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ABSTRACT
Arabidopsis ecotypes, Columbia (Col) and Landsberg erecta (Ler), differ in their capacity to regenerate

shoots in culture, as do many other cultivars and varieties of the same plant species. Recombinant inbred
(RI) lines derived from a cross of Col � Ler were scored for shoot regeneration, and the Arabidopsis
genome was scanned using composite interval mapping for loci associated with shoot regeneration. Three
QTL were identified—a major one on chromosome 5 in which the Col parent contributed the superior
allele and two minor QTL on chromosomes 1 and 4 in which the Ler parent contributed the superior
alleles. The RI lines were binned into genotypic pools to isolate the effects of the major QTL on chromosome
5 while holding the minor QTL constant. To identify genes with expression levels that are associated with
the allelic state of the major QTL on chromosome 5, oligonucleotide array expression patterns for genes
in the LLC pool (Ler alleles at the minor QTL and a Col allele at the major QTL) were compared to those
in the LLL pool (Ler alleles at all QTL). The genes that were significantly differentially expressed between
the two pools included several encoding transcription factors and signaling or transposon-related proteins.

ADVENTITIOUS shoot formation in tissue culture Arabidopsis that promote adventitious shoot formation
is the means by which many plant species are com- in culture. The first such gene discovered was CYTOKI-

mercially micropropagated, particularly ornamental NIN INDEPENDENT1 (CKI1), a gene that when overex-
plants in the families Araceae, Begoniaceae, Gesneria- pressed confers cytokinin-independent shoot formation
ceae, and Liliaceae (Preil 2003). It is also the means from callus in Arabidopsis tissue culture (Kakimoto
by which many transgenic plants are produced, i.e., by 1996). CKI1 encodes a histidine kinase related to sensory
regenerating shoots from transformed cells or tissues. receptors in two-component signaling pathways (Stock
A common problem encountered in micropropagation et al. 2000; West and Stock 2001; Lohrmann and
and plant transformation is that within a plant species, Harter 2002). At the time of its discovery, CKI1 was
different varieties and cultivars vary widely in their ca- proposed to be a cytokinin receptor (Kakimoto 1996).
pacity to regenerate. The unpredictable responses of However, CKI1 has not been shown to bind cytokinins at
different varieties to standard shoot induction condi- physiological cytokinin levels, and so its role in cytokinin
tions provoked Koornneef et al. (1993) to state that signaling is unclear.
“this has left many researchers with the feeling that a Overexpression of ARABIDOPSIS RESPONSE REGU-
successful tissue culture is more an art than a science.” LATOR2 (ARR2) also stimulates shoot formation in cul-

Nonetheless, to uncover the genetic basis for differ- ture (Hwang and Sheen 2001). ARR2 is a B-type re-
ences in shoot regeneration, investigators have used sponse regulator that is thought to be a nuclear activator
qualitative or quantitative genetic approaches in Brassica of cytokinin-responsive genes (Sakai et al. 2000; Hwang
oleracea (Buiatti et al. 1974), Lycopersicon esculentum and Sheen 2001). The stimulatory effects of ARR2 over-
and/or peruvianum (Frankenberger et al. 1981; Koor- expression on shoot formation are surprising given the
nneef et al. 1987, 1993), Zea mays (Armstrong et al. assumption that the activation and not merely the pres-
1992), Solanum chacoense (Birhman et al. 1994), Triticum ence of the response regulator is required for signaling.
aestivum (Fennell et al. 1996), Hordeum vulgare (Komat- In a protoplast system, transfections with ARR2 con-
suda et al. 1993), Cucumis sativus (Naldoska-Orezyk and structs basally activated the promoter of a target gene
Malepszy 1989), Helianthus annuus (Sarrafi et al. 1996), in the absence of cytokinin; however, cytokinin addition
and Arabidopsis thaliana (Schiantarelli et al. 2001). resulted in much higher activation (Hwang and Sheen

In addition, individual genes have been identified in 2001). Regulation of ARR2 by a dissociable repressor
might explain how ARR2 overexpression promotes
shoot development—by overwhelming the capacity of
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lines and parents were scored 15 days after incubation onAnother gene that stimulates shoot development
SIM. One root segment from each of the 100 RI lines andwhen overexpressed is ENHANCER OF SHOOT REGEN-
the two parents was randomly assigned to a position within

ERATION1 (ESR1; Banno et al. 2001). ESR1 was discov- each of six petri plates to obtain six independent measure-
ered by screening a cDNA library for genes that enhance ments of the number of shoots per root explant in each of

the 100 RI lines and the two parents. Due to contaminationshoot formation in the absence of cytokinins. ESR1 en-
of samples, data from one plate for 7 of the RI lines were lost.codes an AP2-domain-containing transcription factor,
Thus results are based on a total of 6 � 102 � 7 � 605 shootand when ESR1 expression was placed under the control
counts. The square-root transformation recommended for

of an estradiol-inducible promoter, shoot formation was count data by Anscombe (1948) was used for all analyses to
enhanced by the combination of inducer and cytokinin obtain roughly constant variation of trait variance within each

line. Untransformed shoot counts were right skewed and ex-(Banno et al. 2001). Overexpression of either CUP-
hibited higher variation in lines with higher shoot counts.SHAPED COTYLEDON1 or CUP-SHAPED COTYLEDON2

Version 1.3 of Windows QTL Cartographer (Basten et al.(CUC1 or CUC2 ; driven by the 35S promoter) also pro-
1999) was used to perform composite interval mapping ( Jan-

motes shoot formation from callus in the presence of sen and Stam 1994; Zeng 1994) to scan the Arabidopsis ge-
cytokinin (Daimon et al. 2003). Hence, CUC1 and -2 do nome for loci conditioning shoot development in the RI lines.

A total of 137 markers with an average intermarker distancenot bypass the requirement for cytokinins, but their
of �4.4 cM were utilized for the genome scan. The thresholdoverexpression enhances shoot development in the
for genomewise significance at the 0.05 level was estimatedpresence of cytokinins.
from 10,000 data permutations (Churchill and Doerge

In this study, we analyzed shoot regeneration capacity 1994). Cartographer default settings for composite interval
in recombinant inbred lines of Arabidopsis to identify mapping were used. In particular, loci every 2 cM were evalu-

ated for association with the trait using a model that includedloci associated with shoot regeneration differences be-
up to 5 background markers to account for the effects oftween the Columbia and Landsberg erecta ecotypes.
segregating QTL outside the region of the examined locus.Schiantarelli et al. (2001) conducted a similar study
Background markers were selected using stepwise regression

in Arabidopsis in which they categorized shoot regener- and were individually excluded whenever they fell within 10
ation in recombinant inbred (RI) lines as being similar cM of the locus being evaluated for association with the trait.
to one or the other parent or as an intermediate re- In addition to the traditional composite interval mapping

scan, several follow-up analyses were conducted as part of asponse. In this study, we treated shoot regeneration
mixed linear model analysis of the shoot-count data. Theas a quantitative trait and used metric data to locate
mixed linear model included random effects for plates andcontrolling loci by composite interval mapping. In addi- fixed effects for RI lines and parents. Contrasts of line means

tion, we examined the impact of a major shoot regenera- were used to estimate the effect of each identified QTL, test
tion quantitative trait locus (QTL) on the expression for interactions among identified QTL, and scan the genome

for evidence of epistatic interactions between pairs of loci. Apattern of genes during shoot development in culture.
set of 89 markers that provided uniform coverage of the ge-
nome was used to scan for epistatic interactions. For each pair
of markers, an F-statistic for a contrast of line means testing forMATERIALS AND METHODS interaction between the markers was computed. The resulting
3916 F-statistics were tested for genomewise significance via aPlant materials and tissue culture procedures: Arabidopsis
permutation approach. In particular, all 3916 F-statistics werethaliana (L.) Heynh ecotypes Columbia (Col), Landsberg erecta
recomputed for each of 200 permutations of the line labels(Ler), and the first 100 Lister and Dean RI lines (Lister and
relative to their marker information. The maximum of theDean 1993) were used in this study. Lister and Dean RI lines
3916 observed F-statistics was recorded for each data permuta-were obtained from the Arabidopsis Biological Resource Cen-
tion. The significance of the original 3916 F-statistics waster (ABRC; stock no. CS1899).
judged by comparison to the permutation distribution of maxi-Seeds were surface sterilized with 30% bleach (Clorox),
mum F-statistic values.0.01% Triton X-100 for 10 min followed by five rinses of sterile

RNA extraction and DNA chip analysis: Plant material forwater. Seeds were resuspended in 0.1% agarose and dispensed
RNA extraction was collected at three time points, one at theonto petri plates containing PNS medium (Lincoln et al.
time of explanting root segments from 1-week-old seedlings1990) substituted with 0.5 g liter�1 2-(4-morpholino)-ethane
(day 0), the second 4 days after incubation on CIM (day 4sulfonic acid (MES) at pH 5.7 and 10 g liter�1 sucrose. Seeds
CIM), and the third 6 days after transferring the segments towere stratified in the dark at 4� for 4 days, and seedlings
SIM (day 6 SIM). Eight LLC lines and 11 LLL lines werewere germinated and grown at 21� in the light, illuminated
cultured separately, and an equal amount of tissue was pooledcontinuously with cool white fluorescence light at 65–85 �E
together for 1 g of tissue/pool for RNA extraction. RNA extrac-m�2. Shoots were regenerated from root explants using a
tion and hybridization to Affymetrix ATH1 oligonucleotideprotocol derived from Valvekens et al. (1988). Essentially,
arrays were carried out as described in Che et al. (2002).root segments (�5 mm) from 7-day-old seedlings were ex-

Experimental design: The time course was repeated onplanted onto callus induction medium (CIM; B5 medium
three separate occasions. Within a given replication both LLLsubstituted with 20 g liter�1 glucose, 0.5 g liter�1 MES, 2.2 �m
and LLC were cultured on the same day for a given time2,4-dichlorophenoxy acetic acid, and 0.2 �m kinetin) for 4
point. Thus, this design is equivalent to a standard split-plotdays (Gamborg et al. 1968). Explants were then transferred
design with time as the whole-plot factor and genotype as theto shoot induction medium (SIM; B5 medium with added
split-plot factor (see, for example, Kuehl 2000). RNA from20 g liter�1 glucose, 0.5 g liter�1 MES, 5.0 �m 2-isopentenyl
each combination of genotype (LLL or LLC), time point (dayadenine, and 0.9 �m 3-indoleacetic acid) and incubated for
0, day 4 CIM, or day 6 SIM), and experimental replication6 days for RNA extraction or 15 days for counting shoots.

Recombinant inbred line analysis: Shoots from the 100 RI (1, 2, or 3) was hybridized to its own Affymetrix GeneChip.



1885Shoot Development QTL in Arabidopsis

However, because of RNA degradation in one replicate of the
day 0 sample from the LLC pool and poor RNA quality from
all day 4 CIM samples, our results are based on data from a
total of 11 and not 18 oligonucleotide arrays.

Oligonucleotide array data analysis: For each of 22,810
probe sets on the oligonucleotide arrays, a mixed linear model
analysis of logged and normalized Affymetrix MicroArray Suite
(MAS) 5.0 signal intensities was conducted to identify tran-
scripts whose expression differed significantly across geno-
types LLL and LLC at either day 0 or day 6 SIM. The mixed
linear model for each probe set included time, genotype, and
time-by-genotype terms as fixed effects along with random-
effect terms for replications, replication-by-time-point interac-
tions, and a general error term. At each time point, the differ-
ence in average log-scale expression between genotypes was
estimated. The standard error of each difference was deter-
mined from the fit of the mixed linear model. The ratio of
each estimated difference to its standard error was used to
form t-statistics for testing the null hypothesis of no expression

Figure 1.—Shoot regeneration from root explants of Arabi-difference across genotype at each time point. A P-value was
dopsis seedlings. (A) Col ecotype, (B) Ler ecotype, (C) RI lineobtained for each time point by comparing each time-specific
303, and (D) RI line 370. Photographed after 15 days on SIM.t-statistic to a t-distribution with 3 d.f.
Bar, 1 cm.For each time point, a mixture of a uniform and a �-distribu-

tion was fit to the observed distribution of 22,810 P-values
obtained from the mixed linear model analysis. The estimated
parameters from the fit of the mixture model were used to form (Valvekens et al. 1988). Shoot formation was
estimate the posterior probability of differential expression quantified by scoring the number of shoots per rootfor each gene and to estimate the total number of genes that

explant (shoot counts) at a given time following transferwere differentially expressed across genotypes as described by
to SIM, usually 15 days.Allison et al. (2002). The method of Fernando et al. (2004)

was used to estimate the proportion of false-positive results Explants from the Col ecotype produced 1.5 � 0.6
among all genes with P-values � 0.01, 0.001, and 0.0001. In shoots/explant and the Ler ecotype produced 0.50 �
addition to P-value analysis, fold-change estimates and 95% 0.22 shoots/explant. Recombinant inbred lines gener-confidence intervals associated with the fold-change estimates

ated from the cross of Col and Ler parents showed awere computed as part of the mixed linear model analysis.
spectrum of shoot counts that varied from lines thatData normalization: MAS 5.0 signal intensities for each oli-

gonucleotide array were logged and mean centered so that were more extreme than those of either parent (highest,
expression measures would be comparable across slides. Mean 9.2 � 1.2 shoots/explant; lowest, 0 shoots/explant) to
centering simply involves subtracting the average of the log others with more intermediate phenotypes. Two RI linesMAS 5.0 signal intensities on an oligonucleotide array from

are shown, CL303, which exhibits more robust shooteach log MAS 5.0 signal intensity on the array. Thus, negative
production than the Columbia parent (Figure 1C), and(positive) values indicate that a particular transcript was ex-

pressed below (above) the average for a particular array. We CL370, which is less efficient in shoot formation than
chose this relatively simple normalization strategy rather than the Landsberg parent (Figure 1D). This phenomenon
using robust multiarray average (Irizarry et al. 2003) or the in which the RI lines exhibit greater variation than ei-model-based expression index proposed by Li and Wong

ther parent is called transgressive segregation (Dar-(2001) because these more complex methods introduce de-
lington and Mather 1949) and can be attributed topendencies among measures of gene expression from experi-

mental units that are otherwise independent. The P-values the complementary action of genes from the two parents
that we computed as part of our mixed linear model analysis (Rick and Smith 1953).
are valid only under the assumption that measures of expres- QTL analysis: Explants from 100 RI lines were scoredsion on experimental units from different replications are

for number of shoots and a composite interval mappingindependent. The estimates of the number of differentially
approach was used to scan the Arabidopsis genome forexpressed genes and the proportion of false-positive results

associated with any threshold for significance require valid loci associated with shoot regeneration. Three QTL
P-values whose distribution is uniform when the null hypothe- were identified with likelihood-ratio statistics that ap-
sis is true. proached or exceeded a 0.05 permutation threshold for

significance (Figure 2). A major QTL was located on
chromosome 5 centering on the marker Cor78 at 106.7

RESULTS
cM. In this interval, the Col ecotype contributed the
superior allele. Two minor loci were located on chromo-Recombinant inbred lines: Col and Ler ecotypes in

Arabidopsis differ in their capacity to regenerate shoots some 1 (near marker ATTSO477 at 12.5 cM) and on
chromosome 4 (near marker mi32 at 60.9 cM). Thein tissue culture (Figure 1, A and B). We used a two-step

procedure to induce shoot formation by preincubating superior alleles at the minor loci were both contributed
by the Ler parent.root explants for 4 days on CIM and then transferring

the explants to SIM for further incubation until shoots The RI lines were binned into eight genotype groups
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Figure 2.—Genome scan for loci condi-
tioning shoot formation. Composite inter-
val mapping was used to identify loci ap-
proaching or exceeding the permutation
threshold for significance at the 0.05 level.

according to the combination of parental alleles at the also visual evidence from the boxplot of epistatic interac-
tions between the loci. For example, it appears that thethree loci (sufficient marker information was available

to group 98 of 100 lines). The distributions of shoot effect of the major QTL on chromosome 5 is reduced
when the Col allele is present at the minor locus oncounts (on a square-root scale to reduce skewness) are

shown in a boxplot (Figure 3). Genotype group identi- chromosome 4.
The three loci identified with the composite intervalfiers, such as CLC, for example, were used to designate

lines in which Columbia alleles were present at the locus mapping scan were further analyzed by examining con-
trasts of line means estimated via a mixed linear modelon chromosome 1, Landsberg alleles on chromosome

4, and Columbia alleles on chromosome 5. In the box- with fixed effects for lines and random effects for the
plates in which root segments were cultured. Table 1plot, the effects of any QTL can be discerned by compar-

ing the groups pairwise. For example, the strong effects shows the results for several contrasts of interest, which
indicate significant differences among the 102 lineof the major controlling locus on chromosome 5 can

be seen by comparing CCC to CCL, CLC to CLL, LCC means, significant differences among the eight QTL
genotype groups depicted in Figure 3, significant mainto LCL, and so forth. The boxplot clearly shows the

transgressive segregation effect; that is, the RI lines with effects of each marker associated with the identified
QTL, as well as significant interactions among thesethe parental genotype (CCC and LLL) are less extreme

than the RI lines with nonparental genotype. There is markers. By comparing the sum of squares associated

Figure 3.—Boxplot showing the dis-
tributions of shoot-count means (on
the square-root scale) for lines falling
into each of the eight QTL genotype
groups defined by the QTL sites shown
in Figure 2 on chromosomes 1, 4, and
5. Each boxplot (reading downward in
each column) displays the maximum,
75th percentile, median, 25th percen-
tile, and minimum for each group.
(The minimum and the 25th percen-
tile are the same for the CCL group;
the median and the 75th percentile
are the same for the LCL group.) The
influence of the different parental al-
leles at each QTL locus can be seen by
making various distribution compari-
sons among the groups. The RI lines
from the genotypic groups on the right
(LLC and LLL) were used for the gene
expression analysis.
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TABLE 1

Contrasts among line means

Contrast Estimate d.f. Sum of squares Mean squares F -statistic P -value

Lines 101 260.175 2.576 15.117 	0.0001
QTL groups 7 172.524 24.646 144.638 	0.0001
M1 �0.1193 1 2.160 2.160 12.676 0.0004
M4 �0.3750 1 21.056 21.056 123.569 	0.0001
M5 0.8987 1 121.493 121.493 712.990 	0.0001
M1 � M4 1 0.583 0.583 3.422 0.0649
M1 � M5 1 0.944 0.944 5.539 0.0190
M4 � M5 1 8.509 8.509 49.935 	0.0001
M1 � M4 � M5 1 13.122 13.122 77.006 	0.0001

The first row provides a test for differences among the 102 line means. The second row provides a test for
differences among the eight QTL genotype groups depicted in Figure 3. The remaining rows correspond to
tests for the main effects of each of the markers associated with identified QTL as well as all possible interac-
tions. The labels M1, M4, and M5 correspond to the markers ATTSO477, mi32, and Cor78 that lie near the
QTL identified on chromosomes 1, 4, and 5. The negative estimates for M1 and M4 indicate that the Ler allele
is associated with enhanced shoot production relative to the Col allele for the QTL on chromosomes 1 and
4. The positive value for M5 indicates that the Columbia allele is superior for shoot production at the QTL
on chromosome 5. All analyses were done on the square-root scale, so the estimated QTL effects must be
viewed with this in mind.

with the contrast for differences among the eight QTL callus, and root development in the same ecotype. To
evaluate the effects of the major chromosome 5 QTLgenotype groups to the sum of squares for differences

among the 102 line means, we can see that approxi- on gene expression during shoot development, RI lines
were pooled in two groups, LLC and LLL, such thatmately 66% (172.5/260.2) of the variation in line means

was explained by the three identified loci. The contrasts the major QTL (chromosome 5) was represented by
Col alleles (in the LLC group) or Ler alleles (in the LLLfor the marker main effects and interactions are not

orthogonal due to imbalance in the number of lines group) and that the minor QTL (chromosomes 1 and
4) were fixed in both groups. The genomes of 8 RI linesthat fall into each category. The contrasts are, however,

close to orthogonal so it is possible to gain some insight in the LLC group and the 11 lines in the LLL group
were scanned to determine the actual allele frequencyinto the contribution of each marker main effect or

interaction by comparing its sum of squares to the sum at various genome positions in the pools (Figure 4). The
scan clearly shows that in both LLC and LLL groups, theof squares for differences among QTL groups. For ex-

ample, most of the sum of squares for differences among Ler allele is fixed at the minor QTL positions at the top
of chromosome 1 and in the middle of chromosome 4.the eight QTL groups can be attributed to the large

main effect of the QTL on chromosome 5 (70% � Likewise, Col alleles are represented at the major QTL
position at the bottom of chromosome 5 in the LLC121.5/172.5).

The tests for interactions among markers in Table 1 group, and Ler alleles are represented at the same posi-
tion in the LLL group. However, because each groupindicate evidence of epistasis among the identified QTL.

However, the genome scan for epistasis (described in was composed of a small number of lines, Col and Ler
alleles were not equally represented at all other unse-materials and methods) revealed no significant inter-

actions when controlling the genomewise type I error lected genome locations. For example, Col alleles were
overrepresented at the bottom of chromosome 1 in therate at 0.05. Thus the evidence for epistasis among the

identified QTL is not as strong as the evidence for QTL LLL group and similarly Col alleles were overrepre-
sented at the top of chromosome 3 in the LLC group.main effects, which (as discussed above) were significant

at the 0.05 level after adjusting for the multiple testing However, these regions of the genome do not have
significant effects on the efficiency differences in shootassociated with a genome scan.

Effect of the major shoot regeneration QTL on gene regeneration between the two ecotypes, so allele bias
in these groups may not have an impact on the geneexpression: We were interested in determining the ef-

fect of the major chromosome 5 QTL on the program expression program. Nonetheless, the possible influ-
ence from other regions of the genome must be borneof gene expression during shoot development. Che et

al. (2002) profiled the expression of �8000 genes dur- in mind in interpreting the effects of the major chromo-
some 5 QTL on the gene expression program.ing the development of shoots from root explants in

the Col ecotype. In addition, P. Che, S. Lall and S. The RNA samples were used to make cDNAs, which
were hybridized to the 22,810 probe sets on AffymetrixHowell (unpublished observations) compared the dif-

ferences in expression of �22,000 genes during shoot, oligonucleotide chips, ATH1. Plant material was col-
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point, the distribution of P-values will have a uniform
shape. On the other hand, the presence of differentially
expressed genes will lead to an excess of P-values near 0.
This analysis shows clear evidence of many differentially
expressed genes at day 6 SIM (Figure 5B) while few genes
appear to be differentially expressed at day 0 (Figure 5A).

The method described by Allison et al. (2002) was
used to fit a mixture of a uniform and a �-distribution to
each empirical distribution of P-values. The best-fitting
curves estimated via maximum-likelihood methods are
plotted in each panel (Figure 5, A and B). From the fit
of these mixture models the proportion of differentially
expressed genes at each time point can be estimated
along with posterior probabilities of differential expres-
sion for each gene at each time point. Just over 2%

Figure 4.—Genome scan of the Col allele frequency in two of the 22,810 genes are estimated to be differentially
groups of RI lines (LLC and LLL groups) used to evaluate the expressed at day 0. In contrast, �37% of the geneseffect of the major shoot regeneration QTL on chromosome 5.

appear to be differentially expressed at day 6 SIM. TheGenome coordinates are indicated by marker positions on the
estimated posterior probabilities of differential expres-x-axis and chromosome (1–5) locations. Peak positions for

the minor QTL on chromosomes 1 and 4 and the major QTL sion are all 	1/3 at the day 0 time point. At day 6
on chromosome 5 are indicated by arrows. The dashed line SIM, the estimated posterior probabilities of differential
parallel to the x-axis represents equal frequency of Col and Ler expression for the top 1000 genes range from 
78 toalleles. The allele frequency curves are linear approximations

�95%. The method of Fernando et al. (2004) was usedderived from fitting multiple linear regressions over small
to estimate the proportion of false-positive results (genessections of the x-axis.
incorrectly declared as differentially expressed) among
all genes with P-values 	0.01, 0.001, and 0.0001 at each
time point (Table 2). There are many more genes atlected at three time points, day 0 (time of explant), day

4 CIM (4 days after transfer to CIM), and day 6 SIM (6 or below each significance threshold at day 6 SIM com-
pared to day 0. Furthermore the estimated proportiondays after transfer to SIM). The time points were chosen

because day 4 CIM represents the time when root ex- of false positives is relatively low at day 6 SIM compared
to day 0.plants “acquire competence” to respond to shoot induc-

tion signals after transfer to SIM, and day 6 SIM repre- Using 0.01 as a P-value threshold, we identified 845
genes as being significantly differentially expressed be-sents the time of “shoot commitment,” when root

explants continue to form shoots after transfer to basal tween the genotypes at day 6 SIM. Within this group of
genes, �16% are expected to be false positives (Tablemedium (Cary et al. 2002). Shoot commitment is also

a time when many regulatory genes are upregulated 2). Sixty-six genes among the 845 were estimated to be
expressed at least fourfold higher in the LLC pool than(genes encoding transcription factors and signal com-

ponents) during shoot development (Che et al. 2002). in the LLL pool at day 6 SIM. Most of these genes also
had small P-values for the test of interaction betweenThree repeats of each time course were performed,

allowing us to treat the gene expression data statistically. time and genotype with the differences between LLC
and LLL at day 6 SIM tending to be significantly greaterHowever, tissue from day 4 CIM yielded poor RNA;

therefore the data from these hybridizations were not than the differences between LLC and LLL at day 0.
Table 3 contains a list of the 35 of these 66 genes thatused in the analysis.

For each gene, the expression differences between have been annotated [The Arabidopsis Information Re-
source (TAIR)]. It was surprising to find that 19 of thosethe LLC and the LLL genotype pools at the two time

points were determined and P-values were computed genes encode transcription factors and signaling or
transposable element-related molecules. The transcrip-(see materials and methods). This analysis strategy

assigns small P-values to genes in which signal intensities tion factors include a putative chloroplast-located zinc
finger protein (At5g42280), a CAATT-binding factor Bat a given time point differed between LLL and LLC

genotypes in a consistent manner across replications. subunit (At1g54160), a homeodomain leucine zipper
protein (ATHB-17; At2g01430), a NO APICAL MERI-The distribution of P-values for testing for differences

in expression between LLC and LLL genotypes at each STEM (NAM) family member (At5g50820), two MADS-
box proteins (AGL6; At2g45650 and At4g36590), andof the two time points was plotted for comparison (Fig-

ure 5, A and B). Note that when a gene is not differen- ARABIDOPSIS RESPONSE REGULATOR18 (ARR18;
At5g58080). Four genes were associated with the activitytially expressed between genotypes at a time point, its

P-value should be uniformly distributed on the interval of transposable elements (transposases, etc.) Four en-
code proteases, three of which encode subtilisin-like0–1. If no gene is differentially expressed at a given time
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Figure 5.—Distributions of 22,810 P-values for
testing for probe-set-specific expression differ-
ences between LLL and LLC at (A) day 0 and
(B) day 6 SIM. The curves approximating each
distribution of P-values were obtained using the
mixture model method proposed by Allison et
al. (2002).

serine proteases (At1g01900, At5g59120, and At4g26330) tion phenotype in progeny shows greater extremes in
shoot regeneration efficiencies than does either parent.and one (At4g08340) encodes a protein related to desu-

moylating proteases (At4g08340). Because of this, more robust shoot-regenerating lines
than those of either parent are found in the RI lines,The expression patterns during shoot development

for some of the above genes were plotted using the particularly those with an LLC genotype.
Schiantarelli et al. (2001) conducted quantitativedata reported here and additional gene expression data

collected at 4 days CIM. The gene encoding a zinc finger trait analysis on RI lines from a similar cross of Colum-
bia � Landsberg to identify QTL associated with shootprotein (At5g42280), for example, was expressed simi-

larly in the LLC and LLL pools at 0 time and 4 days formation in Arabidopsis. They used MAPMAKER/QTL
and categorized shoot regeneration phenotypes in eachCIM (Figure 6A). However, at 6 days SIM the gene was

expressed 
13-fold higher in the LLC pool than in line by whether they represented one parent or another
or were intermediate between the two. In doing so, theythe LLL pool. A gene encoding a subtilisin-like serine

protease (At1g01900) was also expressed similarly in the found one highly significant determinant on chromo-
some 1 in one replicate of an experiment involvingLLC and LLL pools at 0 time and 4 days CIM (Figure

6B). At 6 days SIM, the gene was expressed 
10-fold shoot regeneration from leaf explants. They found 5
other determinants that significantly contributed to thehigher in the LLC pool than in the LLL pool. The

expression patterns of these genes in the LLC pool were regeneration of normal or abnormal shoots from
roots—two were on chromosome 5 but at a differentsimilar to those in the Col parent (data not shown).

Also of note was the significant differential expression location (position 136–139), more toward the tip of the
chromosome than the major QTL that we identified.of a member of the family of cytokinin oxidases (At3g-

63440) (Table 3). However, other data from our lab However, since their findings were reported in tabular
form rather than in chromosome scans, it is difficult to(not shown) show that this gene is highly upregulated

during incubation on CIM and its expression simply say whether the chromosome locations of the determi-
falls more precipitously in genotypes in the LLL pool
than in the LLC pool. TABLE 2

Estimation of the number of false positives
DISCUSSION

No. of genes with EstimatedWe have identified three QTL that contribute to the P-values less than or proportion of false
differences in shoot regeneration efficiency between the equal to threshold positives (%)c

SignificanceCol and Ler ecotypes in Arabidopsis. The major QTL
threshold Day 0a Day 6 SIMb Day 0 Day 6 SIMlies on chromosome 5 and the superior allele is derived

from the Col parent. The other two minor QTL lie 0.01 277 845 80 16
0.001 34 95 66 14on chromosomes 1 and 4, and the superior alleles are
0.0001 6 9 37 15derived from the Ler parent. In addition, we have uncov-

ered suggestive evidence of epistatic interaction among a Number of genes that would be declared as significantly
the identified loci. For example, the minor QTL on differentially expressed between LLL and LLC at day 0 for

each of three significance thresholds.chromosome 4 appears to interact with the major chro-
b Number of genes that would be declared as significantlymosome 5 QTL in that the shoot-promoting effect of

differentially expressed between LLL and LLC at day 6 SIMthe major QTL is enhanced when the Ler allele is
for each of three significance thresholds.

present at the minor QTL locus on chromosome 4. c Proportion of genes that are not truly differentially ex-
Because the superior alleles and the enhancing epistatic pressed among the genes with P-values less than or equal to

each threshold.effects are not found in one ecotype, the shoot regenera-
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TABLE 3

Annotated genes differentially expressed between LLC and LLL genotypes

LLL vs. LLC
at day 6 SIM Time-by-genotype

Locus name P -valuea LLC/LLLb interaction P -valuec Assigned functiond

At3g21340 0.0009 21.5522 0.0017 Leucine-rich repeat protein kinase, putative
At4g04080 0.0001 21.2951 0.0003 NifU-related metallocluster assembly factor
At3g63440 0.0018 17.5570 0.0184 Cytokinin oxidase family
At2g15470 0.0049 16.5874 0.0193 Polygalacturonase, putative
At2g32540 0.0021 16.5407 0.0367 Cellulose synthase related
At5g42280 0.0070 13.3628 0.0186 CHP-rich zinc finger protein, putative
At4g38560 0.0068 13.2675 0.0064 Phospholipase like protein; pEARLI 4
At4g07700 0.0090 12.1400 0.0227 Athila transposon protein related
At1g70130 0.0050 11.0677 0.0745 Receptor lectin kinase, putative
At1g01900 0.0075 10.4057 0.0105 Subtilisin-like serine protease, putative
At1g66930 0.0060 9.4398 0.0168 Receptor-related kinase
At1g54160 0.0074 8.4222 0.0327 CCAAT-binding factor B subunit related
At5g25430 0.0029 7.6552 0.0069 Anion exchange protein family
At4g08340 0.0017 6.7000 0.0140 Ulp1 protease family
At2g01430 0.0027 6.6475 0.0074 Homeodomain-leucine zipper protein ATHB-17
At5g50820 0.0006 6.4802 0.0011 No apical meristem (NAM) protein family
At2g45650 0.0093 6.3730 0.0293 MADS-box protein (AGL6)
At1g60450 0.0023 6.0899 0.0150 Galactinol synthase, putative
At4g04270 0.0045 5.9428 0.0163 Plant transposase (Ptta/En/Spm) family
At4g17380 0.0074 5.5140 0.0357 DNA mismatch repair MutS family
At5g48485 0.0023 5.3021 0.0052 Protease inhibitor/seed storage/lipid transfer protein
At1g31530 0.0016 5.0670 0.0024 Endonuclease/exonuclease/phosphatase family
At2g43050 0.0100 4.9074 0.0406 Pectinesterase family
At5g36655 0.0014 4.8416 0.0017 Plant transposase (Ptta/En/Spm) family
At5g59120 0.0008 4.6048 0.2217 Subtilisin-like serine protease
At5g49290 0.0097 4.4301 0.0272 Leucine-rich repeat protein family
At2g21910 0.0049 4.4035 0.0048 Cytochrome P450, putative
At4g36590 0.0059 4.4013 0.0423 MADS-box protein
At1g33220 0.0005 4.3931 0.0014 Glycosyl hydrolase family 17 (�-1,3-glucanase)
At5g42720 0.0005 4.3263 0.0121 Glycosyl hydrolase family 17
At3g28380 0.0030 4.2623 0.1031 P-glycoprotein, putative;
At1g07180 0.0036 4.2277 0.0033 NADH dehydrogenase family;
At4g26330 0.0075 4.1793 0.0094 Subtilisin-like serine protease
At5g58080 0.0100 4.1689 0.0452 Response regulator ARR18
At2g15750 0.0090 4.0243 0.0441 Non-LTR retroelement reverse transcriptase related

a P-values for the contrast between LLC and LLL means at 6 days on SIM.
b Estimated fold change for expression in LLC relative to LLL at 6 days on SIM.
c P-values for the contrast comparing the change in expression between LLC and LLL at day 0 to the change in expression

between LLC and LLL at 6 days on SIM.
d Functional annotation according to TAIR.

nants found in their study were significantly different tated) that lie in the region of the major QTL on
chromosome 5 of which 8 (6 annotated; Table 3) werefrom ours.

Nearly 1000 genes lie in the 20-cM interval flanking more than fourfold differentially expressed. Some of
the transcription factor genes are members of genethe peak position for the major QTL on chromosome

5. The set of genes in the interval is too large to speculate families that are reported to influence shoot develop-
ment. For example, At5g50820 is a putative NAC-on candidate genes responsible for the QTL, but fine

mapping of the interval is underway. domain-containing transcription factor related to other
factors in the NAM gene family of transcription factors.Thirty-five genes for which annotation is available

were more than fourfold differentially expressed be- This family derives its name from a gene required for
shoot apical meristem formation in petunia (Souer ettween the LLC and LLL genotypes and, of those, 19

encode transcription factors and signaling or transpo- al. 1996). Related NAC-domain-containing factors in
Arabidopsis, CUC1 (At3g15170) and CUC2 (At5g53950),son-related proteins. Among the list of differentially ex-

pressed genes were 15 genes (annotated and nonanno- activate the expression of shoot apical meristem genes
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subtilisin-like serine proteases (subtilases). Subtilases
are a large gene family in Arabidopsis composed of
nearly 60 members, some of which appear to have im-
portant developmental functions. Loss-of-function mu-
tations in a gene called ABNORMAL LEAF SHAPE1
(ALE1; At1g62340) encoding a subtilase affect the for-
mation of cuticle on embryos and juvenile plants (Tan-
aka et al. 2001). The mutation has profound develop-
mental effects because the cuticle is required for
separation of the endosperm from the embryo and for
prevention of organ fusion. STOMATAL DENSITY AND
DISTRIBUTION1 (SDD1; At1g04110) of Arabidopsis,
which encodes another subtilase, is required for the
control of cell lineage that leads to formation of stomatal
guard cells (Berger and Altmann 2000). In sdd1 mu-
tants, the stomatal pattern is disrupted, resulting in sto-
mata clustering and increased stomatal density. Von
Groll et al. (2002) proposed that SDD1 generates an
extracellular signal by meristemoids/guard mother cells
and demonstrated that the function of SDD1 is depen-
dent on too many mouths activity. Of all the subtilase-Figure 6.—Time courses of expression of genes with sig-
encoding genes in Arabidopsis, SDD1 has the closestnificantly different expression levels between the LLC and

LLL genotypes at 6 days on SIM. Shown are the means and phylogenetic relatationship to At1g01900, the most
standard errors of the signal intensity values obtained from highly differentially expressed subtilase gene in our
three repetitions of the same experiment for (A) a gene encod- study.ing a zinc finger protein, At5g42280, and (B) a subtilisin-like

In conclusion, the finding in this study of a majorserine protease, At1g01900. Gene expression data at the day
QTL influencing shoot regeneration in Arabidopsis has4 CIM time point were not presented elsewhere in this study,

because the data, in general, showed greater error variation prompted a search for the candidate gene(s) control-
because of difficulties in obtaining RNA samples of consistent ling the locus. Discovery of controlling gene(s) will be
quality at this time point. However, the day 4 CIM time point important in understanding the regulation of shoot re-data appeared adequate to provide a better understanding of

generation in Arabidopsis and determining whetherthe expression patterns of these two genes.
these genes control differences in shoot regeneration
in other plant species. However, the identification in

and induce adventitious shoot formation (Daimon et al. this study of genes that are differentially regulated in
2003; Hibara et al. 2003). Two other genes (At2g45650 association with the allelic state of the major shoot re-
and At4g36590) that were differentially expressed be- generation QTL has pointed us to many other genes
tween the two pools in our study encode MADS-box that may be key regulators in the shoot regeneration
transcription factors. A MADS-box gene (PkMADS1) in process. Expression profiling in our laboratory of other
Paulownia kawakamii has been implicated as a regulator Arabidopsis mutants with defects in shoot regeneration
of adventitious shoot formation from leaf explants (Pra- has revealed many of the same genes found in this
kash and Kumar 2002). study (P. Che, S. Lall and S. Howell, unpublished

Another transcription factor gene that is significantly observations).
upregulated in the LLC pool is ARR18 (At5g58080),

We thank Andrew Cary, Owen Hoekenga, Todd Vision, and Shyamwhich encodes a B-type response regulator (RR).
Uttamchandani for their preliminary work on this problem. This work

Hwang and Sheen (2001) demonstrated that overex- was supported by the National Science Foundation (IBN-0236060)
pression of ARR2, which also encodes a B-type RR, en- and by the Plant Sciences Institute at Iowa State University.
hanced shoot formation in Arabidopsis in a cytokinin-
dependent manner. Overexpression of ARR11, another
B-type RR, leads to ectopic shoot formation in cotyle-
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