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ABSTRACT

A methodology to dissect the genetic architecture of quantitative variation of numerous gene
products simultaneously is proposed. For each individual of a segregating progeny, proteins extracted
from a given organ are separated using two-dimensional electrophoresis, and their amounts are
estimated with a computer-assisted system for spot quantification. Provided a complete genetic map
is available, statistical procedures allow determination of the number, effects and chromosomal lo-
cations of factors controlling the amounts of individual proteins. This approach was applied to anony-
mous proteins of etiolated coleoptiles of maize, in an F, progeny between two distant lines. The genetic
map included both restriction fragment length polymorphism and protein markers. Minimum es-
timates of one to five unlinked regulatory factors were found for 42 of the 72 proteins analyzed, with
a large diversity of effects. Dominance and epistasis interactions were involved in the control of 38%
and 14% of the 72 proteins, respectively. Such a methodology might help understanding the archi-
tecture of regulatory networks and the possible adaptive or phenotypic significance of the polymor-

phism of the genes involved.

OLYMORPHISM in gene regulation has long been
thought to be an important basis for morphological
and adaptative changes (WALLACE 1963; WILSON et al.
1977; PaIGEN 1989). Data from several organisms, e.g.,
mice, maize, fishes and especially Drosophila, show evi-
dence for a large diversity within and between species for
genes controlling the activity/amount of various en-
zymes and the timing and the tissue specificity of enzyme
expression (DICKINSON 1980; ALLENDORF et al. 1982;
BENNETZEN et al. 1984; SKADSEN et al. 1990; LAURIE ef al.
1990; Fanc and BrENNAN 1992). Within species, there
may be several polymorphic loci distributed throughout
the genome that affect the expression of a given struc-
tural gene (PowrLL and LicHTENFELS 1979; LAURIE-
AHLBERG et al. 1980; WILTON et al. 1982; LAURIE-AHLBERG
and BEWLEY 1983; CoLAs DES FRaNcs and THIELLEMENT
1985; BusH and PAIGEN 1992). In some cases, adaptative
significance of these polymorphisms has been suggested
on the basis of relationships between levels of enzyme
activity/amount and components of fitness (AvaLA and
McDoNaLDb 1980; ALLENDORF e! al. 1983; MaTsuo and
Yamazaki 1984; KLARENBERG et al. 1987). In maize, diver-
gence between inbred lines for individual protein
amounts appeared to be related to the hybrid perfor-
mances for agronomical traits (LEONARDI et al. 1991).
However, it generally appeared somewhat difficult to
reconcile the high levels of regulatory polymorphism
observed with its possible selective and phenotypic value
(BusH and PAIGEN 1992). A rapidly expanding body of
evidence bearing on the molecular mechanisms of gene
regulation shows that several trans-acting factors are
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needed for efficient transcription of any given gene and
that multiple interactions can produce composite regu-
lators with distinct activities depending on the mix of
active factors in a given cell (e.g., RUPPERT et al. 1990,
MInER and YamamoTo 1991). Relying on such combina-
torial principles, DICKINSON (1988) demonstrated that a
high degree of polymorphism is to be expected as a con-
sequence of interactions in the network, independently
from the action of natural selection. Other regulatory
models involving cascades (PINNEY et al. 1988) may be
expected to have similar consequences.

Prior to analyzing the polymorphism in regulatory
networks, it was important to develop a methodology to
dissect the genetic architecture of quantitative variations
of numerous gene products simultaneously. Consider-
ing the amounts of various proteins as quantitative char-
acters, various fundamental questions about the control
of gene expression can be addressed. (i) Is it possible to
give an estimate of the number of factors controlling the
amount of any given protein? (ii) Are intralocus (domi-
nance) and/or interlocus (epistasis) interactions com-
mon phenomena in gene regulation? (iii) Is it possible
to give a genetic basis to coexpression of proteins? In-
ferences concerning the number of genes that affect a
quantitative trait have been attempted using various sta-
tistical methods (CASTLE 1921; PaNst 1940; WRIGHT 1968;
Jinks and Towey 1976; Comstock and ENFELD 1981;
MATHER and JINkS 1982; ZeNG et al. 1990). However,
these procedures are sensitive to deviations from strong
hypotheses, such as equality of gene effects, absence of
linkage, and all increasing alleles in one parent. Dense
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TABLE 1

Map symbols, function and sources of the cDNAs used as RFLP probes

Symbol Function Source

SC1 B anthocyanin regulator CHANDLER e? al. (1989)

SC15 Pollen-specific cDNA HANSON et al. (1989)

SC19 Knotted VOLLBRECHT et al. (1991)
SC39 C1 Paz-ARes et al. (1987)

SC53 Ribosomal protein S11 LeBrUN and FREYSSINET (1991)
SC56 a-Tubuline-1 MonToLu et al. (1989)
SC54B45 Ribosomal protein L7 LeBRUN and FREYsSINET (1991)
SC61B13 ADPG pyrophosphorylase (leaf) PriOUL et al. (1994)

SC66SS1 Shl sucrose synthase SHELDON et al. (1983)

genetic maps obtained using restriction fragment length
polymorphism (RFLP) and other markers make it pos-
sible to examine this question in a more direct way. Tak-
ing advantage of linkage disequilibrium with marker
loci, mendelian factors underlying quantitative variation
(quantitative trait loci, QTLs) can be mapped through-
out the genome. Their effects can be estimated in terms
of proportion of the variance of the trait they account
for, or in terms of allelic substitution effects (BECKMAN
and SOLLER 1983; PATERSON et al. 1988; KEIM et al. 1990;
EDwARDS et al. 1992). The dominance/recessivity and
epistatic interactions can also be studied (DOEBLEY ef al.
1990; BEavis et al. 1991; DE VICENTE and TANKSLEY 1993).
Results obtained in various species support a model for
quantitative variation wherein effects of individual fac-
tors range from essentially qualitative down to vanish-
ingly small. Moreover, the increasing alleles are often
distributed among parents.

In this study, we used the procedures for QTL map-
ping to analyze the genetic determinism of the quanti-
tative variation of 72 anonymous proteins separated by
high resolution two-dimensional polyacrylamide gel
electrophoresis (2-D PAGE, O’FARRELL 1975) in an F,
population of maize. The amounts of individual pro-
teins were assessed through the integrated optical den-
sity of spots. A genetic linkage map constructed with
both RFLP and protein markers provided by the 2-D
PAGE was used to locate regulatory factors that we called
protein quantity loci (PQLs). For 35% of the proteins
analyzed, at least 2 PQLs were found, including epistatic
factors, and up to 12 PQLs could be observed for a single
protein. Since no functional criterion was imposed for
the choice of the gene products under study, itappeared
that the multifactorial control of protein variation is a
general feature of genome expression.

MATERIAL. AND METHODS

Plant material: Two genetically distant maize lines were
used: F2, a flint line from the Institut National de la Recherche
Agronomique (France), subsequently referred to as Lc (to
avoid possible confusion with the F, progeny), and lo, an
American dent line from the Iodent group. Eighty-five kernels
of the F, progeny harvested on three F, plants (female fo X
male Lc) and kernels of each parental line were allowed to
germinate in the dark at 24° for 8 days. For protein analysis,

the etiolated coleoptiles were taken off and immediately fro-
zen in liquid nitrogen. The F, and parental seedlings were then
planted out and allowed to resume growth in a greenhouse
before being transferred in the field at Saint Martin-de-Hinx
(France). Pieces of leaves of adult plants were harvested for
RFLP analysis.

Nucleic acid manipulation: Genomic DNA was extracted
following BURR et al. (1988). A 7.5-ug sample of DNA was di-
gested by EcoRI or HindlIl, loaded onto a 0.8% (w/v) agarose
gel with 1 X TPE buffer and electrophoresed overnight. After
shaking the gel for 10 min in 0.25 M HCI, the DNA was trans-
ferred overnight onto a nylon membrane (Positive filters, Ap-
pligene) in 0.4 M NaOH. Filters were then neutralized with
2 X 88C for at least 20 min. Probe labeling was done according
to FEINBERG and VOGELSTEIN’s (1983) procedure, using 50 pCi
[**P1dCTP, and hybridizations were done as described by
CHURCH and GILBERT (1984). The probes used were chosen
from the core map (GARDINER et al. 1993) or corresponded to
cDNAs (Table 1), and were amplified using PCR.

Protein electrophoresis and quantification: Denaturing
protein extraction and two-dimensional electrophoresis were
as in DAMERVAL et al. (1986) and LEONARDI et al. (1991). The
silver staining was slightly modified from DAMERvVAL et al.
(1987), following BURSTIN et al. (1993). The Kepler software
package was used to analyze the 2-D gels (Large Scale Biology
Corp., Rockville, Maryland). The various steps of the quanti-
fication procedure were as in DAMERVAL and DE VIENNE (1993).
Briefly, the gels were digitized using 256 gray levels with a
spatial resolution of 100 uM using an Eikonix scanner, which
generates 2048 X 2048 pixel images. The optical density range
was 0.9. For each protein spot in each 2-D gel, intensity was
expressed as a “volume,” computed by fitting the integrated
OD of the spot to a double gaussian model.

For each spot, the relationship between volume and total
protein amount was examined in the two parental lines, using
a range of five loadings (5, 15, 25, 35 and 45 pl of extract
corresponding to about 15 to 135 pg of total proteins). Two
protein extracts, each obtained from a mix of about 100 co-
leoptiles, were made for each line and were twice run for each
of the five loadings.

For each of 60 F, individuals, two to four 2-D gels were run
that constituted replicates. Replicates taken from the loading
range analysis were used to characterize the parental lines.
About 40 pg of protein were loaded for each 2-D gel.

Genetic map: Two sources of markers were used to con-
struct the map from 85 F, individuals: (i) 76 RFLP probes
selected from a set of 116 probes for their codominant inher-
itance and (ii) monogenic position shift of proteins, as re-
vealed by 2-D PAGE: two spots, with similar aspect and close
to each other, are mutually exclusive in the parental lines, are
both present in F, hybrids, and segregate codominantly in the
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F,s as allelic products (all individuals display at least one spot).
Forty-two such protein loci were found.

Pairwise and multipoint linkage analyses were performed
using Mapmaker 2.0 (LANDER et al. 1987). Linkage groups were
constructed with a lodscore threshold of 4.0 and a maximum
recombination value of 0.3. The map distances were calculated
using Kosamsr’'s (1944) function.

The equality of allelic frequencies was tested with a x* test
(1 d.£), and genotypic frequencies were compared to p%2pg:q*
frequencies ( p from the previous analysis), using a x* test with
1df

Scaling procedure for quantitative protein data: Experi-
mental variations made it necessary to scale the 2-D gel data.
First, for each loading of the extracts of the two genotypes L¢
and Jo, the spot volumes were scaled using principal compo-
nent analysis to minimize variations between gels (BURSTIN
et al. 1993). For each spot, the scaled volume was then plotted
against the protein loading. The linearity of the response
curves was tested using classical Fstatistics, and the parameters
of the curve (intercept and slope values) could be estimated
for 113 spots. Twenty-six of these spots, distributed all over the
gel surface, were chosen as references because (i) they did not
differ significantly in intensity between L, /o and their F, over
the loading range and (ii) the linear model explained at least
60% of the variation in spot volume. Using the population of
reference spots, an effective loading g; of each 2-D gel jin the
experiment was estimated as follows:

g =2 [(v;— b)/a]/26

where v, was the volume of the ith reference spotin gel j, and
a; and b, the slope and intercept, respectively, of the curve for
the ith reference spot. Then the volume of any spot k in gel
j could be calculated as:

UG = & (q— ‘Ij) +

where v¢,; and v,; were the corrected and raw volume, respec-
tively, of spot k in gel j, a, the slope of the response curve of
the kth spot (calculated as the common estimate of the slopes
obtained for spot & in each parental line), and ¢ an arbitrary
protein loading value, identical for all gels. These corrected
volumes are therefore measures of protein amounts expressed
in arbitrary units and corrected for gel-to-gel variation.

Quantitative analysis: Fiftyseven common spots and 15
pairs of protein position shift were selected for quantitative
analysis in the parental lines and in 60 F, individuals (identity
of spot position was checked using coelectrophoresis (1:1, v:v)
of parental extracts). The occurrence of quantitative variation
between parents was assessed using one-way ANOVA with the
genotype (two levels, L¢ and Io) as the factor. One-way
ANOVAs with the F, genotype as the factor and the spot vol-
ume as the dependent variable showed significant genotype
effect (P =< 0.05) for 88% of the spots (P = 0.001 for 55% of
them), indicating small values of residual variance. The mean
volumes were computed for each spot in every F, genotype,
and were used for the subsequent analyses.

Detection of PQLs: PQLs were searched for the 72 proteins
quantitatively analyzed in the progeny. For the 15 proteins
displaying a position shift, the two members of a pair were
considered as allelic forms of the same protein, and the vol-
umes of the two spots present in heterozygous genotypes were
added (see DISCUSSION).

The volumes were normally distributed for 56 spots, and a
log,, transformation normalized the distribution for 10 addi-
tional spots. Mapmaker/QTL software (version 2.0) was used
to map the PQLs in intervals between markers (LANDER and
BotsTEIN 1989) for these proteins. A PQL was retained when

it was detected with a lodscore threshold of 2.4. The lodscore
value indicates how much more probable (in a decimal loga-
rithm scale) the data are to have arisen assuming the presence
of a PQL than assuming its absence. The threshold was chosen
from theoretical considerations of LANDER and BOTSTEIN
(1989), given that maize has 10 chromosomes, a genome
length between 1500 and 2000 cM, and that the mean spacing
between markers was about 18 cM in our map (expressed in
Haldane distance, which is the metric used by Mapmaker/
QTL). For a given trait, this threshold corresponded to a glo-
bal type I error of 0.05.

One-way ANOVAs [PROC GLM routine in SAS (SAS Insti-
tute 1988)] with genotype at the marker locus as the factor
(three levels) and mean volume as the dependent variable
were used to detect PQLs for spots with non-normally distrib-
uted volumes, because ANOVA is robust regarding deviation
from normality. The type I error was 0.0005. Assuming all
markers independent, the probability of false positive occur-
rence would be about 0.05 for one trait.

ANOVAs were also performed for the 66 proteins with nor-
mally distributed volumes, and the significance was examined
as related to lodscore values.

PQL effects: For several proteins, PQLs were detected by
clusters of linked markers when using ANOVAs. We consid-
ered that these markers detected the same PQL, and the most
significant association of the cluster was used to calculate the
genetic parameter values.

The proportion of the total variation in spot volume ex-
plained by each PQL was recorded as an R? value (R? = ratio
of the sum of squares explained by the marker locus to the total
sum of squares). When two or more PQLs were detected for
a polypeptide, the cumulative R’ was computed using
Mapmaker/QTL, or the arithmetic sum of the R% from
ANOVAs.

For each PQL, the linearity test between the spot volume
and the genotype at the marker locus was used to test domi-
nance (P = 0.05). Differences between the mean volumes of
the three genotypes at the marker locus were used to test over-
dominance (#test, P < 0.02). The genetic models available in
Mapmaker/QTLwere also used to test the genetic parameters.
When a discrepancy occurred between the two methods (six
cases), the ANOVA results were preferred except when the
PQL was located distantly from the flanking markers (two
cases).

Effect of the allelic substitution on the protein amount was
calculated in standard deviation units, as

(H-L)/SD

where H (respectively L) was the most (respectively least) in-
tense homozygote mean volume, and SD the standard devia-
tion of the spot volume in the F, progeny.

Epistasis was tested using two-way ANOVAs with interaction,
with markers as the factors with three levels each. Due to the
high number of analyses performed (5886 for each protein),
a type I error of 107° was chosen. No statistical test was at-
tempted to compare the nine two-locus genotypes due to the
small size of some genotypic classes. The surfaces defined by
the spot volume and the genotype at the two marker loci were
visually inspected.

RESULTS

Genetic map: High levels of polymorphism were
found between the two lines L¢ and Jo. One hundred
and forty-three RFLP probes were tested with the re-
striction enzymes EcoRI and Hindlll, 116 of which
(81%) revealed polymorphism with at least one enzyme.
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Forty-two pairs of monogenic protein position shift were
found.

The 118 markers with codominant inheritance (76
RFLP and 42 protein markers) were used to construct
the genetic map. One hundred and nine markers were
arranged by Mapmaker in 10 linkage groups that were
assigned to the 10 chromosomes of maize using markers
previously located in the core map. Six RFLP markers
remained unmapped. Thirty-nine of the 42 protein po-
sition shifts were mapped at chromosomal positions
hereafter referred to as PSL for position shift loci, that
were interspersed with the RFLP loci (Figure 1). As com-
pared to the maize core map (GARDINER et al. 1993), at
least three PSLs (PSL 44 on chromosome I, PSL29 on
chromosome 6 and PSL23 on chromosome 7) marked
regions without RFLP markers. More interestingly, PSL
48 allowed chromosome 10 to be continued about 30
c¢M beyond UMC44A, the most distal probe of the core
map, and 20 cM beyond SC53, a ribosomal protein
probe. The number of deviations from the expected 1:1
allelic frequency was only three, which is in the range
expected by chance at the 5% level. Deviations from the
expected p*2pq:¢* distribution were observed for 14.9%
of the markers (10% if the linked markers were not con-
sidered), that corresponded to excess (chromosomes 1,
3, 5, 6 and 8) or deficit (chromosomes 2, 4 and 7) of
the heterozygous class. The meaning of these deviations
was unclear, because no significant residual heterozy-
gosity for the markers involved was found in a recom-
binant inbred line population derived from the same
cross (data not shown).

The length of the map was 1490 cM using the Kosambi
distance (1810 cM in Haldane distance), which is in the
range of estimated genome lengths for maize (BEavis
and GRANT 1991). The marker locations were consistent
with the previously published maps, except for UMC63,
located on chromosome 2 in the core map but on the
long arm of chromosome 5 in our map, and UMC23 and
UMC14, mapped on chromosome I in the core map but
on chromosome 2 in our map. This result could be ex-
plained by duplicated sequences in chromosomes I and
2 (HELENTJARIS et al. 1988) and by lack of polymorphism
of one of the duplicated loci. The pairs UMCI139-
UMCbH5 (chromosome 2), UMC102-UMCI10 (chromo-
some 3), UMC166-UMC27 (chromosome 5) appeared
in reverse order as compared to the core map.

Genetic determinism of protein amount variation:
Common polypeptides: For the analysis of genetic deter-
minism of protein amounts, 57 spots common to the two
lines were retained on the following criteria: (i) re-
sponse curve of the spot volume against the protein load-
ing linear in most of the loading range and (ii) reliable
quantification both in parents and progeny. Since a
linear relatonship existed between spot volume and
protein amount, the volumes could be considered as
measures of protein amounts.

Volume differences between the two lines were found
significant at P < 0.05 for 49 of them, and were slightly
below the threshold otherwise. Most of the spots dis-
played normally distributed volumes in the progeny,
supporting the hypothesis of oligo- or polygenic control
of gene product amount. For about half the proteins,
the distribution was not centered on the mid-parental
value, which was inconsistent with a purely additive con-
trol of the amount for these polypeptides. The shift in
intensity relative to the mid-parental value was more of-
ten toward higher than to lower intensities (14 cases vs.
5, respectively).

Using the 109 mapped markers, 52 PQLs were iden-
tified that controlled the variation in amount of 33 com-
mon polypeptides.

Position shift variants: Among the 42 pairs of posi-
tion shift variants selected for segregation analysis, 15
were also quantitatively analyzed (Figure 2). For the re-
maining pairs, one or both spots were in a crowded area
or did not follow the criteria previously defined.

Between-line differences for the volumes of the allelic
spots appeared in 10 pairs out of 15. In the F, progeny,
two situations were observed. (i) Allele-specific expres-
sion (seven pairs): the spot volumes differed between
the homozygous classes, and the heterozygotes had the
two spots with unequal volumes, each one displaying a
dose effect (Figure 3A) and (ii) no allele-specific ex-
pression (three pairs): the homozygous classes had simi-
lar mean spot volumes, that was only slightly lower than
the most intense parental spot; the heterozygotes dis-
played the two spots with equal volumes, with a dose
effect (Figure 3B). Transacting unlinked factor with
dominant action could explained that observation.
Since a dose effect appeared in the heterozygotes, the
factor might be limitant. The absence of some genotypic
classes (spots of low intensity in homozygous and het-
erozygous genotypes were expected according to the hy-
pothesis) would be due to the small size of the progeny.

For the five pairs with no between-line difference, a
dose effect was observed in the progeny (Figure 3C).

For PQL detection, the two proteins of each pair were
considered as forms of the same protein, and 18 PQLs
were found for 9 of these 15 proteins (Table 2). Six of
the PQLs were coincident with the PSL, four of them
possibly accounting for the observed allele-specific ex-
pression. No PQL was found that could support the hy-
pothesis of a distant trans-acting regulator with domi-
nant effect that was put forward for three proteins. PQLs
were found for three of the five pairs which did not
display difference for spot volume between the parental
lines.

Genetic parameters of the PQLs: When considering
together the 15 proteins displaying position shiftand the
57 proteins common to both parental lines, 70 PQLs
affecting 42 proteins were found. Forty of them were
detected with a lodscore equal to or greater than 3.0,
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Ficure 1.—Genetic linkage map derived from Jo X L¢ F, population of 85 plants. Symbols to left of chromosomes are RFLP
and protein markers. RFLP markers are indicated with dashes whereas protein markers are indicated with black circles. Symbols
to right of chromosomes represent approximate positions of significant PQLs detected for 9 proteins displaying position shift (PS)
and 37 common proteins (Q) in the F, population (see Table 2). Asterisks point to regions involved in epistatic controls.
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FIGURE 2.-—Schematic 2-D protein pattern of the 966 spots scored in Jo and L¢ lines. Spots in black were quantitatively analyzed

in the F, progeny. The two members of the 15 pairs of position s

hift variants are joined by a solid line. Figures indicate the position

shift variants (PS in Table 2 and Figure 1) and the proteins common to both parental lines (Q in Table 2 and Figure 1) for which

PQLs have been detected. Horizontal scale: isoelectric points;

and most of them were detected by ANOVA with P <
0.01 (Table 2). They were located throughout the 10
linkage groups and did not seem to be preferentially
close to protein rather than to RFLP markers (Figure 1).
Thirty polypeptides had no PQL detected, while 20 had
at least two PQLs, the maximum number being five (two
proteins) (Figure 4). Different chromosomes were in-
volved in the control of most of these 20 proteins. For
11 of them, the alleles increasing the amount came from
both parental lines, resulting in transgressive genotypes
in the progeny.

Additivity was observed for 33 PQLs and dominance
for 35 PQLs. Two PQLs with (pseudo)overdominant ef-
fects were detected that affected the expression of two
proteins with position shift. Dominance for high
amount was three times more frequent than dominance
for low amount.

The effects of the PQLs, measured as the proportion

vertical scale: molecular masses.

of total variation they explained (R?), ranged from 14%
(lower statistical limit) to 67% (Figure 5A). Cumulative
R? values ranged from 37% to 90%, with values above
60% for 13 proteins. The effect of the allelic substitution
in standard deviation units ranged from 0.1 to 3.3, with
the most frequent class around 1.5 (Figure 5B).

Epistasis: Two-way ANOVAs with markers as factors
and a type I error of 107 allowed the detection of 38
significant interactions, while only 4 were expected by
chance. These interactions occurred between unlinked
markers, except in four cases. The 43 markers involved
belong to 26 chromosomic regions, most of which al-
ready contained PQLs (Figure 1).

Ten polypeptides were subject to epistatic control,
four of which had no previously detected PQL (Table 2).
From 2 to 10 epistatic PQLs were detected per polypep-
tide that belonged to one to seven chromosomes. For
most proteins, the epistatic PQLs did not map with the
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FIGURE 3.—Histogram of spot volumes for three examples of position shift variants. The histograms of the spots of a pair are
represented one above the other. Homozygotes for o (respectively Lc) alleles are left hatched (respectively right hatched), and
heterozygotes are in black. The arrows point to the mean spot volume in /o or Lc¢ line. (A) Allele-specific expression: the allele
spots display significant volume difference between the parental lines. In the progeny, the homozygous genotypes have spot volume
centered on the parental volume, and a dose effect appears in the heterozygotes. (B) No allele-specific expression: the allele spots
display significant volume difference between the parental lines. In the progeny, both homozygous genotypes have volumes
centered on the highest parental volume, and a dose effect appears in the heterozygotes. (C) No between line difference exists
for the allele spot volumes. In the progeny, a dose effect appears in the heterozygous genotypes.
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TABLE 2

Chromo- Chromo-
Protein PQL some Allele Effect LOD P Protein PQL some Allele Effect LOD P
PS3S  pqll* 9 Le d 3.30 3107 Q424  pqll 8 Io a 529 610
Pqi2 9 Le d 390 210% Q432 pqll 1 Io d 260 710°
PS9* pqg 15 Io a 3.2 9107 pql2 9 Io d 271 2107
Pq Le d 273 210 Q447  pqll 7 Io a 609 210°
ps12 pqg f; 50 a 3.03 4-10:: pql2 10 Le d 322  4-10°
ggl% ’ 0 i 266 &10 Q474 pqll 10 Le d 250 5107
pql6 2 i Q483  pqll 8 Le a 263 51073
ggg‘g ; : Q514 pqll 3 To d 482 3100
pqll0 6 i Q546  pqll 7 Io a 265 51073
pq}i; | z i Q632  pqll 1 Io d 253 4107
Pq i Pqi2 2 Le a 383 5107
PS16 pqll* 3 Le o 6.16  2-10° pql3 5 Le a 6.88  3:10°
. -3
PS22%  pqll 5 Io d 349  510% pqlt ; Le —d 317 4107
pql2 6 Io a 299 2107 pal5 ? fo d 275 410
pql3 8 Io a 251  16-10° Q647  pqll 3 Le a 752 4107
pql4* 9 Le¢ d 556 610 pql2 5 Io d 2.89 21-10°
pal5 9 Le d 254 107 Q655  pqll 3 Le a 306 4107
PS25MS  pqll* 1 Le d 250 5107 Q656  pqll 2 Io a 359 710
PS32%5  pqll* 2 Lc o —  10* pqi2 10 L¢ d 3.20  6-10°*
ggiQM § i Q676 pqll 6 Le a 409  5-10™
1
695 1 : 1073
PS38 pail 1 Io d 388 310" Q pall fo d 5257 1?
pql2 8 Io d 242 9107 Q743 pqll 3 lo 303 107
PS428  pgll 6 Le d 263  33:10° Q748 pqll 1 Le a 412 510"
pq]2* 8 Le a 3.99 1073 pq12 5 Io d 2.80 2-1073
PQ}i_ s ; i Q749  pqll 6 Io a 349 9-10™
bl 3 ; Q751 pqll 6 Io a 378 910°
Q188 pqll 2 To d 7.31 9.10™ Q790 pqll 7 Io a 3.20 3-1073
Q201 pqll 7 i Q833  pqll-3 1 i
pql2 9 i Pqi; 3 i
1
Q204 pqll 6 Lc d 2.50 11- 19‘3 8316_7 7 i
pql2 9 Io a 8.07 <10 pql8 10 i
Q207 pqil 1 Le a 9.73 4'10;’ Q915  pgqll 2 Le a 246  25-107°
pql2 1 Lc a 899  <«10° pal2 2 Lc d 291 6107
pql3 9 Io d 2.92 2-107% pql3 2 i
Q285 pqll 4 Io a 1145 <107 pql4-6 4 i
pql2 5 Io a 3.05  6-107 Q937  pqll 3 Io d 403 10
Q293 pqll 9 Le a 705 310° pqu 6; Io d 269 2107
Q303  pqll 1 Io a 256 610% P4 '
" Q977  pqll 1 i
Q320 pqil 3 Io a 2.58 410 pql2-4 3 i
Q350 pqll 2 i pql5 7 i
pqi2 9 i pqig 180 i
Q360  pqll 1 Le a 304 9107 Pq ' \
pal2 5 Io a 250 6107 Q985 pqll 9 lo d — &l
Q380  pgil 5 Io d 262  11-10° Q1012  pqll 5 Lc a 3.14 810
pgl2 7 Io d 254 11107 pql2 5 Io d 338 810"
Q391  pqll 6 Le d 310 15107 ggii g fo ‘3 405 8110
Q401 pqll 6 Io d 244 9107 pql5 7 i

Chromosomal location, additivity (a), dominance (d), overdominance (o), epistasis (i), lodscore value (LOD) and type I error for the ANOVAs
(P) are indicated. Lc or o in the column ‘Allele’ indicate the parental origin of the allele responsible for the highest amount. For Position shift
protein (PS) the asterisk indicates a PQL located close to the position shift locus; AS and NAS identify position shift variants with allele-specific
and non-allele-specific expression, respectively (see text).
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Ficure 4—Histogram of the number of PQLs detected per
protein.

PQLs. The interactions can be only pairwise or more
complex, involving sometimes cascades. The surfaces
defined by the mean volumes of each two-locus geno-
type were of two kinds: (i) with one (more rarely two)
genotype(s) strongly different from the other ones (15
surfaces); the outlying genotype had in most cases the
highest volume (Figure 6) and (ii) surface of any form
(four surfaces).

Coexpressed polypeptides: For the analysis of coex-
pression of proteins, we looked for PQLs located at simi-
lar map position, and we examined correlations between
spot volumes.

Thirteen markers detected two to four PQLs that con-
trolled different proteins. Fifty-five percent of the cor-
relations computed between the volumes of the spots
having such colocated PQLs were over 0.30 (P =< 0.05)
and 15% were over 0.50 (P = 0.001). As expected, the
sign of these correlations was positive when the alleles
responsible for the highest amount came from the same
parent, negative in the reverse case, except in one case.

Correlation values over 0.50 involving 34 proteins
were also found that could not be interpreted in terms
of colocated PQLs. However, since for 21 of these pro-
teins no PQL was detected, the hypothesis of undetected
colocated PQLs could not be discarded.

DISCUSSION

Control of genetic expression: In maize, we found
that the amounts of proteins, assessed through spot vol-
umes, were continuously distributed in an F, progeny,
and that it was possible to map Mendelian factors
(PQLs) involved in their variation. Seventy PQLs were
detected for 72 proteins, with a type I error of 0.05 for
each protein. With this threshold, less than four false
PQLs were expected by chance, i.e., about 20 times less
than what was found. If the type I error was more
stringent, the power strongly decreased: for example,
it fell from 0.74 to 0.49 when the type I error went
from 0.05 to 0.01 for a PQL accounting for 15% of
the variance of the trait (A. CHARCOSSET, personal
communication).

Probably very few PQLs with high effects remained
undetected given the density of the map. Since the QTL
detection methodologies can locate only genes segre-
gating for alleles with relatively large effects, the PQL
numbers, from 1 to 5 for 42 proteins, were minimum
estimates. The mean number of PQLs was similar for
proteins with position shift polymorphism and for pro-
teins with only quantitative variation. The number and
relative effects of PQLs dramatically differed among the
proteins. For example, the PQL detected for protein
Q985 explained as much variation as the five PQLs of
PS22 (ca. 70%). For the 30 proteins without PQLs in the
present analysis, PQLs with minor effects could be found
when using ANOVA with P = 0.05 (not shown).

When PQLs with interactive effects were taken into
account, up to twelve chromosome regions could be in-
volved in the control of a single protein. Twenty-five pro-
teins had at least two PQLs and/or epistatic PQLs. At
least in such cases a control by genetic elements distant
from the structural gene can be concluded. The control
of the amount of the proteins which display position
variation could provide more precise information about
the location of the PQLs relative to the structural gene,
if the genetic basis of the shift could be elucidated. The
two members of the pair could be (i) products of allelic
structural genes, (ii) products resulting from the action
of a polymorphic, modifier locus and (iii) products of
two closely linked genes. The recombination fraction
between two such genes should be below 3%, since no
recombinants were detected in 85 individual progeny
(P = 0.05). Actually in a collection of 21 genetically
distant maize lines, both members of the pairs were
never found together, which makes the latter hypothesis
rather unlikely (J. BURSTIN, personal communication).
The position shifts of proteins on 2-D gels are likely to
have the same bases as the differences in electrophoretic
mobility of enzymes, namely in many cases, differences
in the structural gene (GELBART et al. 1976; Lusis and
PAIGEN 1978; THATCHER 1980; KELLY and FrReeLING 1980;
LANGLEY ¢t al. 1988). Molecular techniques (sequencing
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FIGURE 6.—Example of the most commonly observed sur-
face of epistatic interaction between pairs of marker loci. The
homozygous genotypes for each locus (x and y axes) are noted
1 and 3, and the heterozygous genotypes are noted 2. The spot
volume is indicated on the z axis.

alleles, mapping probes of the structural genes) would
indicate whether the gene responsible for the shift is
indeed the structural gene.

Just as different levels of electrophoretic polymor-
phism of proteins seemed to exist as related to their
structure and/or function (GILLESPIE and Kojima 1968;
JounsoN 1974; MCCoNKEY 1982; SOMMER et al. 1992), cat-
egories of complexity in genetic control could exist, as
related to the function of the protein or its level of action
in the metabolism. Our results do not allow the iden-
tification of clear cut categories of complexity of protein
amount determinism, but suggest, however, a great di-
versity of possible controls.

Intra- and interlocus interactions: About half of the

PQLs had dominant or (pseudo)overdominant effects,
and dominance was involved in the control of 64% of the
42 proteins with detected PQLs. Positive dominance ap-
peared three times more frequently than negative domi-
nance, which is consistent with the asymmetry of non-
additivity already observed in F, hybrids (DE VIENNE et al.
1988). Epistatic interactions between pairs of loci affect-
ing protein amount concerned 14% of the proteins, and
the most frequently observed situation resulted in one
genotype with higher amount than the others. Thus,
both dominance and epistasis could account for the shift
of the amount distribution of some proteins toward a
value higher than the midparental value.

Our results concerning epistasis contrast with those ob-
tained from morphological or agronomical traits, where
interactions are not commonly detected (EDWARDS et al
1987; PATERSON et al. 1991; DE VICENTE and TANKSLEY
1993). This might be due to lower numbers of steps be-
tween gene expression and protein phenotypes than be-
tween gene expression and composite macroscopic phe-
notypes. Molecular interactions involving proteins, or
proteins and nucleic acid sequences, play a major role
in gene transcription (DyNaN and TjiaN 1985; MiNER and
Yamamoro 1991; Jones 1991; KAELIN et al. 1991; CoNawAY
and Conaway 1993). Heteropolymer associating sub-
units encoded by different genes are documented not
only for enzymes [see DE VIENNE and RODOLPHE (1985)
for review], but also for transcriptional activators, some
of which are known to act through heterodimerization
(SMEAL et al. 1989; BENEZRA et al. 1990; LaMs and
McKNIGHT 1991; PysH et al. 1993). Genetic variability
affecting the interacting elements may generate
epistasis. Transduction signal systems or regulatory
hierarchies can also be sources of epistatic phenomena,
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since disruption of one element can impair the func-
tioning of others (ARTAVANIS-TSAKONAS 1988; AVERY and
WasseErRMAN 1992). In our study, the most frequently ob-
served epistasis situation was highest protein amount in
one (more rarely two) genotype. An interlocus het-
erodimer with only one combination of subunits being
fully functional could explain such results. Other sys-
tems involving two components (e.g., two different pro-
teins cooperating for the same function, or a cis-acting
sequence and a transacting factor) could produce a
similar surface of interaction.

Coexpression of proteins: We found partial discrep-
ancy between the set of proteins with colocated PQLs
and the set of highly correlated proteins. When a high
correlation was not supported by colocated PQLs, it
could be that PQLs were undetected. In fact, when the
PQLs detected using ANOVA with P < 0.05 were taken
into account, it was possible to find at least one PQL
accounting for most of the observed correlations. When
no significant correlation was found in spite of colocated
PQL(s), the simplest hypothesis was that the largest pro-
portion of the amount variation was explained by un-
linked, protein specific PQLs. When proteins shared
more than one region with colocated PQLs, different
allele effect distributions in the different regions might
also account for lack of correlation.

The 70 PQLs were located in about 30 chromosomic
regions that may contain several linked genes, or one
pleiotropic gene. Analyzing other progenies or popu-
lations would help making a decision, since linkage dis-
equilibrium would not be expected to persist across vari-
ous backgrounds.

Conclusion: The proteins under study were chosen
independently of any functional criteria, and therefore
probably represented a broad spectrum of gene prod-
ucts. Thus, our results showed that numerous polymor-
phic elements controlling gene expression dispersed
throughout the genome are a common feature of gene
regulation, as was suggested from studies on enzyme
genes. Numerous molecular processes are involved from
gene transcription to protein maturation. Even if the
level of action of the PQLSs remains to be determined,
it appeared that many proteins can tolerate polymor-
phism simultaneously at more than one step of their
biosynthesis. The complexity of genetic control evi-
denced for 42 anonymous gene products illustrates the
large diversity of possible protein phenotypes. A high
flexibility of the genetic expression is thus theoretically
available, that might be favorable in some developmen-
tal context, or in response to environmental changes.
This large reservoir of regulatory variation can poten-
tially serve to provide abundant phenotypic variation as
the raw material for natural selection. However, prob-
ably not all the regulatory variations are relevant to adap-
tive and morphological variation, and additional physi-
ological studies are required. Techniques are now

available to identify and characterize proteins from vari-
ous cellular compartments resolved by 2-D PAGE, from
western blotting to microsequencing or determination
of amino acid composition (BAUW et al. 1989; RASMUSSEN
et al. 1991; SHaw 1993).

Our methodology could be used to analyze the ge-
netic control of the amount (or activity) variation of
known-function proteins involved in a metabolic path-
way. For example, we recently dissected the regulatory
relationships between activities of various key enzymes
of carbon metabolism in maize (M. CAUSSE, J. P. ROCHER,
A. M. HENry, A. CHARCOSSET, J. L. Priour, and D. DE
VIENNE, submitted for publication). Such analyses would
help understanding the genetic architecture of compos-
ite networks and the possible adaptive significance of the
polymorphism levels observed for their components.

We thank M. LE GuiLLoux for expert technical assistance for 2-D gel
electrophoresis, and A. LEoNARDI, M. CaussE and M. Zivy for valuable
comments on the manuscript.
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