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Meiotic recombination is a major source of genetic variation in plants. Understanding 

factors that affect the recombination rates in plants is important for general genetic 

studies on meiosis as well as for plant breeding efforts. To examine how maize 

evolution and domestication affected meiotic recombination genes, I examined 

evolution patterns in eleven genes controlling key recombination pathway steps in a 

diverse set of maize inbred lines and several teosinte accessions.  Even though meiotic 

recombination genes generally exhibit high sequence conservation expected in a 

pathway controlling a key cellular process, I identified several different selection 

modes in the eleven genes.  Adaptive evolution signatures were found in about half of 

the examined genes in maize.  Interestingly, in Balsas teosinte, the closest wild 

relative of maize, different and fewer genes showed adaptive evolution patterns than in 

maize.  Changes in relatively few amino acid residues were responsible for the 

adaptive evolution signatures in maize and teosintes.  Through protein structure 

predictions, I found that several of the amino acid residues identified as targets of 

selection are likely to induce functional changes in their proteins.  I hypothesize that 

the evolutionary changes in the recombination pathway may have contributed to the 

successful domestication of maize and its expansion to new cultivation areas.  In 

another study to understand the factors that affect recombination rates in plants, I 



 

analyzed natural variation in crossover rates in maize during meiosis. I analyzed the 

numbers of chiasmata in thirteen randomly chosen parent inbreds lines from the NAM 

(nested association mapping) population. I hypothesized that genetic differences in the 

inbreds may affect the number of crossovers, which directly translates to natural 

variation in recombination frequency in these inbreds. After analyzing chiasmata 

numbers in maize, I found that the inbreds were significantly different from each other 

with respect to the average chiasma numbers per cell. These findings indicate that 

there are genetic regulatory elements in these inbreds, which lead to the observed 

differences in chiasma counts. It is possible to identify these regulatory elements and 

understand their mode of action, which in future, would enable the manipulation of 

recombination frequencies. 
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CHAPTER 1 

INTRODUCTION 

 

Meiosis is the single most important process to sexually reproducing 

organisms for both genetic diversity and the continuation of species. Meiotic cell 

division is hallmarked by three key processes: homologous chromosome pairing, 

chromosome synapsis, and homologous recombination.  Most investigations into 

meiosis focus on the mechanisms of recombination since it is a powerful tool for 

generating genetic diversity.   

 

1.1 Meiosis Overview 

Meiosis is preceded by DNA replication, which leads to generating sister chromatids, 

just like mitosis. Unlike mitosis, meiosis distributes a single copy of every 

chromosome to four different nuclei at the end of the division.  It is achieved through a 

single round of DNA replication followed by two nuclear divisions.  The diploid 

chromosome complement is precisely halved via this process (1). 

Meiosis consists of two consecutive nuclear divisions, meiosis-I and meiosis-

II. Meiosis I is a reductional division, leading to halving of the chromosome number, 

while meiosis II is similar to a typical mitosis.  Both meiosis-I and II are delineated by 

four substages prophase, metaphase, anaphase, and telophase. Prophase I is further 

broken down into five substages:  leptotene, zygotene, pachytene, diplotene, and 

diakinesis.  
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Events taking place in leptotene include condensation of chromosomes and installation 

of axial element proteins along the length of each chromosome. Recombination is also 

initiated at this stage with the formation of double-strand breaks (DSBs) in 

chromosomal DNA (2).  

The transition from leptotene to zygotene brings formation of the telomere 

bouquet, which is thought to facilitate homologous chromosome pairing (3). The 

telomere bouquet is a structure formed during early meiosis by congregation of 

telomeres on the nuclear envelope, which resembles a bouquet of flowers. The 

behavior of telomeres as they gather together fits the model of their random 

attachment to the nuclear envelope, followed by their movement along the inner 

surface of the nuclear envelope until they all converge (4, 5 2001).  The bouquet is 

thought to contribute to chromosome pairing based on the observation that bouquet 

formation immediately precedes homologous chromosome pairing (6). The function of 

the bouquet, as assessed by analysis of bouquet-specific mutants, pam1 in maize, 

ndj1/tam1 in budding yeast, and several mutants in fission yeast, including taz1, and 

rap1, is required for efficient pairing as well as timely initiation of synapsis (7-12).   

However, since some mutants deficient in homologous pairing are able to form 

bouquets with few defects, and not all species have bouquets, it is clear that the 

bouquet may facilitate pairing of chromosomes but is not sufficient or universally 

necessary for the process.  

During zygotene, a proteinaceous synaptonemal complex (SC) is laid between 

the homologous chromosomes and holds them together until late prophase. SCs are 

comprised of two lateral elements and a central region, which contains the central 
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element. The lateral (13)elements correspond to the chromosome axes. Transverse 

filaments lie across the central region to create a striated, zipper-like appearance. SCs 

are thought to assemble by a two step process: nucleation, by installing central region 

proteins at sites where homolog axes are very closely paired, followed by 

polymerization between and along the homolog axes. SCs are important for the normal 

formation of crossovers (COs) (14).  

In budding yeast, it has been found that some SC proteins exhibit a peculiar 

pattern of distribution. The Zip1 protein, which forms the central region of SC, 

localizes along pachytene chromosomes with uneven abundance with regions of 

strong Zip1 staining interrupted by regions of weak Zip1 staining (15, 16). Axial 

element components Hop1 and Red1 also exhibit regions of intense staining 

interspersed by regions of less intense staining that are identical for the two proteins 

(17). These alternate intensity patterns occur all along the length of the SC but are 

more abundant in certain regions compared to others (17). Co-visualization of Zip1 

and Hop1, at equivalent intensity levels, reveals that the two proteins exhibit distinct 

and often complementary staining patterns. (17). It has been speculated that the 

differential loading patterns of Zip1 and Hop1 might be involved in designating CO 

sites (17).  

Also during zygotene, early recombination nodules (EN) become visible. ENs 

are electron dense cytological structures 100 nm in diameter that contain 

recombination proteins. ENs are associated with axial elements and to a greater degree 

with the synaptonemal complex (18).  
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Pachytene displays completely homologously paired chromosomes.  A subset 

of early nodules graduate to cytological structures called late nodules (LNs), which 

define crossover events (19, 20). LNs are approximately equal in number to 

crossovers. The progression of ENs to LNs is concluded by the appearance of 

chiasmata at diplotene.  Chiasmata are the sites of actual physical connection between 

homologous chromosomes and can be easily visualized under the light microscope 

during the diplotene and diakinesis stages of meiosis. Chiasmata generally occur at a 

rate of 1 per chromosome arm. 

At diplotene, chromosomes condense further and the central element of the 

synaptonemal complex is released except for the chiasmata.   

 

1.2 Recombination 

Meiotic recombination occurs during the prophase stage of meiosis I. It leads to 

formation of COs and non-crossovers (NCOs), creating genetic diversity (Fig. 1). 

Meiotic recombination also plays an important structural role in meiosis.  Chiasmata, 

formed as a result of crossing-over ensure proper segregation of chromosomes into 

daughter cells. Genetic diversity generated as a result of meiotic recombination is a 

driving force of evolution. 

Meiotic recombination starts with the formation of double-strand breaks 

(DSBs) in chromosomal DNA during the leptotene stage of prophase I (Fig. 1). Repair 

of DSBs coincides with SC formation and is required for normal pairing and synapsis 

in fungi, mammals, and plants (21, 22 2001), whereas in Caenorhabditis elegans and 
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Drosophila melanogaster, homologue pairing and SC formation are not dependent on 

meiotic recombination (23, 24). 

The enzyme SPO11, which is a DNA topoisomerase-like protein, and is highly 

conserved across species, is responsible for the creation of DSBs. A failure to create 

DSBs results in absence of recombination.  The SPO11 protein itself is not vital to the 

process beyond its mechanism, as spo11-/spo11- mutants can be phenotypically 

restored by induction of DSBs by UV in mice (25). One SPO11 molecule is required 

per strand of DNA, thus two SPO11 molecules are involved in each DSB event. 

Topoisomerases change DNA by transiently breaking one or both strands, passing the 

unbroken DNA strand or strands through the break, and repairing the break. The 

broken ends of DNA are covalently linked to the enzyme. SPO11 is similarly attached 

to the DNA when it forms double-strand breaks during meiosis.  The active site of 

SPO11 contains a tyrosine, which is responsible for the association of the protein with 

DNA to promote break formation (26). 

SPO11 is required for initiating recombination as well as initiating the process 

of homologous chromosome pairing through DSB formation.  spo11 mutants do not 

undergo recombination or homologous pairing, however similar to the restoration of 

the recombination phenotype, DSBs genereated by irradiation can restore homologous 

pairing as well (25). 

DSBs are repaired during zygotene.  The repair process involves several 

recombination proteins. First, the MRN complex, which includes three proteins, 

MRE11, RAD50, and NBS1 resects the DSBs leading to formation of 3’ overhangs 

(27-30) The MRN complex is highly conserved and plays a key role in sensing, 
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processing and repair of DSBs. MRE11 has a DNA binding domain and intrinsic endo 

and exonuclease activity. In vivo, MRE11 exists as a complex with RAD50 where 

both of these proteins form dimers and each molecule of MRE11 and RAD50 bind to 

each other. The NBS1 protein binds to this core complex via interactions with Mre11 

to form a hexamer complex with two molecules each of MRE11, RAD50 and NBS1. 

MRE11 is responsible for bringing the two RAD50 molecules close together and it 

also promotes their ATPase activity (31). The MRN complex holds the MRE11 

proteins in the center while the two Rad50 molecules are present on the periphery. The 

conformational changes in this complex are brought about by interactions between the 

MRE11 helix-loop-helix and the RAD50 coiled coil domains. These interactions 

create a clamp, which has very high DNA binding activity (32). While NBS1 

stimulates the DNA binding and nuclease activities of the MRN complex, it does not 

itself possess a known enzymatic activity. Rather, NBS1 contributes to DSB repair 

primarily by mediating protein–protein interactions at DNA breakage sites (33). The 

ssDNA ends generated by the MRN complex are coated by two recA-like proteins, 

RAD51 and DMC1, catalyzing the invasion of homologous double-strand DNA 

(dsDNA) region resulting in single end invasion (SEI) events (Fig. 1). RecA proteins 

form right-handed helical filaments known as nucleoprotein filaments (34). The 

RAD51 protein forms a nucleofilament with ATP-dependent strand-exchange activity, 

which, has been shown to have roles in meiosis, somatic homologous recombination, 

and DSB repair. DMC1 also forms a nucleofilament, in cooperation with RAD51, but 

its function is confined to meiosis (35).  
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Figure 1.1: Diagram showing the main steps of the meiotic recombination pathway.  

Each chromosome is a different color.  For simplicity, only one chromatid is shown 

for each chromosome.  The diagram is based on data available in plants, as well as 

data from other systems that are likely applicable to plants.  Question marks denote 

proteins whose identities or roles have not been yet unequivocally established.  

 

 

At the end of recombination, DSBs are repaired either as COs or NCOs. In wild type 

maize, more than 500 DSBs are formed, leading to formation of nearly 20 COs, with 

the majority of DSBs being repaired as NCOs. Formation of COs involves resolution 

of double-Holliday junctions. Formation of NCOs is thought to occur through an 

independent pathway, which involves a synthesis-dependent strand annealing 

mechanism (36). 
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CO formation is regulated by a phenomenon known as CO interference, which 

prevents formation of multiple crossovers in the same chromosome region (37, 38).  In 

plants, as well as yeast and mammals, there are two main classes of COs: type I COs 

that are subject to interference, and type II COs that are not (39-45). Type I CO events 

occur in a non-random pattern. About 85% of COs are Type I in Arabidopsis thaliana. 

The MSH4 and RCK/MER3 recombination proteins are involved in this pathway (42, 

46). Type II COs occur with a random distribution. These COs are controlled by a 

pathway involving proteins MUS81 and MMS4/EME1 (47, 48). 

 

1.3 Origin of Meiosis and meiotic Recombination 

There are two different hypotheses on the origin of meiosis and recombination in 

eukaryotes. One of them states that meiosis originated from sexual transformation in 

bacteria (49).  This hypothesis is supported by several pieces of evidence. First, 

RAD51 and DMC1 belong to a group of RecA-like proteins, which play crucial roles 

in recombination as well as during bacterial transformation. Bacterial transformation is 

the process by which bacterial cells take up foreign DNA. Second, the ancestors of 

eukaroytes were able to perform sexual transformation. Third, the core genes involved 

in meiotic recombination were present very early on during eukaryotic evolution. 

The other hypothesis is that meiosis originated from mitosis (50).  Meiosis and 

mitosis differ from each other by the presence of several key events that are exclusive 

to meiosis: chromosome pairing, recombination between homologous chromosomes, 

reductional division during first division of meiosis, and the absence of chromosome 

replication during second division of meiosis. It has been proposed that although the 



 9 

simultaneous appearance of these novel steps in meiosis seems impossible, their step-

by-step appearance as a result of natural selection of separate mutations also seems 

highly problematic. Therefore, a combination of mitosis and transformation leading to 

evolution of meiosis seems like a more probable scenario 

It has been speculated that some gene products that evolved initially for use in 

mitotic cell division were later co-opted to be used in meiosis as well.  Thus, the idea 

that meiosis arose from transformation and the idea that meiosis arose from mitosis are 

not necessarily mutually exclusive. However, the assumption that meiosis originated 

from mitosis or only after mitosis was fully established, would mean that there would 

have been an extended period when there was no meiosis, and therefore no sex, in 

eukaryotes. This would be the period when mitosis was still evolving. This assumption 

appears to be contradicted by evidence that the basic machinery for meiosis was 

present very early in eukaryote evolution (13). 

Another discovery that suggests that meiotic recombination and thus meiosis 

itself emerged very early in eukaryotic evolution was the discovery of Dmc1 in several 

species of Giardia, one of the earliest forms of protists (basal eukaryotes) (51). Thus, 

it seems that the origin of meiosis is either based on bacterial transformation or a 

combination of mitosis and transformation. 

 

1.4 Meiotic recombination versus somatic recombination 

Meiotic recombination leads to segregation of homologous chromosomes by creating 

a physical connection between the chromosomes (22, 52, 53). The essential similarity 

between meiotic and somatic recombination processes is that they are both forms of 
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DSB repair. RAD51, a RecA protein is involved in the repair of DSBs in both meiosis 

and in somatic cells. 

There are several differences between meiotic and somatic recombination. 

First, meiotic recombination occurs most of the time between homologous 

chromosomes while somatic recombination occurs mostly between sister chromatids. 

Second, meiotic recombination is specialized to generate COs and NCOs, leading to 

formation of recombinants, while mitotic recombination does not lead to formation of 

recombinants. Third, the programmed DSB formation process during meiosis at 

recombination hotspots induces 100–1000 fold more recombination relative to that in 

somatic cells (54). Fourth, crossover’s distribution on chromosomes is non-random. 

Each bivalent receives at least one obligate crossover, which is essential for proper 

segregation of homologous chromosomes during first meiotic division. 

 

1.5 Recombination Hotspots 

Recombination does not occur uniformly on chromosomes. It has been well 

documented that recombination occurs predominantly in regions known as 

‘recombination hotspots’ (55). Genome-wide patterns of DSB and CO distribution 

have been well studied in yeast and CO distribution patterns have been studied 

extensively in mammals (56-59). Recombination hotspots in mammals are typically 1-

2 kb in size and are mostly located upstream of genic regions (60, 61).  These hotspots 

are surrounded by much larger regions, which are devoid of recombination (60, 61). In 

humans, close to 80% of all recombination is believed to occur in as little as 10-20% 
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of the total genome space sequence (62). Recombination hotspots have also been 

observed in various plant species such as wheat, Arabidopsis, rice, and maize (63).  

 

1.5.1 Factors affecting recombination event distribution 

Data from a number of species have identified several factors that affect 

recombination rates, although so far no universal principles have emerged. Analyses 

of the a1-sh2 region on maize chromosome 3 showed that most COs were resolved in 

or near genes. The 140-kb a1-sh2 interval of the maize genome contains at least four 

genes (a1, yz1, x1, and sh2). Physical positions of 101 meiotic recombination 

breakpoints were mapped in this interval and were found to be non-uniformly 

distributed across the interval (64). These breakpoints were concentrated within three 

recombination hotspots. Two of these recombination hotspots are in genic regions (a1 

and yz1) and one is in a non-genic region. Results from this study suggested that not 

all hotspots are genes and indicate that not all genes are hotspots  (64).   

No correlation between CO hotspot location and genes has been observed in a 

survey of CO frequency on Arabidopsis chromosome 4 (65).  71 single nucleotide 

polymorphisms (SNPs) covering the entire chromosome 4 of Arabidopsis thaliana 

were examined using a population of 702 F2 plants. Recombination rates varied along 

the chromosome from 0 cM/Mb near the centromere to 20 cM/Mb on the short arm 

next to the NOR region, with chromosome average of 4.6 cM/Mb.  CO rates were 

negatively correlated with the GC content. This is in contrast to what has been 

reported in other eukaryotes (56, 59, 66-68). COs also significantly correlate with the 
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density of single repeats and the CG ratio, but not with genes, pseudogenes, 

transposable elements, or dispersed repeats. 

In mammals, DNA sequence polymorphisms at several recombination hotspots 

have been shown to affect the overall recombination rates (61) (60) (62, 69). Analyses 

of mammalian recombination hotspots led to identification of DNA sequence motifs 

that may cause specific regions to become hotspots. A 13 bp degenerative sequence 

(CCNCCNTNNCCNC) has been found in at least 41% of recombination hotspots in 

humans. However, this sequence does not directly control the activity of hotspots, 

although it is crucial for binding of a protein PRDM9, which acts as a trans-acting 

factor that controls hotspot activation in mice and humans (58, 59). PRDM9 contains a 

protein-protein binding domain, a PR/SET domain that can trimethylate histone 3 

lysine 4 (H3K4), and has an array of 8-16 zinc fingers (70). These studies showed that 

specific patterns of histone tri-methylation that are known marks of open (active) 

chromatin are very strongly associated with the locations of meiotic DSB hotspots (58, 

59).   

The overall pattern of recombination in an organism reflects the aggregate 

behavior of its individual hotspots. In addition to this, recombination is affected by 

trans-regulating factors, which operate at the chromosomal level, including sex, and 

the genetic background. It has been reported in several species that sexes differ from 

each other with respect to their overall recombination rates. Genetic maps are much 

longer in females than males in humans and mice, while genetic maps are smaller for 

females in Arabidopsis (71-74). 
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There is also strong evidence of an effect of the genetic background on the 

rates of genome-wide recombination rates. A study on four strains of mouse reported 

that the average number of crossovers (studied by analyzing chromosomal foci of the 

MLH1 recombination protein during meiosis) per male meiosis vary from 21.5 to 

24.9. (75). Natural variation of crossover number has also been studied in Arabidopsis 

(76). In this study, chiasma numbers were analyzed for eight Arabidopsis accessions. 

There was no significant variation in mean chiasma frequency between plants within 

accessions, but there was significant variation between accessions with mean CO 

frequency per cell ranging from 7.9 to 9.24 (76). The analysis also revealed that the 

pattern of chiasma distribution between arms and among chromosomes is different 

among the accessions (76).  

 

1.5.2 Inheritance and evolution of recombination of hotspots  

There has been lot of speculation on the stability of hotspots through generations. 

Recombination hotspots are thought to be evolutionary unstable since alleles with high 

recombination frequency are constantly being replaced by alleles with low 

recombination frequency through recombination events (a phenomenon known as a 

‘hotspot paradox’). Comparisons of hotspot locations between humans and 

chimpanzees, has confirmed this hypothesis (77 2005).  In this study, fine-scale 

comparison of hotspot conservation was made in populations of humans and 

chimpanzees by studying two regions spanning a total of 14 Mb. Despite 99% DNA 

sequence level similarity, only 3 out of 39 inferred hotspots matched between the two 
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species (77, 78). There was no correlation between fine-scale recombination rates 

between the two species (77, 78). 

On the other hand, an analysis of two yeast species, Saccharomyces paradoxus 

and Saccharomyces cerevisiae, showed considerable overlap of CO hotspot locations 

between the two species, despite the fact that they are at least 10 times more divergent 

from each other than humans are from chimpanzees. This unexpected result was 

speculated to be caused by the low frequency of sex and outcrossing in these species. 

The low level of sexual reproduction frequency might have acted to reduce the 

population genetic effect of biased gene conversion (57). 

The identification of PRDM9 as a trans regulator of hotspot activity in mice 

and humans has shed new light on the phenomenon of ‘hotspot paradox’. Studies have 

shown that the PRDM9 sequence is highly polymorphic in mice and mammals and 

several other species. The variation in PRDM9 is concentrated in the three zinc finger 

domains that specify its DNA sequence binding activity. It has also been noticed that 

the 13 bp degenerative DNA sequence motif in human hotspots is present in several 

other regions in the genome that are not recombination hotspots. Together, these 

findings indicate that hotspots are constantly evolving. 

 

1.6 Natural and artificial selection and the recombination pathway 

The main steps and events in the meiotic recombination pathway, as well as proteins 

that facilitate them, are highly conserved across species. The overall conservation of 

the recombination pathway suggests that its components are subject to predominantly 

purifying selection. Purifying selection works to stabilize alleles in a population by 
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removing deleterious mutations. This expectation was partially confirmed by a study 

of a set of meiotic genes in two species of Drosophila: Drosophila melanogaster and 

D. simulans (79). In this study, 33 genes involved in meiosis and meiosis-related 

processes, such as, chromosome segregation, achiasmate segregation, crossover 

regulation, double-strand-break formation, heterochromatin binding, recombination 

and/or repair, sister-chromatid cohesion, spindle assembly, and telomere maintenance, 

were examined for patterns of selection. Most genes were found to be subject to 

purifying selection. However, in addition to evidence of purifying selection, this study 

also revealed patterns of polymorphisms indicative of positive selection in six out of 

thirty three genes examined (79).   

The best examples of selection acting on whole recombination pathway in 

plants could be found in the plant species, which have been domesticated. There have 

been several speculations on how domestication would affect recombination rates but 

there are two main hypotheses, which predict recombination rates in populations 

undergoing domestication. The first hypothesis predicts an increase in recombination 

rates through domestication (80, 81). Theoretical predictions (82)and empirical studies 

(83) also indicate that populations experiencing directional or strong selection 

pressures are likely to evolve increased recombination rates. The second hypothesis 

argues that increased recombination rates serve as a pre-adaptation to domestication 

(84) by increasing the response to strong selection pressure. These two hypotheses 

were tested in a study by Ross-Ibarra (85). This study used chiasma frequencies 

available from cytogenetic literature from both wild and domesticated species and 

rejected the second hypothesis. The chiasma numbers were higher in cultivated 
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species when compared to wild types (85), proving the hypothesis that selection acts 

on recombination pathway so that the populations experiencing selection evolve 

higher recombination rates. 

A further confirmation of this hypothesis would be identifying recombination 

genes that are subject to selection pressure during domestication.  Several methods 

have been developed over the years to detect presence of selection based on DNA 

sequence variation (86).  One group of methods, which includes the often-used 

Tajima’s D (87) and Fu and Li’s D and F tests (88), is based on assessing the 

frequency spectrum of allelic polymorphisms in the population.  Another group, which 

includes the McDonald-Kreitman (89) and Hudson-Kreitman-Aguade (90) tests, 

compares the patterns of sequence polymorphisms within the species with the patterns 

of sequence divergence between species.  Finally, a number of methods that are used 

specifically to detect selection within the gene-coding region, assess the ratio of non-

synonymous to synonymous nucleotide substitution rates (91-93).  These methods are 

based on the premise that under neutral evolution non-synonymous and synonymous 

substitutions should occur at the same frequencies, while under selection these rates 

should differ from each other (86).  This diversity of methods is a testament to the 

complexity of the processes that contribute to adaptive evolution.  The different 

methods for identifying selection patterns often produce conflicting results from the 

same data sets; in some studies the overlap between different methods have been 

shown to be minimal or none (94-96).  These discrepancies are likely caused by the 

fact that different methods are more sensitive to different types of selection events.  

The ability to detect selection patterns in DNA sequence data depends on the strength, 
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timing and frequency of the selection sweeps, constraints to nucleotide substitutions 

within the locus, the type of selection, the allele frequency before the selection sweep, 

and finally, on whether the locus is itself the target of selection or is “hitchhiked” 

because of selection in neighboring genes (86, 95-97) 

 

1.7 Maize as a model system for genetic research  

Maize is an excellent system to study natural variation for complex traits because of 

its high level of intra-species diversity. Maize exhibits more genetic diversity than any 

other genetic model system. Two average inbreds of maize are as different from each 

other at the DNA sequence level as chimpanzees are from humans (98).  

Several studies genetic polymorphism in maize focused on examining DNA 

single nucleotide polymorphism (SNPs).  A study on SNP variation on maize 

chromosome 1 using 16 maize landraces and nine inbred lines revealed that a SNP is 

present in the maize genome every 104 base pairs (99). In a more extensive study, a 

haplotype map of maize genome was generated using several million sequence 

polymorphisms in 27 diverse inbred lines (100). This study reported presence of a 

polymorphism every 44 base pairs (100).   

Maize genomic diversity has also been explored in detail using array-based 

genomic hybridization between maize inbreds B73 and Mo17 (101). In this study, 

extensive structural variations were found between the two inbred lines. There were 

several hundred variations based on copy number differences between B73 and Mo17 

and several thousand variations were present-absent variations (101). The most 

notable one is a ~2 Mb region on chromosome 6, which is present in B73 but absent in 
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Mo17. This region contains 24 annotated single copy genes (101). It was proposed that 

these haplotype variations might contribute to heterosis and the observed phenotypic 

variation among inbreds in maize (101). 

The maize genome is 2500 Mb in size and is highly repetitive. Maize is an 

ancient allotetraploid, which arose through hybridization of two ancestors about 5 

million years ago and these ancestors had diverged from a common ancestor about 12 

million years ago (102, 103). This hybridization event lead to a whole genome 

duplication in maize. Then maize gradually became diploid by losing nearly 50% of 

one of the progenitor’s genes (104-108). Analysis of genome architecture revealed that 

over 85% of the maize genome consists of repetitive DNA, mostly transposable 

elements (109). The most abundant form of transposons in maize are LTR (Long 

Terminal Repeat) retrotansposons, which, range from ~100 bp to over 5 kb in size 

(110). Maize chromosomes have large repetitive peri-centromeric regions, ranging 

from 60 to 113 Mbp in size, which are relatively devoid of recombination (100, 111). 

 

1.8 Maize Domestication  

Modern maize is a product of a single domestication event from Balsas teosinte (Zea 

mays ssp. parviglumis) that occurred about 8700 years ago in the Balsas River valley 

in southern Mexico (112, 113).  Maize has maintained a substantial proportion (60–

70%) of the genetic variation found in Z. mays ssp. parviglumis, and is more diverse 

than its more distantly related wild relative Z. luxurians (100, 114-116).  However, 

during domestication and subsequent breeding, a small fraction of maize genes 

(“domestication genes”) have been subject to very strong selective sweeps and, as a 
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result, have lost most if not all of their pre-domestication diversity (115-118)]. Maize 

eventually spread to other regions out of Mexico, owing to diffusion of seeds along 

trade networks. The earliest use of Maize is documented to be about 3200 years ago in 

Southwestern United States and about 2100 years ago in Eastern United States. 
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CHAPTER 2 

 

EVOLUTION OF MEIOTIC RECOMBINATION GENES IN MAIZE AND 

TEOSINTE 

2.1 Introduction 

Meiotic recombination produces genetic variation by creating new combinations of 

alleles, and facilitates purging of deleterious mutations from genomes and populations 

(Gaut et al. 2007).  While the role of recombination in evolution is well recognized, 

the evolution of the recombination pathway itself has received little attention.  The 

goal of this study was to investigate the evolution of the meiotic recombination 

pathway during the domestication and diversification of maize.  We examined the 

patterns of polymorphism and divergence in maize and teosinte genes encoding 

proteins that control key events in meiotic recombination: SPO11, MRE11, DMC1, 

SGS1, RAD51A, MSH4, MLH1, and MUS81.   

The major steps of meiotic recombination are highly conserved among 

eukaryotes, although some variation exists (Villeneuve and Hillers 2001).  

Recombination is initiated by formation of double-strand breaks (DSBs) in 

chromosomal DNA by Spo11, a protein belonging to the topoisomerase family 

(Keeney, Giroux, and Kleckner 1997; Grelon et al. 2001; Stacey et al. 2006).  The 

DSBs are subsequently resected from 5’ to 3’ by the MRN protein complex in plants 

and animals to generate single-stranded DNA (ssDNA) overhangs (Borde 2007; 

Waterworth et al. 2007).  MRE11 is a key component of this complex, as it possesses 

endonuclease, exonuclease, and helicase activities that directly facilitate the ssDNA 
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overhang formation (Borde 2007; Buis et al. 2008).  The ssDNA ends are then coated 

by two DNA strand-exchange proteins, Rad51A and Dmc1, and invade homologous 

double-stranded DNA regions (Neale and Keeney 2006).  Eventually, meiotic DSBs 

are repaired into either crossovers (COs) or non-crossovers (NCOs; gene 

conversions).  In budding yeast, a RecQ helicase Sgs1 has been suggested to prevent a 

subset of recombination intermediates from becoming COs (Louis and Borts 2003; 

Rockmill et al. 2003).  CO formation is regulated by a phenomenon known as CO 

interference, which prevents formation of multiple crossovers in the same 

chromosome region (Copenhaver 2005; Jones and Franklin 2006).  In plants, as well 

as yeast and mammals, there are two main classes of COs: type I COs that are subject 

to interference, and type II COs that are not (Higgins et al. 2004; Chen et al. 2005; 

Mercier et al. 2005; Jones and Franklin 2006; Berchowitz et al. 2007).  The two CO 

classes are outcomes of parallel pathways, which are facilitated by different 

complexes of recombination proteins.  MSH4 and MLH1 act in formation of the type 

I COs (Higgins et al. 2004; Dion et al. 2007) while MUS81 is involved in type II CO 

formation (Berchowitz et al. 2007).   

The overall conservation of the meiotic recombination pathway suggests that 

its components are subject to predominantly purifying selection.  This expectation 

was partially confirmed by a recent study of a set of meiotic genes in Drosophila 

melanogaster and D. simulans (Anderson, Gilliland, and Langley 2009).  However, in 

addition to evidence of purifying selection, the Drosophila study also revealed 

patterns of polymorphisms indicative of positive selection in a small fraction of the 

genes.   
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Theoretical predictions (Otto and Michalakis 1998) and empirical studies 

(Saleem, Lamb, and Nevo 2001) indicate that populations experiencing directional or 

strong selection pressures are likely to evolve increased recombination rates.  Increase 

in meiotic recombination rates also has been suggested to accompany domestication 

(Ross-Ibarra 2004), although its has also been argued that high recombination rates 

are a pre-adaptation to domestication rather than an effect of domestication (Gornall 

1983).  Based on these predictions, we hypothesized that recombination rate increases 

are likely to be associated with adaptive evolution patterns in genes involved in the 

meiotic recombination pathway. 

Various methods have been devised to detect patterns of selection acting on a 

locus based on DNA sequence (Nielsen 2005).  One group of methods, which 

includes the often-used Tajima’s D (Tajima 1989) and Fu and Li’s D and F tests (Fu 

and Li 1993), is based on assessing the frequency spectrum of allelic polymorphisms 

in the population.  Another group, which includes the McDonald-Kreitman 

(McDonald and Kreitman 1991) and Hudson-Kreitman-Aguade (Hudson, Kreitman, 

and Aguade 1987) tests, compares the patterns of sequence polymorphisms within the 

species with the patterns of sequence divergence between species.  Finally, a number 

of methods that are used specifically to detect selection within the gene coding region, 

assess the ratio of non-synonymous to synonymous nucleotide substitution rates 

(Hughes and Nei 1988; Muse and Gaut 1994; Nielsen and Yang 1998).  These 

methods are based on the premise that under neutral evolution non-synonymous and 

synonymous substitutions should occur at the same frequencies, while under selection 

these rates should differ from each other (Nielsen 2005).  This diversity of methods is 
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a testament to the complexity of the processes that contribute to adaptive evolution.  

The different methods for identifying selection patterns often produce conflicting 

results from the same data sets; in some studies the overlap between different methods 

have been shown to be minimal or none (Vermaak, Henikoff, and Malik 2005; Biswas 

and Akey 2006; Zhai, Nielsen, and Slatkin 2009).  These discrepancies are likely 

caused by the fact that different methods are more sensitive to different types of 

selection events.  The ability of to detect selection patterns in DNA sequence data 

depends on the strength, timing and frequency of the selection sweeps, constraints to 

nucleotide substitutions within the locus, the type of selection, the allele frequency 

before the selection sweep, and finally, on whether the locus is itself the target of 

selection or is “hitchhiked” because of selection in neighboring genes (Innan and Kim 

2004; Nielsen 2005; Biswas and Akey 2006; Zhai, Nielsen, and Slatkin 2009) 

Modern maize is a product of a single domestication event from Balsas 

teosinte (Zea mays ssp. parviglumis) that occurred about 8700 years ago in the Balsas 

River valley in southern Mexico (Matsuoka et al. 2002; Piperno et al. 2009).  Maize 

has maintained a substantial proportion (60–70%) of the genetic variation found in Z. 

mays ssp. parviglumis, and is more diverse than its more distantly related wild relative 

Z. luxurians (Eyre-Walker et al. 1998; Tenaillon et al. 2004; Gore et al. 2009; Tian, 

Stevens, and Buckler 2009).  However, during domestication and subsequent 

breeding, a small fraction of maize genes (“domestication genes”) have been subject 

to very strong selective sweeps and, as a result, have lost most if not all of their pre-

domestication diversity (Tenaillon et al. 2004; Wright et al. 2005; Yamasaki et al. 

2005; Tian, Stevens, and Buckler 2009).   
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In our analyses of recombination genes, we found that although these genes 

were not subject to as strong selective sweeps as the domestication genes, nearly half 

of the recombination genes examined in maize showed signatures of adaptive 

evolution.  Interestingly, in Z. mays ssp. parviglumis different and fewer genes than in 

maize exhibited patterns consistent with positive selection.  We identified several 

sequence polymorphisms that have the potential to considerably affect the protein 

function.  These data suggest that changes in recombination genes may have 

contributed to the successful domestication of maize and its expansion to new 

cultivation areas.   

 

2.2 Materials and methods 

2.2.1 Plant material 

Sequence diversity in recombination pathway genes was examined in a set of 

31 maize inbreds and 14 teosinte accessions.  The maize inbreds were selected to 

maximize the genetic diversity of maize (Liu et al. 2003) and included 25 of the 26 

founders of the Nested Association Mapping (NAM) population (McMullen et al. 

2009): B73, B97, CML103, CML228, CML247, CML277, CML322, CML333, 

CML52, CML69, Hp301, Il14H, Ki11, Ki3, Ky21, M162W, M37W, Mo18W, MS71, 

NC350, NC358, Oh43, Oh7B, P39, and Tx303.  We supplemented this set with six 

other inbred lines: A188, A344, CO106, CO125, CO255, and Mo17.  The teosinte 

lines included nine Z. mays ssp. parviglumis lines, eight of which came from a set 

developed by John Doebley (University of Wisconsin, Madison) (TI01, TI02, TI05, 

TI07, TI11, TI15, TI16, and TI17), and one was from the CIMMYT collection 
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(TL74A J2 K67-5).  The other teosinte lines used in this study were Z. mays ssp. 

mexicana (K69-7 and BA93 WST 85-2), Z. mays ssp. huehuetenangensis (TL93B Teo 

Huehue), Z. diploperennis (JAL87 Las Joyas), and Z. luxurians (TL92B TEO-Guate).  

Seeds and/or tissue samples for all lines except A188, A344, and Mo17 were kindly 

provided by Ed Buckler (USDA-ARS and Cornell University, Ithaca, NY).   

 

2.2.2 Gene sequences 

Genomic regions of eleven recombination genes (Dmc1, Mlh1, Mre11A, Mre11B, 

Msh4, Mus81-1, Rad51A1, Rad51A2, Sgs1, Spo11-1, and Spo11-2) were identified in 

the whole-genome sequence of the maize B73 inbred (Schnable et al. 2009) (last 

accessed on May 28, 2009) using sequences of known Arabidopsis and maize 

recombination genes as BLAST queries.  Gene coding regions were delineated using 

full-length cDNA and EST sequences available in the GenBank (last accessed on 

March 23, 2009).  For Mlh1, Msh4, Mus81, and Sgs1, only partial EST sequences 

were present in the GenBank.  We determined the full coding regions of these genes 

using RT-PCR, which was performed as previously described (Pawlowski et al. 

2004).   

To obtain sequences of the eleven recombination genes from the set of maize 

inbreds and teosinte lines, PCR primers (Table 2.1) were designed to amplify full-

length genomic regions, excluding large introns, in four to eleven fragments for each 

gene.  Nearly all primers were designed to anneal in introns to obtain entire coding 

regions and ensure that only orthologus sequences are amplified.  When selecting 
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primer sites, we avoided regions present in multiple copies in the maize genome 

sequence.   

Sequencing reactions were performed directly on PCR products in both 

orientations with BigDye v3.1 (Applied Biosystems, Foster City, CA), and analyzed 

using the Applied Biosystems 3730 automated sequence analyzer.  Manual sequence 

editing was conducted using Sequencher (Gene Codes Corp., Ann Arbor, MI).   

 

Table 2.1:  Sequences of PCR primers used to amplify meiotic recombination gene 

homologs from maize and teosintes.   

 

Gene Primer 
pair 

Forward primer Reverse primer 

Dmc1 1 CTCAGCACCCTCAAGTAC
ACAG 

CACTAATGCGGGAGGAG
AGA 

 2 TAATCCACCTTTGCAGTTT
TGA 

AGTACCCTTGTCCTTCTG
CGT 

 3 AACACTTTGCATCACAGA
GGC 

GTCGGCTGGAAACTTCA
TTAA 

 4 GGTTGCCTACATTGACACT
GA 

CCACTGAAATCAACACG
GAAC 

 5 GTTCCGTGTTGATTTCAGT
GG 

CCGAATCAGTCTTTTACG
TCC 

Mlh1 1 ACGGAGGGAGTAGTTGTT
TTTATAT 

CTCGACGCTAGAAAAGT
GGG 

 2 ATATTTTCGTGGTTTCACC
TTAA 

TATTCGTTGCCTAAAAA
AATCACT 

 3 CCGCTCCTTTTTGTTTTCTA
CT 

ACCACGTAAGATCAATG
TTCATAAA 

 4 CTTTGATGTGAACTTCTGT
TTCTG 

AATAACCTCTAAAGACC
TGCAGC 

 5 TGCTGCAGGTCTTTAGAGG
TTA 

TATTTTCGAGTTTGCCTG
CA 

 6 TGCAGAGGTAAGTTATTTT
TGGAA 

AGGAGTGGTTTCAGGGT
TGTC 

 7 ATTGCTATTGGTGCTAAAA
GGTT 

TATAGGGTGTCTTTCTTG
GCTTC 

Mre11A 1 CTTCTCTTCCCTTGCTGCT
G 

TTTACACATTTTCACTAG
TCCACAA 

 2 TGCAGCAATGTTGTTCACT CAAAATGAAGGTCCAAA
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TTT AACAA 
 3 TTGTTTTTGGACCTTCATT

TTG 
TTTTTCCTTTCTTGATGA
TTTTTC 

 4 GAAAAATCATCAAGAAAG
GAAAAA 

CAGGGAGCAAATGGACA
CAG 

 5 GGGTTTGCACTCCTATACT
TCTTT 

CAGCCCCAGGAAAAATA
CAA 

 6 TTGTATTTTTCCTGGGGCT
G 

TCGGCTCTTCCAACTTTA
CAA 

Mre11B 1 TGAGGCTCGTTAATTTGTG
TTC 

GCCAGTCGCAAAATCAA
AAC 

 2 CACATTTTCATTCCTTTTG
GG 

TTAACAGAGAAACGTGA
AGGAAAC 

 3 AGCATTTTTTTGTACGTTC
ACTTAT 

ACCTCTTGCCCTCTTTTT
AAATA 

 4 TGTTCTGTCTTTCCGCTTTT
G 

CCATATGAGCGTACCCT
AGCA 

 5 CATTCCATCTTTTTCTAGT
ATTGCT 

TGGTGGTAGTTAATTTGT
GATGC 

 6 CCGCTGAAGAAAAAGTAG
GATAT 

CAACTAATCGATCAGGG
TCCTC 

Msh4 1 GGTCATTCCATTCCGTCAC
AT 

TCCGACGAAATAACAGC
TCAC 

 2 TGATTTGGTCATCCTTTTT
TGA 

ACCGTAAAAGTTGAAAT
CCTGAA 

 3 GTCATATCACCTTTTTTCT
GGAAT 

GAAACGACACGCAGGTA
TCC 

 4 CTGGGAATTTGAGTTGTTG
ATCT 

CTACGAGTAAAGACAAT
GGGACC 

 5 CACAGGCCCAAGTCCATA
AC 

TTATGAAATTATGAAGG
GAACCAA 

 6 CTACGAGTTCCTGGTCATG
CC 

CACAGCGCTACGGATGA
CTAA 

 7 TTGCTTTTTTGTTGATGTC
CT 

AGTTTTCGTGACCCTTCT
CG 

 8 GCTTTGAGTCTGCCATTTT
TTA 

TTTAGTCATTTTCAGCTC
TTCTCG 

 9 TTGCCATGGTTAGATATCA
GAATTA 

AAATGATCAGCAGTTGG
GTACA 

 10 CTAAAACCCCCCATTCTAT
TCA 

AACATTTATTAAGGGCC
AGAGC 

Mus81-1 1 CCGCAAAATTCAAATCAG
TTC 

CAGACAGTTAAGCATGA
AAATCG 

 2 TTTTCCACACCAATTATCT
TTTCT 

GCAAGGTTCCTCATAAT
TTTAAGA 

 3 TTGATATTTTTGTGTTGTC
TTCCAG 

GAAAAAGGTATTACTGT
CGAGGC 

 4 TGATCTCTTAGTTGTGCCA
TGTG 

ATATGCCTCGAGATCAC
CAAGT 
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Rad51A1 1 TTGCCTATTGGTGTTGGTT
GT 

CAAGAAGCCGGTTAGGG
TTA 

 2 AGCTCCTATGGTTGCATTT
TG 

CCAACAGAACAATCAAG
GAATG 

 3 ATCCACCCTCTTTTTCCAT
TT 

CACCTTTGATTCGTAAGC
AGAA 

 4 TCTGGCTGCTGTTCTGAAT
CT 

CCAAGGAATGACAAAGC
AAAT 

Rad51A2 1 CAAAGCCAAAGTGAGGAT
GC 

AACGGGACCTAAGATAT
TGGC 

 2 TTGGGGAATTTTCATGTTA
GAGA 

GTGGTGCCATATCTTAG
AATTTGT 

 3 ACAAATTCTAAGATATGG
CACCAC 

AAGTAACGTTTGCATGA
GGACA 

 4 CTGCTATGAAATTACCGG
ACAA 

ACGAGTGCAGCAGATCA
GAGA 

Sgs1 1 CCAATCCCTTCTGTTCCCT
T 

AAGTCTCGACAAATGTG
CTAAGC 

 2 ATCCCTACCTTCTCTTTTA
CCTACA 

TAGCCCCTCAGTATAGA
ACAAAGAT 

 3 GGCTATTTCCGCATGTTAT
CT 

AGCTGCTTAGAACCCAT
GACC 

 4 TTTTCCTTTGCCAATCACT
GA 

TGTGGCGTGTCAGTAAA
ATAGAA 

 5 CTGTTGAGACTGTTGGAA
AATGTAT 

GCTCCCAATCTATATCCA
GGTAAT 

 6 TGGCGTACAGATTTTGAAC
AGT 

GTCCACGTCATTTTCACA
GTAACT 

 7 GCACTGAAGACACATAAG
GACAAT 

TGGAAACAAAAAATAAA
TAGAAACG 

 8 CGTTTCTATTTATTTTTTGT
TTCCA 

AATACAATGACAGCCAC
ACACAA 

 9 CCCCCCCTCAAACTAACAT
AT 

CTCATTTCCTTCAACGTG
TCTG 

 10 TTGTTGCACCTTGTCATTC
G 

AACCCTTGACATCACTG
CATC 

Spo11-1 1 TTGTTAATTTTTTGTCTTG
AGAGGA 

CCCTCAGGAGCACATCT
ACG 

 2 CGTCCTCTCTCTGCTCCAC
A 

AGCACACAGGATGATTA
AGGAAC 

 3 TTTGCTAGGTTTGCGATGT
TATA 

AAGAGCAAAAAATGATC
AGTGACT 

 4 GCATTATAGTGAGCTGAA
GTTGTCT 

GCATAGCAGCATCAGAT
AAATCA 

 5 TGCTACTTGCGTAATTTCA
TTCT 

ACTCTATGACACATCCT
GGACG 

Spo11-2 1 ACGCAGACCACTACTGGA
CTC 

GAGGAAGTTGAGCACCG
CTAC 

 2 GTACACCAGTTGCCAAAC ATAATTCCGTCCCAGGG
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CTC TACT 
 3 TATCCTCGCCCATTTGTCT

G 
ATGCTTGAAATGGAGGT
ACACA 

 4 TTGCATCCAAATTCTTTAT
GATAA 

TCGTCAGATGTAATCGC
CCT 

 

2.2.3 Phylogenetic analyses 

To understand the phylogenetic history of maize and teosinte recombination genes 

within the context of eukaryortic evolution, alignments of recombination protein 

sequences from 

several species of eukaryotes were performed using ClustalX (Larkin et al. 2007) and 

adjusted manually.  Alignment gaps were excluded from analyses.  Maximum 

parsimony analyses of protein sequences were conducted using PAUP 4.0 (Swofford 

2003).  Bayesian analyses were performed using MrBayes 3.1.2 (Huelsenbeck and 

Ronquist 2001).  TreeviewPPC (Page 1996) was used to display phylogenetic trees.  

To compare evolution rates between different branches of phylogenetic trees, we used 

the Tajima’s 1D relative rate test (Tajima 1993) implemented in MEGA4 (Tamura et 

al. 2007).   

 

2.2.4 Gene genealogy analyses 

To examine evolution of the recombination genes within the maize and teosinte 

lineages, alignments of maize and teosinte nucleotide sequences of the eleven 

recombination genes were done and manually adjusted in Sequencher.  Gaps in 

sequence alignments were coded manually using the simple indel coding approach 

(Simmons and Ochoterena 2000).  To construct gene genealogies, Bayesian analyses 

were performed using MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001).  Prior to 
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these analyses, the best-fit models for nucleotide substitutions (GTR+I for Msh4, 

GTR+I+Γ for Mlh1 and Mre11A, HKY+I for Mre11B, Mus81-1, Spo11-1, Rad51A1, 

and Sgs1, HKY+I+Γ for Dmc1, Rad51A2, and Spo11-1) were determined from the 

Akaike Information Criterion (AIC) implemented in MrModeltest 2.3 (Nylander 

2004).  Mesquite (Maddison and Maddison 2009) was used to display gene genealogy 

trees.   

In addition to the genealogy trees, we constructed a parsimony split network 

for each of the genes using SplitsTree (Huson and Bryant 2006).  Phylogenetic 

networks can better than trees reflect phylogenetic uncertainties in the gene 

evolutionary history that are caused, for example, by hybridization and recombination 

(Huson and Bryant 2006). 

 

2.2.5 Sequence divergence and diversity analyses 

To assess the levels of sequence diversity in the recombination genes within maize, 

nucleotide diversity measures, π (Nei and Li 1979) and θW (Watterson 1975) were 

calculated using DNAsp v. 5 (Librado and Rozas 2009).   

To examine the rates of divergence of recombination genes across eukaryotes, we 

used the K tree analysis (Soria-Carrasco et al. 2007), which compares the overall sizes 

of phylogenetic trees.  The trees were constructed based on amino acid sequences for 

the same set of species for each of the genes.  The K tree analysis was conducted 

using the Ktreedist_v1 program (Soria-Carrasco et al. 2007).   
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2.2.6 Selection analyses 

We used several methods to examine the DNA sequences of the recombination genes 

in maize and teosintes for presence of selection signatures, including Tajima’s D 

(Tajima 1989), Fu and Li’s D (Fu and Li 1993), and Fu and Li’s F (Fu and Li 1993), 

Hudson-Kreitman-Aguade (HKA) (Hudson, Kreitman, and Aguade 1987), 

McDonald-Kreitman (MK) (McDonald and Kreitman 1991), and the likelihood ratio 

(LRT) (Nielsen and Yang 1998) tests.  Tajima’s D and Fu and Li’s D and F are 

frequency spectrum-based tests and were conducted using DNAsp v. 5 (Librado and 

Rozas 2009).  HKA and MK compare within-species diversity to between-species 

divergence and are also implemented in DNAsp v. 5 (Librado and Rozas 2009).  LRT 

examines the ratios of non-synonymous to synonymous nucleotide substitution rates 

and conducts pair-wise comparisons between several models that describe different 

selection patterns defined by the ratio of non-synonymous (dN) to synonymous (dS) 

substitution rates, including purifying selection (dN/dS < 1), neutral evolution (dN/dS 

= 1), positive selection (dN/dS > 1), to identify the best-fitting model for each gene.  

The analysis was performed using the codeml program in the PAML package (Yang 

2007).  The LRT method is not reliable when recombination is frequent among the 

examined haplotypes (Anisimova, Nielsen, and Yang 2003).  Therefore, prior to the 

LRT analysis, we established that recombination frequencies in the coding region of 

each gene did not exceed the acceptable limits (Anisimova, Nielsen, and Yang 2003) 

using the Genetic Algorithm Recombination Detection (GARD) method (Kosakovsky 

Pond et al. 2006) conducted using a web interface 
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(http://www.datamonkey.org/GARD/).  The GARD method identifies recombination 

breakpoints in sequence alignments by searching for phylogenetic incongruence.   

Coalescent simulations were conducted to examine if specific values of the 

Tajima’s D statistic were likely to be obtained by chance alone under neutral 

evolution.  We used Hudson’s ms program (Hudson 2002) to generate 10,000 

coalescent simulations using previously described parameters (Wright et al. 2005).  A 

conservative assumption of no intra-locus recombination was used in the simulations 

(Hudson 1990).  The population mutation parameter θ was estimated from teosinte 

data.  To simulate the domestication bottleneck, we used 2.45 as the value of the 

bottleneck severity (k), the ratio of population size during bottleneck to bottleneck 

duration.    

 

2.2.7 Protein structure predictions 

To determine the locations of polymorphic amino acid residues in three-dimensional 

protein structures, we conducted protein structure prediction analyses.   

Maize protein sequences were threaded using Cn3D on the available empirical 

(www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml) three-dimensional structures of 

the MutL transducer domain (MMDB ID: 10447) in MLH1, the phosphoesterase 

domain (MMDB ID: 34451) present in MRE11, the ERCC domain (MMDB ID: 

52594) present in MSH4, the ERCC domain (MMDB ID: 52594) present in MUS81, 

the BRC repeat (MMDB ID: 21264) present in RAD51, the DEXDc domain (MMDB 

ID: 13107), the HELICc domain (MMDB ID: 12961), the REQC domain (MMDB 
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ID: 36694), and the HRDC domain (MMDB ID: 34680) in SGS1, and the TOPRIM 

domain (MMDB ID: 11634) in SPO11.   

 

 

2.3 Results 

2.3.1 Genomic organization of maize meiotic recombination genes 

Of the eight recombination proteins that we set to investigate (DMC1, MLH1, 

MRE11, MSH4, MUS81, RAD51A, and SPO11), maize homologs of two, RAD51A 

and MRE11, have been previously identified and examined at the functional level 

(Franklin et al. 1999; Altun 2007; Li et al. 2007; Waterworth et al. 2007).  These 

studies showed that the maize genome contains duplicated copies of Mre11 (Mre11A 

and Mre11B) and Rad51A (Rad51A1 and Rad51A2).  We confirmed these findings 

(Table 2.2) using the complete maize genome sequence now available (Schnable et al. 

2009).   

We identified maize homologs of genes encoding DMC1, MLH1, MSH4, 

MUS81, SGS1, and SPO11 by searching the publicly available maize genomic and 

EST sequence resources using TBLASTN with Arabidopsis protein sequences as 

queries.  All these proteins have been previously examined in Arabidopsis at the 

functional level (Couteau et al. 1999; Grelon et al. 2001; Higgins et al. 2004; Stacey 

et al. 2006; Berchowitz et al. 2007; Dion et al. 2007; Hartung, Suer, and Puchta 2007; 

Sanchez-Moran et al. 2008).   
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Table 2.2: Maize genes encoding key meiotic recombination proteins. 

 
Gene 

Coding 
sequenc

e 

ORF Chromosome
/bin 

Number of pseudogenes 
containing truncated 

gene sequence 
Dmc1 1035bp 4059bp 3/09 12 
Mlh1 2178bp 6869bp 8/06 4 
Mre11A 2121bp 4867bp 2/02 - 
Mre11B 2019bp 5389bp 4/04 - 
Msh4 2415bp 51074bp 2/06 - 
Mus81-1 1353bp 3409bp 3/05 - 
Rad51A1 1023bp 3589bp 7/04 - 
Rad51A2 1023bp 2815bp 3/05 - 
Sgs1 3528bp 12455bp 5/04 - 
Spo11-1 1152bp 4316bp 5/01 - 
Spo11-2 1149bp >2513bpa 4/04 1 

a Actual ORF length unknown because of a gap in intron 7. 

  

 

In Arabidopsis, DMC1, MLH1, MSH4, and MUS81 are encoded by single genes.  

Our investigation of the maize genome sequence revealed that Dmc1, Mlh1, and Msh4 

are also present as single full-length genes in maize (Table 2.2).  In contrast, we found 

two sequence homologs of Mus81, Mus81-1 and Mus81-2, which shared a rather 

limited 46% identity and 62% similarity at the amino acid level.  Arabidopsis has 

multiple genes encoding RecQ helicases but only one, RECQ4A, is a likely functional 

homolog of Sgs1 (Hartung, Suer, and Puchta 2007).  A single homolog of RECQ4A is 

present in maize (Table 2.1).  SPO11 in Arabidopsis is represented by three isoforms 

resulting from an ancient gene duplication in now extinct basal eukaryotes (Hartung 

and Puchta 2000; Malik et al. 2007).  However, only two of the three SPO11 genes, 

SPO11-1 and SPO11-2, function in meiotic recombination (Grelon et al. 2001; Stacey 
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et al. 2006).  The maize genome contains single homologs of all three Arabidopsis 

SPO11 genes. 

In addition to full-length gene copies, when searching the maize genome 

sequence, we discovered truncated copies of Dmc1, Mlh1, and Spo11-2 (Table 2.2).  

These partial sequences were flanked by DNA that showed no similarities to the 

corresponding full-length genes.  The partial copies represented different fragments of 

the full-length genes, always spanning several exons and introns.  They showed nearly 

100% sequence identity to the corresponding fragments of the full-length paralogs, 

suggesting that they are relatively recent pseudogenes.   

 

2.3.2 Origin of the duplicated recombination genes in maize 

The maize genome is most likely a product of an allopolyploidization event that 

occurred roughly 11.4 Mya between two ancestors that diverged from each other 

about 20.5 Mya (Gaut and Doebley 1997).  The presence of two Rad51A copies in 

maize was interpreted to be a result of this duplication (Franklin et al. 1999).  To 

examine the evolutionary ancestry of maize recombination genes, we conducted 

phylogenetic analyses of amino acid sequences from several representative species of 

eukaryotes using Bayesian as well as maximum parsimony (MP) methods (Figure 

2.1a, 2.1b, 2.1c. 2.1d, 2.1e).  Both methods produced essentially identical trees, except 

for SPO11, where the Bayesian tree better resolved the phylogenetic relationships 

than the MP tree.  The phylogeny reconstructions revealed that the presence of 

duplicated copies of Mre11, Rad51A, and Mus81 preceded the polyploidization event 

that gave rise to the tetraploid maize genome (Figure 2.1a, 2.1d, 2.1b).  Rad51A and 
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Mre11 are duplicated in other grasses, including rice, and the duplication events pre-

date the divergence of the maize and rice lineages.  Mus81 also has undergone 

duplication before the maize-rice divergence but in the rice lineage, the copy 

corresponding to maize Mus81-2 was subsequently lost.  According to Tajima’s 1D 

relative rate test, maize Mus81-2 shows a much accelerated evolution rate compared 

to Mus81-1 (P = 0.00465; Arabidopsis was used the outgroup).  These data create 

significant uncertainty whether Mus81-2 retained the same function in meiosis as 

Mus81-1.  The rice Mus81-1 gene has been shown to play a role in recombination 

(Mimida et al. 2007).  In contrast, no functional information exists for Mus81-2 in any 

species.  Consequently, we decided to only use Mus81-1 in further analyses.   

Our reconstruction of the Spo11 phylogeny (Figure 2.1e) showed that the three 

Spo11 genes present in maize, Spo11-1, Spo11-2, and Spo11-3, are orthologs of the 

three Arabidopsis SPO11 genes.  Interestingly, we found that the rice genome 

contains also a fourth homolog of SPO11, SPO11-4, which is not present in the maize 

or sorghum genomes.  Moreover, we did not find any potential orthologs of SPO11-4 

among plant SPO11 sequences available in the GenBank.  These data suggests that 

SPO11-4 originated after the maize-rice divergence but the exact origin of the gene is 

not clear.  
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Figure 2.1a 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1b 
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Figure 2.1c 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1d 
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Figure 2.1e 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1(a-e):  Phylogeny reconstructions of the meiotic recombination 

proteins in eukaryotes based on the Bayesian and maximum parsimony methods.  

For all proteins, except SPO11 (2.1e), the Bayesian trees and the maximum parsimony 

trees were identical.  For SPO11, the Bayesian tree is shown.  Numbers next to 

branches are posterior probabilities and bootstrap support values.  Only posterior 

probability values of 0.8 and higher and bootstrap support values of 70% and higher 

are reported.  
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2.3.3 Evolutionary histories of recombination genes in maize and teosintes 

To study the evolution patterns of recombination genes in maize and teosinte, we 

sequenced eleven genes, Dmc1, Mlh1, Mre11A, Mre11B, Msh4, Mus81-1, Rad51A1, 

Rad51A2, Sgs1, Spo11-1, and Spo11-2, from a set of 31 diverse maize inbred lines, 

which together represent more than 85% of the allelic diversity in maize (see 

Materials and Methods).  We also included nine lines of Zea mays ssp. parviglumis 

(Balsas teosinte), the direct wild ancestor of cultivated maize (Matsuoka et al. 2002; 

Piperno et al. 2009).  In addition, we used several more distantly related teosinte 

accessions representing Z. mays ssp. mexicana, Z. mays ssp. huehuetenangensis, Z. 

diploperennis, and Z. luxurians (see Materials and Methods).  For each gene, we 

sequenced the entire coding region (Table 2.1), up to 240 bp of the 5’ region, and 

between 826 bp and 3605 bp of intron fragments.  For a few genes, we also obtained 

short 3’ fragments.  

Just like phylogenies are used to elucidate gene evolution patterns in different 

species, gene genealogies are helpful tools for understanding gene evolution within 

species.  We used the Bayesian analysis method to reconstruct genealogies of 

genomic sequences of the eleven recombination genes in maize and teosintes (Figure 

2.2a-2.2f).  
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Figure 2.2a: 
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Figure 2.2b: 
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Figure 2.2c: 
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Figure 2.2d: 
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Figure 2.2e: 
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Figure 2.2f: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2a-2.2f: Gene genealogy reconstructions of genomic sequences of the 

eleven recombination genes in maize and teosintes using Bayesian analysis method. 
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Genealogies of different recombination genes exhibit highly conflicting topologies 

(Figure 2.2a-2.2f).  Considerable differences were found not only between genes 

encoding different proteins but also between both homologs of the three duplicated 

genes (Mre11, Rad51A, and Spo11). Some genes showed relatively simple 

genealogies with a few groups of similar and/or identical haplotypes, while other 

genes exhibited fairly complex genealogy patterns.  For example, most maize inbreds 

exhibit identical or nearly identical Spo11-1 haplotypes (alleles) (Figure 2.2e).  In 

contrast, the Spo11-2 genealogy tree shows several distinct major clades.  We traced 

the haplotypes of the recombination genes carried by the B73 and Mo17 inbreds 

(Figure 2.2e), which belong to different heterotic groups (i.e. groups of inbreds that 

exhibit strong heterosis in the progeny when crossed to inbreds from other heterotic 

groups but not when crossed among themselves) and exhibit substantial allelic 

differences for genes across the genome (Liu et al. 2003).  We found that B73 and 

Mo17 exhibit similar or identical alleles of Dmc1, Mlh1, Mre11A, Rad51A1, 

Rad51A2, and Spo11-2, but diverged alleles of Mre11B, Msh4, Mus81-1, Sgs1, and 

Spo11-1 (Figure 2.2).  

 

Although gene genealogy trees are useful for understanding the overall 

relatedness of different haplotypes, the evolutionary patterns displayed by trees are 

often serious oversimplifications.  In addition to mutation accumulation and selection, 

gene evolution patterns are likely to be affected by conflicting forces of 

recombination and gene flow, which cannot be accurately portrayed using 

phylogenetic trees (Posada and Crandall 2001).  Also, in intra-specific gene 
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genealogies, ancestral haplotypes persisting in the population together with their 

descendants may be difficult to be properly position within the tree.  Unlike trees, 

phylogenetic networks can reflect the phylogenetic uncertainties caused by 

hybridization and recombination events, and more accurately depict the patterns of 

gene evolution (Huson and Bryant 2006).  Consequently, to better understand the 

genealogy of the eleven recombination genes in maize and teosintes, we constructed 

parsimony split networks (Figure 2.3a-2.3h).  Examination of these networks showed 

that phylogenetic uncertainties, which could represent potential recombination events 

in the ancestry of the extant alleles, could indeed be found within the genealogies of 

the genomic regions of the eleven genes.  Nevertheless, the overall haplotype 

grouping of each gene in the network analyses was usually in a good agreement with 

the haplotype grouping in the gene genealogy trees.  

 

 

 

 

 

 

 
 
 
 
Figure 2.3 (a-h): Parsimony split networks for eleven recombination genes in maize 

and teosinte. Gene names are mentioned on top of each corresponding parsimony 

network tree. 
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Figure 2.3a: 
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Figure 2.3b: 
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Figure 2.3c: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

67 

 

Figure 2.3d 
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Figure 2.3e: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

69 

 

Figure 2.3f: 
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Figure 2.3g: 
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Figure 2.3h: 
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2.3.4 Sequence diversity and divergence rates  

In addition to examining the evolutionary histories of the eleven genes, we also 

investigated their rates of sequence diversity at the nucleotide and amino acid levels 

(Table 2.3).  For each gene, we examined the nucleotide sequence diversity using the 

Nei’s π statistic (average number of nucleotide differences between any two 

sequences in the sample (Nei and Li 1979), and θW (the number of polymorphic 

nucleotide sites per nuclotide (Watterson 1975).  We also calculated the number of 

polymorphic amino acid residues per residue.  To calculate the π and θW values, we 

only considered the gene coding sequence rather then the entire genomic regions.  

Nucleotide diversity was significantly higher in non-coding regions of the genes (data 

not shown), and because each of the eleven genes contains a different number of 

introns, the genomic regions would include variable fractions of coding and non-

coding sequences.  We also confined these calculations to a set of 25 maize inbreds 

that was common for all eleven genes.   

The nucleotide and amino acid sequence diversity measures showed 

substantial difference between different genes and also between paralogs of the three 

duplicated genes, Mre11, Rad51A, and Spo11.  Dmc1, Rad51A2, and Spo11-2 showed 

the most nucleotide sequence diversity, while Rad51A1 and Spo11-1 consistently 

exhibited the least nucleotide diversity.  MRE11B, MUS81, and MLH1 showed the 

highest rate of amino acid sequence polymorphism, while RAD51A1, SPO11-1, and 

MSH4 showed the least amino acid polymorphism.   
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Table 2.3:  Overall rates of nucleotide and amino acid sequence diversity in 
recombination genes. 
 

Gene Maize (set of 25 lines) Eukaryote-wide 
 Nucleotide sequence 

diversity in the coding 
region 

Amino acid 
sequence 
diversity 

Amino acid 
sequence 

divergence 
 Length π θW Polymorphic 

amino acid 
residues per 

residue 

K scale factora 

Dmc1 1032 0.00332 0.00436 0.0087 1.74 
Mlh1 1416 0.00199 0.00299 0.0166 0.43 
Mre11A 2118 0.00229 0.00288 0.0085 1.20 
Mre11B 2019 0.00129 0.00330 0.0223 1.00 
Msh4 2412 0.00321 0.00231 0.0062 0.82 
Mus81 1089 0.00217 0.00244 0.0200 0.76 
Rad51A1 873 0.00162 0.00212 0.0000 2.18 
Rad51A2 666 0.00692 0.00398 0.0118 2.22 
Sgs1 1878 0.00273 0.00268 0.0145 0.42 
Spo11-1 954 0.00096 0.00167 0.0052 0.73 
Spo11-2 984 0.00444 0.00458 0.0131 -b 

 

a The K scale factor describes the sequence divergence rate by measuring the overall 

branch length in the gene phylogenetic tree (Soria-Carrasco et al., 2007).  Smaller K 

values indicate more divergence. 
b The eukaryote-wide rate of sequence divergence could not be calculated as Spo11-2 

forms a separate lineage in plants and is absent from other extant groups of eukaryotes 

 

 

To examine whether the differences in the diversity rates among maize recombination 

genes are simply a reflection of the fact that some recombination genes tend to evolve 

faster than others overall in all eukaryotes, we compared the sequence diversity 

measures for the set of 25 maize inbreds to the divergence rates of the recombination 

genes among eukaryotes.  To measure the divergence rates across eukaryotes, we used 

the K tree score approach (Soria-Carrasco et al. 2007).  This method compares 
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different phylogenetic tress by calculating the K scale factors that scales all trees to 

the size of an arbitrarily selected reference tree.  For the comparison, we constructed 

Bayesian trees based on protein sequences from S. cerevisiae, human, Arabidopsis, 

rice, and the B73 inbred of maize.  As the reference tree, we used a tree based on 

concatenated sequences of all of the examined recombination proteins.  This analysis 

showed that SGS1, MLH1, and SPO11-1 exhibited the highest divergence rates 

overall in eukaryotes while RAD51A and DMC1 evolved at the slowest pace (Table 

2.3).   

A comparison of the divergence rates in maize and all eukaryotes indicated 

that MRE11B, which shows the most amino acid sequence diversity in maize, exhibits 

only a moderate rate of sequence evolution overall in eukaryotes.  RAD51A2, which 

shows the slowest divergence rate across eukaryotes shows moderate amino acid 

sequence diversity in maize compared to the other recombination genes.  These data 

may suggest that MRE11B and RAD51A2 experienced a relative acceleration of 

amino acid sequence evolution in maize.  In contrast, SPO11-1, which shows the 

fastest sequence divergence rate across all eukaryotes, displays one of the lowest 

amino acid sequence diversity rates in maize, suggesting that it may have experienced 

a relative deceleration of the amino acid sequence change in maize compared to the 

other recombination genes.   
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2.3.5 Selection patterns in recombination genes  

To gain a more complete understanding of molecular evolution of the maize and 

teosinte recombination pathway, we examined the eleven recombination genes for 

signatures of selection.  Because our goal was to examine selection patterns that relate 

to the protein functions, we limited the examination of selection signatures to the 

coding regions of the genes.  Selection in regulatory gene regions is likely to be 

associated with adaptive changes during maize domestication in many classes of 

genes, for example in genes controlling plant architecture, such as teosinte branched 1 

(tb1) (Wang et al. 1999).  However, such situation is unlikely to be the case for 

meiotic recombination genes, since there is little evidence for tight transcriptional 

regulation of these genes in plants.  Even genes that are highly regulated in other 

species, for example Spo11 or Hop2, are ubiquitously expressed in plants (Grelon et 

al. 2001; Schommer et al. 2003; Pawlowski et al. 2009). 

To examine the patterns of selection in the recombination genes we took 

several complementary approaches.  First, we searched for evidence of selection in 

maize and Balsas teosinte by examining the distribution of alleles in the population 

using frequency spectrum-based statistics Tajima’s D (Tajima 1989), and Fu and Li’s 

D and F (Fu and Li 1993).  The Tajima’s D test calculates the average number 

nucleotide differences between pairs of sequences as a fraction of the total number of 

segregating sites in the sequence.  The Fu and Li’s D and F tests are based on a 

similar algorithm but compare the polarity of nucleotide changes to an outgroup.  We 

used Z. luxurians as the outgroup for both maize and Z. mays ssp. parviglumis for all 
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genes, except Mus81-1, for which we used Z. diploperennis, as we could not generate 

a sufficiently long sequence fragment for Z. luxurians Mus81-1.  

Using the Tajima’s D and Fu and Li’s D and F tests, we found significant 

departures from the neutral evolution pattern in six genes in maize, Dmc1, Mre11B, 

Msh4, Sgs1, and Spo11-2 (Table 2.4).  Dmc1, Mre11B, Msh4, Sgs1, and Spo11-2, 

showed significant positive values of Fu and Li’s D.  Mre11B and Msh4 also 

exhibited significant positive values of Fu and Li’s F.  Rad51A2 showed a significant 

positive value of Tajima’s D.  In contrast, significant negative values for Fu and Li’s 

D and F were found for Mre11B.  For Mlh1, we also obtained strongly negative values 

of Fu and Li’s D and F.  However, these values were not statistically significant 

although they were nearly significant (P < 0.10).  

We hypothesized that they may reflect selection acting only on a relatively small 

region of the Mlh1 gene, while the other gene regions do not exhibit significant 

departures from neutrality.  To test this hypothesis, we separately examined 

nucleotide sequences corresponding to four domains in the MLH1 protein, the N-

terminal ATPase domain, the transducer domain located in the center of the protein, a 

linker region located between the ATPase and the transducer domains, and the C-

terminal protein region.  We found that the linker region showed statistically 

significant negative values of Fu and Li’s F and D (Table 2.4).   
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Significant positive values for Fu and Li’s D and F and Tajima’s D suggest that the 

locus is under balancing (diversifying) selection (Tajima 1989; Fu and Li 1993).  

Significant negative values suggest a selective sweep.  However, all three statistics are 

sensitive to demographic factors.  A population bottleneck results in strongly positive 

Fu and Li’s D and F and Tajima’s D values (Nielsen 2005).  Conversely, a population 

expansion may cause negative values of these statistics.  To test the impact of 

selection vs. demographics, we used two available tools to assess the potential 

significance of the Tajima’s D values: (i) we compared Tajima’s D values for the 

eleven recombination genes to a genome-wide distribution of Tajima’s D values using 

an approach similar to the one recently employed to examine selection patterns in cell 

cycle genes in Arabidopsis (Sterken et al. 2009), and (ii) we compared the Tajima’s D 

values for the recombination genes to critical test values derived from coalescent 

simulations (CS) (Hudson 1990).   

(i) A comparison of a statistic for a specific locus to a genome-wide 

distribution of the statistic is based on a tenet that while selection acts on individual 

loci, demographics is likely to have genome-wide effect.  We weighed our Tajima’s D 

values against the genome-wide distribution of Tajima’s D values based on a survey 

of 703 random polymorphic loci (Wright et al. 2005).  This survey was conducted on 

a set of 14 maize inbreds, all of which were included in our set. Loci that showed no 

polymorphism were excluded from the survey data, as Tajima’s D statistic cannot be 

calculated for them.  We found that the Tajima’s D values for Mre11B, Rad51A2, and 

the linker region of Mlh1 fall into the extreme 2.5% fractions of the genome-wide 

Tajima’s D distribution (Table 2.4).  We also conducted frequency spectrum-based 
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tests for the Z. mays ssp. parviglumis accessions in the same manner as we did in 

maize.  However, we did not find significant departures from neutrality for any of the 

genes (Table 2.4), although it should be noted that the number of accessions that we 

used for Z. mays ssp. parviglumis was smaller than the number of inbred lines used in 

maize, which could have affected our results.  As we did not have a genome-wide 

outgroup sequence data we could not make a similar comparison for the Fu and Li’s D 

and F tests.   

(ii) To further evaluate the significance of the frequency-spectrum statistics, 

we used Hudson’s ms program (Hudson 2002) to examine the probability of obtaining 

the empirical Tajima’s D for the recombination genes in maize values under neutral 

evolution in coalescent simulations.  The simulations incorporated a population 

bottleneck under the parameters proposed for the maize domestication bottleneck by 

Wright (Wright et al. 2005).  The results of this analysis (Table 2.4) were similar to 

those obtained from testing our Tajima’s D values against the genome-wide Tajima’s 

D distribution.  Our empirical Tajima’s D values for Mre11B and the linker region of 

Mlh1 fell into the low extreme 2.5% of simulated Tajima’s D values.  Rad51A2 was 

slightly less significant and located in the high extreme 3.5% of the simulated values.   

Overall, the results of the two approaches to test the significance of our 

Tajima’s D values suggest that the values for maize Mre11B, Rad51A2, and the linker 

region of Mlh1 are unlikely to result from neutral evolution alone, even under a 

domestication bottleneck affecting population demographics.    

To complement the frequency spectrum-based tests, we examined our data set 

using the Hudson-Kreitman-Aguade (HKA) test, which compares the patterns of 
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intraspecies diversity to interspecies divergence relative to a neutrally-evolving locus 

(Hudson, Kreitman, and Aguade 1987) and the McDonald-Kreitman (MK) test, which 

compares the intraspecies diversity to interspecies divergence at synonymous vs. non-

synonymous sites in the gene coding region (McDonald and Kreitman 1991).  Z. 

luxurians was used as the outgroup (Z. diploperennis for Mus81-1).  In the HKA test, 

we compared the evolution patterns in the recombination genes to a set of previously 

used neutral loci adh1, bz2, csu1138, csu1177, and fus6 (Tenaillon et al. 2001).  

Neither HKA nor MK showed significant deviations from neutrality in any of the 

genes in maize and Z. mays ssp. parviglumis.  We hypothesize that it may be difficult 

to find patterns of selection in recombination genes using these two tests, as the vast 

majority of amino acid residues in these proteins are likely to be functionally 

constrained and under purifying selection.  Both tests are known to exhibit reduced 

power in such situations (Zhai, Nielsen, and Slatkin 2009).  HKA have also been 

shown to have reduced power of detecting artificial selection sweeps if the initial 

frequency of the beneficial allele in the population is relatively high (Innan and Kim 

2004). 

As another approach to identify signatures of selection in recombination 

genes, we used the likelihood ratio test (LRT) approach (Nielsen and Yang 1998), 

which examines ω, the ratio of the non-synonymous substitution rate (dN) to the 

synonymous substitution rate (dS) in the gene’s coding region.  Because different 

regions in the protein sequence maybe under very different selection pressures and 

constraints, the method allows different ω values for individual codons, which makes 

it highly sensitive in detecting adaptive selection signatures.  LRT can be used for 
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within-species comparisons as long as sequence diversity is high and the level of 

intra-genic recombination is low (Anisimova, Nielsen, and Yang 2003).  Therefore, 

prior to the analyses, we examined the data set for presence of intra-genic 

recombination using the Genetic Algorithm Recombination detection method 

(GARD) (Kosakovsky Pond et al. 2006).  We found no or low-level recombination 

frequencies that did not exceed the rates acceptable for the LRT analyses in any of the 

eleven genes.  To further ensure that recombination did not affect the results of the 

test, for the genes where GARD detected recombination breakpoints, we individually 

tested the fragments separated by the recombination sites.  In each case, the results of 

the LRT analysis were identical to the results of the analyses using the entire gene-

coding region.   

For the LRT analysis, we only used lines in which the entire coding region of 

the gene was available.  To examine the patterns of selection, for each gene, several 

models were tested that assume different selection patterns, including positive 

selection, purifying selection, and neutral evolution, to identify which model fits best 

the empirical data (Table 2.5).  In the analysis using maize inbreds and Z. luxurians as 

an outgroup, we found that coding regions of five genes Mlh1, Mre11B, Mus81-1, 

Rad51A2, and Spo11-2 showed statistically significant signatures of positive selection 

(Table 2.5).  For the six other genes, the models assuming positive selection showed 

low or zero probability, except for Dmc1, where the probability was slightly higher 

but still not within the statistically significant range (Table 2.5). 
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a Likelihood ratio tests of selection models.  Ratios statistically significant at P = 0.01 
are denoted with * 

b Model M0 (one ratio) assumes a constant dN/dS ratio across all sites in the gene’s 
coding region.  Model M3 (discrete) assumes different proportions of discrete 
classes of sites with different ω values.  df = 4. 

c Model M1 (neutral model) assumes all sites are either under purifying selection (ω = 
0) or evolving neutrally (ω = 1).  Model M2 adds a third category of sites under 
positive selection (ω > 1).  df = 2. 

d Model M7 (beta model) assumes that ω ranges from 0 (strong negative selection) to 
1 (neutral evolution) and varies among sites in the gene’s coding region according 
to a beta distribution.  Model M8 (beta& ω) similarly to M7 assumes that ω varies 
among sites but allows that, in addition to ranging from 0 to 1, ω may take values > 
1 (positive selection).  df = 2. 

e All sites listed show statistically significant evidence of positive selection with 
posterior probabilities posterior probabilities >0.90.  Sites showing statistically 
significant evidence of positive selection with posterior probabilities > 0.95 are 
marked *.  Sites with statistically significant evidence of positive selection with 
posterior probabilities > 0.99 are marked **. 

f Analysis was not conducted for teosintes because sequences from too few lines were 
available. 

 

 

We also conducted the LRT analyses using the sequences of the various teosinte 

accessions.  In teosintes, we found selection patterns that were different from those in 

the maize inbred analysis (Table 2.5).  Mre11A and Sgs1 showed evidence of positive 

selection, while Rad51A2 and Spo11-2 exhibited neutral evolution patterns.  None of 

the genes showing positive selection in the maize analysis exhibited positive selection 

patterns in teosintes.   

To further understand the patterns of selection, we used the Bayes empirical 

Bayes method (BEB) (Yang, Wong, and Nielsen 2005), which can identify specific 

amino acid residues that are under positive selections.  An additional benefit of BEB 

is that it is less sensitive to recombination than the LRT method (Anisimova, Nielsen, 
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and Yang 2003).  We found that even in the genes that were identified as being under 

positive selection by LRT, the majority of amino acid residues were under purifying 

selection.  Overall, in the genes found by LRT to experience positive selection, only 

6% of all amino acid residues and about one-fifth of the polymorphic amino acid 

residues were targets of positive selection. 

 

2.3.6 Patterns of amino acid substitutions 

The ultimate test of adaptive evolution is identifying functional differences between 

polymorphic alleles of the gene.  However, because of the complexities of protein-

protein and protein-DNA interactions in the recombination pathway, this kind of 

analysis is not currently feasible.  Nevertheless, numerous functional domains have 

been identified in recombination proteins and their three-dimensional structures have 

been elucidated.  About one-quarter of amino acid residues that we found to be under 

positive selection in maize and teosinte are highly conserved among eukaryotes and 

about half of them are in known functional domains.  To investigate whether the 

amino acid polymorphisms at residues targeted by positive selection are likely to be 

associated with functional changes in the proteins, we examined the positions of the 

polymorphic residues within the predicted three-dimensional proteins structures.  

These analyses identified several polymorphisms at amino acid residues found to be 

under positive selection that are likely to result in considerable protein structure 

changes.  One of the notable polymorphisms was an alanine to phenylalanine change 

in RAD51A2 at residue 110 (Table 2.5), which is located in a conserved ATP-binding 

site.  We found that this residue flanks a small loop on the protein surface that is 
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adjacent to the Mg2+-binding pocket in the ATPase domain (Figure 4).  Mg2+ binding 

is known to induce a conformational change in the RAD51 protein, which is required 

for DNA binding (Namsaraev and Berg 1998).  Alanine is present at this residue in all 

eukaryotes that we examined, except for the two unusual RAD51A proteins in 

Physcomitrella (Markmann-Mulisch et al. 2002), which instead contain 

phenylalanine.  Another example of a polymorphism likely to result in a functional 

change was a substitution of highly conserved hydrophilic serine by hydrophobic 

glycine at position 330 in SPO11-2 (Table 2.5).  This residue is located on the surface 

of the TOPRIM domain in the SPO11 protein, on the face of the protein that touches 

the DNA (Nichols et al. 1999).   

In addition to polymorphisms resulting in amino acid substitutions, we found a 

sequence polymorphism resulting in a premature stop codon in the Mre11B gene in Z. 

mays ssp. parviglumis line 5.  This stop codon is expected to produce a non-functional 

protein truncated after the first eleven amino acids.   
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Figure 2.4:  Flat projection of the three-dimensional structure of the BRC repeat 

in the RAD51A protein.  The position corresponding to the polymorphic residue 110 

in maize RAD51A2 is marked with an arrow.  This amino acid is located at the base 

of a small loop on the protein surface that is adjacent to the Mg2+-binding pocket in 

the ATPase domain. 
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2.4 Discussion 

2.4.1 Evolution patterns in recombination genes  

Even though meiotic recombination genes exhibit high sequence conservation across 

eukaryotes, our analysis of eleven recombination genes in maize and teosinte 

identified a variety of selection patterns.  Not surprisingly, using different tests to 

detect selection signatures produced somewhat different results.  Frequency spectrum-

based tests indicated departure from natural evolution patterns in seven genes in 

maize (Dmc1, Mlh1, Mre11B, Msh4, Rad51A2, Sgs1, and Spo11-2), although we only 

found evidence in three of them (Mlh1, Mre11B, and Rad51A2) that this departure 

was caused by adaptive evolution rather than demographics.  With the LRT approach, 

we discovered positive selection patterns in Mlh1, Mre11B, Mus81, Rad51A2, and 

Spo11-2 and in Mre11A and Spo11-1 in teosinte.  Overall, these data showed that a 

large fraction of recombination genes have been subject to non-neutral evolution.   

Analyses of genome-wide diversity patterns in maize have shown that a 

relatively small number of maize genes, about 2 – 4 %, have experienced extremely 

strong selective sweeps during maize domestication (Tenaillon et al. 2004; Wright et 

al. 2005; Tian, Stevens, and Buckler 2009).  These sweeps led to very severe diversity 

losses at the affected loci and their targets were mostly genes controlling plant 

architecture and critical agronomic traits (Wang et al. 1999; Wright et al. 2005).  The 

recombination genes examined in this study do not appear to be in the same category 

of selection targets and exhibit higher levels of polymorphism in maize than the 

domestication-related genes affecting the agronomic and plant architecture traits.  

Consequently, the selective pressures experienced by the recombination genes are 
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likely to be significantly lower than those experiences by the domestication genes.  It 

is also quite possible that the selective pressure on the recombination genes was 

episodic and not uniform across all maize lineages.  For example, in some situations 

increased meiotic recombination rates may have been favored as they would facilitate 

formation of new gene combinations.  In other lineages, lower recombination rates 

may have helped preserve linkage blocks of advantageous alleles.  The fact that QTLs 

for recombination frequencies are not widely shared among diverse maize inbreds 

(McMullen et al. 2009), although they are present in individual mapping populations 

(Esch et al. 2007), provides some credibility to this claim.  Future analyses of larger 

sets of maize inbreds may help discern whether lineage-specific selection patterns in 

recombination genes indeed exists.   

Although several proteins involved in the meiotic recombination pathway, 

including Mlh1, Mre11, Mus81, Rad51, and Sgs1, are also known to function in 

somatic DNA repair, we did not detect obvious differences between the evolution 

patterns of genes encoding these proteins compared to genes that encode proteins with 

exclusively meiotic functions, such as Dmc1, Msh4, or Spo11.  We speculate that the 

meiotic function may be predominant in the dual-function genes.  Mutants in most 

meiotic recombination genes in plants do not show somatic defects, unless artificially 

exposed to genotoxic stress (Li et al. 2004; Puizina et al. 2004; Berchowitz et al. 

2007; Dion et al. 2007; Hartung, Suer, and Puchta 2007), suggesting that these genes 

are not absolutely required for somatic growth and development under many normal 

growth conditions. 
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We found evidence that several sequence polymorphisms in the maize and 

teosinte recombination genes were likely to have functional consequences, suggesting 

that they indeed may have provided fitness benefits and/or benefits to the breeder 

and/or farmer.  A number of the polymorphic residues were located in known 

functional domains of the proteins, and in some of these cases we were able to 

speculate on the potential impact of the amino acid changes on the protein structure 

by analyzing the positions of the polymorphic residues within three-dimensional 

protein models.  Such protein changes could, for example, be associated with 

increased recombination rates.  They could also affect the distribution of crossovers 

across the genome or affect the frequency of ectopic recombination between repetitive 

or homeologous genome regions.  We found genes exhibiting adaptive selection 

patterns at all major steps of the recombination pathway, which suggests that the 

recombination pathway’s adapting abilities are not limited to changing the crossover 

rates.   

Interestingly, we found that in teosintes there were fewer genes exhibiting 

adaptive selection patterns and these genes were different from those found in maize.  

This fact suggests that different patterns of adaptation in the recombination pathway 

are beneficial to wild teosintes growing in a fairly small region in Mexico than to 

maize inbreds cultivated in a much wider area around the globe.  Increased meiotic 

recombination rates are predicted to be beneficial in situations of strong or changing 

selection pressures (Otto and Michalakis 1998; Saleem, Lamb, and Nevo 2001), such 

as those present during domestication.  It is, therefore, conceivable that adaptive 

changes in the recombination pathway may be of more importance in maize, and that 
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they may have contributed to the successful domestication of maize and its expansion 

to new growing areas.   

 

2.4.2 Duplicated recombination genes 

Three of the recombination genes examined in this study, Mre11, Rad51, and Spo11, 

are present in the maize genome as duplicated copies.  However, all three of these 

duplications predate the allopolyploidization event that took place in the direct 

ancestry of maize (Gaut and Doebley 1997).  Two (in Rad51 and Mre11) likely took 

place at the base of the grass lineage and one (in Spo11) in the ancestor of all extant 

eukaryotes.  These data imply that duplicated copies of the recombination genes that 

must have been formed as a result of the maize-specific polyploidization event have 

been subsequently lost from the genome.  This observation is consistent with previous 

predictions, based on analyses of gene duplications in Arabidopsis, that DNA 

metabolism genes are preferentially subject to gene loss following whole-genome 

duplication (Blanc and Wolfe 2004). 

We observed substantial differences in the evolution patterns between the 

paralogs of Mre11, Rad51A, and Spo11.  While Mre11B, Rad51A2, and Spo11-2 

exhibited signatures of adaptive selection, Mre11A, Rad51A1, and Spo11-1 did not.  

We also found that each of the copies of the duplicated genes exhibited very different 

rates of sequence diversity in maize.  Overall, these data suggest that the duplicated 

gene copies have acquired distinct functions, which is a process known to follow gene 

duplications (Adams and Wendel 2005).  Although the functions of the two Spo11 

genes have not been studied in maize yet, in Arabidopsis both Spo11-1 and Spo11-2 
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are required for proper progression of recombination, which is consistent with each of 

the genes having a distinct function.  In contrast, the two Rad51A genes in maize were 

found to be completely redundant in mutant analyses (Li et al. 2007).  Our data 

showing different selection patterns in Rad51A1 and Rad51A2 suggests that 

differences in the functions of the two genes exist after all.  The functions of the two 

Mre11 genes in maize have not been studied, although the presence of a premature 

stop codon in Mre11B in one of the Z. mays ssp. parviglumis accessions suggests that 

Mre11A may substitute for Mre11B, which implies that the two genes are at least to 

some degree functionally redundant.  Collectively, the results of our study suggest 

that evolutionary analyses are useful in complementing conventional genetic analyses 

in functional studies of duplicated genes.   
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CHAPTER 3 

 

ANALYSIS OF VARIATION IN CROSSOVER FREQUENCY IN MAIZE 

3.1 Introduction 

Meiotic recombination is one of the most important elements in life cycles of all 

sexually reproducing eukaryotes. Meiosis consists of two nuclear divisions: meiosis I 

and, meiosis II, which result in halving the chromosome number in each of the 

daughter cells. Accurate segregation of chromosomes is ensured by formation of 

crossovers between homologous chromosomes during prophase I. Crossovers are the 

sites of physical exchanges of segments between homologous chromosomes and are 

formed from a subset of double strand breaks. Double strand breaks are produced by 

topoisomerase-like protein Spo11, as a first step in the recombination pathway during 

meiosis (1). Not all DSBs are repaired as crossovers (2). In wild-type maize, nearly 

500 DSBs are formed (3) and out of these about 20 are repaired as crossovers. DSBs 

that are not repaired as crossovers become noncrossovers or ‘gene conversion’ events. 

Bivalents that fail to form crossovers fail to segregate properly resulting in 

aneuploidy. Thus, crossover formation has to be under a very stringent control so that 

a bivalent formed during prophase I is held together is held together until metaphase I 

to ensure proper chromosome segregation (4-6). 

It has been well documented that the number and distribution of crossovers 

during meiosis is are not random and are subject to stringent control (7). In order to 

ensure proper segregation during anaphase I, each bivalent requires at least one 

obligate crossover (8). Most species have two crossovers per bivalent (one per 
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chromosome arm), while more than two crossovers are rare. Cytological studies in 

humans and mouse spermatocytes revealed that most bivalents form only one or two 

crossovers but differences in numbers exist between sexes and chromosomes (9-13). 

A study on crossover numbers in human oocytes, found nearly three crossovers per 

bivalent (14). C. elegans mostly exhibits one crossover per chromosome (15). Studies 

in genus Caledia showed that the number of crossovers/nucleus is quite consistent 

within species (16).  

Crossover formation is controlled in such a way that at least one crossover 

forms per bivalent but multiple crossovers are spaced far from each other. Spacing of 

multiple crossovers is affected by the phenomenon of crossover interference.  

Interference was first observed in Drosophila (17). Crossover interference reduces the 

probability of a second crossover forming in vicinity of a crossover so that distance 

between crossovers is larger than the expected distance if the two crossovers were to 

form independent of each other (8, 17). It has been speculated that this phenomenon is 

regulated by mechanical stress experienced due to expansion of chromatin. The 

hypothesis proposes that crossovers form so that this stress could be relieved (6). 

Another crossover is not formed in the vicinity because the mechanical stress is not 

enough to generate another break (6). Another model known as a ‘counting model’ 

has also been proposed to explain interference (18). According to this model, there 

needs to be a set number of non-crossovers before another neighboring crossover can 

form (18). Data from many species such as budding yeast, mouse, tomato, 

Arabidopsis and maize show that a small fraction of crossovers are independent of 

crossover interference (18-24). Accordingly, COs are categorized into class I, or 
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interfering crossovers, and class II, or non-interfering crossovers. In most species, 

including plants, the majority of crossovers are class I. These crossovers are formed 

by a group of meiosis-specific proteins called ZMM (21, 25). Non- interfering 

crossovers, are formed by a different set of proteins, including Mus81 and Mms4 (26, 

27). In yeast and tomato, nearly 30% of all crossovers are class II, while in 

Arabidopsis, 15% of all crossovers belong to this class (7).  

Crossover formation is also regulated by a phenomenon of “crossover 

homeostasis”. It was shown in budding yeast that crossover numbers vary little with 

varying DSB numbers, so that even when there are fewer DSBs, the same number of 

crossovers per bivalent is formed at the expense of non-crossovers (28).  

Crossovers can be visualized on a genome-wide and chromosome level 

through cytogenetic analysis by observing chiasmata. Chiasmata are the sites where 

homologous chromosomes are physically connected to each other during during the 

diplotene and diakinesis stages of prophase I. They are best visible at diakinesis, 

Chiasmata mark the sites of crossovers, which has been shown through BrdU labeling 

experiments (29-31). Thus, they have been long regarded as proxies for the number of 

crossovers. For the present study, I analyzed crossover numbers in inbreds and 

hybrids of maize. Maize is an excellent system for this type of analysis for several 

reasons: 

 

A. In maize, meiosis is highly synchronized within anthers and flowers. Meiotic 

stages can be easily identified and because of the synchronization, one can 
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harvest a lot of material at a given stage, making maize as an excellent 

material to perform cytology. 

B.  Maize chromosomes are large and thus are easily observed under microscope 

and are excellent for cytological studies. 

C. Maize harbors an exceptionally large amount of within-species genetic 

variation  (32).  

 

Besides chiasmata, there is another type of cytological structures known as 

recombination nodules that have been found to be associated with crossovers. 

Recombination nodules (RNs) are formed in synaptonemal complex during meiotic 

prophase I. Early RNs represent the sites of DSB repair, while late RNs represent sites 

of crossing-over. In several species it was shown that late RNs exhibit similar patterns 

of localization as crossovers (33). A 1:1 correspondence between the late RNs number 

and the chiasmata number has been found in lily and tomato (34, 35). 	  

Genome-wide recombination rates are likely to be affected by numerous cis- 

and trans-acting factors. It has been documented that deletion on one chromosome 

arm affects the number of chiasmata on the other arm. A recent study of chiasma 

distribution in a wheat–rye addition line containing rye chromosome 5 in the 

hexaploid wheat background showed that a loss of about 70% of the distal portion of 

the long arm arm of wheat chromosome 5 resulted in more COs on the short arm (36).   

Presence of supernumerary B chromosomes boosts genome-wide 

recombination.  These chromosomes are mainly heterochromatic and are not essential 

for life of the organism (37). B chromosomes have been found in over 200 species of 
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plants and animals (37). The first evidence that B chromosomes can raise chiasma 

frequencies in A (normal) chromosomes came from studies in grasshoppers (38). 

Subsequently, there were many other studies in several species, including maize, rye, 

and lily, which further confirmed this hypothesis (37, 39, 40). It was also shown that 

B chromosomes cause redistribution of chiasma from distal to more proximal 

positions on chromosomes (40).  In contrast to these studies, in wheat and wheat-

aegilops hybrids, it has been found that B chromosomes cause a significant reduction 

in chiasma frequency (41, 42).  

An increase in recombination frequency associated with the presence of B 

chromosomes in maize has also been shown through genetic means. A study of 

crossover frequency between four markers on chromosome 3 showed increasing 

recombination rates with increasing numbers of B chromosomes (43).  

Several studies in plants have suggested that heterozygocity affects meiotic 

crossover rates. It has been documented in pearl millet that hybrids had significantly 

higher numbers of chiasma than their inbred parents (44). It was also reported in the 

same study that newly formed hybrids had significantly higher chiasma numbers than 

established hybrids (44).  

A study in maize reported that the number of COs is affected by allelic 

variation at the locus between the parents (45). In this study, recombination was 

analyzed at the bronze locus between a variety of heteroalleles, which differed from 

each other in the level of plolymorpism ranging from point mutations to large indels 

(45). It was shown that polymorphic heteroalleles resulted in more crossovers than 

more similar parental alleles (45).  
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It has also been documented that recombination frequency is higher in 

polyploids. In recent studies, it was shown that Arabidopsis tetraploids as well as 

allotriploids and tetraploids in Brassica have significantly higher numbers of 

chiasmata than diploids (46, 47). 

Although the mechanistic aspects of meiotic recombination in plants 

especially in Arabidopsis, maize, and rice, have received a lot of attention in past few 

years (7, 48), very little is known about natural variation in crossover frequencies 

within a species (49, 50 2008). In this study, I analyzed crossover frequencies in 

thirteen diverse inbreds of maize with the aim of identifying lines that show extreme 

variation in chiasma numbers. I found that maize inbreds differed significantly from 

each other with respect to chiasma numbers.  

 

3.2 Materials and Methods 

3.2.1 Plant material 

Thirteen maize inbreds, B73, B97, CML69, CML103, CML228, CML277, CML322, 

Hp301, Ki11, Mo17, Mo18w, M162w, and Oh43 were selected from a collection of 

NAM population parents. NAM population parent inbreds represent a diverse 

collection of maize germplasm and thus offers the best resource to study genetic 

variation in this species (51-53). Plants were grown in 1:1 Promix :calcined clay soil 

mix in growth chamber facility in Weill Hall, Cornell University with 31 C day temp 

and 22 C night temp with 12 hr light. The light intensity was maintained at 800 

µmol/m2s. Meiocytes were harvested when plants were about 6-7 weeks old.  This 

time was variable due to different inbred backgrounds.  
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3.2.2 Flower fixation 

To determine the meiosis stage, anthers were stained using the acetocarmine staining 

and viewed under a light microscope. Entire tassels were fixed in Carnoy’s solution 

containing 3:1 ethanol:glacial acetic acid for 24 hours and then stored in 70% ethanol 

at -20 C. 

 

3.2.3 Chromosome spreading 

Chromosomes at the diakinesis stage of meiotic prophase I were visualized using the 

well-established chromosome-spreading technique (54) with some minor 

modifications. Fixed meiocytes were washed in citric acid buffer for 10 minutes and 

incubated in an enzyme mixture consisting of 2% Onazuka R10 cellulase, 1% 

mecerozyme, 1% cytohelocase, 4 mM citric acid, and 6 mM sodium citrate, pH4.8 at 

room temperature for 60 minutes. Enzyme-digested anthers were transferred to a 

slide, macerated with a needle in a small drop of 95:5 (v/v) acetic acid : methanol 

solution.  The solution containing meiocytes was dropped from about 30 cm height on 

a glass slide slides for effective spreading. After subsequent air-drying, chromosomes 

were cross-linked to the slides using UV light (1200 J). Finally, slides were stained 

with 500 µL of DAPI (4,6-diamidino-2-phenylindole) solution (1 µg mL−1) and 

washed with 1X PBS for 10 minutes, three times. The slides were then mounted with 

DABCO and sealed with nail polish.  
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3.2.4 Fluorescence microscopy 

A DeltaVision imaging workstation (Applied Precision, Issaquah, WA) was used to 

generate 3-dimensional stacks of images that were taken every 0.15 µm across the 

whole cell nucleus. The 3-D image stacks were deconvolved and analyzed using the 

SoftWoRx software (Applied Precision, Issaquah, WA). In most cases, I was able to 

clearly identify the number of chiasmata for a given bivalent. In some ambiguous 

cases where it was not clear, 3D reconstructions of the imaged nuclei were generated. 

The 3-D reconstructions allowed viewing chromosomes at all possible angles and 

made it easier to evaluate the different shapes of bivalents at diakinesis.   

 

3.3 Results and Discussion 

3.3.1 Chiasmata frequency analysis in maize inbreds 

To survey natural variation in genome-wide recombination rates in maize, I examined 

chiasmata during the diakinesis stage of meiosis I in a set of thirteen maize inbred 

lines.  Chiasmata were counted in chromosome spreads. To enhance our ability to 

correctly identify and detect all chiasmata, I used 3D image reconstruction, which 

allowed me to clearly see the morphology of bivalents (Figure 3.1). Using this 

method, it was easy to clearly see chiasmata by analyzing bivalent configurations. 

There are two very distinct configurations of bivalents during diakinesis: rods and 

rings (Figure 3.1). Rods have only one chiasma per bivalent while rings have two 

chiasmata, one at each end (Figure 3.1).  

There are two main challenges in determining the accurate number of 

chiasmata per chromosome, which could lead to over or under estimation of the total 
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number: (1) chromosome twists can be mistaken for chiasmata and (2) nearby 

chiasmata cannot be distinguished from each other. The 3D reconstruction method 

allowed me to differentiate between chromosome twists and bona fide chiasma 

because bivalents could be viewed from all different angles (Figure 3.1c, 3.1d). 

Chiasmata present near each other make it harder to distinguish multiple from one 

chiasma (Figure 3.1e). In such cases, to avoid false negatives, the size of the chiasma 

was taken into account. Typically, a chiasma is 1-2 um in length so if two chiasmata 

were next to each other, they can be distinguished based on size (Figure 3.1e). These 

features made it easier to count multiple chiasmata on a bivalent. 
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Figure 3.1: Combining chromosome spreading with 3D reconstruction of images 
allows us to precisely determine the number of chiasma, chiasmata are pointed in the 
images by arrows: Top panel (a-c) shows typical chromosome morphology for 
bivalents that one, two or three chiasmata; the bottom panel (d-f) shows ambiguous 
bivalent morphologies that appear as three, one and no chiasma; a) rod bivalent that 
has one chiasma at one end, b) a typical ring bivalent, with one chiasma at each end, 
c) a bivalent showing three chiasmata: two terminal and one interstitial, d) A bivalent 
appears showing two terminal chiasmata and one twist (pointed by purple arrow) 
appearing as chiasma e) a bivalent which has two chiasma closely spaced to each 
other f) a bivalent appear as two univalents. 
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Figure 3.2: Average number of chiasmata per cell in thirteen maize inbreds 
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Among the thirteen maize inbred lines that I analyzed, the chiasmata numbers varied 

from 10.2 to 19.5.  I observed the highest average number of chiasmata per cell in the 

B97 inbred (19.5/cell) and the lowest in CML228 (10.2/cell). As CML228 was clearly 

an ‘outlier’ in this analysis (Table 3.1, Figure 3.2), to make sure that the low 

chaismata counts  

 
 
Table 3.1: Variation in average number of chiasma per cell in maize inbreds: 
 

 

 

With the exception of CML228, the differences in chiasmata numbers among the 

inbreds were rather small.  To determine whether these differences were statistically 

significant, I conducted a one-way analysis of variance.  The results of this analysis 

showed that in the vast majority of comparisons, the differences between inbreds were 

statistically significant (Table 3.2a).  These data also showed that within-inbred 

variation was very small in most cases.  Since CML228 exhibited a higher degree of 

S. 
No. 

Inbred Number of 
cells 

Average Number of 
Chiasma/cell 

Standard Error 

1 B73 25 19.0 0.2 
2 B97 40 19.5 0.113 
3 CML103 46 18.5 0.142 
4 CML228 44 10.2 0.241 
5 CML277 45 18.5 0.174 
6 CML322 42 17.9 0.256 
7 CML69 40 18.3 0.136 
8 Hp301 25 18.5 0.244 
9 Ki11 45 18.8 0.22 
10 M162w 50 16.9 0.201 
11 Mo17 46 18.6 0.131 
12 Mo18w 65 16.2 0.334 
13 Oh43 45 18.5 0.17 
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variation than the other inbreds, I performed another analysis that specifically 

excluded CML228. The results from this analysis are listed in Table 3.2b.  The 

differences among inbreds in the later analysis were also found to be significant. 

 

Table 3.2a: Analysis of variance test for variation in average number of chiasma per 
cell in maize inbreds (p=0.001) 
 

Sources of 
Variation 

Sum of 
Squares 

d.f. Mean Sum of squares F-value 

Between groups 4070.0 12 339.2 217.2 
Error 821.3 526 1.561  
Total 4891 538   
     

 
 
 
Table 3.2b: Analysis of variance test for variation in average number of chiasma per 
cell in maize inbreds except CML228 (p=0.001) 
 

Sources of 
Variation 

Sum of 
Squares 

d.f. Mean Sum of squares F-value 

Between groups 459.8 11 41.8 27.57 
Error 683.9 451 1.516  
Total 1144.0 462   
     

 
 
 

Since CML228 exhibited a much lower number of chiasmata per bivalent then 

the other inbreds, I analyzed the overall meiosis progression in CML228 plants. 

CML228 meiocytes seemed to progress through meiosis normally. However, I found 

that synchronization of meiosis progression among flowers on a tassel was disturbed 

in this inbred.  In maize, the oldest meiotic stages are found in anthers located in the 

center of the tassel, followed by younger stages on the top and bottom of the tassel. In 

CML228, I observed that meiotic stages were not synchronized in this way. Instead, 
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the stages were intertwined and presented a complex arrangement in which flowers 

with meiocytes at earlier stages of meiosis such as zygotene and pachytene were 

intermingled with flowers tat much later stages of meiosis like tetrads.  

Surveys of chismata numbers have been previously undertaken in Arabidopsis 

and mouse. In Arabidopsis, eight diverse accessions were compared shown to differ 

significantly from each other with respect to chiasma numbers ranging from, 7.9 to 

9.36 chiasma per cell (49). Chiasma numbers in these accessions were estimated 

through analyzing bivalent configuration (rods vs. rings) at metaphase I. 

Arabidopsis chromosomes are smaller than maize chromosomes and and the 

cytology is challenging. Furthermore, chromosomes are more condensed at metaphase 

than at diakinesis, making it harder to visualize the actual chiasma number. It is 

possible that chiasma numbers observed in the Arabidopsis study were under or over 

estimated due to these factors. The study in mouse, which compared crossover 

numbers in eight mouse strains revealed that the average crossover number per cell 

varied from 22.6 to 23.9 (9). Although, the variation in the number of crossovers 

between strains was not statistically significant, the study reported a significant 

correlation between chromosome length and crossover (performed on one mouse 

strain) (9).  

In addition to recording the number of chiasmata, I analyzed my data set to see 

what percentage of bivalents had one, two, or three chiasma. Inbreds differed from 

each other significantly in this aspect. CMl228 had 99% bivalents with a single 

chiasma/cell while B97 had only about 9% bivalents with one chiasma per cell; the 

highest and lowest values among all inbreds analyzed. Most inbreds had between 10 
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to 20% bivalents with one chiasma per cell with the exception of M162w (31% 

bivalents with one chiasma) and Mo18w (41% bivalents with one chiasma). This was 

expected as M162w and Mo18w also had lower average number of chiasma per cell 

(16.8 and 16) compared to other inbreds. 

Most inbreds analyzed in this study had between 80 to 88% bivalents with two 

chiasmata per cell.  The exceptions were M162w, Mo18w, and CML228, which 

showed relatively low overall chiasma numbers and exhibited high fractions of 

bivalents with only a single chiasma.  Another exception was CML103.  In this 

inbred, the average chiasma number per cell was higher than in M162w, Mo18w, or 

CML228 (18.5 chiasmata/meiocyte) but a higher percentage of bivalents per cell 

exhibited three chiasmata (7.5 %) compared to the other inbreds. 

There are several factors that can affect the number of crossovers within 

species. These factors are genetic (49, 55, 56), environmental (57), developmental 

(57), and genomic (45, 58, 59).  Environmental factors, such as temperature, have 

been shown to affect crossover frequency in many different species (60). However, 

different species exhibit different effects of temperature on CO frequencies, ranging 

from positive correlation to negative correlation (60).  

Developmental effects on CO frequencies have been reported in Arabidopsis, 

where it was shown that CO frequencies varied depending on the position of the 

flower (57). Primary flowers, which are derived from the apical meristem, had lower 

CO frequency than secondary flowers (flowers on braches of primary flowers) and 

tertiary (flowers on braches of secondary flowers) flowers, which are derived from 

lateral meristems indicating that developmental position affects recombination 
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frequency (57). No correlation between plant age and CO frequency was observed in 

this study (57). 

Genetics controllers of CO frequencies can be trans-acting (genes that have a 

regulatory effect on crossover frequency) or cis-acting (structural elements of the 

chromosomes). Recombination frequency variation due to differences in genetic 

background has been documented in several plant species; Arabidopsis, maize and 

Petunia hybrids (49, 55, 56). 

The study in Arabidopsis and the present study in maize revealed that although 

the variation of chiasma numbers among lines was statistically significant, the overall 

extent of the variation was rather limited. The requirement for an obligatory chiasma 

in each bivalent defines the minimum number of CO events per cell.  These data 

suggest that, at least in plants, there is also a mechanism that limits the maximum 

number of crossovers.  A high number of CO events could, for example, introduce 

genomic instability. Potential consequences of genomic instability could outweigh the 

benefits of additional recombination and, thus, avoiding high recombination 

frequencies may be desirable.  

 

3.3.2 Chiasmata frequency analysis in hybrids 

In addition to examining chiasma frequencies in homozygous inbreds, I have also 

examined chiasma frequencies in three maize hybrids generated from NAM parents. I 

chose B73 x CML228, B73 x Mo17, and B73 x Mo18w for this analysis. I chose B73 

x Mo17 because B73 and Mo17 belong to different heterotic groups and, the B73 x 

Mo17 inbred exhibits strong heterosis (61). 
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B73 x CML228 was chosen because in a recent study on recombination 

variation in recombinant inbred lines of the NAM population, it was shown that the 

B73x CML228 cross exhibited the highest recombination frequency out of 25 

progenies analyzed in this study.  The B73 x Mo18w progeny exhibited lowest 

recombination frequency, and I also selected this hybrid for further analysis (53). 

I found that B73 x Mo17 hybrid had the average chiasmata number per cell 

that was the highest among the three hybrids (19.5 per meiocyte).  B73 x Mo18w 

exhibited the lowest number (16.2 chiasmata per cell) (Figure 3.3). The B73 x 

CML228 hybrid exhibited 17.8 chiasmata per cell on average. The B73 x CML228 

and B73 x Mo17 hybrids exhibited higher crossover frequency than the average of 

their parental means while the B73 x Mo18w hybrid exhibited crossover frequency, 

which was similar to Mo18w but lower than the parental mean (Figure 3.3).  

Previously, recombination frequencies have been examined using genetic 

mapping in 25 recombinant inbred line families (S5 generation) (53). This study 

reported significant variation in hybrid families ranging from –104.3 cM for B73 × 

Mo18W to +269.4 cM for B73 × CML228.  Our results are not in agreement with 

these data and this could be due to several reasons: First, recombinant inbred lines 

used in the McMullen et al, study have gone through several rounds of meiosis; while 

in our study, the crossover numbers were estimated based on a single meiosis. 

Second, in the McMullen study, both male and female meiotic events were accounted 

for, while for our study, only male meiosis was taken into account.  
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         Figure 3.3: Average number of chiasmata per cell in hybrids and parents 

 

 

Male vs. female recombination frequency differences were first observed in 

Drosophila and silk worm, where females were found to have more recombination 

frequency than males (62, 63). Similar observation of higher recombination in females 

than males was made in humans (64, 65) and mice [(66)]. In Arabidopsis, it has been 

shown that recombination frequency in males is generally higher than females (66).  

Similarly, male recombination frequency has been reported to be higher in maize (67, 

68). The sex-related differences in recombination frequency are not uniform across 

entire genome. For example, several genetic intervals in maize are longer in female 

(68). In humans, similarly some regions were same in genetic size although overall 

female genetic maps are longer than male (65). 
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3.4 Conclusions 

In this study on chiasma variation in thirteen inbreds of maize, I documented that 

maize inbreds significantly differ from each other with respect to average chiasma 

numbers per cell. This is the first documentation of significant within species 

variation in crossover numbers in a complex genome. The variation observed between 

different inbreds suggests the existence of genetic factors that differ from each other 

in these inbred lines, leading to differences in recombination frequency. These could 

be genes or other structural or regulatory elements on chromosomes This study will 

form the basis of further studies to understand the genetic basis of within-species 

variations in recombination frequencies.  
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