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Abstract Segregation distortion (SD) is often observed in

plant populations; its presence can affect mapping and

breeding applications. To investigate the prevalence of SD

in diploid alfalfa (Medicago sativa L.), we developed two

unrelated segregating F1 populations and one F2 popula-

tion. We genotyped all populations with SSR markers and

assessed SD at each locus in each population. The three

maps were syntenic and largely colinear with the Medicago

truncatula genome sequence. We found genotypic SD for

24 and 34% of markers in the F1 populations and 68% of

markers in the F2 population; distorted markers were

identified on every linkage group. The smaller percentage

of genotypic SD in the F1 populations could be because

they were non-inbred and/or due to non-fully informative

markers. For the F2 population, 60 of 90 mapped markers

were distorted, and they clustered into eight segregation

distortion regions (SDR). Most SDR identified in the F1

populations were also identified in the F2 population.

Genotypic SD was primarily due to zygotic rather than

allelic distortion, suggesting zygotic not gametic selection

is the main cause of SD. On the F2 linkage map, distorted

markers in all SDR except two showed heterozygote

excess. The severe SD in the F2 population likely biased

genetic distances among markers and possibly also marker

ordering and could affect QTL mapping of agronomic

traits. To reduce the effects of SD and non-fully informa-

tive markers, we suggest constructing linkage maps and

conducting QTL mapping in advanced generation

populations.

Introduction

Mendelian segregation of alleles at a locus is a fundamental

tenet of classical genetics, enabling geneticists to predict

the expression of simply inherited traits. Deviations from

the Mendelian segregation expectations have been inves-

tigated since the early twentieth century (Mangelsdorf and

Jones 1926; Rhoades 1942; Sandler et al. 1959), and the

phenomenon was defined as segregation distortion (SD)

(Sandler et al. 1959). SD of molecular markers has been

observed in most genetic mapping studies across all the

species, for example, maize (Lu et al. 2002), rice (Xu et al.

1997), tomato (Paterson et al. 1988), alfalfa (Brummer

et al. 1993), and Populus (Yin et al. 2004). Distorted

markers may bias the estimation of genetic distance

between markers and may affect orders among markers

(Lorieux et al. 1995a, b); consequently, it will affect the

genetic mapping of phenotypic traits (Vogl and Xu 2000;

Xu 2008).

Biologically, the cause of SD could result from selection

among gametes and/or zygotes (Falconer and Mackay

1996). If an allele or alleles at a locus is detrimental to

gamete or zygote fitness, then that locus will cause markers

linked to it to deviate from the expected Mendelian seg-

regation ratios (Zamir and Tadmor 1986). Thus, observing

a cluster of markers showing SD suggests that the
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chromosomal region may have one or more genes causing

SD. The region of distorted markers is termed segregation

distortion region (SDR, Lu et al. 2002) and the causative,

underlying gene(s) segregation distortion locus (SDL, Vogl

and Xu 2000). Based on marker clustering and skew

direction, SDRs have been identified in maize (Lu et al.

2002), rice (Xu et al. 1997), grape (Riaz et al. 2008), and

other species (Faris et al. 1998; McDaniel et al. 2007).

A few studies have attempted to locate SDLs on genetic

linkage maps (Hall and Willis 2005; Luo et al. 2005; Wang

et al. 2005).

Diploid alfalfa includes two main subspecies, M. sativa

subsp. caerulea and M. sativa subsp. falcata. Several

genetic maps have been constructed for diploid alfalfa

using partially inbred mapping populations (F2 or back-

cross) derived from intra-subspecies and inter-subspecies

crosses (Brummer et al. 1993; Echt et al. 1994; Kaló et al.

2000; Kiss et al. 1993). Serious SD (18–63%) was found in

those studies, irrespective of taxonomic relationships

between parental genotypes. Distorted markers were usu-

ally found clustered, as expected due to linkage, but

interestingly, the SD was most commonly with heterozy-

gote excess. A biological explanation is that alfalfa carries

a high level of deleterious (and possibly lethal) recessive

alleles due to its outcrossing and self-incompatible nature,

and that selection against deleterious recessive alleles

during inbreeding causes skewed ratios of marker geno-

types in inbred generations. If the deleterious recessive

alleles at different loci are linked in repulsion phase, then a

preponderance of heterozygotes at linked marker loci

would be observed among progeny.

In one non-inbred diploid alfalfa mapping population

(F1 population), only 9% of mapped marker loci showed

significant SD, which supports the above explanation

(Tavoletti et al. 1996). Another supporting evidence is that

a relatively low SD (4–9% of mapped alleles) was

observed in a tetraploid backcross mapping population,

because deleterious recessive homozygotes have a smaller

chance to be exposed and selected against in tetraploid

compared to diploid populations (Brouwer and Osborn

1999). However, in non-inbred autotetraploid alfalfa

mapping populations (F1 populations), 35% of AFLP and

25% of SSR markers were significantly distorted in one

(Julier et al. 2003) and about 32% of markers exhibited SD

in another (Robins et al. 2007). Both biological and non-

biological factors might contribute to the varied SD levels

observed in those studies, such as different parental geno-

types and differing genetic similarity between parents

(Chetelat et al. 2000; Lu et al. 2002; Xu et al. 1997). Non-

biological factors such as environment (especially condi-

tions during gamete development or seed production),

sample size, genotyping errors, and differing statistical

methodologies may affect the estimation of SD in different

experiments. Thus, analysis of SD in multiple mapping

populations while controlling these non-biological factors

may help to understand the genetic mechanisms of SD.

The objectives of this study were to test the hypotheses

that (1) SD would be identified in diploid alfalfa mapping

populations with different genetic backgrounds, (2) greater

SD would be observed in a more inbred F2 population

compared to a less inbred F1 population, both of which

derived from the same parents, and (3) the distorted

markers would be clustered and predominantly character-

ized by heterozygote excess in the F2 population.

Materials and methods

Generation of mapping populations

We obtained four wild, diploid alfalfa plant introductions,

PI464712 (M. sativa subsp. caerulea from Turkey),

PI243225 (M. sativa subsp. caerulea from Iran), PI577551

(M. sativa subsp. caerulea from Canada), and PI631817

(M. sativa subsp. falcata from Russia), from the USDA-

ARS National Plant Germplasm System. We hybridized a

single genotype from two accessions (PI464712-

4 9 PI631817-1) to develop the inter-subspecific CF-F1

population (‘‘C’’ and ‘‘F’’ represent subsp. caerulea and

falcata, respectively). One single plant from the F1 popu-

lation [(PI464712-4 9 PI631817-1)-5] was self-pollinated

to generate the CF-F2 population. During the time we

produced the F2 population; we also produced additional F1

individuals in the same greenhouse so that we could

compare both populations using seeds that were produced

under same environmental conditions.

For the CF-F1 population, 191 of 240 seeds germinated,

and 183 survived and were used for DNA extraction. For

the CF-F2 population, 161 of 237 seeds germinated, and

DNA was extracted from 152 F2 plants, 32 of which died

subsequent to DNA extraction.

We also developed the intra-subspecies CC-F1 popula-

tion by hybridizing between a single genotype from each of

the other two accessions (PI243225-A 9 PI577551-D). We

obtained 190 CC-F1 individuals from which DNA was

extracted and used for genotyping.

SSR genotyping

Tissue from young leaves of greenhouse grown plants was

freeze-dried, ground, and used for DNA extraction with the

CTAB method (Doyle and Doyle 1990). SSR markers used

in previous alfalfa genetic mapping projects (Julier et al.

2003; Robins et al. 2007; Sledge et al. 2005) as well as

additional markers obtained from the Noble Foundation,

Ardmore, OK were used for mapping (Supplementary
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Table 1). Primers were synthesized by Integrated DNA

Technologies (IDT, http://www.idtdna.com), with 18 nucle-

otides of M13 universal primer sequence added onto the 50

end of the forward primer (Schuelke 2000). The M13 uni-

versal primer sequence labeled with blue (6-FAM), green

(HEX), or yellow (NED) fluorescent tags were synthesized

by Applied Biosystems (http://www.appliedbiosystems.

com). The PCR recipes and ingredients were exactly the

same as Sledge et al. (2005). The PCR program used was

either the same as Julier et al. (2003) 4 min at 94�C, followed

by 35 cycles with 30 s at 94�C, 1 min at 55�C and 1 min at

72�C, plus a final elongation step of 7 min at 72�C (program

A in Supplementary Table 1) or as follows: 95�C for 2 min,

followed by 30 cycles with 30 s at 95�C, 45 s at 60�C, and

45 s at 72�C, plus 10 cycles with 30 s at 95�C, 45 s at 53�C,

45 s at 72�C, and finalized with an elongation step of 7 min at

72�C (program B in Supplementary Table 1). PCR products

from four to eight SSR markers were diluted ten times and

pooled for each individual, mixed with 0.2 ll of GeneScan-

500 ROX size standard (ABI catalogue # 401734) and ana-

lyzed on an ABI 3730 DNA analyzer. The data files from the

sequencer were analyzed using the Genemarker software

(http://www.softgenetics.com), verified by visual inspec-

tion. All markers were scored as co-dominant loci.

Map construction

In total 105 SSR markers were scored and used to construct

the genetic linkage map for the CC-F1 population, 108

markers for the CF-F1 population, and 103 markers for the

CF-F2 population. Ninety-one markers were common

between CF-F1 and CF-F2 populations; 42 markers were

common between CF-F1 and CC-F1 population. For each

mapping population, a linkage map was constructed using

JOINMAP 4.0. Markers were grouped with a LOD C 3.0,

and map distances were calculated with the Haldane

function. Primer sequences were used to search M. trun-

catula pseudomolecules produced from the M. truncatula

euchromatic genome sequence, build 3.0 with BLAST at

the website http://medicago.org/genome/cvit_blast.php. If

both forward and reverse primers hit the same BAC loca-

tion with a predicted amplicon size similar to our observed

fragment size, we used the position with the smaller

number on the alignment between the BAC sequence and

primer as the physical location of the corresponding

marker.

Segregation distortion analysis

F1 population

The parents used to construct the populations were not

inbred (alfalfa suffers from severe inbreeding depression

precluding the development of inbred lines). As a conse-

quence, each parent could contain up to two alleles per

locus, and the alleles in one parent could be different from

those in the other parent. Therefore, seven genotypic seg-

regation patterns are possible for our F1 populations

(Table 1). For each marker, a v2 test was used to test

genotypic SD as the deviation of the observed genotypic

distribution from the expected Mendelian genotypic ratio

(Table 1). To test if the genotypic SD was caused by

gametic or zygotic selection, an allelic and a zygotic SD

test were conducted for each marker. For the allelic SD

test, a v2 test was used to test the deviation of the observed

allelic distribution from the expected allelic ratio of 1:1 for

each heterozygous parent (Table 1). This test is the same as

that used previously in the two-way pseudo-testcross for

evaluating SD in F1 full-sib progenies (Grattapaglia and

Sederoff 1994; Tavoletti et al. 1996). If the parental allele

transmission could not be determined (e.g., A1A2 9 A1A2),

then we did an overall v2 test for allelic SD. For the zygotic

SD test, we first estimated allele frequencies based on the

observed genotype frequencies in F1 population (Table 1).

Then we used a v2 test to test the deviation of the observed

genotypic distribution from the genotypic ratio that was

expected given allele frequency estimates. When three or

more markers with genotypic SD were clustered together,

we considered the group of markers as a candidate SDR if

the markers in the group showed similar allelic and/or

genotypic distortion patterns and had similar allelic and

zygotic SD tests.

F2 population

In the F2 population, the expected genotypic segregation

ratio of A1A1:A1A2:A2A2 is 1:2:1. A v2 test was used to

identify the markers with genotypic SD. We defined sig-

nificance at P \ 0.01. To test if the genotypic SD was

caused by gametic or zygotic selection, a modified method

of two successive v2 tests (Lorieux et al. 1995b) was

applied for each marker. Assuming a locus with two

alleles, ‘‘A1’’ and ‘‘A2’’ in the F2 mapping population,

p represents the frequency of allele ‘‘A1’’ and q represents

the frequency of allele ‘‘A2’’ The maximum likelihood

estimator (MLE) of p is p̂ ¼ nA1A1
þ1=2nA1A2

n and that of q is

q̂ ¼ nA2A2
þ1=2nA1A2

n ; in which n is the total number of geno-

types evaluated and nA1A1
; nA1A2

; and nA2A2
are the observed

numbers in each of the three genotypic classes (viz., A1A1,

A1A2, A2A2). Allelic SD was tested as a deviation from the

expected allelic ratio for A1:A2 of 1:1. Zygotic SD was

tested as deviation of the observed genotypic ratio from the

expected genotypic ratio given the estimated allele fre-

quency (A1A1:A1A2:A2A2 = np̂2 : 2np̂q̂ : nq̂2).
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The v2 test for allelic SD is as follows:

v2
1 ¼
ð2np̂� nÞ2 þ ð2nq̂� nÞ2

n
ð1Þ

The v2 test for zygotic SD is as follows:

v2
1 ¼
ðnA1A1

� np̂2Þ2

np̂2
þ ðnA1A2

� 2np̂q̂Þ2

2np̂q̂
þ ðnA2A2

� nq̂2Þ2

nq̂2

ð2Þ

As with F1 populations, when three or more markers

with significant genotypic SD were clustered together, we

considered the group of markers as a candidate SDR if the

markers in the group showed similar distortion patterns.

We denoted the most distorted marker in each SDR as the

putative SDL. Based on the relative genotypic frequency at

that marker, we estimated the relative viability of each

genotype assuming there were no gametic effects. For a

locus with two alleles ‘‘A1’’ and ‘‘A2’’(A1 is dominant

allele with higher observed frequency, which could be

paternal or maternal grandparent allele), the relative

viability of A1A1, A1A2, and A2A2 are 1, 1 - hs, and

1 - s, where s is the selection coefficient and h is the

degree of dominance. The estimation of h and s was done

as described by Luo et al. (2005). A degree of dominance

of 0.5 suggests additive effects at the SDL, between 0.5 and

1 suggests recessiveness, between 0 and 0.5 suggests

dominance, less than zero suggests over-dominance, and

greater than one suggests under-dominance.

Epistasis

To identify loci with epistatic interactions for viability, we

conducted a contingency test for each pair of markers using

Fisher’s exact test. The test of epistatic interactions was

only applied to the F2 population because of the compli-

cated marker segregation patterns in the F1 populations.

Pairs of markers that were linked on one chromosome

generally showed non-independence because of linkage

disequilibrium. Therefore, we focused on marker pairs

from different chromosomes. When one or more contigu-

ous markers from one chromosome showed non-indepen-

dent segregation with three or more contiguous markers

from another chromosome at P \ 0.01, we considered the

two loci to be involved in an epistatic interaction.

Results

Genetic linkage maps

The two F1 populations, each with 99 mapped markers, had

maps of similar total length at just under 550 cM (Table 2).

The F2 population had 90 mapped markers and a shorter

map partially due to a number of smaller linkage groups

that did not link together (Table 2; Fig. 1). In all cases,

markers were spaced on average about 5 cM apart

throughout the genome. Comparing the orders of common

markers, the genetic maps of the three mapping populations

showed a high level of overall synteny (Fig. 1). The alfalfa

genetic maps also showed high levels of synteny to the

M. truncatula physical map (Fig. 1).

Segregation distortion levels

Between one-quarter and one-third of mapped markers had

genotypic SD (P \ 0.01) in the two F1 populations (CC-

F1 = 34%; CF-F1 = 24%); 68% were distorted in CF-F2

(Table 2; Fig. 1; Supplementary Tables 2, 3, 4). In both F1

populations, all markers with genotypic SD showed allelic

SD, but none of them showed zygotic SD (Supplementary

Tables 2, 3). In CF-F2, 26 of 90 mapped markers showed

allelic SD and 40 showed zygotic SD (P \ 0.01). In a

number of cases, however, markers on the F1 populations

were not fully informative. For example, if one parent was

homozygous for a marker locus, then distortion in this parent

would not be identified from the progeny ratios. Therefore,

the distortion levels in the F1 populations are likely under-

estimated. We have denoted markers that do not show SD

but that also are not fully informative in green in Fig. 1.

CC-F1 population

We identified five candidate SDRs that included 33 of the

36 distorted markers in the CC-F1 population (red-filled

Table 2 Number of markers scored and mapped in each of the three alfalfa populations, number of markers showing genotypic segregation

distortion, map length, and average map distance between markers

Population No. of markers

scored/mapped

No. of markers with

genotypic SD/no. of mapped

Map length (cM) No. of linkage groups Average map

density (cM)

CC-F1 105/99 36/36 528 8 5.3

CF-F1 108/99 26/22 547 10 5.5

CF-F2 103/90 70/60 391 13 4.3
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aw220 SDp24.7
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bf25775.8
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CC-F1 LG3

aw3610.0

aw22015.4

mtic12424.9

bf64185149.2
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aw21363.7
be8563.9
bg18365.6
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be11467.4
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bg8269.9
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CF-F1 LG3

aw361 H0.0

aw2209.7

bf6418510.0

be85 H19.3
be81 H21.6
be114 H
aw693450 H22.0

bg82 H23.1
mtic237 H25.6

CF-F2 LG3 A/B

SDR3.1

Fig. 1 Physical map of M.
truncatula (Build 3.0) and

genetic linkage maps for three

alfalfa mapping populations

based on SSR markers. The

physical locations indicated on

the maps are all in the scale of

9106 base pairs. Markers in red
exhibited genotypic segregation

distortion at P \ 0.01. Markers

in green on F1 linkage maps did

not show distortion but were not

fully informative. Regions of

linkage groups considered to be

candidate segregation distortion

regions (SDR) are denoted by

red fill. The labels ‘‘SDm’’,

‘‘SDp’’, and ‘‘SDmp’’ on F1

linkage maps indicate that the

distorted marker showed allelic

SD for maternal parent alleles,

paternal parent alleles, or both

maternal and paternal parent

alleles, respectively. ‘‘M’’, ‘‘P’’,

and ‘‘H’’ were labeled for the

distorted markers on the F2

linkage map that skewed toward

homozygotes with maternal

grandparent allele, homozygotes

with paternal grandparent allele,

or heterozygotes, respectively.

The segregation distortion

regions identified in the F2

population are designated by the

bracket to the right of the
linkage groups; the most

distorted marker in each SDR is

underlined and in larger font
size and is considered to be the

closest marker to the

segregation distortion locus

(color figure online)
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Fig. 1 continued
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linkage group segments in Fig. 1); they were located on

LG1, LG3, LG4, LG5, and LG8. Three distorted markers

al369471, aw774443, and al375136 on LG1 showed allelic

SD for maternal alleles (Fig. 1; Supplementary Table 2).

The maternal parent was not polymorphic for a group of six

non-distorted markers between al369471 and aw774443,

which could explain the lack of SD for those markers

(Supplementary Table 2). Therefore, we considered the

region between marker al369471 and al375136 as a can-

didate SDR. Except for the SDR on LG4, all SDRs con-

tained one or more non-fully informative markers, which

could have masked distortion that was actually present

(Fig. 1; Supplementary Table 2). The markers within

SDRs on LG1 and LG5 showed allelic SD for the maternal

parental alleles; and the markers within the other three

SDRs showed allelic SD for the paternal parental alleles

(Fig. 1; Supplementary Table 2).

CF-F1 population

We identified three candidate SDRs in the CF-F1 population

that included 18 of the 22 markers with genotypic SD (red-

filled linkage group segments in Fig. 1); these were located

on LG1, LG5, and LG8. The markers within the SDR on

LG1 showed allelic SD for the paternal alleles, and the

markers within SDR on LG5 and LG8 showed allelic SD for

the maternal alleles (Fig. 1; Supplementary Table 3).

CF-F2 population

Because all markers in the CF-F2 population were fully

informative and because the F2 population is more inbred

than the F1 populations, we identified more SD in this pop-

ulation than in the F1 populations. Of the 60 markers with

genotypic SD, 53 were placed into seven groups with three or
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Fig. 1 continued
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more consecutive distorted markers (Fig. 1). From the seven

groups, we identified eight SDRs based on the skew direc-

tions of alleles and genotypes and the similarity of allelic and

zygotic SD tests (Fig. 1; Supplementary Table 4). In addi-

tion to the eight SDRs we defined, two distorted markers on

LG4A could be a potential SDR, and two markers on LG8A

could be an additional SDR or part of SDR8.1, but we do not

consider them as candidate SDRs in this study.

The markers in SDR1.2, SDR2.1, SDR3.1, SDR5.1, and

SDR7.1 showed zygotic SD but not allelic SD, and all the

markers exhibited excess heterozygosity (Fig. 1; Supple-

mentary Table 4). The markers within SDR6.1 showed

both allelic SD and zygotic SD (Supplementary Table 4).

The degree of dominance (h value) among these putative

SDLs varied from -1.53 to -18.33 (Table 3), which

suggested over-dominant zygotic selection. Markers within

SDR1.1 and SDR8.1 showed allelic SD but not zygotic SD

(Supplementary Table 4). For the markers with allelic SD,

the markers within SDR1.1 and 6.1 skewed toward the

paternal grandparent allele; the markers within SDR8.1

skewed toward the maternal grandparent allele (Fig. 1;

Supplementary Table 4).

Comparison among the populations based on common

markers indicated that all three candidate SDRs identified

on the CF-F1 linkage map were also identified in the CF-F2

linkage map (Fig. 1). Because the two populations were

derived from the same parents, the SDRs identified in both

populations are likely caused by the same underlying

SDLs. The large SDR on LG1 identified on the CF-F1

linkage map probably contains two SDLs based on com-

parison with the two SDRs in the CF-F2 population. The

CC-F1 population appears to have an SDR on LG4 that is

not present in the other populations (although two distorted

loci are located in the same region in CF-F2) and the

possibility of two separate SDL in the large SDRs on LG3

and LG5. Otherwise, the CC-F1 SDRs are also identified in

the CF-F2 population.

Epistatic interaction contributed to segregation

distortion

Epistatic interactions contributing to viability were identi-

fied between two pairs of chromosomal regions in the CF-

F2 population (P \ 0.01; Fig. 2). The first pair of regions

included five markers on LG3 (between 19.3 and 23.1 cM)

and three markers on LG7 (between 28.9 and 31.4 cM). All

were distorted with an excess of heterozygotes and deficit

of paternal grandparent homozygotes. Interestingly, the

paternal grandparent homozygous genotype for the five

markers within SDR3.1 was only observed when the three

markers on SDR7.1 were heterozygous, which suggested a

possible deleterious/lethal epistatic interaction. The other

pair of regions included three markers on LG5B (between

15.7 and 28.5 cM) and two markers LG8B (between 0 and

1.5 cM). No paternal grandparent homozygotes for the two

markers on LG8B were observed.

Discussion

Genetic linkage maps

A high level of synteny has been found between genetic

maps in alfalfa and M. truncatula (Choi et al. 2004). Our

Table 3 Segregation distortion loci (SDLs) within segregation dis-

tortion regions (SDRs) in the CF-F2 population, their degree of

dominance (h) and the relative viability of the three marker genotypes

(A1A1, A1A2, and A2A2)

Marker SDR h A1A1
a

1

A1A2

1 - hs
A2A2

1 - s

bg208 SDR1.1 0.31 1 (P) 0.78 0.29

aw685684 SDR1.2 -7.67 1 (P) 1.85 0.89

bg105 SDR2.1 -2.70 1 (P) 3.13 0.21

mtic237 SDR3.1 -1.53 1 (M) 1.84 0.45

b14b03 SDR5.1 -3.88 1 (M) 2.29 0.67

bf69 SDR6.1 -2.17 1 (P) 3.05 0.05

aw212 SDR7.1 -18.33 1 (M) 7.88 0.63

aw685868 SDR8.1 0.83 1 (M) 0.18 0.01

a A1 the dominant allele with the higher observed frequency, P the

paternal grandparental allele is the dominant allele, M the maternal

grandparent allele is the dominant allele for a specific SDL 1 2 3a 3b 4a 4b 5a 5b 6a 6b 7 8a 8b

1

2

3a
3b

4a

4b

5a
5b
6a
6b

7

8a

8b

Fig. 2 Genomewide map of pairwise genotype associations, mea-

sured by P value. The 13 linkage groups in the CF_F2 linkage map we

identified are shown along the x- and y-axes. The P value for the

significance of the test for pairwise interaction for each pair of loci is

color coded as follows: red P \ 0.001, light red P \ 0.01, white
P \ 0.05, light blue P \ 0.1, and blue P B 1 (color figure online)
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results confirm the findings on a broad scale although the

relatively long interval between markers on our maps

(*5 cM on average) does not enable us to detect small

rearrangements or deletions between the species. A reci-

procal translocation has been identified between chromo-

some 4 and 8 of M. truncatula reference accession A17

(Kamphuis et al. 2007), but Build 3.0 of the M. truncatula

genome sequence, which we used for our comparisons, did

not identify that translocation, and hence our linkage

groups had similar orders as the M. truncatula chromo-

somes 4 and 8. Further investigations with more dense

genetic maps and physical sequences of alfalfa are needed

to fully understand the genome relationships between these

Medicago species.

We also noted similar marker orders between the two

F1 genetic linkage maps, one derived from hybridization

of two genetically distinct taxa (caerulea and falcata)

(Sakiroglu et al. 2010) and one an intra-subspecies cross of

caerulea genotypes. Taxa that are genetically distant often

produce hybrids that have abnormal meiosis and/or large

chromosome rearrangements, leading to substantial loss of

viability and/or fertility (Lynch and Walsh 1998). How-

ever, normal meiosis (Sprague 1959) and high fertility (Li

and Brummer 2009) have been observed for inter-subspe-

cies crosses between M. sativa subsp. caerulea or its tet-

raploid counterpart subsp. sativa and diploid or tetraploid

M. sativa subsp. falcata. Taken together, these results

suggest that the genomes of the two alfalfa taxa have few if

any differences in organization. We did identify some

minor differences in marker order or spacing across small

regions of linkage groups, but these are most likely caused

by map distance estimates that have high standard errors

due to the relatively small population sizes, resulting in few

informative recombinants among tightly linked markers.

Segregation distortion in diploid alfalfa

Why fewer markers with SD were found in F1 populations

Compared to the F2 population, the two F1 populations had

only half as many markers with genotypic SD. One pos-

sible explanation for the disparity is that some markers

were not fully informative in the F1 population, and hence,

SD may have occurred but could not be detected at these

loci (marked in green in Fig. 1). In some instances, fully

informative markers linked to these partially informative

markers showed genotypic SD in the F1 population and

allelic SD for one parent. Thus, these partially informative

markers likely mask SD. The second explanation for the

disparity is inbreeding depression caused by recessive

alleles that are not exposed as homozygotes in an F1

population but that could be observed in the F2 population.

For example, the distorted markers in SDR2.1, SDR3.1,

and SDR7.1 on the CF-F2 linkage map were not distorted

in CF-F1, probably for this reason (Fig. 1; Supplementary

Table 4).

The genetic mechanism of segregation distortion

Similar to previous studies on diploid, partially inbred

alfalfa mapping populations (Brummer et al. 1993; Kaló

et al. 2000), we found a large percentage of markers (68%)

showing SD in our F2 population. Distorted markers were

mostly clustered, and markers within each cluster had a

same skew direction, which indicated that the distorted

markers were caused by biological factors, such as an SDL,

rather than by experimental error (mis-scoring, etc.).

Across the three populations, at least one region on every

chromosome had an SDL affecting gamete or zygote fit-

ness. The observed distorted genotypic ratios could result

from selection at one or more of the following life stages:

(1) gametophyte development, (2) fertilization, (3) seed

development, (4) seed germination, and/or (5) plant growth

prior to tissue collection for DNA extraction (Fishman

et al. 2001; Zamir and Tadmor 1986). In this study, 161 of

231 seeds germinated for the CF-F2 population. Of 161

seedlings, 41 seedlings were very weak and died before

transplanting to larger pots. DNA was successfully isolated

from 152 seedlings, including 32 of the 41 seedlings that

died early after germination. We did not find obvious dif-

ferences in the genotypic segregation ratios of the 120

surviving plants from that of the 32 plants that died early,

except for the distorted markers within SDR3.1 (Fig. 1;

Supplementary Table 4) (Some distorted markers among

the 120 plant sample did not show significant SD in the 32

plant samples probably due to low testing power because of

the small sample size in the latter group.). This indicated

that selection at most SDL probably happened before

seedling growth began. However, for those markers in

SDR3.1 on LG3B, about 80% of the 32 plants that died

early were homozygous for the maternal grandparental

allele, which indicated that the SDL within SDR3.1 could

be related to early seedling growth.

The relatively low incidence of allelic SD compared to

zygotic SD in the F2 mapping population suggested that

zygotic selection is more common than gametic selection.

Therefore, the observed distortion of markers in this study

is most likely attributed to selection among zygotes

between fertilization and seed germination. The markers

within SDR1.1 and SDR8.1 showed allelic SD but not

zygotic SD, which suggested gametic selection (Lorieux

et al. 1995b). However, the degree of dominance of the

putative SDLs on SDR1.1 and SDR8.1 were 0.31 and 0.83,

respectively (Table 3). These suggest that partially domi-

nant zygotic selection for SDR1.1 and partially recessive

zygotic selection for SDR8.1 could also explain the
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observed distorted genotypic ratio and in turn cause the

estimated distorted allelic ratio. Similarly, genotypic SD of

markers identified in F1 populations could be caused by

zygotic selection although none of the distorted markers

showed zygotic SD.

Except for SDR1.1 and SDR8.1, distorted markers in all

other SDRs in CF-F2 showed heterozygote excess. SD with

heterozygote excess is commonly found in diploid alfalfa.

Thirty of 51 distorted markers skewed toward excess het-

erozygotes in a diploid M. sativa segregating population

(Brummer et al. 1993). Distorted marker regions on all eight

chromosomes except for chromosome 4 had heterozygote

excess in a M. sativa subsp. falcata 9 M. sativa subsp.

caerulea population (Kaló et al. 2000). Heterozygote excess

has also been observed in other species (Faris et al. 1998;

Fishman et al. 2001; Kesseli et al. 1994; Lu et al. 2002;

Prince et al. 1993). However, none of those species showed

distortions toward heterozygotes as extreme as that we

observed for some loci in alfalfa [e.g., markers on LG7 in

the CF-F2 population (Supplementary table 4), where over

95% of some loci were heterozygotes].

The genetic cause of the higher fitness of heterozygotes

has been long debated in the heterosis literature (Lynch and

Walsh 1998). The most obvious cause is overdominance, or

heterozygote advantage; in our case, over-dominant zygo-

tic selection appears predominant in alfalfa. However,

classical and molecular genetic studies on heterosis and

inbreeding depression suggest that what appears to be

overdominance is actually due to complementary linked

partially to completely dominant alleles, resulting in

pseudo-overdominance (Charlesworth and Charlesworth

1999; Charlesworth and Willis 2009). Complementary

gene action appears to be the major cause of biomass

heterosis in alfalfa (Bingham et al. 1994) and would seem

to be a likely explanation for the heterozygote excess SD in

alfalfa. In conifers, heterozygote excess was attributed to

pseudo-overdominance of multiple lethal factors although

gametic selection between maternal and paternal gametes

was also possible (Williams et al. 2001, 2003). Heterozy-

gote excess was not only observed in inter-subspecies F2

populations in this study and a previous study (Kaló et al.

2000) but also in an intra-subspecies F2 population

(Brummer et al. 1993). Thus, the observed heterozygote

excess likely is not due to specific allelic interactions

between the two subspecies.

Lethal epistatic interactions between unlinked loci

(Dobzhansky-Muller incompatibilities) could contribute to

SD and can be identified by testing pair-wise associations

of marker genotypes (McDaniel et al. 2007; Payseur and

Hoekstra 2005). We found two pairs of interacting chro-

mosomal regions in CF-F2 population that might contribute

to SD. In addition to the two pairs of regions, isolated pairs

of markers from different linkage groups showed non-

independent distribution (Fig. 2). Potential additional

regions involved in epistatic interactions may not have

been detected because of low map saturation in this study.

Effect of SD on the estimation of genetic distances

and orders among markers

The estimation of genetic distance between distorted

markers could be biased (Bailey 1949; Lorieux et al.

1995a, b). The distance could be underestimated if the

distorted markers skewed to a same direction and over-

estimated if skewed to different directions (Lorieux et al.

1995a; Zhu et al. 2007a, b). The bias level depends on the

distortion level and real genetic distance between the

markers (Lorieux et al. 1995a). The standard error of

the estimated genetic distance between a pair of markers

is also clearly increased when markers show SD (Lorieux

et al. 1995a, b). In this study, most distorted markers were

clustered with a same skew direction, and thus, the esti-

mated genetic distances among the markers within each

SDR were likely underestimated. Epistatic interactions

between two SDLs on the same linkage group could bias

the estimation of genetic distance (Zhu and Zhang 2007).

Epistatic effects could either increase or decrease the

actual genetic distance, depending on the mode of epis-

tasis (e.g., additive by additive, dominance by dominance,

etc.). To our knowledge, no model describing the effects

of epistasis between SDL on different linkage groups that

affect genetic distance has been published; hence, we do

not have a clear idea of what effect the epistatic interac-

tion between SDLs in our mapping population would have

on our map.

The precise ordering of markers depends on precise

estimation of pair-wise genetic distances (Lorieux et al.

1995a). Some differences in marker orders were observed

among the three genetic linkage maps and the M. trunca-

tula physical map, which might be caused by the biased

estimations of distances between distorted markers. How-

ever, the different marker orders were only observed in

small regions, which is more likely caused by the low

confidence level of our estimates due to a limited sample

size and/or rare informative recombinants among tightly

linked markers than by SD. The increased standard errors

of genetic distance estimates between distorted markers

exacerbate the problem.

Several approaches have been investigated to adjust

genetic distance between distorted markers considering

SDL effects (Mitchell-Olds 1995; Vogl and Xu 2000; Zhu

et al. 2007a), none of which has been integrated into a

standard mapping program, especially one for a full-sib

family mapping population. An alternative approach to

more accurately locate SDL in the alfalfa genome is to

construct genetic maps in advanced generations to break
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linkages between SDL and surrounding markers. These

experiments are currently under way.

Implication for QTL mapping and breeding in alfalfa

The F1 populations had a lower level of SD than the F2

population, but use of these populations in genetic map-

ping experiments may miss potential QTL because fewer

markers were fully informative. The SDR on LG1 of the

CC-F1 map was based on three fully informative markers

(Supplementary Table 2); the other 11 markers did not

segregate in the female parent and did not exhibit SD. A

favorable QTL allele from the female parent located in

this region may not be identified efficiently because its

surrounding markers are not polymorphic for the female

parent. In the present study, only 48 out of 105 SSR

markers were fully informative for the CC-F1 population

and 48 out of 108 for CF-F1 population. Partially inbred

F2 populations have high levels of SD, which bias the

estimation of genetic distance and possibly also marker

order, also affecting QTL mapping. However, unlike F1

populations, all markers in an F2 population are fully

informative.

Theoretically, the entire chromosome could exhibit

distortion caused by just a few SDLs (Xu 2008). Potential

SDLs were identified on all of the eight chromosomes in

alfalfa from this study. This indicates that segregation of a

substantial number of genes could be affected, including

genes controlling important agronomic traits. When SDL

and QTL alleles for agronomic traits are linked in repul-

sion, the selection or introgression of agronomic traits

could be negatively affected. Therefore, locating SDL and

understanding their genetic mechanisms can facilitate

selection and breeding for the agronomic traits. A denser

genetic linkage map and populations resulting from addi-

tional recombination will be helpful to identify precise

SDL locations and investigate their mechanisms of action.

Finally, the nature of SDL is not clear. Certainly some of

them may be lethal factors that prevent seed development,

but given their effects on fitness, they could also be loci

directly involved in biomass (fitness) and/or heterosis for

biomass. Future mapping will help elucidate these

questions.
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