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Introduction 

Citrus is one of the most important fruit crops worldwide, being grown in over 

130 countries (Cuenca et al. 2018), with 158.5 million tons produced worldwide (citrus 

industry 2022) and 16.8 billion dollars in world trade (OCE 2020). The US citrus industry 

is valued at 3.4 billion dollars (USDA 2020).  The family Rutaceae comprises three 

subtribes Triphasiinae, Balsamocitrinae, and Citrinae (Swingle and Reese 1967). Citrinae 

is the subtribe that contains most of the economically important genera, including Citrus, 

Poncirus, Fortunella, Eremocitrus, and Microcitrus. The last two have only recently 

gained interest due to studies showing tolerance and/or resistance in the species to 

Huanglongbing (HLB), also known as Citrus Greening (Ramadugu et al. 2016, Alves et 

al. 2021). Citrus, Poncirus, and Fortunella have been used extensively as scions, 

rootstocks, or both and in many hybrids for scion and rootstock breeding. The most 

commonly used classification system in the US was proposed by Swingle and Reese, 

containing 36 species in the genus Citrus. They were the first to include biochemical 

markers in their classification determination and the typical history and morphological 

characteristics. These classifications are still debated today as newer studies, such as the 

2018 study by Wu et al., show that there were five progenitor species in the genus Citrus 

C. medica, C. reticulata, C. maxima, C. micrantha, and Fortunella, with most of the 

other species being complex hybrids of the five progenitor species. The new genetic 

information has prompted a new taxonomic system to show the complex admixture and 

reduce the number of genera in the subtribe (Mabberley 2004).  
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Citrus breeding has been done for hundreds of years with moderate success. Still, 

it has been “hampered by its’ complex genetics and reproductive biology (apomixis, 

partial pollen and/or ovule sterility, cross- and self-incompatibility and high 

heterozygosity). In addition, citrus has a long juvenile period and usually takes several 

years for hybrids to set fruit.” (Cuenca et al. 2018). Some species of citrus have nucellar 

embryony meaning that embryos of the species can form from nucellus tissue of the 

mother plant, making the embryo genetically identical to the mother barring mutations. 

These seeds can also be polyembryonic, meaning they contain multiple embryos from a 

single seed, which can be useful in creating plant replicates. Both of these traits can 

hamper a breeding program, as the primary goal in such a program is to create hybrids 

with beneficial traits. A high degree of nucellar embryony precludes the production of 

hybrids meaning that seeds collected may not be hybrid seeds even with controlled 

crossing. Nucellar embryony usually co-occurs with polyembryony, where multiple 

embryos almost always arise from nucellar tissue, with studies showing that even when a 

hybrid is present, it is often smaller than the nucellar embryo (Xiang 1988).   

Most species within the genus Citrus are diploid (n=18), with a few examples of 

triploids and tetraploids (Krug 1948). These triploids and tetraploids, some created 

through natural mutation, have been propagated but don’t survive well in the wild. Many 

more were created through manipulation, such as colchicine or fusion (Grosser and 

Gmitter 1990), in an effort to improve the cultivars with traits such as size increase or 

seedlessness. The citrus genome has nine chromosomes with an approximate size of 370 
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megabases. The complexity of citrus genetics has led to the slower development of 

genetic tools to assist breeding efforts.  

The creation of markers associated with quantitative trait loci (QTLs) for genes is 

a step towards understanding Citrus genetics better and improve breeding results. Several 

types of markers have been developed over the years, and as new technologies have 

become available, they were applied to citrus as well. These include isozymes (Roose 

1988; Torres et al. 1978, 1982); random amplified polymorphic DNA (RAPDs) (Luro et 

al. 1994); sequence characterized amplified regions (SCARs) (Nicolosi et al. 2000); 

restriction fragment length polymorphism (RFLPs) (Federici et al. 1998); simple 

sequence repeats (SSRs) (Barkley et al. 2006; Chen et al. 2008; Cuenca et al. 2011; 

Froelicher et al. 2008; Garcia-Lor et al. 2012, 2015; Kijas et al. 1997; Luro et al. 2001, 

2008; Terol et al. 2007, 2008); intersimple sequence repeat (ISSRs) (Fang et al. 1997); 

amplified fragment length polymorphism (AFLPs) (Liang et al. 2007; Pang et al. 2007); 

cleaved amplified polymorphic sequences (CAPs) (Lotfy et al. 2003); insertion-deletion 

(Indel) and diversity arrays technology (DArT) (Curtolo et al. 2017); and single 

nucleotide polymorphism (SNPs) (Chen and Gmitter 2013; Cuenca et al. 2013b; Garcia-

Lor et al. 2012, 2015; Ollitrault et al. 2012a, b). The first citrus maps were created using 

RFLP and isozyme markers, with subsequent maps utilizing different types of markers 

such as AFLP and RAPD (Durham et al. 1992, Jarrell et al. 1992, de Simone et al. 1998, 

Sankar and Moore 2001, de Oliveira et al. 2007, Gulsen et al. 2010). The first genome 

published in citrus was created by Xu et al. 2012 utilizing paired-end-tag sequencing of 

Citrus sinensis. A reference linkage map for citrus was created by comparing the Citrus 
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clementina genome and five parental genotypes using sequence-derived SNP, SSR, and 

Indel markers (Ollitrault et al. 2012a).  

Simple sequence repeat markers are a type of microsatellite developed by Litt and 

Ludy in 1989 and Akkaya et al. (1992) First published work applying microsatellites in 

plants. These markers locate regions of the genome known as tandem repeats (TRs). The 

mutation rate in such regions is high, with tandem repeats being spread throughout the 

genome. Perfect repeat sections more extended than 20 base pairs were discovered to be 

highly polymorphic, with sections often having deletions or insertions of repeat elements 

(Vieira et al. 2016). Markers based on this variation are often co-dominant and multi-

allelic, allowing for the confirmation of parentage when creating hybrids in citrus, as 

each parent will contribute one, an often unique, allele at each SSR locus. SSR markers 

were used in citrus to study genetic diversity and population structure in 2006 by Barkley 

et al. and have often been used to determine if a citrus tree was derived from 

hybridization or nucellar formation before use in the breeding program. SSR markers are 

also helpful in citrus for confirming the presence of each of the different chromosomes, 

as specific markers were designed to amplify only a region on each specific chromosome. 

Single nucleotide polymorphisms (SNPs) are positions in a DNA sequence where 

a single base has been changed between the alleles. SNPs are the most common form of 

mutation found in DNA and have been used extensively in genetic studies to advance our 

knowledge of genetics. SNPs are used in plants to differentiate germplasm, track sections 

of DNA through lines, introgress important QTLs, select progeny, study diversity, 

identify cultivars, and develop linkage maps (Rafalski 2002). Specifically in breeding 
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programs, SNPs have been used to develop disease resistance, drought tolerance, 

consumer traits, processing traits, etc., in corn, wheat, barley, onion, melons, rice, 

mustard, tomato, and more (Morgil et al. 2020, Brenner et al. 2012, Scholten et al. 2016, 

Rana et al. 2019, Fridman 2004, Perpiñá 2016). SNPs are common within a genome, with 

a SNP occurring approximately every kilobase pair along the genome. SNP markers are 

generally biallelic, making the markers easier to use and analyze (Morgil et al. 2020). 

SNPs are located using in-vitro methods such as genome sequencing and restriction 

digestion and then markers can be designed around those regions (RFLPs and CAPS). 

There are also in-silico methods which use the DNA sequences or previously created 

genome libraries to find SNP sequences; the markers are then designed and tested.  This 

is often called SNP mining (Morgil et al. 2020). These SNP regions can be used in citrus 

for marker-assisted breeding efforts allowing the tracking of important QTLs through 

generations. Those QTLs can also help inform gene editing techniques such as CRISPR 

or Agrobacterium.   

Markers linked to various traits have been generated, such as dwarfing from 

Flying Dragon (Cheng and Roose 1995), fruit acidity (Feng et al. 1997), CTV resistance 

in Poncirus (Asins et al. 2004; Deng et al. 1997; Gmitter et al. 1996; Yang et al. 2003), 

anthocyanin in the pulp (Butelli et al. 2012, 2016), nucellar embryony (Wang et al. 

2017), and Alternaria brown spot resistance (Dalkilic et al. 2005; Gulsen et al. 2010). 

These markers can accelerate citrus breeding efforts by allowing for screening 

populations at a seedling stage rather than phenotypic testing. Marker-based selection is 
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particularly valuable for traits like dwarfing where phenotyping is a long and 

cumbersome task that can be hindered by environmental factors.  

The cost of genotyping large numbers of SNP markers and developing SNPs by 

sequencing many genotypes has decreased annually, allowing such technologies to be 

utilized in more plant genetic and breeding programs. SNP chip arrays are a technology 

used in genetic studies of citrus and other species. SNP arrays contain hundreds of 

thousands of unique sequences designed to bind to specific targets in the sample DNA. 

Laser confocal scanning is then used to read the fluorescence signal from each sequence 

location, with each SNP allele being represented at a different location. The signal 

measures the abundance of each queried SNP allele in the genome. The signal data can 

then be run through a program to determine which SNP alleles are present at each locus. 

In genetic studies, SNP markers are selected throughout the genome and can be used in 

linkage mapping to detect anomalies such as segregation distortion, loss of 

heterozygosity, and aneuploidy. Hiraoka and Roose developed an SNP array for use in 

citrus in 2020. They hybridized 924 citrus accessions from the Citrus Variety Collection 

at UC Riverside, creating a sizeable genomic database for comparing the accessions, 

determining admixture, phylogeny, introgression, and QTL analysis. SNP markers for 

traits of interest, such as the markers developed above, can be queried using other marker 

systems, such as Kompetitive allele-specific PCR (KASP) markers, for cheap and quick 

screening of many traits on various hybrids to identify appropriate parents and select 

progeny which have the genes associated with traits required for success as a scion or 

rootstock. 
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Citrus breeding is often separated into two categories: scion and rootstock. Scions 

are the top part of the tree grown for their fruit characteristics but also some disease 

tolerances, vigor, shape, and color of leaves. Rootstocks are the bottom part of the tree, 

selected to have disease resistance, good nutrient-acquiring ability, drought tolerance, 

salinity tolerance, and ease of replication. Citrus has been grown as grafted plants for 

hundreds of years, with the method’s popularity increasing since the late 1800s (Castle 

2010). Grafting is done because a rootstock affects the scion, including yield, fruit 

quality, health, dwarfing, precociousness, disease resistance, and flowering time 

(Wutscher 1970), traits for which a desired phenotype may not be present in a scion 

variety. The process can be done in several different ways, but all methods rely on 

aligning the cambium layers of the scion with the rootstock and allowing the plant to heal 

these together into a single tree. This allows the combination of scion traits such as fruit 

taste, yield, and tree vigor with rootstock traits of disease resistance, root vigor, and 

nutrient acquisition. The main rootstocks for Citrus include Poncirus and hybrids 

between the two species. Poncirus is a close relative of citrus. It is deciduous with a 

trifoliate leaf that has given it the common name trifoliate orange. Poncirus has many 

traits that have made it worthwhile as a rootstock, including phytophthora resistance, 

citrus nematode resistance, Citrus Tristeza Virus (CTV) resistance, cold tolerance, and 

huanglongbing (HLB) tolerance. The species tends to have many seeds, which contain 

nucellar embryos and are polyembryonic, meaning many copies of a plant can be created 

quickly and with little effort. Polyembryony however makes breeding difficult as most if 

not all of the seed produced from a cross will be clones of the parent and not hybrids. So 
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while the trait of polyembryony is desired in commercial nurseries for production it limits 

breeding efforts. Poncirus tends to be used as a male in many crosses, thereby avoiding 

polyembryonic seed by using a female parent which does not have polyembryony. The 

trifoliate leaf trait is dominant, a characteristic that allows leaf morphology to be used to 

identify successful crosses with citrus.  However, as generations progress using citrus as 

a parent the use of leaf morphology is less effective to confirm that a seedling is a hybrid 

derived from trifoliate. Markers are often used to identify hybrids and thus have made 

crosses where few of the progeny will be hybrids more acceptable as the hybrids will 

quickly be separated from the nucellar seedlings at a young age, and resources aren’t 

being wasted on nucellar progeny. 

 Poncirus was used as a rootstock sparingly until the 1940s when the graft-

transmissible pathogen CTV began to spread throughout the Citrus growing regions of 

the world. This disease attacks the graft union between sweet orange and sour orange, 

causing quick decline and death in many cases. Alternatives to sour orange were 

necessary, and trifoliate orange was discovered to have resistance to CTV (Wallace 

1978). Trifoliate orange started to become adopted by the US citrus industry due to the 

many valuable traits listed above and because sour orange, which was also resistant to 

many of the same pathogens and had other beneficial traits, could no longer be used as 

the trees would lose productivity and die. Issues with using trifoliate orange as a 

rootstock included slow growth, unsuitability in calcareous soils, reduced yield, and 

compatibility issues when grafted with some citrus scions. Breeding programs began to 

focus on combinations of Citrus and Poncirus that combined many of the beneficial traits 
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from both genera into one rootstock. One of the first successful hybrids was Carrizo, a 

cross of sweet orange x trifoliate.  This hybrid is still one of the most used rootstocks in 

the US. Crosses between the two genera had a specific naming convention, with crosses 

sweet orange x trifoliate named citranges. In contrast, other hybrid names include 

citrumelo (grapefruit x trifoliate), citrandarin (mandarin x trifoliate), citradia (sour orange 

x trifoliate), etc. These hybrids combined many of the beneficial traits of both parents, 

reducing the negative effects of using pure trifoliate as rootstocks. 

 Crosses between Citrus and Poncirus have become the most popular type of 

rootstock used in the United States, with 80% of Florida propagations using these hybrids 

as rootstocks for 2020-2021(ccqc.org). The number is likely similar in many of the other 

Citrus growing regions in the US though the numbers of each cultivar grown is 

unavailable for the other states. However, these F1 hybrids still have limitations 

attributed to their trifoliate lineage, as they often have problems growing in calcareous 

soils and compatibility issues when grafted with certain scions. Backcrossing has been 

attempted many times by our breeding program and others. However, this has failed, with 

no commercial rootstocks being released from these backcross attempts despite several 

years and the use of varying parents. Both Citrus and Poncirus are diploid and are largely 

heterozygous in their genomes; this has likely allowed for many negative recessive alleles 

to arise within each species. These alleles lie dormant in the genome because the neutral 

or positive dominant allele prevents the negative trait from expressing. When outcrossed, 

the initial hybrids express a kind of hybrid vigor as the negative sections of the passed-

along alleles are compensated for by the other species’ allele.  This includes negative 
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alleles expressed in the parents but masked in hybrids by the other species' alleles. 

However, the presence of negative recessive alleles in the F1 means that when attempting 

to back cross or hybridize with another Citrus x Poncirus hybrid, negative alleles are 

much more likely to express at a number of locations on the genome where these alleles 

can become homozygous. Consequently, when the F1s are hybridized with each other, 

those masked negative alleles often become homozygous in the offspring, leading to 

progenies that are weak or contain other detrimental phenotypes. This is a type of 

inbreeding depression. Inbreeding depression is often extreme in citrus and can prevent 

the plant from reaching maturity, with plants that do mature not performing as well as 

either of their parents and often worse than their grandparents. These issues may be 

exacerbated by segregation distortion within the population. 

 Segregation distortion occurs when the genotype frequency in observed progeny 

differs from Mendelian expectations. One of the mechanisms by which they are distorted 

is when specific alleles can be preferentially transmitted to progeny and can be either 

gametic or zygotic in origin. This type of distortion has been encountered in numerous 

species and populations in both animal and plant studies, including rice (Reflinur et al. 

2014), maize (Tang et al. 2012), soybean (Zuo et al. 2019), and apple (Kenis and 

Keulemans 2005). The distorted regions can contain deleterious or beneficial genes; 

however, distortion also occurs around genes that prevent self-fertilization in some plant 

species.  When the parental individuals are related, this can happen in crosses if a self-

incompatibility (SI) region exists and the parents share alleles at the SI locus.  Progeny 

homozygous for the shared allele will not occur, and the flanking region will show 
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segregation distortion. The segregation distortion that has been detected so far in both 

plants and animals is most often found in sexual crosses from divergent lines or species 

(Reflinur et al. 2014, Fu et al. 2020) so that a (Poncirus x Citrus) x Citrus should show 

more distortion than Citrus x Citrus. In these cases, it has been shown that segregation 

distortion mainly derives from meiotic failure though a few cases have been found to 

relate to the formation of the zygote (Lin and Ikehashi 1993, Li et al. 2011, Xu et al. 

2013, Reflinur et al. 2014). The first type of meiotic failure is a male gametic failure that 

can be caused in several ways, leading to segregation distortion. After meiosis, the pollen 

cell could fail to form altogether due to a lethal gene on the single chromosome. In this 

case, the transmission of any gene near the lethal would be reduced and only present in 

offspring if there was a crossover event close to the lethal gene’s location. The pollen 

genotype could also have reduced ability to compete with other pollen genotypes from 

the same plant. For example, if the pollen is smaller and has fewer nutrients to sustain its 

growth, or has genes which affect pollen tube growth, it could cause the progeny ratio to 

be distorted. However, the distortion may be less severe than in the previous case. The 

second type of meiotic failure comes similarly when the female gamete fails to form due 

to a lethal gene being present or, as above, when the egg cell is weaker and unable form a 

zygote that grows into a seed properly (it is not uncommon to find extremely tiny or flat 

seeds in citrus, this may sometimes be due to a lethal or deleterious gene).  

Distortion may also arise after the two gametes fuse to form the zygote.  In this case, a 

gene that is only active once the zygote forms, but which is lethal once activated can 

cause the seed to abort (Burbidge and James 1991) or, in citrus, may lead to that 
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particular embryo being too small and being crowded out by developing nucellar 

embryos. A common cause of distortion may also be the death of the seedling at a young 

age before the material is collected for genotyping, the genes may not be immediately 

lethal, but the low vigor of the plant could lead to differential survival which will be 

reflected in distortion around such loci. 

Distortion in Citrus x Poncirus crosses has been detected using isozyme makers 

(Torres 1985, Ruiz and Asins 2002); however, the location and method of distortion were 

not ascertained. Other studies using isozymes or RFLP markers have detected segregation 

distortion in crosses between or within citrus species (Durham et al. 1992, Jarrell et al. 

1992, Cai et al. 1994, Kijas et al. 1997). SNP marker genotyping has also been used more 

recently to create maps with more density and discover more specific regions where 

distortion events occur in populations (Ollitrault et al. 2021), leading to the discovery of 

an S gene related to self-incompatibility in mandarins, the mechanism being a failure of 

pollen tubes to complete its growth down the style. New methods are also being applied 

to study segregation distortion, such as single pollen grain whole genome amplification 

by Garavello et al. 2020.  This method detects any pollen death-related distortion events 

and allow for distinguishing distortion related to pollen death from other sources of 

distortion by comparing the distortion in the pollen grains with the distortion in a related 

population. 

Linkage mapping is the primary method for discovering segregation distortion in 

a population. During the prophase of meiosis, the chromatids pair up, and crossover 

events can occur, allowing sections of the chromatids to exchange with each other. The 
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chromatids then separate into individual gametes over the course of meiosis. Linkage 

mapping takes advantage of these crossover events to determine the distance between any 

two locations on the genome as measured by the number of crossovers. When markers 

are on the same physical chromosome they may show linkage if recombination events 

between them are rare. Genes far apart on the same chromosome are likely to have 

multiple recombination events between them which results in a recombination frequency 

estimate of 50%, the same as observed for genes on non-homologous chromosomes. 

Using recombination estimates for many pairs of genes, a map can be created showing 

the distance between two markers as a function of the number of crossover events 

detected between those two markers in a particular hybrid population. Closer markers 

will have few to no crossover events, while distant markers will have more crossover 

events detected in the progeny. The number of progeny or markers used in such mapping 

can increase the accuracy and resolution of the map and enable locating specific markers 

and, when combined with phenotype data on progeny, determining the effects and 

position of trait genes of interest. Several different programs are used to create a map 

from marker data. Map distance is calculated using recombination with this equation 

(Map distance = 100* recombination frequency= 100*(number of recombinant 

progeny/total number of progeny)) (Sturtevant 1913). By comparing the recombination 

frequency between all marker pairs, the order of the genes in terms of distance from each 

other can be calculated.  

This study aims to discover genome regions distorted in crosses involving Citrus 

x Poncirus hybrids. This distortion may help to determine which genes will be 
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challenging to introgress into Citrus. These types of analyses should allow breeders to 

determine what parents to use, which parent to use as male and which as female, and how 

many progenies may be necessary to achieve success in combining important traits into a 

single tree, be it rootstock or scion. Many rootstock traits, such as tolerance to disease, 

are likely quantitative traits. If regions are more challenging to introgress, then using 

different parents or discovering other loci that contribute to these traits should be the 

focus of breeding efforts rather than searching for progeny with traits in a highly distorted 

region where the positive allele is rarely transmitted.  However, these distortion can also 

favor the introgression of desired alleles making the parent ideal for hybridizing as the 

trait would be much more likely to present in the offspring. Combining the information 

from studies of different populations and crosses within Citrus will allow breeders to 

make better choices and succeed tremendously, especially when combined with marker-

assisted breeding. 

Mandarin orange (Citrus reticulata) is one of the three ancestral species of citrus. 

They are often combined commercially with other similar-looking "species", such as 

clementines (Citrus clementina), satsumas (Citrus unshiu), and tangerines (Citrus 

tangerina). However, these groups are all considered mandarin oranges under the 

Swingle taxonomic structure. China is the largest producer of mandarins worldwide, with 

over 20 million metric tons produced per year (Citrus Industry 2021), with the US being a 

major importer of mandarins despite production growth. The number of mandarins grown 

in California has risen since the early 2000s (Geisseler 2016). This is likely due to the 

release of seedless mandarin varieties, such as Tango, which allow for cheaper 
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production.  Prior to these releases, the trees required netting to exclude pollinators which 

resulted in seedless fruit. Mandarins have grown in popularity, acreage, and tons sold in 

the US. This can be attributed to marketing varieties such as seedless W. Murcott sold by 

Mulholland farms as Delite® (Citrusvariety.ucr.edu) and Sun Pacific’s seedless fruit sold 

as Cuties®. These marketing names and others have become popular in California and 

other parts of the country for their look, taste, and lack of seed.   

With the growing popularity combined with the industry’s desire for more novel 

types of mandarins to meet consumer desire for new flavors and colors, work on the 

genetics of mandarins has risen in importance within our breeding program. Some 

varieties of mandarins are self-incompatible, which further complicates breeding efforts. 

Determining regions of distortion will allow for the study of those regions to determine 

what effect this has on the scion traits. This study shows some of the results from one 

cross between two mandarin types and the distortion that results and will need to be 

considered when breeding mandarins in the future. 

Procedure 

Development of mapping population.  A population created from two parents, 

Citrus grandis cv. Chandler the male parent, and Citrus grandis cv. Tahitian pummelo x 

Poncirus trifoliata cv. Flying Dragon, (Tahitian pummelo x Flying Dragon (TPxFD)) the 

female parent. Chandler was chosen as the male parent because, in previous populations 

studied by the Roose lab (unpublished), Chandler showed very little to no segregation 

distortion in markers transmitted through pollen. The female TPxFD was chosen for two 
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reasons, being a pummelo x trifoliate hybrid, the resulting population would reflect what 

can be expected from backcrossing a female with Citrus x Poncirus parentage, and the 

selected TPxFD hybrid is also monembryonic, meaning that the seeds contain only one 

embryo, and that embryo is zygotic in nature. Using a monembryonic parent allows for 

the production of many hybrid seeds quickly and without having to screen the seedlings 

for nucellar plants. Approximately 20 unopened mature flowers of Chandler were 

collected into a labeled paper bag and immediately transported to the lab. The flowers 

were opened, and the anthers were removed and placed on wax paper and left underneath 

an incandescent light overnight to dry the anthers and cause dehiscence. The dehisced 

anthers were then placed inside a labeled tube which can be stored at 4℃ for up to a 

week. The tubes of pollen were stored on ice while transported and used in the field. 

Unopened mature flowers on the TPxFD tree were located, and the petals were forced 

open and, in many cases, removed. The flowers were then emasculated, and a paintbrush 

of Chandler pollen was applied to the flower's stigma. Then a Uline organza bag was 

placed over the flower or group of flowers to prevent pollination from other sources. 

Labels with the cross information were attached to the branch above the bag. The flowers 

were then left to develop into fruit, and the fruit was allowed to ripen before the fruit was 

harvested for seed extraction, keeping the labels with the bags. In some cases, during the 

summer, as the fruit developed, the bags were not large enough, so the original organza 

bag was removed, and a larger mesh bag was placed over the fruit and tied in place. The 

reciprocal cross was also attempted using TPxFD as a male, but this cross failed, perhaps 

due to self-incompatibility genes shared by the pummelo parents.  
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Ripe fruits were collected in December 2019, then the fruit was cut shallowly 

along the equator, and the fruit was then twisted to separate the halves without damaging 

any of the seeds. The seeds were then washed with soap and water to clean and placed in 

ClariSEB RL (a pectinase) for 30 minutes to remove the leftover pulp and reduce 

stickiness. The seeds were then placed in a 10% commercial bleach solution for 10 

minutes to sterilize the surface. The seeds were rinsed in DI water and then placed in a 

52℃-water bath for 10 minutes to heat treat the seeds removing some internal pathogens 

such as citrus stubborn (Spiroplasma citri) and Phytophthora. The seeds were then rinsed 

in cool DI water and treated with a 10% commercial bleach solution for 10 minutes. Then 

the seeds were rinsed and placed in a 1% 8-hydroxyquinoline sulfate solution for 3 

minutes to prevent mold when packaged (Bridges 1966, Castle 1981). The seeds were 

dried overnight and stored in a plastic Ziploc bag at 4℃ until planted. 

A total of 327 seeds were collected.  These seeds were left unsorted to prevent 

bias in the population chosen later. The seeds were planted into 98-well container trays in 

January 2020. The plants were then grown for 11 months in a greenhouse. Ninety-five 

plants were chosen randomly, and eight leaf discs per sample were collected and placed 

in a 96-deep well plate, the last well containing eight leaf discs from the female parent 

TPxFD.  Dr. Hiraoka included the male parent Chandler in previous years’ DNA 

extractions. After collecting, the samples were kept on ice and transferred to a -80 freezer 

to completely freeze them before processing. The samples were then placed in a 

lyophilizer until completely dry. The eight leaf discs which are estimated to be the same 

size, together comprising approximately 100mg of tissue.  This was based on the weight 
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of fresh tissue from 3 samples, though samples may have varied slightly due to variations 

in leaf thickness.  

DNA extraction and quantification.  DNA extraction was performed in December 2020 

using the Magattract 96 DNA Plant Core Kit from Qiagen (Qiagen.com). The eight leaf 

discs were ground using 10-2.5mm zirconia beads placed in each well with the 

lyophilized leaf samples. The plate was placed in a Mini-Bead Beater 96+ from Biospec 

for 3 minutes.  The protocol from Qiagen was modified using 500µl of lysis buffer 

instead of 300µl to compensate for the oil that citrus leaves contain. The solution was 

then bead-beat for another 5 minutes and then centrifuged. The supernatant was 

transferred to a new plate and combined with the magnetic beads in ethanol. This causes 

the DNA to bind to the beads. The samples were then washed several times and treated 

with RNase A to degrade RNA and remove non-DNA contaminants from the sample. 

Elution was done using 200ul of 10mM Tris, .5mM EDTA (TE) buffer and stored at -

20℃ until needed for PCR or shipping. 

DNA was quantified with Thermo Scientific NanoDrop 2000c spectrophotometer 

(Thermofisher). Since the spectrophotometer is not specific to DNA, a sub-sample of 5 

extracts was quantified using the Invitrogen Qubit 2.0 fluorometer, the kit used to stain 

the DNA was the iQuant dsDNA HS assay kit following standard protocol included with 

the kit (Thermofisher) to ensure that there was enough DNA in some of the samples with 

lowers ng/µl reads. The amount of DNA detected by the fluorometer did not correlate 

well with the amount of total nucleic acids present when the spectrophotometer was used; 

however, even with the lower samples, there was sufficient DNA present for all 
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downstream processes, so it was determined that the rest of the samples could be used 

without further analysis. 

SSR marker testing.  SSR markers were used to verify that each of the chromosomes was 

present and that the DNA in the select samples was citrus DNA (Barkley 2006). Each 

sample was diluted to 5ng/µl before being used in the PCR reaction. The PCR was done 

using a reaction buffer consisting of 2.5µl 10mg/ml BSA, .2 µl 5U/µl Platinum taq, 2.5µl 

10x taq buffer, .5µl .2mM dNTPs, 1µl 2mM MgCl2, and 1µl .2uM SSR primers. The 5µl 

of DNA template was added, and the total volume was adjusted to 25µl with water. The 

sample was then run in a Genomyx Cycle LR thermocycler with the program set for 5 

minutes, first denaturing at 94℃, denaturing 94℃, annealing 55℃, extension 72℃, for 

forty cycles, with a final extension at 72℃. The samples were stored in a -20℃ freezer. 

5µl of each sample was run on a 2% agarose sodium borate gel using sodium borate as 

the buffer in a HE99X Max Horizontal Agarose Electrophoresis Unit. The agarose was 

mixed with sodium borate solution and heated using a microwave in 30-second intervals 

until the agarose completely melted. The mixture was then left to cool, then Gel Red 

(Biotium) was added to the gel before being poured in a cast and left to solidify fully. 

This included time in a refrigerator to ensure the gel was completely solidified. 8µl of the 

sample with 2µl of 5x loading dye were loaded into the wells with a Fisher BioReagents 

100bp low-scale DNA ladder (Fisher Scientific). The gel was run at 100 volts for 1.5 

hours using a Biorad Powerpac 300 power supply. The Biorad Molecular Imager Gel Doc 

XR+ was set to detect weak bands and allowed to automatically activate the ultraviolet 
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light causing fluorescence in the Gel Red bound to the DNA in the lanes. The SSR 

markers showed that citrus DNA was indeed present in the samples (Figure 1). 

 

 
 

SNP Array genotyping.  For each sample, 40 µl was transferred to a new plate without 

dilution to ensure enough DNA was present for SNP array analysis. As stated, we did not 

quantify every sample using the more specific method. The samples were then shipped to 

Affymetrix for analysis on the Axiom™ Citrus56 Array (Affymetrix), which includes 

57,933 autosomal and 500 chloroplast SNPs. This chip was designed using the 

Clementine genome sequence as a base for the design of the probesets used in the chip. 

These probesets were designed from SNPs detected across the entire genome to allow for 

genomic comparisons in other citrus and relative species.  The quality control for the 
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DQC (a measure of discrimination between positive signal and background signal) was 

set to >.82. These markers are intended to be present in all citrus and relatives. They are 

used to ensure that the data we obtain is accurate. Then call rate was set to 97% to 

eliminate samples with a relatively high no-call rate associated with a higher error rate. 

To the (TP x FD) x Chandler population were added 49 files containing Affymetrix data 

collected from various citrus in previous years. This was done to improve the calls at loci 

where the population did not contain all three possible SNP genotypes. 

SNPs were analyzed using the Axiom Analysis Suite software, which analyzes the 

fluorescence levels in the plates and determines the allele calls for the samples involved. 

The data type provided by each marker is then determined and based on the alleles 

detected. The type of markers used in the downstream analysis were the 

PolyHighResolution marker types, as these marker types show at least two occurrences of 

the minor allele allowing for the determination of distortion events (AppliedBiosystems). 

A few markers were checked using the cluster plot view to determine if they had the 

correct distribution and if there was visible distortion in the plots (Figure 2). 
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The SNP calls needed to be formatted before they could be used by the JoinMap 

software. This transformation process was conducted using Microsoft Excel. The SNP 

calls were copied from the Axiom output, and then the Chandler parent calls were added 

from a previous analysis of samples by Dr. Hiraoka.  The parents of TPxFD were also 

added solely to compare with TPxFD. The homozygous markers in TPxFD and Chandler 



23 
 

were removed from the data set. The heterozygous markers were then distributed into 

three different sheets. Those markers are heterozygous in Chandler, heterozygous in 

TPxFD, and heterozygous in both. These sheets were then transformed as follows: those 

heterozygous only in Chandler were transformed to nn:np, those heterozygous only in 

TPxFD were transformed to lm:ll, and those heterozygous in both were transformed to 

hk:hk. In JoinMap, the markers were named according to the location on the Clementine 

1.0 genome, for example, 1_176583 corresponds to a marker on chromosome 1 with an 

SNP at position 176583.  The transformed data was then input into JoinMap. 

Linkage mapping. The SNPs were mapped using JoinMap software (version 5.0, 

Van Ooijen 2018). The software was set to analyze a cross-pollinated progeny type to 

allow for the multiple segregation types from the parents of the cross and for the program 

to calculate linkage phases. The system sorts the data using the specified segregation 

type; in this case, we have lmxll, nnxnp, and hkxhk. The data was then split into three 

datasets to be mapped separately, the lm:ll loci used to create a map of TPxFD, nn:np loci 

mapping Chandler, and a combination of nn:np with hk:hk loci mapping. This was to 

separate the two parental genotypes to simplify the output, and the hk:hk were included 

in determining their usefulness in helping to align areas of the chromosomes that may 

otherwise have problems and to create a more complete and accurate map by using as 

many markers as possible. An attempt was made to combine hk:hk and lm:ll loci on a 

single map. However, this caused the 3rd and 8th chromosome markers to group together 

rather than separately. JoinMap then determined the phase of each locus, estimated the 

recombination frequencies between the markers, and output a map using the maximum 
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likelihood method. Maximum likelihood is a method by which the map distance of the 

markers can be determined by calculating the likelihood that any two markers are close to 

each other. JoinMap uses an Expectation-maximization algorithm in which the 

unobserved data/latent variable is predicted by applying an expectation equation followed 

by a maximization step. This process is repeated over many samples, allowing for the 

prediction of the unobserved data using the log-likelihood over all the possible values. 

The latent variable can then be applied to the original data to generate a more accurate 

map (kyazma.nl).  

 JoinMap also notes in a tab where there are possible problems with the map and 

assigns them a number indicating the level of stress created on the map by each marker. 

By sorting manually through each problematic marker and determining if the marker is in 

error, those markers can be removed from the mapping, and the map can be reconstructed 

from the remaining markers. Markers may have issues if the genotype call of an 

individual output by Axiom Suite is incorrect.  These loci cause “stress” to the map, 

discrepancies between the calculated map location and the expected genotype of specific 

progeny given this map. The locus itself may also not segregate in a Mendelian fashion, 

such as having more than two alleles (rare for SNPs) that were not estimated in this 

study. JoinMap also calculates the segregation distortion shown by each marker and 

presents a chi-square value for the goodness of fit to the expected ratio and a significance 

test. 

The map was then copied into an Excel sheet so that gaps could be calculated, 

markers could be compared against their annotated locations, markers that mapped to 
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different chromosomes from their annotation could be noted, and segregation distortion 

could be visualized. Each of the three maps were derived from the heterozygous markers 

of one of the parents, so the parental source of segregation distortion could be 

determined. 

 The map location, marker location, and distortion could then be displayed using 

Mapchart (Voorrips 2002). This program creates chromosome maps from the linkage 

analysis from JoinMap. The chromosome maps display a large amount of information 

from JoinMap in a format that can be analyzed and displayed more efficiently.  These 

maps plot the markers along the chromosome, providing the distance as a visual rather 

than a number so visualization of gaps and other issues with the map can be seen. 

 The population used to study mandarin distortion was Fortune x Fairchild. These 

hybrids share a parent of Clementine according to the cross records but the male parent of 

Fairchild was recorded as Orlando and that of Fortune as Dancy mandarin 

(Citrusvariety.ucr.edu).  However, genetic research by Barry et al. 2015 showed that 

Fortune’s male parent was also likely Orlando rather than Dancy. The DNA was 

collected by Dr. Federici and others in the Roose lab, extracted, and sent to Affymetrix 

for analysis. Dr. Roose then organized the calls for the loci into an Excel spreadsheet and 

sent the spreadsheet to me for mapping. I used JoinMap to assemble the maps, including 

the hk:hk loci, to improve the map’s overall structure and allow for detecting distortion 

related to the hk:hk loci. 
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Results and Discussion 

(Tahitian pummelo x Flying Dragon) x Chandler maps. The almost 58,000 

markers that are included on the chip after being sorted several ways and filtered for 

polymorphic markers resulted in 1747 nnxnp markers that are heterozygous in the male 

parent Chandler, 12508 lmxll markers that are heterozygous in the female parent Tahitian 

Pummelo x Flying Dragon, and 1695 hkxhk markers that are heterozygous in both 

parents. These loci were mapped using the software JoinMap. These markers spanned the 

nine chromosomes.  Several markers were eliminated on each of the chromosomes due to 

stress effects. The markers were designed using only the Citrus clementina genome as a 

template for sequence flanking each targeted SNP because the genome for Poncirus had 

yet to be published when the array was designed.  The probes on the array may match 

imperfectly with Poncirus or other taxa distant from C. clementina. This creates many 

instances where markers may fail or detect SNPs other than the intended target causing 

false calls. In addition, if the signal is weak from the chip analysis, then the call may also 

be incorrect.  In some regions, many markers map to the same location on a chromosome.  

This is due to the lack of recombination between the markers indicating those markers are 

likely in close proximity on the genome or located in a region with few recombination 

events. This resulted in a lower number of unique loci across all nine chromosomes 

compared with the total number of heterozygous loci.  Increased population size should 

result in a higher proportion of markers with unique map locations.  The nn:np map 

includes 804 unique loci, the lm:ll map includes1989 unique loci, and the map of nn:np 

combined with hk:hk includes 1751 unique loci. Figures 3, 4, and 5 compare the 
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annotated genome locations in C. clementina to the mapped locations. Chromosome 3 

seems to have an inverted and displaced region at about 32 Mb in all of the three maps 

for (TP x FD) x Chandler, and this is also true of the maps in Fortune x Fairchild, so it 

likely indicates that there is either an assembly issue in the original clementine genome or 

that the variety of clementine mapped has an inversion and an intrachromosomal 

translocation in this region. The gaps seen in chromosomes 2 and 9 in the np maps are 

regions in Chandler with low heterozygosity (Wu et al. 2014), likely the array used did 

not contain any markers in these regions due to the lack of heterozygosity.
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Table 1: Summary of JoinMap output and 

statistics for nn:np loci in the cross (TP x FD) x 

Chandler. Note ** denotes a p-value of .05. 

Details on table located in supplementary 

material. 
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Chandler map. Table 1 summarizes the output from JoinMap for the nn:np loci. 

This map is focused on the heterozygous loci from the male parent Chandler. Few loci 

were removed for poor fit, and the chromosome lengths are reasonable for pummelo. 

There is good coverage of the chromosomes and reasonable numbers of loci present in 

each chromosome.  The gaps are generally small in most of these maps and may be due 

to regions that are homozygous in Chandler; Wu et al. 2014 showed low levels of 

heterozygosity (around or below 1%) for Chandler in both chromosomes 2 and 9, 

particularly in those regions which were not able to be mapped. Since the mined SNPs on 

the Axiom Array chip were selected based on sequence variation in a range of 41 citrus 

accessions including Chandler, it is possible those regions have no heterozygous SNPs on 

the array in the gap regions simply by chance sampling. The majority of the segregation 

distortion was detected on chromosome 1, with 41 unique markers showing significant 

distortion; this is 39% of the total unique markers for chromosome 1.  

Segregation distortion in Chandler Pummelo.  The most significant distortion for 

the Chandler map was a peak around 23 cM, with a few markers showing a distortion 

ratio of about 61:33 nn:np (Figure 6). The significant segregation distortion spanned 

approximately 40 cM though some non-significant distortion can be seen even as far out 

as 60 cM. It is likely that a gene which distorted the rest of the chromosome is located 

around 23 cM. The distortion decreases the more genetically distant any marker is from 

the gene causing the distortion. Chromosomes 3, 4, 5, and 6 had a few non-significantly 

distorted markers.  It is possible that those are distorted due to calling errors or are very 

minorly distorted and have little effect on nearby loci. 
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Figure 6: Distortion of chromosome 1 for nn:np loci in the cross (TP x 

FD) x Chandler with the chi square value calculated by JoinMap. A p-

value of .05 is about 3.84. 
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Table 2: Summary of JoinMap output and 

statistics for nn:np and hk:hk loci in the cross 

(TP x FD) x Chandler. Note ** denotes a p-

value of .05. Details on table located in 

supplementary material. 
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Chandler hk and np map. Table 2 summarizes the output from JoinMap for the 

nn:np and hk:hk loci. This Chandler map was created to improve the previous map by 

increasing the number of markers, allowing for better recombination calculations. This 

map with more total loci is likely more accurate concerning chromosome size and fills in 

some previous gaps. However, the significant gaps in chromosomes 2 and 9 reinforce the 

idea that the sections are likely homozygous in Chandler. More loci were removed for 

poor fit, mostly the hk:hk loci. These loci are primarily errors in calls from the Axiom 

software resulting in heterozygous calls where none exists or only the female parent is 

heterozygous.  

Segregation distortion with hk loci included. The map distances and size changed 

for nearly every chromosome when the hk:hk loci were included as compared to the 

nn:np loci maps alone, and this means that the distorted region seen in the nn:np map 

(Figure 6) is closer to 30 cM in the combined map (Figure 7), and the percentage of 

unique loci significantly distorted is 35.1%. However, segregation distortion detected at 

hk loci could occur in the TPxFD parent, so the values are not comparable. There also 

seems to be a separate event around 50 cM in which the distortion is mainly seen in the 

hk:hk loci (figure 10). It is possible these regions do overlap and that the loci are slightly 

misplaced due to an issue with the mapping of those loci as the loci that are heterozygous 

in both parents can often cause issues with mapping as we don’t know which parent is 

contributing which alleles. This type of mapping error likely contributed to the spiked 

pattern in the hk:hk distortion map. There is likely a low distortion region and a relatively 
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high distortion region close to each other. With the poor alignment from the hk:hk, those 

regions are mixed rather than distinct. 

 

 

Figure 7: Distortion of chromosome 1 for nn:np and hk:hk loci in the cross (TP x FD) x 

Chandler with the chi square value calculated by JoinMap. A p-value of .05 is about 3.84 

for the np markers and 6 in the hk markers top left map plots the hk and np markers 

together, top right is just the markers from np, and bottom is just the markers from hk. 
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Table 3: Summary of JoinMap output and 

statistics for lm:ll loci in the cross (TP x FD) x 

Chandler. Note ** denotes a p-value of .05. 

Details on table located in supplementary 

material. 
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Tahitian pummelo x Flying Dragon map.  Table 3 summarizes the output from 

JoinMap for the lm:ll loci. This map is focused on the heterozygous loci from the female 

parent (TP x FD). Many loci were mapped for each chromosome, and the loci eliminated 

for poor fit were relatively low. The chromosome lengths are reasonable. The gaps are 

generally small, with larger ones on chromosomes 5 and 9. Chromosome 5 had the gap 

region mapping to chromosome 6, which may indicate that the region isn’t a gap and 

belongs on the other chromosome. The same is true for chromosome 9 with the loci 

mapping to chromosome 8. 

Segregation Distortion in Tahitian pummelo x Flying Dragon map.  Segregation 

distortion in TPxFD was observed on three chromosomes, 2, 5, and 7, with the distortion 

being much less severe than seen with the nn:np maps (Table 3). Chromosome 2 has 

3.4% of the unique loci significantly distorted. However, a more significant number 

(16.7%) are minorly distorted with a p-value of .1, chromosome 5 has 13% of the unique 

loci significantly distorted with a minor distortion of 31.9%, and chromosome 7 has 

16.6% of the unique loci significantly distorted with a minor distortion of 32.3%.  

The distortion ratios on these chromosomes are close to about 37:55, each with a 

distortion pattern. Chromosome 2 shows distortion at 0 cM, which is primarily 

insignificant, with just one locus at 1 cM above the significance threshold, indicating the 

region is likely, not distorted. Instead, the error is due to a small sample size and minor 

ratio changes causing significant changes in chi-square values. The second distorted 

region starts at 80 cM and continues until 140 cM, peaking at 115 cM. Chromosome 5 

shows distortion at 0 cM, which continues until about 60 cM. There are several peaks and 
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3 cM, 10 cM, 23 cM, and 35 cM. It is unclear if each of these peaks marks a locus that 

alters segregation, as likely in the peaks seen in chromosome 1 of the nn:np map, or if 

this is a region with one major gene causing the distortion to occur. Other possible 

explanations are that the map shows multiple peaks due to incorrect locus positions on 

the map, or that we were not able to map the region where the major distortion event 

occurs though this is unlikely given the high numbers of loci unless the region is absent 

in the Clementine genome that the markers were derived from. Chromosome 7 shows 

minor distortion (rarely above the significance threshold of 4.5) throughout the entire 

chromosome, with peaks on both ends (Figure 8). 

 

 

Figure 8: Distortion of chromosome 2, 5, and 7 for lm:ll loci in the cross (TP x FD) x 

Chandler with the chi square value calculated by JoinMap. A p-value of .05 is about 

3.84. 
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The maps also showed several locations where markers mapped to a different 

chromosome from what was initially annotated when the marker was designed. It is 

unclear if this is an artifact of the original assembly of the clementine genome (Wu et al. 

2014), which used a double haploid as the primary source of genetic material and was 

assembled from Sanger sequence reads, which may have resulted in errors when the 

scaffolds were assembled. It is also possible that these sections mark differences between 

the clementine genome and the genomes of either pummelo or trifoliate orange. 

Figures 9, 10, and 11 compare the locations annotated for each locus and the 

chromosomes they mapped to in the three maps made using JoinMap. The most 

consistent patterns show that a region of chromosome 2 maps to chromosome 4, regions 

of both chromosomes 5 and 4 map to chromosome 7, and regions of chromosomes 3 and 

9 map to chromosome 8.  The percentage of markers that mapped to chromosomes other 

than that expected from Clementine genome sequence 1.0 was 2.8%, 2.7%, and 2.3%. 

The most extensive set of markers was on the lm:ll map and was annotated on 

chromosome 5 but mapped to chromosome 7. This is consistent with other work 

comparing trifoliate maps to the clementine genome by Huang et al. 2018. 
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Fortune x Fairchild linkage maps. The Fortune x Fairchild population analysis 

resulted in two maps, the first containing loci for nn:np and hk:hk, the second for lm:ll 

and the same set of hk:hk. These maps were constructed using the same procedure as for 

the (TP x FD) x Chandler maps. Figures 12 and 13 compare the annotated positions to the 

mapped positions. Chromosome 8 mapped poorly on both maps due to many of the loci 

erroneously mapping to chromosome 3; this likely indicates a region of similarity 

between chromosome 8 and 3 as the same issue occurred in the (TP x FD) x Chandler 

population. Chromosome 8 has also been shown to have very low heterozygosity in both 

Fortune and Fairchild (Roose lab unpublished) leading to the erroneous mapping and 

gaps. To help correct for this mapping error the loci which grouped with chromosome 3 

were manually added to the chromosome 8 map. A 50cM gap was included to estimate 

the distance between the 2 separately mapped regions. The np map also had very few loci 

for chromosome 7, which explains the poor mapping, as most loci are hk:hk loci. 

Chromosome 3 still shows the misplaced segment in all maps of the 3rd chromosome. The 

np+hk map shows chromosome 9 as having many misplaced loci; these loci are likely 

differences between the two cultivars and may indicate where a translocation may be 

present or may be an error in the mapping of this region. It is also possible that since the 

hk loci segregate in both parents, one parent has more recombination resulting in the 

displacement of the loci relative to np. 
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Figure 12: Comparison of mapped positions with annotated positions for the nn:np 

and hk:hk loci combined for the cross Fortune x Fairchild. Note reduced scale for 

chromosome 8. 

50 cM 

inserte

d 
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Table 4 summarizes the nn:np and hk:hk maps. This map shows significant 

distortion in chromosomes 5, 6, and 7, with other chromosomes having low distortion 

levels in a few loci. Chromosome 5 has a distortion in 16.8% of the unique loci, 

chromosome 6 has a distortion of 12.9%, and chromosome 7 has a distortion in 21.6%. 

 

Figure 13: Comparison of mapped positions with annotated positions for the lm:ll and 

hk:hk loci combined for the cross Fortune x Fairchild. 

50 cM 

inserte
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Table 4: Summary of JoinMap output and 

statistics for nn:np and hk:hk loci in the cross 

Fortune x Fairchild. Note ** denotes a p-value 

of .05. Details on table located in 

supplementary material. 
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 Distortion rates vary based on the chromosome. The highest distortion rate on 

Chromosome 5 is about 30:42:12, and all loci in this region that show distortion are hk:hk 

loci (Figure 14), so the maps for this region are the same for both of the maps made 

(Figures 12 and 13). The significant peak is around 100 cM though there are also non-

significant peaks around 5 cM and 30 cM. The distorted regions appear to be from 70 cM 

to 130 cM. 

 

 The highest distortion ratio on Chromosome 6 is 26:57 for the nn:np loci and 

39:28:17 for the hk:hk loci; this region shows significantly more distortion than any of 

the previous maps. The distortion patterns also seem to vary in this chromosome when 

comparing the two types of loci with the nn:np having two peaks at about 79 cM and 95 

cM with the region of distortion affecting about 65 cM to the end of the chromosome at 

 

Figure 14: Distortion of chromosome 5 hk:hk loci in the cross Fortune x 

Fairchild with the chi square value calculated by JoinMap. A p-value of .05 is 

about 6. 
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120 cM. The hk:hk loci have peaks around 70 cM and 85 cM - 95 cM; the span is similar 

to the nn:np loci (Figure 15). It is unclear if the two peaks are separate or just a single 

distortion event with a few progenies differing, creating multiple peaks. 

 

 The highest distortion rate on Chromosome 7 is 21:63 for the nn:np loci and 

38:35:10 for the hk:hk loci.  The distortion positions for this chromosome are much better 

aligned and have a peak around the 20 cM position. The range of the distorted region is 

from the beginning on the chromosome 0 cM to about 45 cM. Including the hk:hk loci 

allow for the complete chromosome analysis; the lower number of markers in this region 

may have affected the analysis (Figure 16). There are no np markers in the first 20 cM of 

 

Figure 15: Distortion of chromosome 6 for nn:np and hk:hk loci in the cross Fortune x 

Fairchild with the chi square value calculated by JoinMap. A p-value of .05 is about 3.84 

for the np markers and 6 in the hk markers. Top left map plots the hk and np markers 

together, top right is just the markers from np, and bottom is just the markers from hk. 
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chromosome 7 because both parents are identically heterozygous in this region, likely 

due to their identical parentage.  

 

 Table 5 summarizes the lm:ll and hk:hk loci. This map shows significant 

distortion in chromosomes 5, 6, and 7, with other chromosomes having low distortion 

levels in a few loci. Chromosome 5 has a distortion in 13.8% of the unique loci, 

chromosome 6 has a distortion of 60.2%, and chromosome 7 has a distortion in 40.1%. 

 

Figure 16: Distortion of chromosome 7 for nn:np and hk:hk loci in the cross Fortune x 

Fairchild with the chi square value calculated by JoinMap. A p-value of .05 is about 3.84 

for the np markers and 6 in the hk markers. Top left map plots the hk and np markers 

together, top right is just the markers from np, and bottom is just the markers from hk. 
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Table 5: Summary of JoinMap output and 

statistics for lm:ll and hk:hk loci in the cross 

Fortune x Fairchild. Note ** denotes a p-

value of .05. Details on table located in 

supplementary material. 
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 Chromosome 5 only contains the same distortion in the hk:hk loci as previously 

reported in the np+hk map; since they are identical, the data will not be repeated here. 

Chromosome 6 is also identical for the hk:hk loci; however, the lm:ll loci’s highest 

distortion rate is 54:29. The peak is about 65 cM. The range for the distortion is 45 cM to 

about 95 cM (Figure 17). 

 

The highest distortion rate on Chromosome 7 is 54:30 for the lm:ll loci and 

38:36:10 for the hk:hk loci. The lm:ll loci have three peaks at 5 cM, 90 cM, and 130 cM. 

The hk:hk has peaks at 60 cM and 75 cM. The lm:ll range for distortion is 0 cM to 30 cM 

and from 45 cM to the end of the chromosome at 140 cM. This chromosome differs 

 

Figure 17: Distortion of chromosome 6 for lm:ll and hk:hk loci in the cross Fortune x 

Fairchild with the chi square value calculated by JoinMap. A p-value of .05 is about 3.84 

for the np markers and 6 in the hk markers. Top left map plots the hk and lm markers 

together, top right is just the markers from lm, and bottom is just the markers from hk. 
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significantly from this region’s np+hk map, possibly indicating different sources of 

segregation or greater overall segregation than a single map (Figures 16 and 18). 

 

 Figures 19 and 20 compare the locations annotated for each locus and the 

chromosomes they mapped to in the two maps made using JoinMap. The most consistent 

patterns show that a region of chromosome 8 maps to chromosome 6, and regions of 

chromosomes 5 and 4 maps to chromosome 7. The regions of chromosome 7 are 

consistent with the previous three maps. The percentage of markers that mapped to 

chromosomes other than that expected from Clementine genome sequence 1.0 was .5% and 

2.4%. 

 

Figure 18: Distortion of chromosome 7 for lm:ll and hk:hk loci in the cross Fortune x 

Fairchild with the chi square value calculated by JoinMap. A p-value of .05 is about 3.84 

for the np markers and 6 in the hk markers. Top left map plots the hk and lm markers 

together, top right is just the markers from lm, and bottom is just the markers from hk. 
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The (TPxFD) x Chandler maps show a remarkably small segregation distortion 

for a cross between two genera. Different cross directions would allow for better analysis 

of the overall distortion in these two genera as Chandler x (TPxFD) may have had 

different distortion due to male gametic failure. Chromosome 1 of Chandler shows the 

most significant segregation distortion and is the only chromosome distorted in the nn:np 

maps. The low level of segregation distortion in TPxFD indicates that using a Citrus x 

Poncirus hybrid as the female parent does not always lead to much segregation distortion. 
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This is consistent with other studies, which find more segregation distortion in the male 

parent probably due to pollen failure, but this was not tested in TPxFD. The distortion on 

Chromosome 1 of Chandler is consistent with an S locus proposed for citrus. However, in 

a previous study by Ollitrault et al. 2021, they discovered the gene on chromosome 7 for 

mandarin-type citrus.  Perhaps pummelo has an S locus located on chromosome 1. The 

three less distorted chromosomes in the lm:ll are not likely to indicate a complete failure 

of a zygote or gamete formation, as that would likely have produced a much larger 

distortion. These regions may be more associated with growth and vigor; if a severe 

negative vigor characteristic was present, the plant would likely have died before being 

collected or would never have germinated.  

The distorted loci were checked against the original parents, and in most cases, 

the distortion favors homozygosity, with a few loci breaking this pattern. The alleles also 

tended to prefer the allele from the Chandler parent when it could be determined which 

parent contributed the allele, but two examples also showed a preference for the Flying 

Dragon allele. Hence, the distortions are not specific to any one conformation or ancestry. 

The populations in this study were collected differently, which may have led to 

distortions outside of the significant reasons above. The (TP x FD) x Chandler population 

was collected from seeds that germinated exceptionally well and were sampled for DNA 

isolation not long after initial planting. This allowed the population to include even 

weaker genotypes that may not have survived outside the greenhouse. By contrast, the 

Fortune x Fairchild population was collected as young field trees, increasing the chance 

that trees died before being grafted and moved to the field. Fortune x Fairchild population 
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is partially inbred as the parents are full siblings. This likely would have contributed to 

the inbreeding depression in the greenhouse and reduced the number of plants that made 

it to the field or survived once in the field. This may have resulted in distortions from 

Fortune x Fairchild related to loci related to survival and vigor. The (TP x FD) x 

Chandler will have fewer issues related to the collection due to the young age of the 

plants sampled. However, some seeds didn’t germinate, and some seedlings never grew 

beyond a couple of centimeters, making them impossible to sample with the others as 

they quickly died.  

The Fortune x Fairchild population’s results show distortion on the identical 

chromosomes in the lm+hk and np+hk maps indicating those regions are affected 

regardless of the parent. However, this may also be due to the close relationship between 

these two cultivars, as Fortune and Fairchild share parents. The distortion on the 

beginning of chromosome 7 is likely the same S-locus identified by Ollitrault et al. 2021; 

however, the second region in the lm+hk map is not likely to be explained by the same 

locus. It could be a second gene with a similar mechanism or something unrelated to self-

incompatibility. 

 Studying segregation distortion in pollen from the intended parent should allow 

for the prediction of distortion in the offspring, as the male parent is likely the main 

contributor to segregation distortion. This is also supported by there being little to no 

distortion in the lm:ll markers. Thus, the segregation likely stems from the male gamete 

rather than the female gamete or zygotic formation. 
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Supplementary:  

 

S1: JoinMap output of Chromosome 1 for nn:np loci of the cross (TP x FD) x Chandler complete 

range. 
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S2: JoinMap output of Chromosome 1 for nn:np and hk:hk loci combined of the cross (TP x FD) x 

Chandler complete range. 
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S3: Mapchart Maps of Chromosomes for the cross (TP x FD) x 

Chandler nn:np and hk:hk loci. 
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S4: Mapchart Maps of Chromosomes for the cross (TP x FD) x Chandler nn:np loci. 
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S5: Mapchart Maps of Chromosomes for the cross (TP x FD) x Chandler lm:ll loci. 
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S6: Mapchart Maps of Chromosomes for the cross Fortune x Fairchild lm:ll and hk:hk loci 

combined. 
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Supplemental Explanations for Tables: 

P2 (or P1 in other tables) Rec max: The largest number of expected crossovers observed in 

gametes from the male parent Chandler in tables 1 and 2 (table 3 refers to the female parent TP 

x FD, table 4 male parent Fortune, and table 5 female parent Fairchild). A larger value may 

indicate some bad SNP calls. 

P2 (or P1 in other tables) rec >4: The number of progeny having more than 4 crossovers in 

gametes from Parent. 
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# P2 (or P1 in other tables) NNstress in cM>2: Number of P2 loci with nearest neighbor stress 

values >2 cM. Stress for a locus will be high if it is placed in the wrong map position. 

Gt. Prob. Ind Means Max: For each unique locus and individual, the program calculates the 

probability of each genotype call given the map and genotypes of the neighboring unique loci 

and records these as the negative of the log10 value, so a probability of .01 would have a value 

of 2. These are then averaged over all loci for each individual and chromosome. An individual 

with many genotype calls not consistent with the map (many error calls or not a member of the 

population) will have a large value (> .02). 

#Gt. Prob. Ind >.01: This shows, for each chromosome, the number of individuals with genotype 

probability averaged over all unique loci that are greater than .01 (that is, not a near perfect fit 

to the map). 

#Gt. Prob. Loci >.1: Shows, for each chromosome, the number of loci with genotype 

probabilities averaged over individuals that are greater than 0.1, a value consistent with about 

3% of loci not fitting well. 
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S7: Mapchart Maps of Chromosomes for the cross Fortune x Fairchild nn:np and hk:hk loci 

combined. 
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