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To identify genetic loci involved in the regulation of organ-specific enzyme activities, a specific histochemical staining
protocol was used in combination with quantitative trait locus (QTL) analysis. Using phosphoglucomutase (PGM) as an
example, it is shown that enzyme activity can specifically, and with high resolution, be visualized in non-sectioned seedlings
of Arabidopsis. The intensities of staining were converted to quantitative data and used as trait for QTL analysis using
Landsberg erecta � Cape Verde Islands recombinant inbred lines. Independently, PGM activities were quantified in
whole-seedling extracts, and these data were also used for QTL analysis. On the basis of extract data, six significant (P �
0.05) loci affecting PGM activity were found. From the histochemical data, one or more specific QTLs were found for each
organ analyzed (cotyledons, shoot apex, hypocotyl, root, root neck, root tip, and root hairs). Loci detected for PGM activity
in extracts colocated with loci for histochemical staining. QTLs were found coinciding with positions of (putative) PGM
genes but also at other positions, the latter ones supposedly pointing toward regulatory genes. Some of this type of loci were
also organ specific. It is concluded that QTL analysis based on histochemical data is feasible and may reveal organ-specific
loci involved in the regulation of metabolic pathways.

Carbohydrates constitute the major part of plant
biomass, and carbohydrate metabolism is one of the
central biochemical pathways in plant cells. Hence
understanding carbohydrate metabolism and its reg-
ulation is of crucial importance. Over the last few
decades, most of the genes encoding the enzymes
catalyzing the various steps of carbohydrate meta-
bolic routes, have been unraveled. However, this
does not automatically imply that the regulatory
mechanisms of these routes have become clear as
well. Carbohydrate metabolism as a whole, but also
the individual steps of the various pathways, are
likely to be controlled by a plethora of genes, encod-
ing the enzymes and regulators at different levels.

Quantitative trait locus (QTL) analysis is a power-
ful approach to identify genes involved in processes
controlled by many genes when genetic variation for
these genes is present. This has been shown in Ara-
bidopsis for traits such as flowering time (Koornneef
et al., 1998; Ungerer et al., 2002), nitrogen use effi-

ciency (Loudet et al., 2003), and salt tolerance (Que-
sada et al., 2002). A few papers have shown the
potential of this approach in genetic mapping of
enzyme activities. Suggestions for possible candidate
genes have often been inferred from a similar map
position of these QTLs with genes known to be in-
volved in the process under study (Arabidopsis
[Mitchell-Olds and Pedersen, 1998]; maize [Prioul et
al., 1999]; tomato [Fridman et al., 2002]; rice [Hu et
al., 2001]).

Now that the genome of Arabidopsis has been
sequenced (Arabidopsis Genome Initiative, 2000), the
map position of most genes encoding the enzymes
involved in primary metabolism are known, and
QTL analysis of enzyme activities would be expected
to reveal the already known loci, provided that ge-
netic variation is present in the segregating popula-
tion under investigation. However, in addition to
this, QTL analysis might reveal regulatory loci. Using
a QTL approach, Mitchell-Olds and Pedersen (1998)
presented evidence for such regulatory loci, affecting
the activities of several enzymes involved in primary
metabolism in Arabidopsis.

Carbohydrates are primarily synthesized in the
leaves (photosynthesis), and then distributed over
the various organs of the plants. This may include
various cycles of synthesis and breakdown of inter-
mediates, e.g. Suc and starch, both at the sites of
synthesis and export (sources) and in the final sinks.
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Hence, the localization of activities of enzymes in-
volved is important for the understanding of regula-
tion of source-sink interactions.

We took a QTL approach to unravel the regulation
of carbohydrate metabolism and source-sink rela-
tions one step further by taking into account the
localization of enzyme activities. A previously de-
scribed histochemical method (Sergeeva and Vreug-
denhil, 2002), which allowed the detection of the
activities of enzymes involved in carbohydrate me-
tabolism in tissue sections, was applied to intact
seedlings of Arabidopsis. The obtained staining pat-
terns were (semi-) quantified and used for QTL
analysis.

Phosphoglucomutase (PGM) catalyzes the revers-
ible conversion of Glc-6-phosphate to Glc-1-
phosphate (Glc1P), an important step determining
the further metabolic fate of the carbohydrate: Glc-6-
phosphate may enter glycolysis, whereas Glc1P is
primarily used for polymer biosynthesis, i.e. starch
and cellulose (Periappuram et al., 2000; Fernie et al.,
2002).

Using PGM as an example, we show that QTL
mapping using data from histochemical analyses re-
sults in (a) the identification of loci involved in total
enzyme activities in plants, as determined in extracts;
(b) QTLs, which affect activities in all organs, and
other loci that only affect PGM activity in one or a
few organ(s); and (c) colocalization of some loci with
structural genes, encoding these enzymes, whereas
others do not colocate with structural genes, pointing
toward putative regulatory loci, some of which are
also organ specific.

RESULTS

PGM Activities in Extracts

Initially, the activities of PGM in whole-seedling
extracts were determined to find out whether the
parental lines differed in total PGM activity and
whether segregation could be found in the recombi-
nant inbred lines (RILs). Figure 1 shows the fre-
quency distribution of PGM activities in the RILs.
Although the parental lines were only marginally
different from each other, a wide range of variation
was observed among the RILS.

The activities in extracts of the RILs were used for
QTL analysis. Six significant (P � 0.05) QTLs were
found. One additional locus was identified using a
lower significance threshold (0.1 � P � 0.05). The
effects of the individual loci are summarized in Table
I. The major loci at the bottom of chromosome 5
(around 89 centimorgans [cM]) and chromosome 1
(around 115 cM) explained 10.3% and 8.6% of the
phenotypic variation, respectively. Total explained
variance was 64.2%. The interaction between the loci
near markers CD173 and EG113 and between loci
near markers AXR-1 and EG75 explained an addi-
tional 6.5% of the variation.

The observation that both Landsberg erecta (Ler)
and Cape Verde Island (Cvi) have alleles that in-
crease and decrease PGM activity, depending on the
locus, is in agreement with the transgression ob-
served in the total population.

Histochemical Staining of PGM Activity

Having demonstrated that PGM activity in seed-
lings segregates in the Ler � Cvi RIL population, we
tested whether PGM activities could be localized us-
ing in situ staining, as described previously for tissue
sections (Sergeeva and Vreugdenhil, 2002). Whole
seedlings were fixed and incubated in the staining
mixture without sectioning. Figure 2 shows the re-
sults for seedlings of the parental lines. Clearly, pre-
cipitation of nitroblue tetrazolium was observed, in-
dicating enzyme activity. This precipitation
specifically indicated PGM activity, as judged from
the absence of staining in the control, in which Glc1P,
being the substrate for the PGM reaction, was omit-
ted (Fig. 2E). Another control, in which NAD was

Table I. QTLs for PGM activity in whole-seedling extracts

The chromosome number, genetic location (cM), and nearest
marker are given. Significance was calculated based on LOD values
(**, P � 0.05; *, P � 0.10). Allelic effects are indicated with � (Ler �
Cvi) and � (Ler � Cvi). Total explained variance was 64.2%.

Chromosome
No. Position

Nearest
Marker

LOD
Explained
Variance

Effect of
Ler Allele

cM %

1: 7.5 AXR-1 2.82** 3.6 �
1: 61.3 EG113 2.57** 3.4 �
1:
115.2

CD173 6.06** 8.6 �

3: 7.8 EG75 2.47* 3.1 �
3: 32.7 AD92 2.60** 3.3 �
5: 19.5 BH107 3.71** 4.8 �
5: 88.7 HH445 7.49** 10.3 �

Figure 1. Frequency distribution of PGM activities in extracts of
seedlings of 142 lines of the Cvi � Ler recombinant inbred popula-
tion. Arrows indicate activities of the parental lines.
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omitted, also showed no staining (data not shown).
For Ler, high PGM activity was observed in the cot-
yledons, especially in the veins. In contrast, PGM
activity was nearly absent from the apical meristem
and the hypocotyl (Fig. 2A). The root was stained
with increasing intensity toward the root tip. Stain-
ing was also observed in the root hairs (Fig. 2F).

Cvi seedlings showed lower staining in the cotyle-
dons, and the specific staining of the veins, as seen in
the Ler seedlings, was absent. However, the apex and
the lower part of the hypocotyl stained more intense
than in Ler seedlings. The staining pattern in the root
was similar to that observed in Ler (Fig. 2B).

For comparison, activity staining of PGM is also
shown for Columbia (Col) seedlings (Fig. 2C) and the
PGMp mutant lacking plastidic PGM activity, in Col
background (Fig. 2D; Caspar et al., 1985). The main
difference between mutant and wild type was ob-
served in the cotyledons, which hardly stained in the
mutant, and was observed much more in the wild
type, especially in the veins.

Figure 2F illustrates the high spatial resolution of
the method, showing in detail the lower part of the
hypocotyl and the upper part of the root, including
staining in the root hairs.

Quantification of Staining

By scoring the intensities of staining on a scale,
ranging from 0 to 5, indicating no and very intense
staining, respectively, we generated quantitative data
to be used for QTL analysis. Within a batch of seed-
lings from the same line, variation was also observed
between individual seedlings. Hence, data were
based on average patterns derived from 10 to 40
seedlings per line. Activities were quantified sepa-
rately for cotyledons, shoot apex, hypocotyl, root
neck, root, root hairs, and root tip.

The validity of the scale used for scoring activities
was tested by comparing PGM activities as deter-
mined in whole-seedling extracts with staining data.
To generate staining data for whole seedlings, a
weighed sum of data of all organs was calculated for
each line, assuming relative proportions per organ to
be 40%, 5%, 15%, 25%, 5%, 5%, and 5% for cotyle-
dons, apex, hypocotyl, root, root neck, root tip, and
root hairs, respectively. Figure 3 shows that the scale
used to score intensities of staining corresponded
well with activities as determined in extracts. Slight
modifications of the proportional values per organ
yielded similar results (data not shown).

Figure 2. Examples of staining for PGM activi-
ties in 7-d-old seedlings of Ler (A), Cvi (B), Col
(C), PGMp mutant (D), and control (Col; E). In
the control, Glc1P was omitted from the incu-
bation. F, A detail of the hypocotyl-root transi-
tion, including staining of root hairs (Ler).

Quantitative Trait Loci from Histochemical Data
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QTL Analysis of Activity Staining

Quantitative data, describing activities per organ,
were used for further analysis, revealing QTLs for
PGM activity in different organs of the Arabidopsis
seedling. QTLs affecting the activity of PGM were
detected for all organs analyzed. In Table II, the QTLs
for the various organs are listed.

At the lower end of chromosome 1, around 110 cM,
a clear QTL was present for PGM activity in all
organs. The Ler allele increased activity in all organs.
The aboveground parts (cotyledons, apex, and hypo-
cotyl) only showed minor additional QTLs in other
regions of chromosome 1. In the root (not including
the tip, hairs, and root neck), this QTL was the only
one observed on chromosome 1. However, for the
root tip and root neck region and in root hairs, ad-
ditional significant QTLs were found around 25 and
50 cM.

Chromosome 2 contained two loci, affecting activ-
ities in (parts of) the roots only. On chromosome 3,
various loci were found, which were specific for one
or only a limited number of organs. Chromosome 4
contained one significant locus, affecting activity in
the root tip only.

Chromosome 5 contained various loci affecting
PGM activity. At the top of chromosome 5, a locus
was found around 25 cM, affecting activities in all
parts of the roots, whereas the effects of this locus/
loci on the activities in the upper parts of the seedling
were not significant. At the lower part of chromo-
some 5 (around 90 cM), a locus was present that
affected PGM activity in cotyledons only. In the mid-
dle of this chromosome (around 55 cM), a locus was

found that influenced PGM activities in the root neck
only.

In all organs, except the root tip, the locus around
110 cM on chromosome 1 explained most of the
phenotypic variance. Total explained variance for
each organ ranged from 38.7% to 64.3%.

Figure 4 summarizes the observed QTL locations
for all chromosomes for the various organs, showing
the 2-logarithm-of-odds (LOD) intervals and also in-
cluding the QTLs observed in whole-seedling ex-
tracts and the locations of (putative) PGM genes.

The loci affecting PGM activities in extracts coin-
cided or partly overlapped with loci found using the
histochemical data. However, the opposite was not
true, indicating that the latter method was more sen-
sitive and/or specific.

During quantification of the staining patterns, it
was found that the staining in the roots and in the
hypocotyls was not homogeneous along the lengths
of these organs, as can also be seen in Figure 2. Also,
the root hairs showed different intensities of staining
along the length of the root. Therefore, the intensities
of staining of upper and lower parts of hypocotyls,
and upper, middle, and lower parts of roots were
quantified separately. Similarly, the intensities of
staining in the hairs were quantified in three zones
along the root. QTL analysis of these data revealed
that different loci were involved in controlling PGM
activities in various regions of the same organ. As
example, QTLs for PGM activities in hairs in different
zones is given in Figure 5, for chromosome 1. The
predominant locus around 110 cM, which was also
observed in the average data (Fig. 4), was only sig-
nificant in the upper and lower hair zones, but not in
the middle one. PGM activity in the lower zone was
influenced by a locus at the top of chromosome 1.
This locus was not detected for the activity in the
other two zones. At other chromosomes also, specific
QTLs were found affecting PGM activities in hairs at
different positions along the root (data not shown).
For roots and hypocotyls also, QTLs were found
specifically for various parts of these organs (data not
shown). Thus, the histochemical analysis was sensi-
tive enough to reveal differences within organs.

Allelic Interactions

Two-way interactions were analyzed for all traits
that were significant at P � 0.1, both for extracts and
for staining data. From a total of 155 interactions
tested, only 10 were significant, i.e. for extracts (two),
apex (one), hypocotyl (two), root neck (one), hairs
(three), and root tip (one). From these interactions,
five included the major locus at the bottom of chro-
mosome 1. For total extracts and for apex and hypo-
cotyl (twice) activities, it was found that when the Ler
alleles were present at this locus, thus giving a higher
activity, a Cvi allele at the interacting locus synergis-
tically stimulated PGM activity. However, for activ-

Figure 3. Correlation between PGM activities as quantified in
whole-seedling extracts (y axis) and total PGM activity, calculated
based on scoring of staining of separate organs (x axis), in the Cvi � Ler
recombinant inbred population. PGM activities in extracts are given in
nanomoles per second per gram dry weight. For each line, staining
figures for the whole seedlings were calculated as a weighed sum of
data of each organ, assuming relative proportions per organ to be 40%,
5%, 15%, 25%, 5%, 5%, and 5% for cotyledons, apex, hypocotyl,
root, root neck, root tip, and root hairs, respectively. Lines were
divided into eight classes based on weighed means of staining and
pooled. Averages for pooled lines were calculated and plotted � SE.
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ities in root hairs, the opposite was found, i.e. a Cvi
allele at the interacting locus stimulated PGM activ-
ity when a Cvi allele was present at the locus around
110 cM at chromosome 1. Moreover, three cases were
observed in which a locus at the top of chromosome
3 interacted with other loci, whereas the main effect
of this locus was low, i.e. LODs were between 2.1.
and 2.5.

DISCUSSION

Use of Histochemical Data for QTL Analysis

From Figure 2, it can be concluded that detection of
PGM activity is feasible in intact (non-sectioned)
seedlings of Arabidopsis and allows comparison of
relative activities in various organs and tissues.

It was found that staining varies between tissues
within the same seedling and also between Arabi-
dopsis accessions (Fig. 2). The latter type of variation
was used to perform a QTL analysis, using the seg-
regating RIL population derived from accessions Cvi
and Ler (Alonso-Blanco et al., 1998). The validity of
the scoring method to quantify the staining patterns
was tested in two ways: (a) The first way was by
comparing staining data calculated for complete
seedlings with PGM activities quantified in whole-
seedling extracts (Fig. 3). A positive correlation was
observed. From Figure 3, it might be inferred that the
relationship deviates from linearity at the lowest ac-
tivities, indicating lower reliability in this region. (b)
The second way was by comparing locations of
QTLs, as derived by both methods. It was expected

Table II. Staining data QTLs for PGM activity per organ

For further legends, see Table I.

Organ
Chromosome
No. Position

Nearest
Marker

LOD
Explained
Variance

Total
Explained
Variance

Effect of
Ler Allele

cM % %

Cotyledon 1: 115.2 CD173 11.7** 21.5 �
5: 94.9 GB102 2.62** 4.0 38.7 �

Apex 1: 29.3 CH160 2.69** 3.8 �
1: 60.3 GD97 3.61** 5.1 �
1: 115.2 CD173 15.42** 26.9 �
3: 13.6 FD111 2.66** 3.7 �
3: 23.1 GH390 3.18** 4.3 �
3: 65.3 FD98 2.46* 3.3 63.5 �

Hypocotyl 1: 24.0 GD86 2.65** 4.1 �
1: 116.2 CD173 12.34** 22.7 �
5: 3.3 CH690 2.53** 3.9 �
5: 55.5 BH96 2.41* 3.7 57.5 �

Root 1: 115.7 CD173 4.85** 7.9 �
3: 39.1 GB120 2.34* 3.6 �
5: 26.3 AD114 5.79** 10.2 57.4 �

Root neck 1: 24.3 GD86 7.1** 10.2 �
1: 31.7 CC98 3.96** 5.4 �
1: 54.6 GB112 3.15** 4.6 �
1: 113.7 CC318 7.87** 11.6 �
2: 34.9 BF221 3.79** 5.2 �
3: 25.1 EC83 3.11** 4.5 �
3: 39.1 GB210 6.7** 9.6 �
5: 0.5 FD207 3.02** 4.1 �
5: 28.3 DF184 5.44** 8.2 �
5: 54.6 BH96 3.1** 4.5 63.3 �

Root tip 1: 22.5 EC66 7.12** 10.0 �
1: 29.3 CH160 2.27* 3.6 �
1: 107.5 GH157 5.19** 7.5 �
2: 26.7 FD222 4.99** 6.9 �
2: 69.8 EC235 4.92** 6.9 �
4: 55.1 CH70 3.05** 4.4 �
5: 18.2 BH107 6.43** 9.4 64.3 �

Root hairs 1: 21.8 EC66 3.72** 5.3 �
1: 115.7 CD173 7.63** 11.1 �
2: 67.8 EC235 6.21** 9.2 �
3: 39.1 GB210 5.27** 7.3 �
3: 83.9 BH109 2.18* 2.9 �
5: 25.8 AD114 5.3** 7.8 61.1 �
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that most, if not all, QTLs found based on extract-
data would coincide with QTLs revealed for staining
patterns. Figure 4 showed this to be true. Moreover,
the directions of the allelic effect of the loci, as de-
tected by the two methods, were the same. Ratings of
traits have also been successfully used by others to
detect QTLs (Van den Berg et al., 1996).

The histochemical analysis revealed more loci than
found by analyzing the extract-data (Fig. 4). This
indicates that the staining method is more sensitive,
as was also concluded earlier for tissue sections from

other species (Sergeeva and Vreugdenhil, 2002). This
might be due to activity in a limited number of
tissues or cells, which can be seen using histochem-
ical analysis, but is diluted too much when whole-
seedling extracts are made.

The reproducibility of the method and the genetic
differences are also shown by the relatively high
explained phenotypic variance, which was for extract
data 64% (Table I). Similar figures (57.5%–64.3%)
were observed for all organs as based on the histo-
chemical method, except for the cotyledons (38.7%).
The lower value for the cotyledons is likely to be due
to the presence of chlorophyll in these organs, ob-
scuring the blue staining and making accurate scor-
ing more difficult. However, a larger number of
small effect QTLs can also explain lower R2 values.

Thus, we conclude that histochemical data can suc-
cessfully be used for QTL analysis and can reveal
unique information on organ and tissue specificity
that cannot be obtained using extraction protocols.

Organ-Specific QTLs

One locus, identified as based on both extract and
staining data, influenced PGM activity in all parts of
the plants, i.e. the locus at the lower end of chromo-
some 1. Moreover, this locus is the predominant one
in all organs, except in the root tip, explaining 7.5% to
26.5% of the variation.

The locus at the top of chromosome 1 (25 cM) is
observed for most organs (Fig. 4), except in cotyle-
dons and roots. In the latter organs, a QTL was

Figure 5. QTL likelihood maps for the activities of PGM in root hairs
at different positions along the root as quantified from histochemical
stainings. Only data for chromosome 1 are presented. LODs above
2.6 (horizontal dotted line) are significant at P � 0.05.

Figure 4. Ler/Cvi linkage map showing the genetic locations of QTLs affecting PGM activities, determined in whole-
seedlings extracts, and in various organs of intact seedlings. The lengths of the arrows indicate the 2-LOD support intervals.
The directions of the arrows indicate the Ler allelic phenotype (upward increasing, downward decreasing). The locations of
(putative) PGM genes on chromosomes 1 and 5 is indicated: 1, At1g23190; 2, At1g70820; 3, At1g70730; 4, At5g17530; 5,
At5g51820.
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suggested to be present in this region, but just below
significance (data not shown). This chromosomal re-
gion appears to be complex for this trait, because (a)
the 2-LOD interval for the extracts was found just
above the 2-LOD intervals for the loci (locus) ob-
served in the separate organs, i.e. 0 to 19 and 14 to 33
cM, respectively; (b) in the root tip, two tightly linked
loci were found in this region, with opposite allelic
effects (Table II); and (c) the extract data also suggest
another locus (22–40 cM), with a positive allelic af-
fect. This locus was just below significance (LOD �
2.16). The complex epistatic interactions of this locus
add to the complexity.

Other QTLs were only detected for one or a few
organs, e.g. two loci on chromosome 2, being only
evident for (parts of) the roots. Furthermore, a locus
on chromosome 5 (around 50 cM) only affected ac-
tivities in the root neck, i.e. the transition from hy-
pocotyl to root. In the other parts of the root, this
locus did not appear to affect PGM activity at all.

The detailed analysis of root hairs in various zones
along the root (Fig. 5) revealed different QTLs for the
various zones. Because root hairs in Arabidopsis are
single cells, it shows that the present methods are
able to reveal cell-specific QTLs, even discriminating
similar cells at different positions.

Comparison between QTLs and Known (Putative)
PGM Genes

For Arabidopsis, five (putative) PGM genes have
been described (Arabidopsis Genome Initiative, 2000;
http://www.arabidopsis.org). Three genes are lo-
cated on chromosome 1, two of which are very close
together (At1g70820 and At1g70730). The other two
(putative) PGM genes are on chromosome 5. QTLs
affecting PGM activity were found at or near all
positions of PGM genes (Fig. 4), although the coinci-
dence is not always perfect, e.g. on chromosome 5,
the QTL for PGM activity in extracts seems to be
located slightly below the PGM gene at 80 cM. The
PGM genes are likely candidate genes for the QTLs
found in the corresponding regions. This would in-
dicate that in the RIL population under investigation,
variation is present for at least four of five (putative)
PGM genes or in their cis-regulatory elements. Be-
cause the two PGM genes at the lower end of chro-
mosome 1 are too close together, it cannot be con-
cluded whether only one of the two shows allelic
variation between Ler and Cvi, or both.

Gene At5g51820 has been described as a plastidic
form of PGM (Caspar et al., 1985; Kofler et al., 2000;
Periappuram et al., 2000). We found a QTL coincid-
ing with this gene, and this locus controls variation in
the cotyledons only (Fig. 4). Phenotypic analysis of a
mutant for this gene revealed that it has severely
reduced levels of starch in the leaves, indicating a
role for plastidic PGM in starch biosynthesis (Caspar
et al., 1985; Corbesier et al., 1998; Kofler et al., 2000;

Periappuram et al., 2000). Thus it might be expected
that this gene is mainly expressed in organs that are
able to synthesize starch. In seedlings, starch has
been shown to be present primarily in the cotyledons
and also in hypocotyls and in the root tip (Kurata and
Yamamoto, 1998). We conclude that the detection of
a cotyledon-specific QTL at this position, probably
due to allelic variation in the plastidic PGM gene or
cis-regulatory elements, further supports the useful-
ness of the histochemical analysis. Interestingly, a
further QTL was suggested (LOD � 2.08; data not
shown) at the same chromosomal position for the
root tip, in which starch is also present (Kurata and
Yamamoto, 1998).

The overall difference in staining patterns compar-
ing the PGMp mutant and the wild type (Col) were
small and were only obvious in the cotyledons (Fig.
2). This would imply that the plastidic PGM is mainly
active in the cotyledons. This is consistent with the
above-described finding that the QTL on chromo-
some 5, coinciding with the plastidic PGM gene, was
evident in cotyledons only. The presence of appar-
ently normal levels of PGM activity in the root tip of
the mutant would imply that cytoplasmic rather than
plastidic PGM is active in the root tip, or that cyto-
solic PGM compensates for the plastidic one in this
organ, but not, or only partly, in the cotyledons. It
has been shown that cytosolic PGM activity can com-
pensate for loss of plastidic PGM activity (Kofler et
al., 2000).

Mitchell-Olds and Pedersen (1998) reported only
one significant PGM QTL in extracts of the Col � Ler
RIL population, i.e. at the lower end of chromosome
5, probably overlapping with the plastidic PGM
gene. The reason that we found six QTLs might be
the use of seedlings rather than leaves from rosette
plants, and/or the fact that allelic differences are
present at more loci between Cvi and Ler than be-
tween Col and Ler.

Several QTLs did not coincide with structural PGM
genes. We suggest that these loci contain regulatory
genes affecting PGM activity. For instance, on chro-
mosome 2, two loci were found that significantly
affected activities in root tip and root hairs (around
65 cM) or root neck and root tip (around 30 cM). The
latter locus was suggested in extracts as well, al-
though at low significance (LOD � 2.07). The puta-
tive regulating loci might be trans-acting factors, in-
fluencing gene expression, or might act via other
mechanisms at the level of transcription, translation,
or posttranslational control of enzyme activity. The
2-LOD intervals are too large to justify speculation
about the genes underpinning these regulatory ef-
fects, and further fine-mapping would be required to
identify these genes.

Allelic Interactions

The analyses of two-way interactions revealed that
the loci around 115 cM on chromosome 1 and at the
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top of chromosome 3 (around 8 cM) were involved in
most of the significant allelic interactions. Interest-
ingly, the former one coincides with a structural
PGM gene, suggesting that the interaction alleles
might be trans-acting modifiers of PGM expression
or regulate PGM at the protein level, e.g. in an allo-
steric way. The locus at the top of chromosome 3
does not overlap with a structural PGM gene and
might point to an important regulator.

It has been reported that the cytosolic PGM activity
might (partly) compensate for loss of chloroplastic
PGM (Kofler et al., 2000). This might have shown up
as allelic interaction between this locus and another
PGM-linked locus. However, no interaction between
the locus at the lower end of chromosome 5, overlap-
ping with the chloroplast PGM gene, and one of the
other loci was observed (data not shown).

CONCLUSIONS

In conclusion, histochemical data can be used suc-
cessfully for QTL analysis, revealing different types
of loci, i.e. (a) coinciding with structural genes, sug-
gesting allelic variation for the enzyme under inves-
tigation; and (b) other loci, presumably involved in
regulating enzyme activity. Moreover, organ-specific
loci can be detected, allowing conclusions to be
drawn on organ-specific expression of both struc-
tural and regulatory genes. The observation that
tissue-specific natural variation for enzyme activities
is present indicates that for large-scale analysis of
genetic material in plant breeding and functional
genomics, the pooling of tissues to obtain a single
value for a certain genotype implies the risk that
relevant differences in tissue variation remain
undetected.

We are currently analyzing activities of other en-
zymes involved in primary metabolism to find possi-
ble loci regulating carbohydrate metabolic pathways.

MATERIALS AND METHODS

Plant Material

The RIL population derived from crosses between
the laboratory strain Ler and the accession Cvi was
used. These RILs have previously been characterized
for amplified fragment-length polymorphism and
cleaved-amplified polymorphic sequence markers
(Alonso-Blanco et al., 1998).

Seeds were sown in 6-cm petri dishes with a single
layer of moist filter paper and placed at 4°C in dark-
ness for 7 d to break dormancy. They were then
transferred to 20°C in the light with a 16-h/8-h day/
night cycle and grown for 7 d. Samples for analysis
were taken 4 to 6 h after the start of the light period
and immediately frozen in liquid nitrogen (for en-
zyme extraction) or fixed (for histochemical staining).
Samples for the two types of assays were taken from
independent experiments. Due to low germination

rates or poor seedling vigor, some RILs were dis-
carded from the analyses, resulting in 142 RILs for
PGM assays in extracts and 133 RILs for the histo-
chemical staining.

PGM Assay

To determine overall PGM activity, samples of
about 75 mg fresh weight were taken. The samples
were frozen in liquid nitrogen, lyophilized, weighed,
and homogenized. Enzyme extraction was done at
0°C to 4°C in 0.6 mL of 50 mm HEPES (pH 7.4), 5 mm
MgCl2, 1 mm EGTA, 1 mm EDTA, 10% (v/v) glycerol,
0.1% (w/v) bovine serum albumin (BSA), and 5 mm
dithiothreitol (DTT), with addition of 10 mg of insol-
uble polyvinylpyrrolidone. The homogenate was
centrifuged for 5 min at 15,000g. The supernatant was
frozen in liquid nitrogen and stored at �80°C until
further analysis.

PGM activity was determined spectrophotometri-
cally. In a microtiter plate, 210 �L of 50 mm HEPES
(pH 7.4), 1 mm EDTA, 1 mm EGTA, 5 mm MgCl2, 5
mm DTT, 0.1% (w/v) BSA, 1 unit mL�1 Glc-6-
phosphate dehydrogenase, 1 mm NAD, and 0.02 mm
Glc-1,6-bisphosphate were added to 20 �L of enzyme
extract. After mixing and waiting for 3 min, substrate
(20 �L of 50 mm Glc1P) was added, and absorption at
340 nm was measured during 15 min with a micro-
titerplate reader (Versamax, Molecular Devices,
Sunnyvale, CA) at 25°C. Also, blank incubations
were done for each extract in which the substrate was
omitted.

Localization of Activities

Seedlings (10–40 per line) were fixed in 2% (w/v)
paraformaldehyde with 2% (w/v) polyvinylpyrroli-
done 40 and 0.001 m DTT, pH 7.0 at 4°C for 1 h and
then rinsed overnight in water at 4°C and refreshed
at least five times to remove soluble carbohydrates.

Staining for PGM activity was as described by
Sergeeva and Vreugdenhil (2002). PGM activity was
visualized by incubating the seedlings in 0.5 mL of
incubation medium in Eppendorf vials in a water
bath at 30°C for 1 h. The reaction medium consisted
of 42 mm HEPES-NaOH buffer (pH 7.4), 4.2 mm
MgCl2, 0.84 mm EDTA, 0.84 mm EGTA, 0.084% (w/v)
BSA, 1.4 mm NAD, 1 unit of Glc-6-phosphate dehy-
drogenase, 0.03% (w/v) nitroblue tetrazolium, and
4.35 mm Glc1P. It was checked that substrates and
enzymes were added in excess. In control reactions,
Glc1P or NAD was omitted. After the incubation
period, the enzyme reaction was terminated by rins-
ing the seedlings in distilled water.

The seedlings were studied for staining with a
binocular (Leica, Wetzlar, Germany); the intensities
of staining patterns were (semi-) quantified on an
arbitrary scale, ranging from 0 to 5, indicating no and
very intense staining, respectively.

Sergeeva et al.
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QTL Analysis

To map QTLs using the RIL population, a set of 99
markers covering most of the Arabidopsis genetic
map was selected from the previously published RIL
Ler/Cvi map (Alonso-Blanco et al., 1998). These
markers spanned 482 cM, with an average distance
between consecutive markers of 5 cM and the largest
genetic distance being 12 cM.

The computer program MapQTL v4.0 (Plant Re-
search International, Wageningen-University and Re-
search Centre, Wageningen, The Netherlands) was
used to identify and locate QTLs linked to the
molecular markers using both interval mapping and
multiple-QTL model mapping methods as de-
scribed in its reference manual (http://www.plant.
wageningen-ur.nl/products/mapping/mapqtl/). The
estimated additive effect and the percentage of vari-
ance explained by each QTL as well as the total vari-
ance explained by all of the QTLs affecting a trait were
obtained with MapQTL in the final multiple-QTL
model mapping model. For this, different cofactor
markers were tested around the putative QTL posi-
tions (van Ooijen and Maliepaard, 1996), selecting as
final cofactors the closest marker to each QTL, i.e.
those maximizing the LOD score. A LOD score thresh-
old of 2.6 was applied to declare the presence of a
QTL, which corresponds to a general genome-wide
significance of P � 0.05 for normally distributed data,
as was determined by extensive simulation experi-
ments (van Ooijen, 1999). We verified this threshold
for interval mapping by applying the permutation test
to each data set (1,000 repetitions) and found P � 0.05
LOD thresholds between 2.5 and 2.6 for all traits.
Two-LOD support intervals were established as �
95% confidence intervals (van Ooijen, 1992).

PGM Genes

Five genes annotated as (putative) PGM genes by
the International Arabidopsis Genome Project
(http://www.arabidopsis.org) were considered to be
strong candidates for QTLs affecting PGM activity,
i.e. At1g23190, At1g70730, At1g70820, At5g17530,
and At5g51820. The position of these genes were
placed on the genetic AFLP map by positioning
AFLP markers directly on the genome with in silico
restriction fragment analysis (Peters et al., 2001; Fig.
4). For the full set of markers, we refer to the Web site
http://www.dpw.wau.nl/natural/.
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