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Abstract

Minerals are essential and toxic elements that have an impact on human health. Although we have learned a tremendous

amount about the metabolism, biological roles, and health effects of minerals with the tools of biochemistry, cell biology,

and molecular genetics, there are gaps in our knowledge of mineral biology that will benefit from new approaches.

Forward genetics, whereby variations in phenotypes are mapped to natural genetic variation in the genome, has been

successfully used to increase our understanding of many biologically important traits but has not yet been used extensively for

mineral metabolism. In addition, the well-appreciated existence of interactions between minerals justifies a broader, systems

approach to the study of mineral metabolism, i.e., ionomics. This short review will explain the value of forward genetics and

jonomics as tools for exploring mammalian mineral metabolism.

J. Nutr. doi: 10.3945/jn.110.128736.

Introduction

Inorganic elements (metals, metalloids, and nonmetals com-
monly called “minerals” in nutrition) are essential for human
health. They are critical to life as enzyme cofactors (e.g. Zn, Cu,
Fe), stabilizers of organic molecules (e.g. Zn, Cu for proteins;
Mg for DNA; Co in vitamin B-12), structural components of
bone (e.g. Ca, P, Mg), second messengers (e.g. Ca), regulators of
acid-base balance (e.g. Na, K), and participants in redox
reactions (e.g. Mn, Fe, Cu, Se), and for the maintenance of
cellular pH and electrical gradients (e.g. Na, K). Traditional
reductionist approaches have revealed many aspects of mineral
metabolism and function, but knowledge gaps still exist. To fill
these knowledge gaps, we need new approaches that comple-
ment the traditional methods. For example, in the field of Ca
metabolism, researchers spent 40 y using traditional methods in
biochemistry and cell biology to build the facilitated diffusion
model describing intestinal Ca absorption and its regulation by
factors like vitamin D (1). However, when knockout mice were
developed that permitted the direct testing of this model (i.e.
calbindin Dgy and transient receptor potential cation channel,
subfamily V, member 6 knockout mice), researchers were
surprised to learn that intestinal Ca absorption was not affected,
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nor was regulation by vitamin D eliminated (2,3). There are
several ways to interpret the lack of an expected phenotype in a
gene knockout mouse. On one hand, it may be a reflection of
compensation by functionally related proteins. On the other
hand, it could indicate a refutation of the original model.
Regardless, it is clear that reapplying the traditional approaches
used to generate the original biological model is unlikely to yield
a new outcome, emphasizing the need for new approaches to
make progress and overcome our uncertainty related to biolog-
ical areas like mineral metabolism.

Like others who presented at this symposium, we propose
that forward genetics is an important new approach that has
been virtually untapped for the evaluation of mammalian
mineral metabolism. We think that this will allow researchers
to identify new macromolecular players involved in metal ion
homeostasis and trafficking, thereby giving us insight into roles
of metals in cell biology and physiology, especially for those
essential elements where their metabolic functions are not yet
clearly established.

The basic concept underlying forward genetics is that there is
natural variation with the genome and that this variation will
influence nutritionally relevant phenotypes, e.g. tissue mineral
levels. By examining controlled crosses between genetically well-
characterized inbred mouse lines, one can correlate the variation
in phenotype to sequence variations in the genome, identify the
genes that contain this variation, and learn new biological roles
for genes and their protein products (4). This approach has been
remarkably successful in identifying the genetic loci controlling a
wide variety of factors affecting health including fat mass (3),
various behaviors (6,7), response to infection (8), and neurology
(9). Yet even though the genetic differences between inbred mice
can result in a wide range in tissue mineral levels [e.g. for spleen
and liver Fe (10,11) and for brain Cu, Fe, and Zn levels (12)],
forward genetics has not been used extensively for mineral
metabolism. Still, the promise of this approach was recently
demonstrated for Fe metabolism. Wang et al. (10) identified
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significant variation in spleen Fe levels between inbred mouse
lines. By conducting genetic crosses between C57BL/10] and
SWR/J mice, they were drawn to a locus on chromosome 9 that
accounted for 30% of the variation in spleen Fe levels. Within
this locus they identified variation in the Mon1a vacuolar fusion
protein MON1 homolog A gene and used this information to
determine that Monla is a critical component of spleen Fe
uptake and recycling of RBC Fe within macrophages. Thus, even
though we have learned a tremendous amount about Fe
metabolism over the last 15 y from traditional approaches and
rare genetic mutations (13), forward genetics permitted re-
searchers to add another piece to this already complex picture.

Forward genetics for defining gene-diet interactions

It is likely that forward genetics will reveal a great deal about
mineral metabolism. However, it also has the potential to inform
us about the interaction between mineral metabolism and
dietary mineral intake. This issue is at the heart of current
suggestions that personalized nutrition, based on individual
genetic variation, is possible.

To illustrate the potential of forward genetics for defining
gene-diet interactions related to mineral metabolism, we will
describe several scenarios. First, there are data available that
suggest the response to changes in dietary Fe is dependent upon
genetic factors. We know that although the C282Y mutation in
the HFE gene is present in 85% of adult cases of the Fe overload
disease hemochromatosis (14), only one-third or fewer of the
individuals with the HFE mutation experience the clinical
consequences of the disease (15). This suggests that other genetic
or lifestyle factors may modify the penetrance of hemochroma-
tosis. Another example of a potential gene-diet interaction
affecting Fe metabolism comes from unpublished data from Dr.
Byron Jones and the late Dr. John Beard, both from Penn State
University, that has been deposited on a genetic resource called
The GeneNetwork (16). They fed either a 3 or 270 mg/kg Fe diet
from weaning until 120 d of age to 20 lines from a panel of
recombinant inbred (RI) mice developed from a cross of C57BL/
6] and DBA/2] mice [i.e. the BXD® RI panel (17)] and they
examined the Fe levels of various tissues. Figure 1A shows that
there is a large degree of variation in liver Fe of male mice from
each BXD line that is dependent upon the dietary Fe level. Using
genetic mapping tools on the GeneNetwork, we found that no
genetic loci were significantly associated with liver Fe on the
low-Fe diet, regions of the genome on chromosome 4 (peak at
144 Mb) and 7 (peak at 92 Mb) were identified as controlling
liver Fe when consuming the high-Fe diet, and regions on
chromosome 1 (peak at 25 Mb) were identified as controlling the
difference in Fe accumulation between high- and low-Fe
consumption. Genes known to control Fe metabolism are on
chromosome 1 (ferroportin, at 46 Mb), 4 (IRP at 40.1 Mb,
ferritin light chain at 30.6 Mb), and 7 (hemoglobin 8 at 111 Mb,
hepcidin at 31.7 Mb). However, none of these genes fall within
genetic intervals that were identified by the mapping. This
suggests that natural genetic variation in the mouse genome
controls liver Fe accumulation on high- but not low-Fe diets,
that the response of liver Fe accumulation to changing dietary Fe
is controlled by different genetic variation than the maximal
accumulation of liver Fe, and that we could conduct additional
experiments to refine these regions and find new genes whose
protein products control these traits. In addition, it highlights a

5 Abbreviations used: BXD, C57BL/6J by DBA/2J inbred mouse cross; ICP-MS,
inductively coupled plasma MS; RI, recombinant inbred.
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FIGURE 1 Evidence for genetic differences in the response to

changes in dietary mineral levels. (A) Mice in the BXD recombinant
inbred panel were fed diets containing high or low Fe leading to
differences among the lines in liver Fe. Data were obtained as means *+
SE of the mean liver iron from the Web QTL database (16) and are
expressed as Z-scores normalized to the mean value from C57BL/6J
mice (B6) within each diet group. (B) After feeding adolescent girls
high-, medium-, or low-Ca diets, black girls had a robust adaptive
upregulation of intestinal Ca absorption (determined from Ca balance
experiments), whereas white girls did not [adapted from Weaver et al.
(20) with permission].

unique feature of forward genetics that databases are available
that can be used to conduct preliminary studies and generate
new hypotheses related to mammalian mineral metabolism.
Another example of where forward genetics could be used to
identify the genetic response to diet is for Ca metabolism. We
have known for some time that there are differences between
racial groups in bone density (18) and Ca metabolism (19). For
example, Weaver et al. (20) recently reported that there are
racial differences in how young girls adapt to dietary Ca
restriction. The traditional thinking is that when a person
consumes inadequate dietary Ca, their bodies will adapt by
increasing the production of the active hormonal form of
vitamin D (1,25 dihydroxyvitamin D) and the 1,25 dihydrox-
yvitamin D will act upon the intestine to increase the efficiency
of intestinal Ca absorption (1). However, when black or white
girls aged 11-15 y were provided controlled diets containing
high, medium, or low levels of Ca, adaptation to low dietary Ca
intake was strong in black girls and only modestly affected by
diet in the white girls (Fig. 1B). The potential role for genetic
controls on Ca absorption is also supported by research
demonstrating differences in basal and 1,25 dihydroxyvitamin
D-induced Ca absorption between inbred mouse lines (21,22).
Phenotypic differences between racial groups or inbred lines of
model organisms like mice are a first indicator that a phenotype
might be controlled by natural genetic variation. Given the fact
that recent studies have raised doubt regarding the validity of the
facilitated diffusion model traditionally used to describe Ca
absorption (e.g. the lack of phenotypes in calbindin Dy, and
transient receptor potential cation channel, subfamily V, mem-
ber 6 knockout mice), mapping the source of the variation
influencing Ca absorption has the potential to expand our
understanding of intestinal Ca absorption and its regulation by
vitamin D. One possible mechanism for this incongruity has
already been partially evaluated: polymorphisms in the vitamin
D receptor (VDR) gene. Studies have shown that the F allele of
the Fokl gene polymorphism at the start site of the VDR gene
shortens VDR protein by 3 amino acids and makes the VDR
more transcriptionally active (23). Two studies have reported
that individuals homozygous for the shorter, more transcrip-
tionally active F allele have greater Ca absorption efficiency
compared with individuals with the f allele (24,25). However,
these investigators did not evaluate whether the Fokl genotype
influenced adaptation of Ca absorption to low-Ca diets. In
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FIGURE 2 Mineral biology can be viewed as a system or ionome.
(A) Interactions between individual elements of the ionome. (B) The
ionome is integrated into the biology of the cell.

addition, although others have shown that the more active FF
genotype is more common in African Americans (65 vs. 37% in
whites) (26), there are many other DNA-level differences
between racial groups, so it is unlikely that the response of Ca
absorption to dietary Ca restriction is controlled by polymor-
phisms in a single gene.

The ionome: a new concept in mineral biology
Since 1970, when Hill and Matrone (27) published their seminal
paper explaining the critical importance of chemical similarity
among elements as the basis for biologically relevant mineral-
mineral interactions, we have understood that single element
research may have limitations. This concept has been expanded
to recognize that some mineral-mineral interactions are indirect.
For example, copper-dependent proteins (e.g. ceruloplasmin,
ferroportin) are critical for various aspects of Fe metabolism
(13), changes in electrolyte intake/metabolism can alter cellular
pH or ion gradients necessary for mineral and other nutrient
transport, and disruption of metabolism by the loss of mineral-
dependent enzymes could indirectly alter physiology in ways
that compromise mineral transport and other aspects of metab-
olism. To account for such direct and indirect interactions, it has
been argued that mineral biology should be examined as a
system, or the ionome (Fig. 2A).

The ionome is defined as the mineral nutrient and trace
element composition of an organism; it represents the inorganic

Z Score
%]

component of cellular and organismal systems. Tonomics is the
study of the ionome. It involves the simultaneous measurement
of the elemental composition of an organism as well as the
changes in this composition in response to environmental,
physiological, or genetic modifications. Ionomics requires the
application of high-throughput elemental analysis technologies
[e.g. inductively coupled plasma atomic emission spectrometry
or inductively coupled plasma-MS (ICP-MS)] and their integra-
tion with both bioinformatic and genetic tools. It has the ability
to capture information about the functional state of an organism
under different conditions. In addition, because the ionome is
integrated into the overall biology of a cell, i.e. with links to the
metabolome, proteome, transcriptome, and ultimately the
genome (Fig. 2B), alterations within the ionome can be mapped
back to sequence variation in the genome and may also reflect
broader biologically relevant disturbances. Interested readers
are encouraged to read one of several interesting reviews
describing the use of ionomics in biology (28,29).

How can ionomics be used for discovery?

Although ionomics is at a nascent stage compared with other
systems biology approaches, there are already several important
studies that demonstrate its utility. An early example of this was
reported by Eide et al. (30), who examined how gene deletions in
budding yeast were linked to changes in the ionome. They
conducted a 13 element profile for each of 4385 yeast gene
deletion mutants and found that 212 mutants had disturbances
in at least 1 member of the ionome of at least 2.5 SD from the
wild-type yeast mean. By using bioinformatic tools to identify
clusters of functionally related genes within the list of the 212
mutants, they found that shifts in the ionome were a reflection of
specific biological functions. For example, 27 of the 212 gene
deletion mutants influenced mitochondrial function and these
mutants were characterized by lower Se and Ni accumulation
(Fig. 3A). This pattern of mineral accumulation was different
from a profile of low Co, P, Se, Mg, and Ni, combined with high
Mn, Ca, S, and Cu, that was associated with genes controlling
vacular biogenesis and/or function. This highlights the point that
alterations in the ionome reflect changes in critical biological
functions.

FIGURE 3 Changes in the ionome accom-
pany gene deletions in model organisms. (4)
lonomic analysis was conducted on yeast
gene deletion mutants and profiles from
mutant lines were examined based on gene
functions. Twenty-seven gene deletion lines
with functional defects in mitochondrial func-
tion were characterized by low selenium and
nickel levels. [Adapted from Eide et al. (30)
with permission]. (B) Embryos from ZIP2
knockout mice fed Zn deficient diets and
then whole embryos were analyzed by ICP-
MS. Data from ZIP2 knockout embryos are
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expressed as Z-scores normalized to values
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diets. This analysis shows that Zip2 knockout
embryos have low Zn, high Ca, and low K
levels. [Adapted from data in Peters et al.
(31) with permission].
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FIGURE 4 |onomic differences within the liver of the BXD panel of
Rl mice. Livers of mice from BXD parental and Rl lines (n = 6-10/line)
were analyzed for mineral content by ICP-MS. Data for each line were
normalized to the average mineral level for the entire BXD Rl and
parental line population and are expressed as Z-scores. (A) Differences
in the liver ionome between the parental lines of the BXD panel [i.e.
C57BL/6J (B6), DBA/2J (DBA)]. (B) The liver levels of Mg and P have
coordinate changes across 29 BXD lines, suggesting they are
regulated by similar genetic variation in the mouse genome.

Another concept that has been demonstrated is that targeted
disruption of the metabolism of a single element leads to
disturbances in multiple members of the ionome. Peters et al.
(31) examined the impact of dietary Zn deprivation on embryos
of mice lacking the Zn transporter ZIP2 (Zrt and Irt-like protein
2). As expected, they found that embryo Zn was lower in Zn-
deficient ZIP2 null embryos compared with wild-type embryos.

Mutants with high root suberin
and resistance to water loss 150 4

FIGURE 5 Mutant lines of A. thaliana with
high root suberin levels have distinctive .
shoot ionome profiles. Shoots from wild-type S

A. thaliana and 2 mutant lines with polymor- vix Ve
phisms in the suberin gene (esb1-1 and esb ke ._, i
1-2) were analyzed for mineral content using AN 2N
ICP-MS. Data are expressed in mutant lines [ 4 4

as a percent change from the wild-type plant ERY e
value. Although suberin is a chemical in roots o 5,‘}
that influences water transpiration rates, it

leads to increased Se, Na, S, and K, but low esbh-1 esh-2

Ca, in the shoot. [Adapted from data in
Baxter et al. (35) with permission].
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However, by examining the ionome, they revealed that ZIP2
deletion also led to an increase in embryo Ca and a reduction in
embryo K (Fig. 3B). Although the molecular basis for this
change is not clear, these findings show that even in complex
systems, the ionome can be a biological indicator. The use of an
ionomic profile may even be useful as biomarker for specific
mineral inadequacies. Using the model plant Arabidopsis
thaliana, Baxter et al. (32), identified multi-element predictors
of plant Fe or phosphorus deficiency. They noted that the shoot
Fe level was so tightly regulated that it is a poor indicator of a
plant’s Fe status. By examining the shoot ionome under a range
of Fe nutritional conditions, Baxter et al. found that the
combination of shoot Mn, Co, Zn, Mo, and Cd levels could
be used to discriminate plants with different Fe nutriture.
Similarly, shoot B, P, Co, Cu, Zn, and As performed better than P
level alone as a model for detecting plants that are P deficient. In
mammalian biology we have been faced with the difficulty of
assessing the status of several mineral elements, e.g. serum Zn
levels change only slightly over a wide range of Zn intakes (33).
It will be interesting to determine whether this concept of
ionomic profiling can also be useful to identify specific mineral
deficiencies in mammals.

Application of ionomic profiling to genetic screens

As we suggested above, differences between inbred mice are an
early indicator that there is genetic variation controlling a trait.
With this in mind, we have compared the mouse liver ionome
between C57BL/6] and DBA/2] mice, the parent lines of the
BXD recombinant inbred mouse panel. Figure 4A shows the
normalized data for this analysis. Overall, the DBA line
accumulates more of many elements compared with B6 mice,
suggesting that a full ionomic screen of the BXD RI panel could
reveal a huge number of loci controlling the liver accumulation
of individual elements (i.e. making it more cost effective that
repeating mapping studies for each individual element). How-
ever, the ultimate value of ionomic analysis is that the inter-
action of elements is incorporated into the analysis. As a result,
while most elements have their own unique pattern of mineral
accumulation across the BXD panel (e.g. see liver Fe levels in
BXD mice in Fig. 1), some elements may change in unison
across the lines. For example, we found that the liver levels of
Mg and P had the same pattern of variation across the 29 BXD
lines we examined (Fig. 4B). This suggests that there is a
common genetic cause for the variation and that the metab-
olism of Mg and P is biologically linked. This has not been
previously reported and thus provides us with the opportunity
to discover something unique about mineral metabolism in
mammals.

Shoot lonome Profile
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A final example of how ionomics can be linked to genetics for
expanding our understanding of biology comes from a study in
Arabidopsis. Previously, Lahner et al. (34) identified many
ionomic mutants in a screen of 6000 M2 plants produced from
fast neutron-mutagenized A. thaliana. Baxter et al. (35) subse-
quently cloned and characterized one of these mutants and
found that it had high levels of root suberin, a compound that
acts as an extracellular transport barrier limiting apoplastic
radial transport of water and solutes. This mutant (esb1-1) and
a related mutant (esb1-2) both had significant increases in their
shoot concentrations of Na, S, K, As, Se, and Mo with
concomitant reductions in Ca, Mn, Zn, and Fe (Fig. 5). In
addition, this increase in root suberin levels leads to the reduced
transpiration rates that accounts for the ability of this genetic
mutant to use water efficiently and resist wilting. Thus, the shoot
ionome profile could be used as a screening tool for identifica-
tion of plants with drought resistance. Federal and international
funding agencies are currently expending a huge amount of
resources making genetically mutant mice using either homol-
ogous recombination [Knockout Mouse Project and Interna-
tional Gene Trap Consortium (36)] or N-ethyl-N-nitrosourea
mutagenesis (37); it will be interesting to determine whether a
serum or tissue ionomic profile can be used to identify
physiologic disruption and thus aid our understanding of the
functional roles of the genes that have been mutated.

Forward genetics coupled to ionomics is a novel approach to
the study of mineral metabolism. In its purest sense, it is a
discovery tool to identify the genes whose protein products
regulate mammalian mineral metabolism. In this light, it is a
complement to the tools of biochemistry, cell biology, and
molecular biology that traditionally have been used to explore
mineral metabolism. In addition, by looking at mineral metab-
olism as a system, we can take advantage of the well-recognized
existence of interactions between mineral elements and the fact
that the disruption within the ionome may reflect broader
disturbances in physiology that are relevant to mammalian
biology, human health, and nutrition.
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