some contamination 

from each other which is reflected during sequencing. The additional 258 bp band 

amplified is from 5’side of the 2.3 kb XhoI fragment by primer pair Ae1F and Ae1mu4F, 

which was also confirmed by sanger sequencing.  
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The cloning of Ae1-5180 was successful but its efficiency in its function was questionable, 

when amylose to amylopectin ratio of the samples positive for this marker, were measured. 

We think Ae1-5180 may not be eliminating the effect of SBEIIB as expected. To confirm 

this, kernels were taken from an ear heterozygote for Ae1-5180 and selfed. The resulting 

kernels are expected to segregate 1:2:1 for homozygotes Ae1-5180, heterozygotes and 

homozygotes normal, respectively. Looking just at the phenotypes, the ratio looks 

plausible, since there were about three quarters of shrunken and glassy kernels. We tested 

three very normal looking kernels and three shrunken and glassy looking kernels for 

amylose to amylopectin ratio. The amylose to amylopectin ratio of these kernels were 

determined by using Iodine colorimetry (Knutson & Grove, 1994). The samples in 900 µl 

of 6.7 X 10-3 M Iodine-DMSO solution was incubated in a water bath at 700C until the 

solution become clear. After 24 hours of total incubation time, the mean amylose to 

amylopectin ratio of normal looking kernels was 1.089633 with a standard deviation of 

±0.000874, whereas the shrunken and glassy looking kernels had mean ratio of 0.9435 with 

a standard deviation of ±0.033147. 

Apart from this ratio, the dark purple color seen, when the aliquot sample after the 

incubation was further diluted with Iodine-DMSO and ddH20. In presence of Iodine, 

amylose turns light blue and amylopectin turns purple when diluted in ddH20 (needs 

citation). In fact, the mean amylose to amylopectin content of all the samples tested positive 

for Ae1-5180 is less than mean of normal kernels. This implies that Ae1 gene is still 

functional in these kernels and therefore the amylopectin content is higher than amylose. 

Also, these results also indicate that the glassy and shrunken kernel structure in samples 

tested positive for Ae1-5180 is not necessarily due to the high amount of amylose, rather 
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something else is going on. We have no clear idea why the sample is glassy and shrunken 

other than because of high amylose. We also saw a trend that healthier and normal shaped 

kernel has higher ratio for amylose and amylopectin ratio irrespective of being negative for 

Ae1-5180 whereas the shrunken and glassy samples have low amylose to amylopectin ratio 

irrespective of having Ae1-5180.  
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List of Figures -Ae1-5180 project 

 

 

 

 

 

Figure 3.2: Map of 2.3kb XhoI fragment showing simple insertion, with partial 

sequences including Mu1 insertion site to Ae1 sequences on both sides (green circles). 

Below the restriction map are the sequences showing Mu1 insertion site to Ae1 

sequences on both sides (green circles), and the sequences underlined, are restriction 

sites. Sequences in black color are Ae1 sequences and red are Mu1 sequences with their 

respective length, within two underlined restriction indicated in brackets. The 

sequences on 5’ side is amplified with primer pair Ae1F+Ae1mu4F and on the 3’ side 

is amplified with primer pair Ae1mu4F +5180R4. Ae1mu4F is the reverse primer in 

the first case and forward in second case. 
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Figure 3.3 : Map of 3kb XhoI fragment showing inverse duplication, with partial sequences 

including Mu1 insertion site to Ae1 sequences on both sides (green circles). 

 Below the restriction map are the sequences showing Mu1 insertion site to Ae1 sequences 

on both sides (green circles), and the sequences underlined, are restriction sites. Sequences 

in black color are Ae1 sequences and red are Mu1 sequences with their respective length, 

within two underlined restriction indicated in brackets. The sequences on both sides is 

amplified with primer pair Ae1mu4F +5180R4. PCR reactions produce two bands, the 

small band 545bp in 5’ side is inversely duplicated in 3’ side. The 3’ side has additional 

74 bp, including a Notl restriction site within. 
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List of Tables-Ae1-5180 project 

Table 3.1 Primers used in PCR amplification of Ae1-5180 fragments 

Primer 

name  Primer Sequence 

Ae1F GCCATATCGTTAAACTTGCTGTAG 

Ae1Mu 4F CTGTTTACGCAGCCCCAAGT 

5180 R4 GGGCTGCCTATATAGCACGG 

 



79 

 

Chapter 4 

4 Conclusions and Future Directions 

4.1 PuBe induced Mutation Project 

The potential candidate genes listed here are based on their expression in mature pollen. 

However, to affect the viability of pollen, it is not necessary that the mutation needs to be 

in mature pollen. It is highly possible that mutation affecting any stage of 

microsporogenesis can produce nonfunctional pollen. Alternatively, the pollen can be 

normal but the failure to effectively elongate the pollen tube inside the style can also affect 

the fertilization. Genes affected by a mutation in any of these stages mentioned above may 

have been probably missed due to the lack of expression data for these stages. The potential 

genes still need to be verified using reverse genetics techniques before concluding that 

mutation in these genes is casual for reduced male gametophyte transmission in maize. 

Validation of potential candidate genes using expression data from various stages of 

microsporogenesis, comparison of gene expression between wild type plant and mutant in 

various pollen development stages and identifying function of the highly potential 

candidate genes using molecular techniques will be needed to done in future to further 

elucidate the casual genes. 

4.2 Ae1-5180 Project  

A different way to knock down a functional Ae1 gene needs to be explored.  Use of 

transposable elements or CRISPR-Cas9 method can be potential option. 


