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CHAPTER I

INTRODUCTION

The evolution of reproduction isolation plays an important role in the process
of speciation by preventing gene flow between diverging lineages. Components of
reproductive isolation can be chronologically classified into prezygotic barriers, such
as behavioral isolation, ecological isolation, and mechanical isolation, and postzygotic
barriers, such as hybrid inviability and hybrid sterility (Coyne and Orr 2004).
Speciation events are most commonly thought to involve divergence between two
lineages and the accumulation of several multiple reproductive isolating barriers over
time (Dobzhansky 1940; Coyne and Orr 1989, 1997; Bush 1975; Palumbi 1994;
Rieseberg and Willis 2007; Mendelson et al. 2007); however, in some instances,
speciation may result from hybridization between two already divergent lineages if an
independent reproductively isolated taxon evolves from the initially hybridizing taxa
(Carson 1975; Mallet 2007). Such hybrid speciation events may result from
hybridization between species in which a novel lineage is derived concurrent with a
doubling of chromosome number of the new hybrid taxon (i.e. allopolyploid
hybridization (Grant 1971; Wendel 2000; Ramsey and Schemske 2002; Coyne and
Orr 2004; Soltis et al. 2004)), or without such doubling (i.e. homoploid hybrid
speciation (Rieseberg 1991; Coyne and Orr 2004; Hegarty and Hiscock 2005;
Rieseberg and Willis 2007; Mallet 2007; Soltis and Soltis 2009)).
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Polyploid hybrid speciation (i.e. allopolyploidy), likely an important mode
of hybrid plant speciation (Coyne and Orr 2004), occurs through duplication of the
hybrid chromosomal complements. This doubling of the new tetraploid taxon’s
genome results in near-instantaneous, strong postzygotic reproductive isolation
between the new taxon and its parents due to the fact that tetraploid-diploid matings
result in sterile triploid progeny (Coyne and Orr 2004). On the other hand, in
homoploid hybrid speciation, the new hybrid taxon has the same ploidy as the
progenitors. While chromosomal rearrangements and genic incompatibilities may be
important in the establishment and maintenance of reproductive isolation between
some homoploid hybrid species and their progenitors (Rieseberg 1997; Rieseberg
2001; Baack and Rieseberg 2007; Rieseberg and Willis 2007), the evolution of strong
ecological isolation is also believed to have been quite critical for the establishment
and maintenance of most homoploid hybrid species (Grant 1971; Gallez and Gottlieb
1982; Buerkle et al. 2000; Gompert et al. 2006; James and Abbott 2005). Although
homoploid hybrid speciation is thought to be less common than allopolyploid
speciation (Hegarty and Hiscock 2005), several homoploid hybrid species have
recently been confirmed with molecular evidence in sunflower (Rieseberg et al. 1991),
Penstemon (Ferguson and Sang 2001), Armeria (Feliner et al. 2002), Ceanothus
species (Hardig 2002) Heliconius butterflies (Mavárez et al. 2006), Lycaeides
butterflies (Gompert et al. 2006) and African cichlids (Schelly et al. 2006).
Two evolutionary mechanisms of homoploid hybrid speciation have been
described (Jiggins et al. 2008) with any particular homoploid hybrid speciation event
occurring somewhere on a continuum between the two mechanisms. On one extreme,
mosaic genome hybrid speciation results in homoploid hybrid speciation with similar
proportions of the genome derived from each progenitor. Intrinsic incompatibilities
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are likely important reproductive isolating barriers that prevent the mosaic-genome
hybrid species backcrossing to parents (Jiggins et al. 2008) such as the hybrid
lineages of Helianthus (Rieseberg et al. 2003). On the other extreme, hybrid trait
speciation involves the introgression of a few genes which control adaptive traits from
one progenitor into the genomic background of another progenitor. Thus, those genes
potentially cause the novel hybrid species to better adapt to certain ecological
conditions and may act as a ‘magic trait’ to generate strong reproductive isolation
between the hybrid species and progenitors (Gavrilets 2004).
The Louisiana Iris species complex presents a model system in which to
investigate questions of introgressive hybridization and hybrid speciation (Arnold
1993; Coyne and Orr 2004; Lexer and Widmer 2008). From the basis of cytological
research (Randolph et al. 1961) and morphological data (Randolph 1966), one
Louisiana Iris species, I. nelsonii, is purported to be of homoploid hybrid origin
resulting from an initial hybridization event between I. fulva and I. hexagona.
Additional molecular data later confirmed the origin of this “classic” (Coyne and Orr
2004) homoploid hybrid species, and additionally showed that I. nelsonii was actually
not the just result of hybridization between two Louisiana Iris species, but all three of
the widespread members of the species complex: I. brevicaulis, I. fulva, and I.
hexagona (Arnold 1993). These three species all live in southern Louisiana but are
primarily found in different habitats. Iris hexagona grows in marshier freshwater
regions, I. fulva is restricted to intermittently flooded wetlands, and I. brevicaulis is
found in drier riparian-associated hardwood forests (Viosca 1935; Arnold and Bennett
1993). Like other homoploid hybrid taxa, I. nelsonii is likely ecologically isolated
from its progenitors (Taylor et al.2011), and only occurs in deep, shaded cypress
swamps in south-central Louisiana (Randolph 1966). Although the genomic
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composition of I. nelsonii has been shown to be derived from I. brevicaulis, I.
hexagona, and I. fulva, molecular genetic data (Arnold 1993) suggested that the
relative contributions of each species to the I. nelsonii genome are unequal. It appears
that the genome of I. nelsonii is mostly derived from I. fulva with only minimal
genomic contributions from I. hexagona and I. brevicaulis, such that the origin of I.
nelsonii potentially involved the original hybrid plant (or plants) undergoing repeated
backcrossing to I. fulva (Arnold 1993). If the introgression of both I. hexagona and I.
brevicaulis alleles were specifically responsible for the establishment and current
maintenance of I. nelsonii in its novel habitat, this would be consistent with the
“hybrid trait speciation” (Jiggins et al. 2008) hypothesis for the evolution of I.
nelsonii. If so, these introgressed regions from I. brevicaulis and I. hexagona are
potential candidates for being directly responsible for causing reproductive (especially
ecological) isolation between I. nelsonii and I. fulva. Ultimately, I am interested in
identifying the makeup of the I. nelsonii genome, and identifying the specific
introgressed I. brevicaulis and I. hexagona segments that are likely interspersed
throughout a largely I. fulva genetic background, as these introgressed segments may
have been responsible for the initial establishment and current maintenance of I.
nelsonii. As a first step to identifying the genomic composition of I. nelsonii, here I
develop a genetic linkage map which will ultimately be necessary for determining the
genomic regions likely associated with reproductive isolation between I. nelsonii and
I. fulva.
Constructing a genetic linkage map is a first necessary step in examining the
genetic architecture of reproduction isolation between closely related species
(Rieseberg et al.1999), and linkage maps have been developed for a large number of
model and non-model organisms (e.g. Belly and Ecker 1994; Gates et al. 1999;
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Fishman et al. 2001; Stinchcombe and Hoekstra 2008; Criscione et al. 2009). Marker
transmission in linkage mapping populations is expected to follow Mendelian
expectations. However, loci may deviate from such expectations (Transmission Ratio
Distortion). Such distorted loci may be involved in post-pollination reproductive
barriers and the detection of transmission ratio distortion (TRD) markers in a linkage
map can suggest the location, distribution, number, intensity of loci that potentially
affect reproductive barriers between species.
In this study, I constructed a linkage map from an F2 hybrid mapping
population of I. fulva and I. nelsonii based on microsatellites and iris retroelement
(IRRE) markers. As these two species share a large portion of their genomes with
little interspecific variation, I am interested in the detection of regions that contain
TRD markers that can cause reproductive isolation between these two closely related
species, and are associated with some QTLs related to post-pollination
prezygotic/postzygotic (prior to genotyping) reproductive isolation such as pollen
viability/competition, embryo viability, germination rate or seedling survival and
establishment. In later studies, additional markers will be added to increase the
density of the map and QTL mapping approaches will be used to examine the genetic
architecture of such barriers.

6
METHODS
Mapping population construction
The F2 population used in this study was derived from hybridization of
wild-collected pure species individuals. Pollen of the paternal parent, I. nelsonii (In10,
collected from Vermillion Parish, Louisiana) was dusted onto the stigmatic surface of
the maternal parent, I. fulva (If174, collected from Terrebonne Parish, Louisiana), to
produce F1 hybrid offspring. Hundreds of F2 mapping population seeds were yielded
from the self-pollination of flowers of a single F1 genotype. In total, 321 seeds of I.
fulva x I. nelsonii F2 individuals were planted in the greenhouse of Texas State
University-San Marcos in August 2010, and 114 F2 individuals germinated as of
December 2010. After seedlings grew to about 1 inch, they were transplanted into
10-inch Azalea pots where they have been maintained at the Texas State greenhouse
since.
Parental DNA was extracted from leaves of two parents (IN10 and IF174) and
the F1 hybrid parent of the F2 population in December 2010 with a modified CTAB
DNA extraction protocol (Doyle and Doyle 1990). In order to facilitate the
experimental process (i.e. accommodate to a 96-well plate in polymerase chain
reaction), we haphazardly selected 94 F2 individuals from 114 seedlings and extracted
DNA with the same modified CTAB extraction protocol as above in June 2011.
Screening of 282 microsatellite markers (designed by Tang et al. 2009 for I. fulva and
I. brevicaulis linkage map), showed only 67 markers that were polymorphic between
IN10 and IF174 and scoreable in the F2 mapping population. Designations for these
markers are the same as those reported for previously constructed genetic maps (Tang
et al. 2010).
As a majority of the I. nelsonii genome appears to be derived from I. fulva
(Arnold 1993), the parental lines used to generate the mapping population share
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alleles at the vast majority of the microsatellite loci (and thus, only 67 markers out of
282 markers utilized to produce the I. fulva x I. brevicaulis maps (Tang et al. 2010)
were variable and usable in this I. fulva x I. nelsonii cross). To increase the likelihood
of finding polymorphic markers for use in the linkage map construction, an additional
marker system, high-copy-number IRRE element (for iris retroelement) markers
(Kentner et al. 2003; Bouck et al. 2005), were screened for utility in this population.
The brief steps of IRRE markers genotyping are as follows: After total DNA is
digested with EcoRI, polymerase chain reaction (PCR) was utilized to amplify
different sizes of fragments from primers based on iris retroelement sequences and
EcoRI sequences plus four selective extension bases. Fragment sizes ranged from 46
to 481 base pairs. While IRRE markers were able amplify several size fragments,
most of the amplicon sizes were shared across both parents and were thus not
informative. Only a small number of unique fragment sizes existed in one of the
parents’ amplicons was useable and included in the current study. IRRE markers that
were ultimately placed on the map were labeled as “Eco” followed by the selective
bases of the primers, and again followed by the size of the amplified fragment. For
example, two IRRE primers with CTTA selective extension bases amplified markers
in the 188 and 450 base-pair size range, and these amplicons were named
EcoCTTA188 and EcoCTTA450 repsectively. In this study, the linkage map was
constructed from both codominant microsatellite markers and dominant IRRE
markers; however, the IRRE markers provide less genotype information than
microsatellite markers due the lack of heterozygote genotypes in this dominate marker
system.
In order to perform polymerase chain reactions for the microsatellite
markers, each amplification reaction contained 1 x PCR buffer, 2.5mM MgCl2, 0.3
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mM of each dNTP, 4pmol fluorescently labeled forward primer (either
6-FAM/HEX/TAMRA), 4pmol reverse primer, 0.5 units GO Taq Flexi DNA
Polymerase (Promega Corporation, Madison, WI), and about 10 ng of genomic DNA.
The program was set up to use touchdown PCR protocol (Don et al. 1991) to
minimize nonspecific amplification. Thermocycling conditions were as follows:
initial denaturation was at 94oC for 1 minute followed by 6 cycles of: 94oC for 30
seconds, 64oC (decreasing in 1oC increments each cycle to 58oC) for 30 seconds, 72oC
for 30 seconds, then 33 cycles of: 94oC for 20 seconds, 58oC for 20 seconds, 72oC for
30 seconds with a final extension period of 72oC for 15 minutes (Tang et al. 2009).
Fragments were multiplexed when possible (when fluorescent labels and/or allele
sizes allowed for multiplexing) and run on an ABI 3700xl capillary sequencer
(Applied Biosystems, Foster City, CA) at the Georgia Genomics Facility and scored
by eye in Peakscanner v.1.0 (Applied Biosystems, Foster City, CA) and GeneMarker
v.1.8 (Softgenetics LLC, State College, PA).
The protocol for amplification of IRRE markers, modified from Kentner et
al. (2003), involved three steps: restriction/ligation, preamplification and selective
amplification. First, for the restriction/ligation, 1.5 µl of total genomic DNA was
digested and adaptors were ligated to the sticky ends left by EcoRI with 9.5 µl mix
buffer including 1x T4 buffer, 5.5 µg BSA, 1µ 0.5M NaCl, 20 pmol adaptors, 6.24
units EcoRI, and 1 unit T4 DNA ligase under 37 oC for 2 hours. Preamplification
reactions contained 1X PCR buffer, 2.5 mM MgCl2, 0.3 mM of each dNTP, 10 pmol
for each primer, adapter sequence plus two select bases (e.g. GAATTCCT) and LTR
sequence, IRRE-C (ACAGGAACACRTTCCAATTACGT), 0.5 units GO Taq Flexi
DNA Polymerase (Promega Corporation, Madison, WI), and 3µL of
restriction/ligation DNA solution. Thermocycling conditions were as following: 72oC
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for 2 minutes, 94 oC for 3 minutes, then 30 cycles of 94 oC for 30 seconds, 57 oC for
30 seconds, 72 oC for 1 minute, and a final elongation of 72 oC for 3 minutes. The
third steps, selective amplification, included 0.5 X PCR buffer, 2.5mM MgCl2, 0.3
mM of each dNTP, 10 pmol adapter sequence plus four selective bases primer (e.g.
GAATTCCTAG), 6.5 pmol IRRE primer adapter sequence, 12 units GO Taq Flexi
DNA Polymerase (Promega Corporation, Madison, WI), and 1.25 µl product of
preamplification into thermocycling reaction. Thermocycling conditions were as
follows: 94 oC for 3 minutes, then 30 cycles of 94 oC for 30 seconds, 65 oC for 30
seconds, 72 oC for 1 minute, and a final elongation of 72 oC for 3 minutes.
The construction of the I. nelsonii x I. fulva F2 hybrid linkage map was
performed in MAPMAKER 3.0 (Lander et al. 1987; Lincoln et al. 1992) utilizing the
Kosambi mapping function (Kosambi 1944). Linkage between markers was
determined using a LOD threshold of 3.0 and a maximum distance of 50 cM. Two
different methods were used to calculate the genome length. First, the genome length
was estimated by adding the length of an average marker interval to each end of each
linkage group and summing the lengths of the linkage groups. Second, the genome
length was estimated from the same formula as method 4 in Chakravarti et al. (1991).
The genomic coverage of the resultant map was estimated using the formula: 1 –
e-2dn/L, in which L is a genome length, d is the interval distance (cM) between each
marker, and n is the number of markers (Fishman et al. 2001).

Transmission ratio distortion
In the I. fulva x I. nelsonii F2 mapping population, we searched for instances
of transmission ratio distortion (TRD) – i.e. instances in which inheritance at each
locus deviated significantly from Mendelian expectations in both the microsatellite
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markers (which are co-dominant) and the IRRE markers (which are dominant). For
the microsatellite markers, χ2-contingency tests (d.f. = 2) were utilized to compare
observed genotype frequencies to those expected given Mendelian segregation
patterns (1AA:2Aa:1aa). Since IRRE markers are dominant, I was not able to
distinguish between the dominant homozygote and heterozygote genotypes. Therefore,
for the IIRE markers, χ2-contingency tests (d.f. = 1) tests were used to identify
instances of TRD, however the expected ratios in this case were 3:1 (AA/Aa: aa). I
was also able to detect whether or not I. fulva or I. nelsonii homozygotes were
overrepresented using χ2 analysis (d.f. = 1), which tested whether there was a
significant difference between the sum of the number of homozygote (i.e. I. fulva
homozygotes plus I. nelsonii homozygotes) individuals and heterozygote individuals
for each microsatellite marker.
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RESULTS
Linkage map
In total, 94 of the screened markers (67 codominant microsatellites, 27
dominant IRRE markers) were polymorphic between the mapping parents. The
codominant markers are the same markers used to develop reciprocal backcross
linkage maps between I. fulva and I. brevicaulis (Tang et al. 2010) which allows for
comparisons across both mapping projects. The polymorphic markers used in the
current study represent all but 5 linkage groups (LG10, 12, 18, 20, 21) from the I.
fulva x I. brevicaulis mapping population (Fig. 1). Most of the microsatellite markers
found in the current I. fulva x I. nelsonii F2 linkage map are also found on the linkage
map of Tang et al. (2010) I. fulva x I. brevicaulis (Table 1) except 10 markers which
were polymorphic and scored in the current I. fulva x I. nelsonii population but not in
the Tang et al. (2010) population. However, as the Iris genome is quite large and this
mapping population suffered from a deficiency of polymorphic markers, a large
portion of the genotyped markers (28 microsatellite markers, linkage group position
known from Tang et al. (2010)) did not link together despite the fact that they are
likely physically linked on the same linkage group (i.e. some markers intervals are
larger than 50cM) (Figure 1). Therefore, the current linkage map contains 63
polymorphic markers (67% of overall markers, 37 microsatellite markers and 26
IRRE markers) grouped into 21 linkage groups with the criteria of LOD ≧ 3.0, and
maximum distance 50cM.
Thirteen linkage groups (including 29 microsatellite and 12 IRRE markers)
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were identified in LG3, LG4, LG5, LG7, LG9, LG14, LG15, LG16, LG17, LG19
after matching the corresponding microsatellite markers in Tang et al. (2010). Likely
due to the deficiency of markers, the distal ends of LG4, LG14, and LG19 did not
group together in the current map. Instead, those linkage groups are composed of two
smaller sub-groups each representing the distal ends in the current map (LG4a, LG4b,
LG14a, LG14b, and LG19a, LG19b). The relationship between the remaining 8
linkage groups detected in this study and those in the Tang et al. (2010) map could not
be determined because four of these linkage groups were constructed with IRRE
markers not represented in the Tang et al. (2010) map, and the other four linkage
groups contain two microsatellite markers derived from two different linkage groups
in Tang et al. (2010) (Figure 2).
From the grouping results of MAPMAKER 3.0, the 21 identified linkage
groups ranged from 1cM to 208.3 cM, and the sum length of this linkage map was
921.8cM with a mean 15cM interval between markers. Again, following method 4 of
Chakravarti et al. (1991) to estimate genome length, this genome was estimated as
1783.37cM, likewise, a similar estimated genome length of 1774.34 cM was yielded
by adding twice the average distance of each framework marker interval to the length
of each linkage group. Approximately 50% of the genome was within 10 cM of a
marker, whereas 93.5% and 74% within 10 cM from linkage map in backcross I. fulva
x I. brevicaulis (Tang et al. 2010) and I. nelsonii x I. hexagona F2 population (Taylor
et al. 2013), respectively.

Transmission Ratio Distortion
As the IRRE primers generated dominant markers, the expected ratio of
genotypes was 3:1 (AA/Aa: aa). Of the 27 IRRE markers, 4 markers were distorted.
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With the co-dominant microsatellite marker system, all three genotypic classes (I.
fulva homozygotes, I. nelsonii homozygotes, and heterozygotes) could be
differentiated. Microsatellite markers that revealed significant transmission ratio
distorted (TRD) were detected by comparing observed genotypes to those expected
given simple Mendelian segregation (1AA:2Aa:1aa). Among 67 microsatellite
markers in this study, 29 markers were distorted from the expected Mendelian
segregation ratio. In addition, I. fulva homozygotes were overrepresented at 8 markers,
and I. nelsonii homozygotes were overrepresented at 7 markers (Figure 1).
Consequently, TRD in the current mapping population revealed no transmission bias
towards either I. fulva or I. nelsonii alleles). However, Chi-square tests comparing
observed versus expected homozygote/ heterozygotes frequencies (1:1) revealed that
at 13 markers a significant excess of heterozygotes was observed while at 6 markers a
significant excess of homozygotes was observed (p < 0.05, Figure 1). In total, of the
94 markers in this study, about one-third (31%, including 26 microsatellite markers
and 4 IRRE markers) exhibited TRD (p < 0.05), and 21 markers were significantly
distorted using a more strict criterion (p<0.01).
In this study, distorted markers were relatively widely distributed and were
represented on most linkage groups (LG1, LG2, LG3, LG5, LG6, LG7, LG8, LG9,
LG13, LG14, LG16 and LG19) instead of clustering in a few regions among the
linkage map. Especially, at the end of LG7contained clustered distorted markers
which contained 4 distorted markers overrepresented I. fulva alleles.
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DISCUSSION
Linkage mapping is an important tool for determining and comparing the
order of loci within the genomes of closely related species, and is a necessary first
step for examining the genetic architecture (i.e. the location, effect, and magnitude of
loci) of trait differences between species. Such analyses have been particularly useful
in investigating the genetic architecture of reproductive barriers that have evolved
between nascent species (Rieseberg et al. 1999; Harushima et al. 2001; Via and
Hawthorne 2002; Dopman et al. 2004; Rogers et al. 2007; Martin et al. 2007).
Mapping studies coupled with Quantitative Trait Locus (QTL) mapping have also
been especially useful for identifying specific genomic regions (QTLs) likely
associated with introgressive hybridization. Such loci likely to be contributing to
novel phenotypes, adaptive introgression, or reproductive isolation have been detected
(Rieseberg 1997; Kim and Rieseberg 1999; Lexer et al. 2003; Martin et al. 2005;
Lexer and Widmer 2008; Tang et al. 2010). This mapping study is an important first
step towards ultimately identifying the genomic composition of I. nelsonii, as well as
identifying the genetic architecture of reproductive barriers that have been important
in the establishment of this species that presumably arose via homoploid hybrid
speciation (Randolph 1966; Arnold 1993; Rieseberg 1997).
In this study, I constructed a linkage map of I. fulva x I. nelsonii using an F2
mapping population. Unfortunately, only 67 of 282 (23.7%) markers from a similar I.
fulva x I. brevicaulis linkage mapping study (Tang et al. 2009) exhibited polymorphic
genotypes in the current population. In a related F2 mapping study using I. nelsonii x I.
hexagona crosses, 137 (48.5%) of the 282 markers derived from the Tang et al. (2009)
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dataset expressed polymorphic genotypes ultimately useful for mapping (Taylor et al.
2013). This suggests that there is a large degree of sequence similarity among the
genomes of I. fulva and I. nelsonii, which ultimately made it difficult to find
polymorphic markers within the same Tang et al. (2009) marker pool. This is perhaps
not surprising, as I. nelsonii likely formed through repeated backcross hybridization
into I. fulva whereas less hybrid events of hybridization with I. brevicaulis or I.
hexagona in the homoploid speciation of I. nelsonii (Arnold 1993). Of the markers
that formed linkage groups in the current study, most demonstrated collinearity to the
I. brevicaulis x I. fulva linkage maps of Tang et al. (2010), though there was some
evidence of markers switching position within the same linkage group (e.g. LG5, LG7)
suggesting the possibility of translocation events in those regions.

Transmission ratio distortion
Transmission ratio distortion is commonly observed in both intraspecific and
interspecific mapping populations, and the proportion of markers that reveal TRD is
quite variable depending on the study system, marker system, and sample size (e.g.
6.5% of markers exhibited TRD in intraspecific F2 mapping population of Brassica
(Slocum et al. 1990), while and 69% of markers were found to be distorted in the
interspecific backcross of Lycoperisicon esculentum (Paterson et al. 1988). On
average, around 30% of markers are found to be distorted in both interspecific in
intraspecific mapping populations (Jenczewski et al. 1997; Bouck et al. 2005). In this
study, 31% of the markers revealed significant TRD, which is similar to the 35.8%
and 30.8% markers distorted in BCIB and BCIF maps of I. brevicaulis x I. fulva
(Tang et al. 2009), and 30% of the markers distorted in a related I. nelsonii x I.
hexagona F2 mapping population (Taylor et al. 2013), which suggests that a similar
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proportion of the genome is contributing to hybrid incompatibilities among all of the
Iris species. Few common distorted markers were shared among the current I. nelsonii
x I. fulva F2 mapping population, the BCIF and BCIB I. fulva X I. brevicaulis
mapping populations, or the F2 I. nelsonii x I. hexagona mapping population; in
addition, none of the markers appeared distorted across all three of these linkage maps.
Therefore, in Louisiana Iris, while reproductive isolating barriers associated with
distorted loci may in fact be important in preventing introgression for any particular
species pair, it doesn’t appear that the same regions are responsible for causing TRD
among all species, and the consequences of hybridization will likely depend on the
species pair being examined.
Transmission ratio distortion in mapping populations may result from any
number of biological processes. Gamete competition, pollen tube competition, pollen
lethality, preferential fertilization (Liu 2010) and/or any number of postzygotic factors
(including hybrid sterility, external selective processes, hybrid inviability (Fishman et
al. 2001)) that occurred prior to DNA extraction and genotyping could cause
divergence from expected Mendelian segregation ratios (1AA: 2Aa: 1aa). Of the
distorted markers detected in the current study, 13 markers revealed patterns in which
heterozygotes were significantly overrepresented relative to homozygotes. While it is
certainly a possibility that heterozygote advantage at any of these markers may be
causing such distortion, inbreeding depression cannot be ruled out. Because of the
nature of our mapping design, wherein both parental plants (I. fulva (If174) and I.
nelsonii (In10)) were wild-collected, either of the two parents may be harboring lethal
or semi-lethal alleles that are masked in a heterozygous state, and the presence of such
lethal or mildly deleterious alleles may cause inbreeding depression, thereby
decreasing the number of homozygous parental genotypes observed in the F2 hybrid
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mapping population. Six additional markers were distorted in such a way that
homozygotes were favored over heterozygotes (Table 2). Though this could
potentially result from selection against heterozygotes in those regions (Table 2) and
such regions could potentially be associated with some level of reproductive isolation.
In this study, the TRD markers at which I. nelsonii and I. fulva alleles are
overrepresented / favored in 7 and 8 TRD markers, respectively (Table 2) indicating
they could be at least partially responsible for the early establishment of reproductive
isolation (e.g. gamete competition, pollen tube competition or pollen lethality (Liu
2010)) between I. fulva and I. nelsonii.

Introgression direction analysis
Transmission ratio distortion of markers is commonly observed in linkage
maps. The direction of this distortion can provide information about the direction of
introgression one might observe in nature. For example, if Species A alleles are
overrepresented at a locus in the linkage map, we may predict that the Species A allele
is also more likely to introgress into the genomic background of species B in a hybrid
zone. In a previous Iris linkage mapping study between I. fulva and I. brevicaulis,
Tang et al. (2010) found I. fulva alleles are overrepresented at a majority of the
distorted loci. This transmission distortion may contribute to the asymmetric
introgression of alleles across species boundaries in nature, specifically where I. fulva
alleles are more likely to introgress into an I. brevicaulis genetic background than the
reciprocal (Bouck et al. 2005). However, in this study, a directional bias was not
observed between I. fulva and I. nelsonii (8 markers revealed overrepresentation of I.
fulva, and 7 markers revealed overrepresentation of I. nelsonii alleles). This finding is
similar to another Iris mapping project, where there is also no directional bias
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between I. nelsonii and I. hexagona revealed through an F2 mapping population
(Taylor et al. 2013).
Conclusion and Future work
This project represents a first step in understanding the genetic architecture
of reproductive isolation between I. fulva and I. nelsonii. Areas of transmission ratio
distortion that are possibly associated with reproductive isolation between these taxa
are distributed throughout the genome. The genomic similarity between I. fulva and I.
nelsonii limited the number of polymorphic markers available for use in this study. Of
all Louisiana Iris maps created to date, this map has the least genomic coverage,
likely because of the genomic similarities between I. fulva and I. nelsonii. In order to
increase the number of polymorphic markers in the I. fulva and I. nelsonii mapping
population, I am currently developing single nucleotide polymorphism (SNP) markers
to increase the marker density on this map.
Because speciation in I. nelsonii likely resulted from the introgression of I.
hexagona and I. brevicaulis alleles into a largely I. fulva genomic background, such
introgressed regions are hypothesized to be largely responsible for the establishment
of this new homoploid hybrid species. I would therefore predict that some of the
regions revealing transmission ratio distortion (and therefore reproductive isolation)
in the current study (i.e. those regions favoring the I. nelsonii allele) would be derived
from I. brevicaulis or I. hexagona. In collaboration with Sunni Taylor, who is using a
population genetic approach to determine the origin of those alleles, we will be able to
assess whether or not the introgression of I. brevicaulis and I. hexagona alleles
ultimately drove the reproductive isolation of the newly forming I. nelsonii taxon.
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TABLES
Table 1. Number of microsatellite polymorphic markers, IRRE markers and distorted
markers of each linkage group.

Linkage
group
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
Total

Number of
microsatelliate
polymorphic
markers
5
4
2
4
4
3
4
1
8
2
2
4
1
4
6
3
57

Number of IRRE
markers
0
0
1
0
1
0
1
0
2
0
0
2
1
0
2
2
12

Number of distorted markers
1
2
1
0
1
2
4
1
2
1
1
2
0
1
1
1
21
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Table 2. The linkage group and genotyping bias of transmission ratio distorted
microsatellite markers. Two separate χ2 analyses were performed for each distorted
marker: 1.to determine whether this marker significantly biased towards
heterozygotes or homozygotes (df = 1). 2. Whether such markers resulted in
significantly overrepresented I. nelsonii or I. fulva alleles (df = 1).
Distorted
markers
name
IM58
IM306
IM324
IM226
IM56
IM261
IM497
IM363
IM151
IM207
IM446
IM505
IM177
IM373
IM467
IM71
IM93
IM111
IM485
IM284
IM302
IM51
IM66
IM289
IM11

Linkage
Group
LG1
LG1
LG1/LG3
LG1/LG14
LG2
LG2
LG4
LG4
LG5
LG6
LG6/LG9
LG7
LG7
LG7
LG8
LG9
LG9
LG9
LG13
LG13
LG17
LG17
LG18
LG19

Bias of genotyping
over heterozygotes
over homozygotes
overrepresented I. nelsonii alleles
over heterozygotes/ overrepresented I. nelsonii alleles
over homozygotes/ overrepresented I. nelsonii alleles
overrepresented I. fulva alleles
over homozygotes/ overrepresented I. fulva alleles
overrepresented I. nelsonii alleles
over heterozygotes
over homozygotes
over homozygotes/overrepresented I. fulva alleles
over homozygotes/overrepresented I. fulva alleles
over heterozygotes/ overrepresented I. fulva alleles
over heterozygotes/ overrepresented I. fulva alleles
over heterozygotes/overrepresented I. fulva alleles
over heterozygotes
over heterozygotes
over heterozygotes
overrepresented I. fulva alleles
overrepresented I. nelsonii alleles
over heterozygotes
over heterozygotes
over heterozygote/overrepresented I. nelsonii alleles
overrepresented I. nelsonii alleles
over heterozygotes
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FIGURES

Figure 1: Linkage map comparison of the F2 population of I. fulva and I. nelsonii with
BCIF of I. fulva and I. brevicaulis (Tang et al. 2010) in 21 linkage groups.
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Figure 1: Continued
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Figure 2: Linkage map of the current F2 population of I. fulva and I. nelsonii. The
numbers of linkage groups corresponded to Tang et al. (2010) linkage map.
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