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Abstract Red blood cells are essential for oxygen trans-

port and other physiologic processes. Red cell characteristics

are typically determined by complete blood counts which

measure parameters such as hemoglobin levels and mean

corpuscular volumes; these parameters reflect the quality and

quantity of red cells in the circulation at any particular

moment. To identify the genetic determinants of red cell

parameters, we performed genome-wide association analy-

sis on LG/J 9 SM/J F2 and F34 advanced intercross lines

using single nucleotide polymorphism genotyping and a

novel algorithm for mapping in the combined populations.

We identified significant quantitative trait loci for red cell

parameters on chromosomes 6, 7, 8, 10, 12, and 17; our use of

advanced intercross lines reduced the quantitative trait loci

interval width from 1.6- to 9.4-fold. Using the genomic

sequences of LG/J and SM/J mice, we identified nonsyn-

onymous coding single nucleotide polymorphisms in can-

didate genes residing within quantitative trait loci and

performed sequence alignments and molecular modeling to

gauge the potential impact of amino acid substitutions. These

results should aid in the identification of genes critical for red

cell physiology and metabolism and demonstrate the utility

of advanced intercross lines in uncovering genetic determi-

nants of inherited traits.

Introduction

Blood cells perform an integral role in critical physiological

processes, from oxygen transport to blood clotting and

assorted aspects of infection and immunity. Epidemiologic

studies indicate that baseline hematopoietic traits are

significant, independent risk factors for diseases with con-

siderable morbidity and mortality. For example, total

hemoglobin (Hgb) is a risk factor of sickle cell disease

severity, with high Hgb associated with pain crises and acute

chest syndrome and low Hgb levels associated with higher

risk of stroke (Castro et al. 1994; Platt et al. 1994).

Substantial genetic contributions underlie variations in

baseline hematopoietic parameters (Garner et al. 2000; Chen

and Harrison 2002; Mahaney et al. 2005; Peters et al. 2005,

2006). In humans, studies of twins estimate that the heritable

variation contributing to blood cell traits ranges from 40 to

90% (Whitfield and Martin 1985; Evans et al. 1999; Garner

et al. 2000; Lin et al. 2007). Loci underlying this heritable

variation can be identified by approaches such as genome-

wide association studies (GWAS) in human populations and

quantitative trait locus (QTL) studies in model organisms.

Complementing human genetic studies, experiments in

model organisms offer unique advantages, including the

ability to control for environmental factors, perform invasive

procedures, conduct defined crosses, functionally evaluate

candidate genes in vitro and in vivo, and undertake rigorous

mechanistic studies.
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While QTL studies have identified chromosomal regions

associated with blood cell traits in mice, identifying the

causal genes is often a difficult task, mainly because

studies in mice traditionally use recombinant inbred lines,

backcrosses, or intercrosses to identify QTLs. Due to a

restricted number of recombination events, these panels

offer relatively low resolution, identify large genomic

regions, and are often unsuitable for identifying genes that

underlie QTLs (Flint et al. 2005; Peters et al. 2007). This

limitation can be addressed by using populations with

greater numbers of accumulated recombinations such as

advanced intercross lines (AILs), which more closely

approximate the amount of recombination found in human

populations (Darvasi and Soller 1995). An AIL offers

vastly improved mapping resolution while maintaining the

desirable properties of polymorphic alleles, a known ped-

igree, and completely informative markers.

To date, identification of QTLs and candidate genes for

red blood cell parameters has not been performed using

AILs. In this article we report the results of such a study

using genotype and complete blood count (CBC) data from

F2 and F34 AILs from a cross between LG/J and SM/J mice.

We identified QTLs in discrete regions on multiple chro-

mosomes and identified candidate genes within these

regions. Using LG/J and SM/J genomic sequences, we

identified nonsynonymous coding single nucleotide poly-

morphisms (SNPs) within these genes. To gauge the

potential physiologic relevance of these SNPs, we per-

formed protein sequence alignments and molecular mod-

eling. Our results identify genes with known and putative

roles in red cell physiology and metabolism and demon-

strate the utility of AILs in QTL studies.

Materials and methods

Subjects

All procedures were approved by the University of Chicago

Institutional Animal Care and Use Committee (IACUC) in

accordance with NIH guidelines. Mice were housed and

bred as previously described (Parker et al. 2011); rodent

chow contained 225 ppm iron. Briefly, 462 F2 mice (230

females, 232 males) were generated from F1 mice bred

from inbred male SM/J and female LG/J mice (The Jack-

son Laboratory, Bar Harbor, ME). Four hundred seventy-

two F34 mice (231 females, 241 males) were generated

from 119 F33 mice kindly provided by Dr. James Cheverud

and of known pedigree back to the original inbred foun-

ders; each breeding pair produced only one F34 litter and

was rotated after each litter to minimize relatedness. All

mice were involved in a behavioral study as previously

described (Cheng et al. 2010; Parker et al. 2011), after

which anticoagulated whole blood was harvested by retro-

orbital bleed at 13–14.5 weeks and analyzed by complete

blood counts within 48 h at Children’s Hospital Boston

using an Advia 120 Multispecies whole blood analyzer

(Bayer Corporation, Tarrytown, NY).

Genotyping and data analysis

Genotyping was performed as previously described (Cheng

et al. 2010; Parker et al. 2011); F2 and F34 mice were genotyped

for 162 and *4,000 evenly spaced SNPs, respectively. Gen-

ome-wide association analysis was also performed as previ-

ously described (Cheng et al. 2010, 2011; Parker et al. 2011)

using the R package QTLRel that accounted for complex

relationships among F34 mice. Genome-wide significance

thresholds were estimated as previously described (Cheng et al.

2010). Sequences for LG/J and SM/J mice were kindly pro-

vided by Dr. Jim Cheverud (Norgard et al. 2011); the sequences

contained 4,299,800 autosomal polymorphisms between the

two strains, with 20-fold and 14-fold sequencing coverage for

LG/J and SM/J, respectively. SNPs were deemed ‘‘previously

documented’’ based on their inclusion in the mouse genome

database at Ensembl (www.ensembl.org). Candidate genes in

QTLs were identified using mouse genome data (www.

ensembl.org), gene expression data (https://biogps.gnf.org),

and published data (www.ncbi.nlm.nih.gov/pubmed). Genes of

interest included known protein-coding genes, novel processed

transcripts, microRNAs, and regulatory regions such as the

hemoglobin locus control region. Gene expression patterns of

interest included organs/tissues/cells with known involvement

in absorption, distribution, and recycling of nutrients and fac-

tors essential for red cell metabolism or the regulation of these

processes, and organs/tissues/cells required for hematopoiesis

and red cell turnover. Published data were used to exclude

candidates if animal models deficient in a gene of interest did

not exhibit hematological phenotypes. Genomic sequence

analysis was performed using Geneious (Biomatters, Auck-

land, New Zealand); candidate genes were not necessarily

excluded based on an absence of nonsynonymous coding

SNPs. Primary protein sequences were obtained from NCBI

(www.ncbi.nlm.nih.gov). NCBI BLAST searches using mouse

primary sequences identified eight to ten of the most highly

similar sequences. Alignments were performed using Clu-

stalW2 (Chenna et al. 2003). Molecular modeling was per-

formed using NCBI Conserved Domain Search, HHPred

(Biegert et al. 2006), and Swiss-PdbViewer (Guex and Peitsch

1997).

Results

We detected QTLs for mean corpuscular hemoglobin

levels (MCH), mean corpuscular volumes (MCV),
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hemoglobin levels (HGB), red blood cell counts (RBC),

and mean corpuscular hemoglobin concentrations (MCHC)

on chromosomes 6, 7, 8, 10, 12, and 17 (Figs. 1, 2, 4, 5, 6;

Table 1); several of these QTLs resided in regions identi-

fied in previous QTL studies or in regions syntenic to those

identified by GWAS in human populations (Peters et al.

2004, 2006; Ganesh et al. 2009; Kamatani et al. 2010). We

noted key differences between F2 and F2 ? F34 QTLs: first,

a chromosome 6 MCH QTL was noted in the F2 but not in

the F2 ? F34 analysis (Fig. 1a); second, a chromosome 6

HGB QTL was noted in the F2 ? F34 but not the F2

analysis (Fig. 1b); third, most of the chromosome 12 MCV

QTLs in the F2 ? F34 analysis did not reside within the

QTL identified in the F2 analysis (Fig. 5c); finally, the

Fig. 1 LOD scores for mean corpuscular hemoglobin (MCH) levels

(a) and red blood cell (HGB) counts (b) are plotted versus

chromosome 6 genetic position in cM for F2 (dark gray line), F34

(light gray line), and F2 ? F34 (black line) analyses. Dashed
horizontal lines indicate genome-wide significance thresholds

(p \ 0.05) for F2 ? F34 (black line) and F2 (gray line) analyses.

Locations of candidate genes and sites syntenic to region identified by

GWAS (Kamatani et al. 2010) are indicated by arrows. Bars above

graphs indicate chromosomal regions where F2 ? F34 (black bar) and

F2 (dark gray bar) LOD scores exceed respective genome-wide

significance thresholds; text within black bar indicates fold decrease

in cumulative width of F2 to F2 ? F34 bars. c Alignment of Nfu1

primary sequences was constructed using ClustalW and murine

sequence and eight to ten highly similar sequences identified by

BLAST searches were used. Identical and similar residues are

highlighted in dark and light gray, respectively; residue affected by

SNP in LG/J vs. SM/J genome sequences is indicated by the arrow.

Species and accession numbers include Mus musculus (M.mus)

NP_001164062.1, Canis familaris (C.fam) XP_855433.1, Ailuropoda
melanoleuca (A.mel) XP_002914967.1, Equus caballus (E.cab)

XP_001491099.1, Oryctolagus cuniculus (O.cun) XP_002709869.1,

Bos taurus (B.tau) NP_001040031.1, Pan troglodytes (P.tro)

XP_525775.1, Homo sapiens (H.sap) AAQ73784.1, Nomascus leu-
cogenys (N.leu) XP_003262545.1, and Rattus norvegicus (R.nor)

NP_001100076.2. Full length of mouse primary sequence is indicated

in parentheses next to protein name
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width of the intervals for QTLs decreased by 1.6- to 9.4-

fold from the F2 to the F2 ? F34 analysis (Figs. 1, 2, 4,

5, 6).

To identify candidate genes within QTLs, we used

mouse genome, expression, and published data and LG/J

and SM/J genomic sequences and first focused on genes

with nonsynonymous coding SNPs. This produced three

genes with known in vivo functions relevant to parameters

of erythropoiesis, all of which resided on chromosome 7:

Hamp1, Hamp2, and Klf13. Previously documented SNPs

Asn73Lys and Ser77Phe were noted in Hamp1 and Hamp2,

respectively, two genes encoding isoforms of hepcidin, an

essential regulator of iron absorption and recycling. These

SNPs affect residues immediately adjacent to highly con-

served cysteine residues involved in disulfide bonding

(Fig. 3a, b) (Fleming 2008). An Ala216Ser SNP, which

affects a highly conserved residue in a zinc finger domain,

was noted in Klf13, a gene encoding a transcription factor

required for the regulation of erythropoiesis (Fig. 3c, d)

(Gordon et al. 2008). While a previously documented

nonsynonymous coding SNP was found in Hbb-y, a gene

encoding an embryonic subunit of hemoglobin, this

SNP affects a residue which, according to molecular

modeling, is not directly involved with heme binding or

Fig. 2 LOD scores for

hemoglobin levels (HGB) (a),

mean corpuscular hemoglobin

concentrations (MCHC) (b),

mean corpuscular volumes

(MCV) (c), and red blood cell

counts (RBC) (d) were plotted

versus chromosome 7 genetic

position in cM, as in Fig. 1.

Locations of candidate genes

and published QTLs (Peters

et al. 2006, 2010) are indicated

by arrows
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subunit–subunit interactions (data not shown); furthermore,

deletion of the Hbb-y promoter in mice does not alter

expression of fetal or adult globins (Hu et al. 2003).

Our analysis also identified several genes harboring

nonsynonymous coding SNPS but of unknown in vivo

relevance to processes influencing red cell parameters:

Nfu1, Abcb10, Fancm, Neu1, and Trim10. Residing within

the chromosome 6 HGB QTL, Nfu1 encodes a protein

implicated in iron-sulfur cluster biosynthesis (Liu and

Cowan 2007); a Val39Ala SNP affects a residue conserved

in all species examined except for B. taurus cattle, although

the functional significance of the N-terminus of this protein

is unclear (Fig. 1c). Residing within the chromosome 8

MCH and RBC QTLs, Abcb10 encodes an ATP-binding

cassette transporter that interacts with mitoferrin-1, a

mitochondrial membrane protein and iron transporter

required for heme and iron-sulfur cluster biosynthesis

(Chen et al. 2009); a Cys79Ser SNP affects a residue

conserved within most sequences analyzed and lies within

the mitochondrial targeting sequence of the preprotein

(Fig. 4c) (Graf et al. 2004). Residing within the chromo-

some 12 MCV QTL, Fancm is the murine homolog of

Table 1 QTL interval lengths from F2 and advanced intercross lines

Chr, trait F2 F2 ? F34

Interval LOD Interval LOD

cM Mb cM Mb

6 MCH 27.7–80.5a 49.1–147.4a 5.0 30.3–35.9 54.2–73.4 6.1

6 HGB 41.1–42.5 84.0–89.1 4.9

7 HGB 2.0–62.2 13.5–123.7 7.1 11.4–14.6 30.1–30.2 5.3

20.7–22.2 37.4–40.2 5.5

23.8–30.4 42.3–56.4 6.9

40.5–40.7 78.5–78.8 4.6

48.1–50.5 99.2–107.4 7.2

7 MCHC 19.2–62.2 35.8–123.7 7.3 45.8–51.7 92.7–110.7 12.4

7 MCV 23.5–54.1 42.2–115.2 5.1 27.9–33.8 44.9–68.3 7.6

45.6–47.1 92.1–98.4 6.3

48.1–51.7 99.2–110.7 5.8

7 RBC 9.1–48.1 27.4–101.6 5.5 25.4–35.4 44.9–69.9 6.9

8 MCH 59.5–77.8a 111.1–132.0a 7.4 67.4–77.8a 120.1–132.0a 11.3

8 RBC 31.4–77.8a 48.7–132.0a 6.4 69.0–77.8a 120.1–132.0a 8.5

10 MCH 12.4–71.2a 28.4–129.0a 5.6 41.3–42.0 88.6–90.4 5.0

43.9–44.4 92.4–93.5 4.6

46.3–49.9 95.0–104.1 8.0

52.4–53.1 106.9–110.6 5.4

55.6–56.3 111.7–114.2 4.6

62.5–68.3 118.9–123.6 6.4

12 MCH 0a–15.8 0a–40.9 4.2 0a–1.6 4.2–8.9 6.4

2.0–4.5 9.8–12.9 5.5

5.1–5.6 15.8–17.0 5.3

6.7–8.8 25.3–29.9 6.1

12 MCV 12.7–25.6 35.0–68.8 4.9 23.2–24.1 59.8–61.1 5.5

25.2–26.5 67.2–71.3 5.4

28.1–32.3 72.9–76.8 5.9

35.7–36.5 81.4–83.3 4.9

17 MCH 0a–29.4 0–63.2 6.7 9.7–11.1 23.2–25.4 5.1

12.8–19.7 27.2–42.5 8.1

17 HGB 9.0–30.0 17.5–63.2 6.7 10.4–10.8 23.3–25.4 4.5

43.1–54.4 75.1–85.5 3.3 15.9–22.5 31.4–48.1 6.2

Traits are listed by chromosome (Chr). QTL intervals and LOD scores are indicated in cM and Mb for F2 and F2 ? F34
a QTL is bordered by chromosome end; intervals refer to chromosome positions where LOD score exceeds genome-wide significance thresholds
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human FANCM, a gene mutated in Fanconi anemia, a

disease of bone marrow failure and cancer predisposition

due to defective DNA repair (Fig. 5c). Although hemato-

logic analysis of Fancm-deficient mice has not been

reported (Bakker et al. 2009), we observed multiple novel

and previously reported nonsynonymous coding SNPs in

Fancm, including Tyr50Phe, Lys655Asn, Phe797Cys*,

His816Arg*, Pro879Arg, Pro1040Leu*, Ile1987Leu*,

Gln2005Leu*, and Lys2018Thr*, where * denotes a pre-

viously reported SNP.

Novel and previously documented nonsynonymous cod-

ing-region SNPs were also detected in Neu1 and Trim10, two

genes residing within the chromosome 17 MCH and HGB

QTL (Fig. 6a, b). A Leu290Ile SNP affects a highly conserved

residue in neuraminidase 1 or Neu1 and has been suggested,

along with a -519G[ A promoter SNP also noted in our

sequence analysis, to underlie the neuraminidase deficiency

documented in SM/J mice (Fig. 5c; data not shown) (Rottier

et al. 1998; Champigny et al. 2009). Notably, the neuramini-

dase deficiency in SM/J mice has been linked to lipid accu-

mulation in these mice in a variety of cell types, including

Kupffer cells, which are liver-resident macrophages that

degrade senescent red blood cells (Champigny et al. 2009).

We also detected novel and previously documented SNPs in

Trim10, encoding Tripartite motif containing 10, a protein

required for terminal differentiation of erythroid cells in vitro

(Harada et al. 1999). An Arg133His SNP affects a residue

within a zinc finger motif, while Arg231His, His365Tyr, and

Met386Val SNPs, all previously documented, affect residues

in regions of unknown function; all four of these SNPs affect

strongly conserved residues (data not shown).

Finally, our analysis identified genes of potential rele-

vance to parameters of erythropoiesis based largely on their

expression patterns; these genes did not harbor nonsyn-

onymous coding SNPs nor has their relevance to processes

such as erythropoiesis or iron metabolism been tested in

vitro or in vivo. These genes include Snca and March8;

their potential relevance will be discussed below.

Discussion

LG/J and SM/J mice have been used effectively in studies

on a variety of physiologic and pathophysiologic processes,

Fig. 3 Analysis of candidate proteins for chromosome 7 QTLs.

Primary sequence alignments for Hamp1 and 2 (a) and Klf13

(c) were constructed and depicted as in Fig. 1; asterisks indicate

previously documented SNPs in Ensembl. Molecular models of Hamp1

and 2 (b) and Klf13 (d) were constructed using HHPred and Swiss-

PdbViewer. ‘‘N’’ and ‘‘C’’ denote respective amino and carboxyl

termini. Residues affected by SNPs are labeled and shown by light gray
space-filling. Dark gray ball-and-stick denotes residues of interest,

specifically those involved in disulfide bonding in hepcidin (b) and zinc

ion coordination in a Klf13 zinc finger (D). Species and accession

numbers include Mus musculus (M.mus) NP_067341.2, NP_115930.1,

and NP_899080.1, Rattus norvegicus (R.nor) EDM08379.1, Bos taurus
(B.tau) NP_001077002.1, Sus scrofa (S.scr) ACT56535.1, Pan trog-
lodytes (P.tro) XP_510269.2 and NP_001103163.1, Callithrix jacchus
(C.jac) XP_002749103.1, Homo sapiens (H.sap) AF131292_1 and

NP_057079.2, Monodelphis domestica (M.dom) XP_001365529.1,

Meleagris gallopavo (M.gal) XP_003209439.1, Gallus gallus (G.gal)

XP_425065.1, Macaca mulatta (M.mul) XP_001094273.1, Macaca
fuscata (M.fus) ABU75217.1, Trachypithecus obscures (T.obs)

ABU75214.1, Pongo pygmaeus (P.pyg) ABU75212.1, Pongo abelii
(P.abe) NP_001127676.1, Hylobates lar (H.lar) ABU75224.1, and Ovis
aries (O.ari) NP_001182241.1
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including body weight, diabetes, lipid metabolism, wound

healing, and obesity (Ehrich et al. 2005; Blankenhorn et al.

2009; Lawson et al. 2010, 2011; Parker et al. 2011). To our

knowledge, our study represents the first to use these

strains and the first to use AILs to investigate genetic

determinants of red blood cell parameters. We took

advantage of an F2 population of mice used for behavioral

studies and mice bred from AILs kindly provided by

Dr. Cheverud and phenotyped these mice with CBCs to

measure several quantitative traits representative of red cell

physiology and metabolism. We analyzed data from F2,

F34, and F2 ? F34 populations, the latter of which permit-

ted us to exploit the detection power of an F2 study and the

mapping power of an AIL study. These strains and mice

were also chosen given the known parental genotypes and

genomic sequences and pedigrees of F33 mice; this infor-

mation permitted us to account for relatedness in our

statistical analyses and identify nonsynonymous coding

SNPs in genes of interest.

LG/J and SM/J mice harbor known defects in specific

physiologic processes. LG/J mice carry SNPs in Ahr

(chromosome 12, 36 Mb, *13 cM), which encodes an

aryl-hydrocarbon receptor, and in Cdh23 (chromosome 10,

59–60 Mb, *24–27 cM), which encodes cadherin 23.

While these two genes do lie within the range of QTLs

identified in our study, they have no known role in deter-

mining red cell parameters measured by CBCs. Although

we did not detect any QTLs on chromosome 14, SM/J mice

carry a 5-bp deletion in Il3ra (chromosome 14, 15 Mb),

which encodes an interleukin 3 receptor alpha chain that

has been associated with impaired response of hemato-

poietic colony formation to interleukin 3 treatment (Ichi-

hara et al. 1995). SM/J mice also carry coding and

promoter SNPs in Neu1 (chromosome 17, 35 Mb, 17 cM),

Fig. 4 LOD scores for mean

corpuscular hemoglobin (MCH)

levels (a) and red blood cell

(RBC) counts (b) were plotted

versus chromosome 8 genetic

position in cM, as in Fig. 1.

Locations of candidate genes

and site syntenic to region

identified by GWAS (Ganesh

et al. 2009) are indicated by

arrows. c Alignment of Abcb10

primary sequences was

constructed and depicted as in

Fig. 1. Species and accession

numbers include Mus musculus
(M.mus) NP_062425.1, Rattus
norvegicus (R.nor)

NP_001012166.1, Homo
sapiens (H.sap) NP_036221.2,

Pongo abeii (P.abe)

XP_002809369.1, Macaca
mulatta (M.mul)

XP_001082734.1, Oryctolagus
cuniculus (O.cun)

XP_002717342.1, Bos taurus
(B.tau) XP_001256449.1, Sus
scrofa (S.scr) XP_001925414.1,

and Monodelphis domestica
(M.dom) XP_001379107.1
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which encodes neuraminidase 1. These SNPS, as described

above, are believed to underlie the neuraminidase defi-

ciency observed in the strain. The lipid accumulation

observed in SM/J mice, attributed to the neuraminidase

deficiency, affects multiple cell types, including liver-res-

ident macrophages known as Kupffer cells (Champigny

et al. 2009). Whether this lipid accumulation alters the

efficacy of Kupffer cell-dependent red cell turnover or iron

storage is not known. Anemia has been reported in a

patient with a Neu1 deficiency, also known as sialidosis

type II, who presented at birth with hydrops, hepatomegaly,

and respiratory distress syndrome (Sergi et al. 2001).

As our analysis did not focus solely on genes with

known roles in red cell physiology, we identified several

candidate genes with expression patterns of interest but

without any previously documented roles in red cell

physiology or metabolism or any detected nonsynonymous

coding SNPs. As the sequence determinants of gene

expression are much less well-defined than are the coding

regions for most genes, we were unable to state that a

Fig. 5 LOD scores for mean

corpuscular hemoglobin (MCH)

levels for chromosome 10

(a) and for MCH and mean

corpuscular volumes (MCV) for

chromosome 12 (b, c) were

plotted versus chromosomes 10

and 12 genetic position in cM,

as in Fig. 1. Locations of

candidate genes, published

QTLs, and sites syntenic to

region identified by GWAS

(Peters et al. 2004, 2006;

Ganesh et al. 2009; Kamatani

et al. 2010) are indicated by

arrows
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noncoding SNP did not impact expression levels; an

expression QTL (eQTL)-based study could address this

shortcoming. Without expression data, the relevance of

nonsynonymous coding SNPs must be interpreted cau-

tiously. For complex traits like MCH, HGB, RBC, MCV,

and MCHC, differences in gene expression levels or

splicing patterns may play a more significant role in

determining phenotype than do nonconservative amino

acid substitutions in primary protein sequences. Never-

theless, two candidate genes with noteworthy expression

patterns were Snca and March2. SNCA encodes a-synuc-

lein, a component of intracellular inclusions present in

neurons of Parkinson’s disease patients (Crosiers et al.

2011), and is mutated in monogenic forms of this neuro-

logic disease. While Parkinson’s disease is not typically

associated with hematologic manifestations, recent epide-

miologic studies suggest that anemia is a feature of the

preclinical period preceding the onset of the traditional

motor, cognitive, and behavioral characteristics (Savica

et al. 2010). Notably, the a-synuclein is most highly

expressed in early erythroid precursors in humans and in

bone and bone marrow in mice (BioGPS); the protein is

abundant in red blood cells (Barbour et al. 2008). Similar to

a-synuclein, March2 is highly expressed in bone marrow in

mice and MARCH2 is expressed in early erythroid pre-

cursors in humans while the protein functions in endosomal

trafficking (Nakamura et al. 2005). MARCH2 exhibits 20%

identity and 39% similarity to MARCH8 (data not shown),

an E3 ubiquitin ligase that functions in clathrin-indepen-

dent endocytosis (Eyster et al. 2011). SNPs in and near

Fig. 6 a, b LOD scores for

mean corpuscular hemoglobin

(MCH) (a) and hemoglobin

(HGB) (b) levels were plotted

versus chromosome 17 genetic

position in cM, as in Fig. 1.

Location of candidate genes and

site syntenic to regions

identified by GWAS (Ganesh

et al. 2009; Kamatani et al.

2010) are indicated by arrows
and brackets. c Alignment of

Neu1 primary sequences was

constructed and depicted as in

Fig. 1. Species and accession

numbers include Mus musculus
(M.mus) NP_035023.3, Homo
sapiens (H.sap) NP_000425.1,

Nomascus leucogenys (N.leu)

XP_003272176.1, Pongo abelii
(P.abe) CAH89635.1, Macaca
mulatta (M.mul)

XP_001113496.1, Callithrix
jacchus (C.jac)

XP_002746410.1, Ailuropoda
melanoleuca (A.mel)

XP_002931026.1, Oryctolagus
cuniculus (O.cun)

XP_002714358.1, Rattus
norvegicus (R.nor)

NP_113710.2, and Cricetulus
griseus (C.gri) ACL52160.1

364 T. B. Bartnikas et al.: Murine RBC QTLs

123



MARCH8 are associated with variation in MCV in human

populations (Ganesh et al. 2009; Kamatani et al. 2010),

while March8 was identified as a candidate gene for an

MCHC QTL in mice (Peters et al. 2010).

Our results demonstrate several advantages of using

AILs over F2 populations in mapping studies. As we

observed in this study, widths of QTL intervals, and

therefore the numbers of candidate genes per QTL, are

greatly reduced from the F2 to F2 ? F34 analyses. Fur-

thermore, broad individual peaks in our F2 analyses were

resolved in several instances into multiple distinct peaks in

the F2 ? F34 analyses, thereby addressing the potential

issue of F2 studies that a single F2 QTL represents multiple

neighboring QTLs (Parker and Palmer 2011). [Notably,

several QTLs in this study were detected in one but not

both crosses, as previously observed (Cheng et al. 2010).

This may reflect a lack of power to detect QTLs in both

populations, genotyping or phenotyping errors, a cluster of

many small QTLs segregating together in the F2 population

but disaggregating in the F34 population below detection

threshold, or neighboring QTLs with opposing effects in

the F34 population merging together in the F2 analysis.]

The improved mapping resolution in our F2 ? F34 analysis

stems in part from the large number of recombinations in

the F34 generation—which significantly degrades linkage

disequilibrium present in the F2 population—but also from

our thorough genotyping of polymorphic markers at an

average distance of *5 Mb between markers. AILs also

possess the advantage of balanced allele frequencies, as

any marker polymorphic in the original inbred parental

strains will remain polymorphic in advanced generations,

assuming a large population size (Parker and Palmer 2011),

and equivalence between identity-by-state and identity-by-

descent: as AIL mice are generated from inbred strains or

some variant thereof, alleles must be shared in AIL mice by

descent.

In this study we identified several QTLs for red blood

cell parameters and highlighted candidate genes within

these QTLs using expression data and published reports.

Using sequence data, alignments, and molecular modeling,

we refined the list of candidate genes and identified genes

with known and potential roles in red cell metabolism. The

use of AILs greatly enhanced our ability to narrow the size

of QTLs from broad chromosomal regions to regions

spanning 5–10 cMs. These results should guide future

identification of genetic determinants of red cell homeo-

stasis and demonstrate the utility of AILs in such studies.
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