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REVIEW & INTERPRETATION

Although both domestication and modern breeding have 
led to present-day crops that are far superior to their wild 

counterparts, in many cases they also represent a narrowing ger-
mplasm pool (Lee, 1998; Tanksley and McCouch, 1997). It is esti-
mated that for most crop species, less than 5% of the biodiversity 
known to exist is being utilized in agriculture, particularly in 
the case of self-pollinated crops (Tanksley and McCouch, 1997). 
Much of the diversity present in living systems is probably adap-
tive, and it is feared that our cultivated germplasm is ill equipped 
to withstand predicted, catastrophic changes in the environment 
due to global warming. Furthermore, existing germplasm may 
not have the potential to meet the food needs of an ever-increas-
ing human population, estimated to swell to 9 billion by 2050 
(Green et al., 2005). In some respects, narrowing the gene pool 
has been precisely the goal of breeding: building specifi c com-
binations of genes and alleles that are of superior productivity 
and quality while discarding combinations that are less so. More 
recently, however, we have learned, or at least been reminded, 
to look to wild relatives of crop species for useful alleles (e.g., 
conditioning disease or stress resistance) and to utilize the wealth 
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of natural variation that is accessible (Lee et al., 2002; 
McCouch, 2004). An additional consideration is the 
need to stay vigilant of gene–gene interactions, which 
are often overlooked in complex trait studies (Carlborg 
and Haley, 2004).

Breeders have not made as much use of the materi-
als in germplasm collection centers (gene banks) as had 
been anticipated when they were created, largely for 
want of techniques to discover and then utilize useful 
variation from them (Hoisington et al., 1999; Tanksley 
and McCouch, 1997). This reluctance may be, in part, 
because breeders generally have to contend with upward 
of 30,000 genes in most crop genomes in their eff orts to 
produce the best-performing genotypes. Alleles at many 
of these loci have to be either favorable, or at least neu-
tral, for optimal plant performance, a situation typically 
requiring millennia to achieve for most crops. Replacing 
one allele at a time with a superior, “alien” allele is done 
by introgression breeding without having to distort the 
rest of the collection, easiest if the alien allele causes an 
easily selectable phenotype (Frisch et al., 1999; Peleman 
and van der Voort, 2003). But if we think of the genome 
as a deck of cards, breeders are understandably much less 
comfortable reshuffl  ing the entire deck of their carefully 
developed germplasm with that of a wild plant. This 
is particularly true when a trait of interest is relatively 
complex and controlled by genes that at least singly, lack 
an easily observed phenotype.

Advances in quantitative genetics and genomic tech-
nologies, and the realization that transgenic technology 
may not boost plant yields and sustainability as quickly as 
hoped, have sparked a renewed interest in understanding 
and using natural variation for crop improvement. A new 
“agrobiodiversity” discipline has emerged, a synthesis of 
biodiversity research with genetic resource development 
(Hammer et al., 2003). Natural variation represents a huge 
and largely untapped resource, subject to selection over 
millions of years of evolution, with both basic and practi-
cal value, as well as the potential to break yield barriers of 
agricultural plants (Tanksley and McCouch, 1997; Zamir, 
2001). In addition, naturally occurring variation can be 
harnessed as a gene discovery tool, characterizing interac-
tions between a defi ned mutation and natural alleles in 
other genes from various genetic backgrounds. This is 
similar to the notion of cryptic genetic variation (CGV) 
that has been described primarily for a few morphologi-
cal mutations in Drosophila and stickleback fi sh (Gaster-
osteus aculeatus) (Gibson and Dworkin, 2004; Shapiro et 
al., 2004) but also in maize (Zea mays L.) × teosinte [Zea 
luxurians (Durieu & Asch.) Bird] crosses (Lauter and Doe-
bley, 2002). This variation only becomes apparent when 
it is combined with a mutation of interest. Note that this 
is not the same hidden variation thought to lie within 
every organism that is buff ered from expression by genes 

like HSP90 (Queitsch et al., 2002; Sangster et al., 2008). 
The fi rst reports of CGV arose largely through noticing 
that Drosophila mutations of interest appeared either sup-
pressed or enhanced when crossed into diff erent inbred 
backgrounds that otherwise showed no noticeable mutant 
phenotype for the trait (Gibson and Dworkin, 2004). Lau-
ter and Doebley (2002) then reasoned that this type of 
variation could play an important role as the domestica-
tion of a crop from a wild species plays out over time, and 
they used quantitative trait locus (QTL) analysis to iden-
tify over 20 modifi ers of plant architecture that showed up 
in crosses of maize with its progenitor, teosinte, but that 
showed no variation among teosintes. The evolutionary 
importance of such cryptic variation is also of interest (Le 
Rouzic and Carlborg, 2008).

Ironically, CGV is often observed and deliberately dis-
carded as the “background eff ects” that can confound the 
early analysis of a mutation. However, recent detailed and 
publicly available characterization of diverse germplasm 
for species like maize (Flint-Garcia et al., 2005; Whitt and 
Buckler, 2003; Yu et al., 2008) and Arabidopsis (Alonso-
Blanco et al., 2005; de Meaux and Koornneef, 2008; 
Keurentjes et al., 2008; Koornneef et al., 2004) suggest that 
we should reexamine these background eff ects. A methodi-
cal and large-scale approach to understanding what genes 
underlie these eff ects is now possible with QTL approaches 
(Doerge, 2002; Koornneef and Stam, 2001; Koornneef 
et al., 2004; McMullen, 2003; Salvi and Tuberosa, 2005; 
Tanksley and Nelson, 1996) and can reveal the genetic and 
functional interactions that are one of the grand challenges 
of plant biology in the post–genome-sequencing era. How-
ever, we also need to reexamine genetic background eff ects 
and methods for identifying such background eff ects have 
been developed (Jannink, 2007a,b; Jannink and Jansen, 
2001; Li et al., 2005; Yang et al., 2008).

THE IMPORTANCE OF 
PRECISION PHENOTYPING
To make the best use of QTL approaches to identifying 
these genetic networks, a key component of this strategy is 
measuring small changes in a wide range of phenotypes of 
interest accurately, as quantitatively as possible and across 
several hundred plants. Types of data include morphologi-
cal and biochemical data, as well as transcriptome profi l-
ing, proteomics, metabolic profi ling, and ionomics. This 
goal remains a formidable challenge, however, especially 
for traits of agricultural importance, and phenotyping 
techniques and platforms have become perhaps the most 
important, limiting factors in our ability to make use of 
natural variation for crop improvement. Recent discus-
sions have focused on applying a phenomics approach 
to generate and integrate phenotypic data using a num-
ber of technologies, old and new, invasive and nonin-
vasive (Edwards and Batley, 2004; Montes et al., 2007). 
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into several inbreds to fi nd the background that yields 
the most consistent and pronounced phenotype (Freeling 
and Fowler, 1993). As mentioned above, the variation 
revealed when assessing mutations in diff erent genetic 
backgrounds is often regarded as a problem for compar-
ing eff ects of diff erent genes infl uencing the same trait. 
Putting all such mutations in the same genetic back-
ground is thought to be important for comparing and 
contrasting phenotypes.

From the standpoint of CGV, however, the observed 
background eff ects for a mutation in these diff erent inbreds 
is a valuable resource for discovering interacting QTLs and 
the genes underlying those QTLs. Although lines known 
to carry a mutation are often remutagenized to fi nd inter-
acting factors (Fig. 2), natural variation often provides 
similar alleles as genetic background eff ects. Many studies 
have now revealed that these genetic modifi ers, as loci that 
have a quantitative or qualitative impact on the trait of 
interest, should be considered QTLs and analyzed as such 
(Abiola et al., 2003; Dworkin, 2005; Nadeau, 2005).

We have coined the name MAGIC (mutant-assisted 
gene identifi cation and characterization) for a broad and 
deliberate mutant enhancer–suppressor analysis based on 
natural variation. MAGIC is capable of aiding in the iden-
tifi cation and characterization of genetic modifi ers and 
QTLs in highly diverse germplasm and can serve as an 
eff ective and effi  cient tool for gene discovery by assessing 
and surveying useful variation for a given trait in diverse 
germplasm. This approach can be used with both domi-
nant and recessive mutations and can detect all classes 
of modifi ers/QTLs, dominant and recessive, major and 
minor, additive and nonadditive, epistatic and hypostatic 
(Phillips, 1998). As well as being a tool for uncovering 
previously undetectable QTLs, MAGIC can simplify the 
scoring changes in traits that may otherwise be diffi  cult or 
labor intensive to score (see example of Rp1-D21 below), 
thereby alleviating some of the problems associated with 
generating good phenotypic data.

The protocol for MAGIC will diff er slightly depend-
ing on whether the initial, “reporter” mutation is reces-
sive or dominant or partially dominant. If the mutation 
is recessive, it is crossed with diverse germplasm lines, 
and the resulting F

1
 hybrids are self-pollinated to gener-

ate F
2
 populations. About 50 plants from each of these 

F
2
 populations are then phenotyped for transgressive 

changes in the expression of the reporter mutant (Fig. 
3). The diverse parent of any F

2
 populations in which 

the phenotype of the mutant has been either enhanced 
or suppressed is thus identifi ed as having genes/QTLs 
relevant to the trait of interest, with the initial mutation 
serving as the readout for these QTLs/modifi ers. With 
50 F

2
 progeny, enough phenotypic variation should be 

present to detect enhanced and/or suppressed classes of 
transgressive changes in the mutant phenotype.

These large-scale approaches will probably require coor-
dination at national and international levels to be fully 
eff ective, which invariably solves some problems while 
creating others. Still, high-throughput, precision pheno-
typing is likely to have a revolutionary impact, both on 
QTL analysis and on our ability to detect and make use 
of natural variation.

For those species for which establishing and charac-
terizing diversity collections is still in progress, it is worth 
noting here that the “cryptic” part of cryptic genetic varia-
tion suggests that phenotype will not necessarily be a good 
predictor in choosing diverse germplasm, and can even be 
misleading. For example, a given accession may have two 
or more genes with opposite eff ects on the trait of inter-
est, and their combined action could keep the favorable 
gene masked (Hake and Rocheford, 2004; Mitchell-Olds 
and Schmitt, 2006). In addition, a given exotic line with 
a null allele for one step in a pathway leading to a trait 
of interest may also harbor potentially superior alleles of 
other genes in that pathway or that regulate the pathway 
(Fig. 1; Bernacchi et al., 1998). Accordingly, useful diver-
sity collections can instead be established and expanded by 
combining geographic distribution and molecular marker 
criteria. Along similar lines, over a decade ago Tanksley 
and McCouch (1997) stressed that “the paradigm [in plant 
breeding] needs to shift away from selecting potential par-
ents on the basis of phenotype to evaluating them directly 
for the presence of useful genes.”

MUTANT-ASSISTED GENE 
IDENTIFICATION AND 
CHARACTERIZATION (MAGIC)
Regardless of the phenotypic platform, once a pheno-
typic assay is established, genetic modifi ers can be identi-
fi ed. Conceptually, broad, systematic mining of CGV for 
enhancers and suppressors of genes of interest is similar to 
the more familiar enhancer–suppressor screens performed 
using mutagenesis (Fig. 2; Page and Grossniklaus, 2002). 
The diff erence lies in the source of the genetic variation 
providing the modifi ers and the use of the extensive map-
ping in diversity collections and derivatives of them to 
identify the interacting genes. In addition, the modifying 
alleles discovered using natural variation have the advan-
tage that they have been fi ltered by natural selection, likely 
minimizing any deleterious side eff ects (while enhancing 
enormously the chances of identifying genetic variants 
that can have adaptive importance in agriculture).

It is well known that genetic background infl uences 
the penetrance (whether or not a given phenotype is 
detected) and expressivity (the strength of a given phe-
notype) of mutations. As a result, after fi rst identifying 
a new mutation of interest, one introgresses the muta-
tion into an inbred background to clarify the inheritance 
pattern of the mutation. Typically, a mutation is crossed 
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Figure 2. Second site suppression mutagenesis approach. M2 plants with arrows represent revertants in which the effect of the mutant 

phenotype has reversed. EMS, ethyl methane sulfonate; M1, the fi rst generation following mutagenesis; M2, progeny of M1 individuals 

derived by self-pollination.

Figure 1. A hypothetical biosynthetic pathway controlled by fi ve 

genes. The gene (e) controlling the last step is defective, causing 

little or no product being synthesized.

Either of two routes can be followed at this point 
depending on what resources have been developed. For 
most systems, more progeny from any appropriate F

2
 pop-

ulation can be planted to identify at least 100 plants with 
the mutant phenotype. These mutants can then be pheno-
typed using a quantitative measure of the overall severity 
of the mutant phenotype, and then genotyped. The result-
ing data from these mutant progeny can be assessed for 
QTLs to identify and localize relevant loci. Even though 
this approach requires extensive genotyping, it is only on 
lines that are already shown to segregate for modifi ers of 
interest and should produce data suffi  cient to narrow the 
position of the modifi er to a manageable region. Extreme 
F

2
 mutant segregants with enhanced or suppressed phe-

notypes are also of interest because they have pyramided 
most modifi er/QTL alleles that impact the trait of interest 
either negatively or positively. In fact, this idea has been 
used to enhance the performance of two maize mutants, 
shrunken2 (sh2) and opaque2 (o2), respectively, for commer-
cial production of supersweet corn and high-quality pro-
tein maize (Prasanna et al., 2001; Tracy, 1997).

However, for some systems all this genotyping has 
already been done and made available, notably maize 

(http://www.panzea.org) and Arabidopsis (http://wal-
nut.usc.edu/2010); large public projects have developed 
recombinant inbred lines from the crosses of the diverse 
germplasm lines and the sequenced reference genome: 
B73 in the case of maize, creating the nested association 
mapping panel (Yu et al., 2008), and Col-O in the case of 
Arabidopsis (http://walnut.usc.edu/2010). Once it becomes 
clear which diverse parents contain modifi ers of the 
reporter mutation, the reporter mutant is crossed to the 
set of recombinant inbred lines derived from that diverse 
parent, and then selfed. These F

2
 lines are then screened 

for the same transgressive eff ects originally observed when 
the reporter was crossed to the diverse parent of those 
recombinant inbred lines (RILs). Extensive genotyping of 
the RILs (targets of tens or even hundreds of thousands of 
markers) is already done and publicly available, such that the 
segments of the diverse and the reference genomes present 

Figure 3. Mutant-assisted gene identifi cation and characterization (MAGIC) using a recessive reporter mutation (P1). Arrows facing right point 

to F2 mutant segregants with a suppressed phenotype. The segregant with a left-facing arrow has an enhanced mutant phenotype.
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in each RIL are very well understood. Common segments 
present in those RILs that carry modifi ers thus defi ne nar-
row candidate regions that carry those modifi ers. As a 
result, no additional genotyping is required at all.

If the reporter mutation is dominant or partially dom-
inant, then phenotypic evaluations to identify relevant 
diversity lines with QTLs of interest can begin in the F

1
 

generation. Following crosses with the panel of diverse 
germplasm, the F

1
 progeny (as few as 10 plants for each) 

can be assessed for changes in the mutant phenotype. It 
is good idea to use the reporter mutant as a heterozygote 
because, in addition to showing that the cross to the diverse 
lines is genuine, segregation of the mutant phenotype can 
also help reveal whether any suppression of the mutant 
phenotype is truly due to trait-specifi c QTLs or simply 
the result of heterotic vigor of the cross. If the diverse 
inbred line contains a dominant suppressor or enhancer 
of the reporter mutation, then the F

1
 progeny will have 

either a uniformly suppressed or enhanced phenotype, 
respectively (Fig. 4). Moreover, comparison of the mutant 
versus wild-type (WT) siblings (e.g., height ratio) can 
provide additional phenotypic measurements that could 
prove useful in revealing and mapping QTLs eff ectively. 
As mentioned above, the availability of sets of well-char-
acterized RILs developed from the panel of diversity lines 
can then narrow the location of any modifi ers quickly 

with little or no need for additional genotyping. If the 
modifi er is recessive, an extra generation will be required, 
best done as a backcross of the F

1
 to the diverse parent (or 

the F
1
 WT × F

1
 mutant sib to generate an F

2
) rather than 

selfi ng the F
1
 to ensure that any changes result from the 

modifi er and not from changes in dosage of the reporter 
mutation. If resources like those in maize and Arabidopsis 
are not available (which is the case for most crop plants), 
then to locate genes/QTLs revealed in diverse germplasm, 
one needs to go to BC

1
 or F

2
 populations.

An Example
Maize disease lesion mimic (les) mutants provide a partic-
ularly good example of how the MAGIC approach can 
be applied. These mutants show spontaneous cell death 
resembling what is caused by pathogen attack, but they 
do so in the absence of the pathogen ( Johal, 2007; Johal 
et al., 1995; Neuff er and Calvert, 1975). Some maize les 
mutants can have a lethal phenotype in one genetic back-
ground and yet a nearly undetectable, benign phenotype 
in another ( Johal, 2007; Neuff er et al., 1983). Their eas-
ily discerned, visible phenotype and their sensitivity to 
background eff ects make les mutations excellent reporters 
of CGV. For example, an F

2
 population was developed 

between les23, a recessive allele characterized by forma-
tion of yellowish-brown, cell death patches on leaves, and 

Figure 4. Conducting mutant-assisted gene identifi cation and characterization (MAGIC) with a dominant reporter mutation, used here 

as a heterozygote in an otherwise pure-breeding line (P1). P2 and P3 are two diverse lines. While P2 has a suppressible effect on the 

dwarfi ng phenotype of the mutant (A), P3 has an enhancing effect on this dwarfi ng mutant (B). In both (A) and (B), families are segregating 

1:1 for mutant and wild-type sibs.
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the inbred Mo20W, known to suppress a number of les 
mutations (Penning et al., 2004). All les23 mutants, which 
constituted about one-fourth of the F2 population, were 
assessed for phenotypic severity (degree of lesioning on 
leaves scored using a numbering scale) and genotyped. 
Subsequent QTL analysis identifi ed a major suppressor of 
cell death (Slm1) that accounted for ~70 and ~90% of the 
phenotypic variation present in this F

2
 population (Pen-

ning et al., 2004). Three minor QTLs were also identifi ed 
that, when combined with Slm1, completely suppressed 
cell death associated with les23 lesions. In contrast, les23 
mutants that lacked all four QTLs had a phenotype more 
severe than les23 in its original background.

Crossing to diverse inbreds with follow-up in RILs 
developed from those inbreds, MAGIC is also well dem-
onstrated using lesion mimics. A dominant Les mutation, 
Rp1-D21,in the maize inbred H95, has a necrotic pheno-
type resulting from constitutive activation of the hyper-
sensitive response (HR) (Sun et al., 2001). This mutant was 
crossed to two inbreds, B73 and Mo17, that are also the 
parents of the very well characterized IBM RIL popula-
tion (Lee et al., 2002). While B73 suppressed the necrotic 
phenotype signifi cantly, Mo17 enhanced it. Rp1-D21 was 
then crossed to each of the IBM RILs, and the phenotypic 
data from the crosses together with the publicly avail-
able genotypic data of the IBM RILs were used to iden-
tify a major QTL from B73 that signifi cantly suppresses 
the HR phenotype of Rp1-D21 (Balint-Kurti and Johal, 
unpublished results). We have since widened our studies 
to encompass the broader range of diverse maize germ-
plasm, using the core set of 25 maize diversity lines (Liu 
et al., 2003) that are the founders of the nested association 
mapping (NAM) population. These crosses reveal much 
more dramatic enhancement and suppression of Rp1-D21, 
ranging from plants that are completely necrotic (crossed 
to the inbreds M37w and NC350) to plants with barely 
detectable lesions (crossed to the inbreds B97, CML333, 
Oh43, and Tzi8). Crosses to the relevant RILs of the NAM 
populations (Yu et al., 2008), with their extensive geno-
typing data, are in progress and should reveal additional 
QTLs that interact with Rp1-D21. We are also apply-
ing this approach to the recessive, sucrose-accumulating 
mutant tie-dyed1 (Braun et al., 2006) and have crossed it 
to the NAM founders as well as the larger set of approxi-
mately 260 maize diversity lines (Flint-Garcia et al., 2005; 
Liu et al., 2003) to identify interacting genes controlling 
the response to increased sugar content.

CONCLUDING REMARKS
A key advantage of MAGIC is that it provides a simple 
genetic trick to quickly survey the diverse and alien germ-
plasm for useful genes or alleles in a directed fashion. In 
addition, this approach has tremendous potential for help-
ing to defi ne genes and genetic networks underlying any 

trait quickly, and it underscores the value both in defi n-
ing diverse inbred germplasm and in developing and 
characterizing RILs from that germplasm. The genetic 
resources to do both these things are, at least for many 
crop and model species, readily available. Once in hand, 
analysis becomes as straightforward as phenotyping a 
trait of interest and then taking advantage of a com-
monly available genotyping dataset. Can a single muta-
tion aff ecting a trait of interest unveil all the QTLs that 
might impact the same trait? It is unlikely that MAGIC 
will reveal entire genetic networks in one experiment; 
however, using new variants that emerge from a MAGIC 
screen as the starting material for additional MAGIC 
screens can be a rapid way to fi ll in gaps in genetic net-
works and advance taking systems approaches to address 
a wide array of agricultural questions.

The mutants needed to conduct MAGIC screens can 
come directly from the large mutant collections available 
for many crop species. Additional transposon mutagen-
esis and TILLING projects that are underway for many 
crop species will serve as an excellent source for more such 
mutants, especially when they are in uniform, well-char-
acterized backgrounds (Henikoff  et al., 2004; Till et al., 
2004). Transgenic dominant negative (RNAi) or overex-
pression mutants will also be particularly valuable start-
ing material, revealing QTLs for the trait of interest in a 
single generation, just as dominant genetic mutations do 
(Fig. 3). MAGIC can also be used on cytoplasmic traits by 
identifying modifi ers/QTLs of these traits that are nuclear 
genes. In fact, restorers of fertility (Rf ) in cytoplasmic 
male sterile maize were identifi ed using essentially this 
approach (Duvick, 1956).

Certainly, an advantage of MAGIC is that one can 
capitalize on existing banks of genotyping very quickly. 
Even for species where such databases are not yet in place, 
concerted eff ort can quickly put them in place and make 
them a community resource. Selection of a panel of diverse 
germplasm can be based on a combination of geographic 
distribution and a genomewide scan of a few hundred sim-
ple sequence repeat and single nucleotide polymorphism 
markers. While development of the RILs from this diver-
sity panel crossed to a reference type is a more signifi cant 
and somewhat longer term challenge, potentially requir-
ing several years, the diversity panel itself can meanwhile 
serve as a useful venue for QTL mapping. If desired, the 
numbers of plants that need to be genotyped and phe-
notyped to reveal QTLs can be limited to those crosses 
with diversity lines that show the greatest enhancing or 
suppressing eff ects. While this is still potentially several 
hundred plants X several hundred markers, the outcome is 
highly likely to identify QTLs of signifi cant eff ect. Pool-
ing the most extreme, transgressive segregants at each end 
of the spectrum into single, bulked samples and compar-
ing them will also facilitate fi nding the QTLs of largest 
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eff ect. However, if the idea is to dissect the entire genetic 
architecture of a trait of interest, every mutant progeny 
will need to be genotyped and phenotyped carefully. 
Note also that, for a recessive mutation, after outcrossing 
to the diverse germplasm and selfi ng, only plants showing 
some version of the mutant phenotype (the one-quarter of 
the total population homozygous for the initial mutation) 
would need to be genotyped and phenotyped.

In contrast to many QTL analyses, MAGIC starts 
out with a clearly defi ned mutation in a well-charac-
terized gene and then identifi es QTLs that impact the 
same trait. The relationship between the starting muta-
tion and interacting factors can be more clearly defi ned 
because the eff ects of the initial mutation are clearly 
distinguishable from any emerging QTLs. In a typical 
QTL study, at the outset, one may not yet be aware of 
what genes are involved in a trait, a range of mutant 
alleles can all emerge as major QTLs, and understand-
ing which interact with which must then be teased 
apart. Both approaches are valuable.

The background eff ects that infl uence expression of 
nearly every gene studied to date underscore the idea 
that, to paraphrase, “no gene is an island,” operating 
alone. While no gene interacts with all other genes in 
the genome, most genes interact with at least some other 
genes. Granted, in some cases, one gene accounts for the 
vast majority of the variation (classically Mendelian genes 
that appear to show little background eff ect), but as our 
ability to phenotype becomes more and more precise, our 
ability to distinguish these subtle interactors and modula-
tors will improve as well.
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