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ABSTRACT

The molecular genetic changes underlying the transformation of wild plants into agricultural weeds are
poorly understood. Here we use a sunflower cDNA microarray to detect variation in gene expression
between two wild (non-weedy) Helianthus annuus populations from Utah and Kansas and four weedy H.
annuus populations collected from agricultural fields in Utah, Kansas, Indiana, and California. When grown
in a common growth chamber environment, populations differed substantially in their gene expression
patterns, indicating extensive genetic differentiation. Overall, 165 uni-genes, representing �5% of total
genes on the array, showed significant differential expression in one or more weedy populations when
compared to both wild populations. This subset of genes is enriched for abiotic/biotic stimulus and stress
response proteins, which may underlie niche transitions from the natural sites to agricultural fields for H.
annuus. However, only a small proportion of the differentially expressed genes overlapped in multiple wild
vs. weedy comparisons, indicating that most of the observed expression changes are due to local adaptation
or neutral processes, as opposed to parallel genotypic adaptation to agricultural fields. These results are
consistent with an earlier phylogeographic study suggesting that weedy sunflowers have evolved multiple
times in different regions of the United States and further indicate that the evolution of weedy sunflowers
has been accompanied by substantial gene expression divergence in different weedy populations.

AGRICULTURAL weeds have evolved repeatedly
from their wild relatives to specialize in the

unique environment of cultivated fields. These diverse
weedy plants incur considerable economic and envi-
ronmental damage. They lower crop yields, harbor
insect pests and diseases, reduce the quality of range-
lands, poison livestock and wildlife, destroy native plant
and animal habitats, and lead to the expenditure of
billions of dollars in chemical and biological control
measures annually (Pimental et al. 2000). As a con-
sequence, there is considerable incentive for under-
standing the molecular genetic changes that transform
wild populations into weeds.

Although there is no unique set of traits found in all
weedy plants, many weeds have adaptations to disturbed
habitats such as cultivated fields. Traits often associated
with agricultural weeds include short generation time,
fast growth, substantial developmental plasticity, resis-
tance to environmental stress, herbicide tolerance,
predation and disease resistance, high reproductive
output, efficient dispersal mechanisms, variable seed
dormancy, and other traits (Baker 1974; Tilman 1994;
Basu et al. 2004). Thus, in addition to strong economic
incentives for understanding the evolution of weedy

plants, weeds are excellent systems for studying the
colonization of novel habitats and how this occurs at
phenotypic and genetic levels.

We are just beginning to understand how plants
become weeds. Although some plants may be preada-
pted to exploit anthropogenic disturbance, in other
cases weed success appears to be a consequence of
recent evolutionary changes (Abbott 1992; Ellstrand

and Schierenbeck 2000; Lee 2002; Callaway and
Maron 2006; Whitney et al. 2006; Rieseberg et al.
2007). Despite progress toward understanding the
ecology of weedy plants, the genetic and molecular
basis of weediness remains largely unexplored, owing to
a lack of genetic and genomic resources for most weedy
plants (Broz et al. 2007). A handful of studies have
focused primarily on quantitative traits using QTL
mapping (Paterson et al. 1995; F. Y. Hu et al. 2003;
Gu et al. 2004), but limitations of QTL techniques have
made it difficult to identify individual genes underlying
weedy phenotypes.

Accumulating evidence from diverse organisms
strengthens the hypothesis that the evolution and
regulation of gene expression is often a major contrib-
utor to biological novelty and phenotypic variation (e.g.,
Doebley et al. 1995; Enard et al. 2002; Wray 2003;
Carroll 2005; Clark et al. 2006; Gilad et al. 2006;
Haerty and Singh 2006; Khaitovich et al. 2006;
Prud’homme et al. 2006; McGregor et al. 2007).
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However, little is known about the role of gene expres-
sion changes in ecological divergence, in part because
many large-scale gene expression studies are from
model organisms (Brem et al. 2002; Rifkin et al. 2003;
Nuzhdin et al. 2004) whose ecology is poorly under-
stood (Whitehead and Crawford 2006b). Variation in
gene expression between natural populations typically
is highly heritable and has been suggested to be of
adaptive importance (Gibson 2002; Whitehead and
Crawford 2006b). Thus, examination of gene expres-
sion variation occurring in natural populations may
provide significant insight into the origin of biological
novelty, diversity, and adaptation (Barrier et al. 2001;
Oleksiak et al. 2001, 2002; Bochdanovits et al. 2003;
Derome and Bernatchez 2006; Derome et al. 2006;
Juenger et al. 2006; Lai et al. 2006; Whitehead and
Crawford 2006a). It is particularly interesting to
evaluate gene expression changes in agricultural weeds
because it enables us to test the prediction (Grime 1977;
Blair and Wolfe 2005; Bossdorf et al. 2005; Rogers

and Siemann 2005; Richards et al. 2006) that weedy
populations have evolved faster growth rates partially by
reducing investment in costly defenses against biotic
and abiotic stresses. For example, if expression levels of
genes involved in such stress tolerances were consis-
tently reduced, this prediction would be supported.

The common sunflower Helianthus annuus, which is
native to the central and western United States, is the
progenitor of the domesticated sunflower (Harter

et al. 2004) and is also a major weed in domesticated
corn, soybean, sunflower, and wheat fields. Because of a
wealth of genomic data (e.g., EST and BAC libraries,
genetic maps, microarrays, etc.) developed by the Com-
positae Genome Project (compgenomics.ucdavis.edu),
H. annuus represents an ideal example for studying
weed evolution. Wild populations of H. annuus typi-
cally inhabit heavy, clay-based soils in open grasslands
(Heiser et al. 1969), but some populations have evolved
many typical traits of agricultural weeds (Whitney et al.
2006; Rieseberg et al. 2007). These populations show
genetic differentiation from nearby wild populations,
some of which is likely due to selection (Massinga et al.
2003), but show no evidence of recent genomewide
bottlenecks in effective population size (Kane and
Rieseberg 2008). Additionally, in this species, there is
ample evidence for extensive local habitat adaptation
(Kane and Rieseberg 2007). In this study, we collected
seeds from two wild H. annuus populations from their
ancestral range, as well as four weedy H. annuus
populations from agricultural fields across the United
States. We grew multiple individuals from each popula-
tion in a common growth chamber environment and
utilized a sunflower cDNA microarray (Lai et al. 2006) to
examine variation in gene expression in these natural
populations. Experiments described here address a
number of questions relating to the evolution of
weediness via changes in gene expression, including

(1) How many genes are differentially expressed in wild
vs. weedy populations of H. annuus?, (2) What are the
functions of the differentially expressed genes?, (3) Are
there similarities in gene expression changes involved
in weediness in multiple populations of H. annuus?,
and (4) What evolutionary forces are responsible for
gene expression divergence among populations of H.
annuus?

MATERIALS AND METHODS

Plant materials: Two wild H. annuus populations from Utah
and Kansas and four weedy H. annuus populations from Utah,
Kansas, Indiana, and California were chosen for this study
(Figure 1A). Wild populations were collected from perma-
nently uncultivated fields, which are typical habitat for this
species. Weedy populations were collected from within in-
tensively cultivated corn fields. Populations from which seeds
were collected comprised at least 500–10,000 individuals or
more, depending on whether nearby populations are counted
as well. One seed head per plant was collected along one or
more transects in each population for at least 48 plants spaced
at least 3 m apart. Seeds were germinated in the lab, and plants
were grown in the growth chamber at 22�–25� with 16-hr light
cycle. Experiments were conducted 4–6 weeks after germina-
tion when seedlings were 4–8 cm high and had four to eight
true leaves. Seedlings including roots, shoots, and leaves were
harvested, quick frozen in liquid nitrogen, and stored at�80�
until RNA was extracted. To minimize the effect of individual
differences within populations, two or three individuals were
pooled as one biological sample and the microarray experi-
ment was carried out following the design in Figure 2, which
emphasizes comparisons of wild vs. weedy populations, with
four biological replicates per comparison.

Sunflower cDNA microarray and gene annotation: An
abiotic stress sunflower cDNA array (Lai et al. 2006) was
employed in this study. Given that the primary difference
between the wild and weedy form of sunflower is in the habitat
that each occupy (wild in water/nutrient-limited natural sites
and weedy in water/nutrient-rich cultivated fields), an abiotic
stress array seemed ideal for identifying key expression differ-
ences between the two forms. The array was primarily de-
veloped from ESTs from environmentally stressed tissues, as
well as salt and drought-subtracted libraries. An additional 384
ESTs with known map locations (Heesacker et al. 2008) were
added to the sunflower cDNA microarray (Lai et al. 2006). In
all, 4127 cDNAs, representing �3198 uni-genes, were spotted
on the array. Gene annotation, as well as printing, post-
processing, and storage of the array, followed our previous
study (Lai et al. 2006).

RNA extraction and preparation of probes: For each
population, total RNA was extracted from four pools of two
to three seedlings per pool. Each pooled extraction was
considered a biological replicate and used for probe synthesis.
RNA extractions followed Lai et al. (2006), except that on-
column DNase I digestion (QIAGEN) was employed to eli-
minate possible genomic DNA contamination. Probes were
made with the dendrimer labeling method (array 50 kit,
Genisphere) following the manufacturer’s instructions. Ap-
proximately 10–15 mg of total RNA was reverse transcribed to
first-strand cDNA in the presence of deoxynucleotide tri-
phosphate mix and special RT dT primer. The fluorescent
3DNA reagent hybridizes to the cDNA because it includes a
‘‘capture sequence’’ that is complementary to a sequence
on the 59-end of the RT primer. In our experiment, four
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biological replicates were carried out for each pairwise
comparison, with full dye swapping (two of four cDNA samples
from each population were synthesized using dT primer with
sequence tag complementary to Alexa Fluor 555 and another
two were synthesized using dT primer with sequence tag
complementary to Alexa Fluor 647).

Hybridization, washing, and scanning: After reverse tran-
scription and RNA hydrolysis, one whole volume of cDNA
(12.7 ml) from each replicate was mixed with sequence tag
complementary to Alexa Fluor 555 or Alexa Fluor 647. For each
slide used, one population was mixed with each type of tag (e.g.,
Utah wild population primed with Alexa Fluor 555 comple-
mentary sequence tag and Indiana weedy population primed
with Alexa Fluor 647 complementary sequence tag, etc.).

The slides were incubated in prehybridization buffer con-
taining 53 SSC, 0.1% SDS, and 1% I-Block (w/v) at 55� for
1.5 hr during the probe preparation. Following the prehy-
bridization treatment, the slides were thoroughly washed
three times with Milli-Q water for 1 min each and dried by
centrifugation. The above cDNA probe was applied to the
prehybridized microarray slides, covered with a cover slip
(LifterSlips, Erie Scientific, Portsmouth, NH), and placed into
hybridization chambers (Corning, NY). Hybridization cham-
bers were submerged in the water bath at 55� overnight. After
incubation, slides were washed in a large volume (400 ml) of
23 SSC/0.2% SDS to remove the cover slip. Then, slides were
washed with 23 SSC/0.2% SDS at 55� for 10 min, 23 SSC
at room temperature for 10 min, and 0.23 SSC at room
temperature for 10 min, respectively.

After washing, the slides were dried by centrifugation.
Then, the denatured fluorescent 3DNA reagent with Alexa
Fluor 555 and Alexa Fluor 647 dye was applied to the slides in
succession. As above, the slides were covered with a cover slip
and placed into hybridization chambers, and hybridization
chambers were submerged in the water bath at 55� for 5 hr.
After hybridization, slides were washed in a large volume
(400 ml) of 23 SSC/0.2% SDS to remove the cover slip. The
slides were then washed for 10 min under each of the following
conditions: 23 SSC/0.2% SDS at 65�, 23 SSC at room tem-
perature, and 0.23 SSC at room temperature. After drying, the
slides were scanned as described before (Lai et al. 2006).

Data collection, normalization, and cluster analysis: Data
collection, normalization, and analysis followed our previous
study (Lai et al. 2006). Statistically significant expression dif-
ferences were identified by setting the threshold false discov-
ery rate (FDR) at ,0.05. The false discovery rate, which
measures the fraction of identified ‘‘significant’’ results that
are spurious, is not the same as the more widely used false
positive rate (P-value), which measures the fraction of truly
nonsignificant results that are falsely identified as significant.
The false discovery rate uses a more sophisticated approach,
enabling researchers to balance the competing goals of
maximizing the discovery of true positives while minimizing
false positives and is thus ideal for use in genomewide studies
with multiple tests (Storey and Tibshirani 2003). Cluster
analysis of differentially expressed genes employed Euclidean
distance and average linkage clustering, as implemented
by The Institute for Genomic Research MultiExperiment
Viewer (MeV) software. Branch lengths indicate the degree

Figure 2.—Experimental design employed for microarray
study. The arrows represent the two samples labeled with
Alexa Fluor 647, and two opposite samples were labeled with
Alexa Fluor 555, with full dye swapping. Four biological rep-
licates were done for each comparison.

Figure 1.—(A) Map showing geographic location of com-
mon sunflower populations employed in this study. Open
circles, wild populations collected from natural sites; solid
circles, weedy populations collected from cultivated corn-
fields. (B) Unrooted neighbor-joining tree showing the rela-
tionships among the six populations, based on microsatellite
genetic distances [(dm)2].
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of similarity between genes in their patterns of expression
(Eisen et al. 1998).

Quantitative PCR: RNAs extracted for microarray were
also used for quantitative PCR (Q-PCR) to verify expression
patterns. First-strand cDNA was synthesized as described
before (Lai et al. 2006). Primers for Q-PCR (supplemental
Table 2) were designed using primer3, available at http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3.cgi. The lengths
of PCR products were between 100 and 250 bp (supplemental
Table 2).

Q-PCR was carried out using Stratagene MX3000p (Stra-
tagene, La Jolla, CA) in 15 ml of total volume with 7.5 ml
platinum SYBR green qPCR SuperMix-UDG, 0.3 ml SYBR
green dye, 0.3 ml ROX reference dye, and 1.5 ml fourfold
diluted first-strand cDNA and in the presence of 200 nm gene-
specific forward and 200 nm reverse primer. Each reaction was
run in triplicate. The cycling program was a two-step cycling
method: 50� for 2 min hold, 95� for 2 min hold, 40 cycles of 95�
for 15 sec and 60� for 30 sec. Dissociation curve analysis fol-
lowed after PCR amplification. Standard curves were gener-
ated by the Stratagene QPCR software with a cDNA mix from
all six populations as a template and corresponding gene-
specific forward and reverse primers. Actin or 60S ribosomal
protein served as a control to normalize the actual cDNA

amount of each sample. The data were analyzed using the
MxPro QPCR software version 3.00.

RESULTS

Validation of microarray results: Nine ESTs were
arbitrarily selected for validation of both identity and
expression pattern (Figure 3). The identity of the PCR
products was confirmed by resequencing, and expres-
sion pattern was validated with Q-PCR. As in our pre-
vious study (Lai et al. 2006), Q-PCR revealed similar
patterns or tendencies of expression when compared
with the microarray results (Figure 3). For example, a
dormancy-associated protein (At1g28330) displayed the
same expression pattern in both Q-PCR and microarray
assays: elevated expression in Indiana weedy and Cal-
ifornia weedy populations compared with Utah wild and
Kansas wild populations. Likewise, a pathogenesis-related
protein in H. annuus (At4g11650) showed elevated ex-
pression in Utah wild and Kansas wild populations when

Figure 3.—Gene expression differences as measured by microarray vs. Q-PCR. The x-axis represents assay method; the y-axis
displays the relative gene expression assessed by Q-PCR and microarray. For both the microarray and Q-PCR, the population with
the highest level of expression was set at 100%, and the expression level of another population was calculated relative to this
standard. Error bars are based on the standard deviation from the mean. For a detailed calculation, see Lai et al. (2006).
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compared with the California weedy population in both
Q-PCR and microarray analyses. Overall, there was
�85% agreement between Q-PCR and microarray data
observed in this study (data not shown).

Number of differentially expressed genes among
populations: To identify differences in gene expression
between wild and weedy populations of the common
sunflower, we compared expression patterns of 3198
uni-genes between the two wild H. annuus populations
and each of the four weedy H. annuus populations. For
comparative purposes, we also measured gene expres-
sion differences between the two wild populations.

We first identified genes that were differentially ex-
pressed between populations using a threshold false
discovery rate of ,0.05 (Table 1). There were 24 genes
differentially expressed between the two wild populations,
whereas 22, 71, 276, and 315 genes were differentially
expressed in comparisons between the wild population
from Utah and the Utah weedy, Kansas weedy, Indiana
weedy, and California weedy populations, respectively.
Likewise, 28, 69, 188, and 96 genes exhibited significant
expression differences between the wild population from
Kansas and the Kansas weedy, Utah weedy, Indiana weedy,
and California weedy populations, respectively.

The numbers of differentially expressed genes between
populations were strongly correlated with microsatellite
genetic distances (Figure 1B; correlation coefficient ¼
0.86) reported in a parallel study (Kane and Rieseberg

2008) and weakly correlated with geographic distances
(correlation coefficient ¼ 0.48). For example, more
differentially expressed genes were identified in com-
parisons between the two wild populations and Indiana
weedy or California weedy populations, which are most
distant genetically and geographically, than in compar-
isons between the two wild populations and nearby
weedy populations. On the other hand, the Utah wild
population was more strongly differentiated from the
Indiana and California weedy populations than was
the Kansas wild population, indicating that the number

of significant differentially expressed genes does not
always increase with geographic distance.

Ecological factors and the functions of differentially
expressed genes: A total of 506 genes showed differen-
tial expression patterns in at least one comparison
between Utah wild and other weedy populations. In
contrast, only 276 genes were differentially expressed in
at least one comparison between Kansas wild and other
weedy populations (Figure 4). Taken together, 604
genes representing �19% of total genes on the array
were differentially expressed in at least one comparison
between wild and weedy populations.

Of these differentially expressed genes, 165 (represent-
ing �5% of the genes on the array) were differentially
expressed in both wild populations relative to one or
more weedy populations (supplemental Table 1). Gene
annotation according to biological process revealed that
12% encode proteins that function in response to abiotic
or biotic stimulus and 13% encode proteins that function
in response to stress. These two functional groups are
significantly overrepresented, with only 4% and 3% of
total uni-genes on the array having the same functions,
respectively (x2¼ 44.44, P¼ 2.616e-11 and x2¼ 82.93, P ,

2.2e-16, respectively; supplemental Figure 1).
Surprisingly few genes exhibited differential expres-

sion in multiple weedy populations (Table 2; supple-
mental Figure 2). When compared against both wild
populations, 6, 13, 71, and 89 differentially expressed
genes were identified in the Utah, Kansas, California,
and Indiana weedy populations, respectively (supple-
mental Figure 2). Of these, 1 was unique to the Utah
weedy population, 10 to Kansas weedy, 66 to Indiana
weedy, and 48 to California weedy (supplemental Figure
2). Only six and three genes, respectively, showed
consistent expression differences between the Utah
wild and all weedy populations and between the Kansas
wild and all weedy populations (Table 2, Figure 4).
Interestingly, these candidate ‘‘weedy’’ genes, most of
which contribute to biotic or abiotic stress tolerance,
were predominantly downregulated in the weedy com-
pared with the wild populations (Table 2, Figure 4).

To elucidate the importance of local and regional
adaptations (vs. weediness per se), we examined the
genes that were differentially expressed in all Utah
populations or in all Kansas populations. For this
analysis, genes were identified as candidates for local
or regional adaptations to Kansas if expression was
significantly different in Kansas wild vs. all other non-
Kansas populations (both weedy and wild) and also was
significantly different in Kansas weedy vs. Utah wild, and
not significantly different between Kansas wild and
weedy populations. Similarly, to examine regional
adaptations common to both Utah populations, we
selected genes with significant differences in expression
with wild Utah to all non-Utah comparisons, as well as
weedy Utah to wild Kansas but not in comparison
between wild Utah and weedy Utah. A single gene with

TABLE 1

Differentially expressed genes in populations of the
common sunflower

Comparison

Differentially
expressed
uni-genes

(FDR , 0.05)

Utah wild and Kansas wild 24
Utah wild and Utah weedy 22
Utah wild and Kansas weedy 71
Utah wild and Indiana weedy 276
Utah wild and California weedy 315
Kansas wild and Kansas weedy 28
Kansas wild and Utah weedy 69
Kansas wild and Indiana weedy 188
Kansas wild and California weedy 96
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strong homology to geranylgeranyl reductase (At1g74470)
was found to be significantly expressed in both Kansas
populations. This pattern may be of interest because
differences in expression patterns of geranylgeranyl
reductase are known to affect levels and quality of

chlorophyll, tocopherol, and carotenoids, leading to
differences in growth rates and other phenotypic effects
in some environmental conditions (Tanaka et al. 1999).
Two genes (At1g20630 and At4g33950) were differen-
tially expressed in the two Utah populations and may be

Figure 4.—Hierarchical clustering analysis of the following. (A) Five hundred and six genes were differentially expressed in at
least one comparison between Utah wild and all other weedy populations. (B) Two hundred and seventy-six genes were differ-
entially expressed in a pattern in at least one comparison between Kansas wild and all other weedy populations. (C) Seven genes
were differentially expressed in Utah wild vs. all other weedy population comparisons. (D) Four genes were differentially ex-
pressed in Kansas wild vs. all other weedy population comparisons. Uwild, Utah wild population; Kwild, Kansas wild population;
Uweedy, Utah weedy population; Kweedy, Kansas weedy population; Iweedy, Indiana weedy population; Cweedy, California weedy
population. Color intensity is directly relative to the magnitude of differential expression ratios, which were transformed to log
base 2 and subject to Euclidean distance and average linkage clustering.

TABLE 2

Genes with consistent pattern of differential expression between Utah wild Uw or Kansas wild Kw and all weedy populations

Comparison EST ID Expression pattern Ara_hits Description

Uw vs. all weedy QHB34L10 Weedy upregulated At1g20630 Catalase 1
Uw vs. all weedy QHL5L13 Weedy downregulated At1g77120 Alcohol dehydrogenase (EC 1.1.1.1)
Uw vs. all weedy QHN19H20 Weedy downregulated At1g29310 Protein transport protein sec61, putative
Uw vs. all weedy QHN19J12 Weedy downregulated At2g39780 S-like ribonuclease RNS2
Uw vs. all weedy QHN7A10 Weedy downregulated At2g32400 Glutamate receptor family
Uw vs. all weedy QHN8G11 Weedy downregulated At4g11650 Pathogenesis-related protein in H. annuus
Kw vs. all weedy QHL5L13 Weedy downregulated At1g77120 Alcohol dehydrogenase (EC 1.1.1.1)
Kw vs. all weedy QHN19J12 Weedy downregulated At2g39780 S-like ribonuclease RNS2
Kw vs. all weedy QHN14D03 Weedy downregulated At4g11650 Pathogenesis-related protein in H. annuus
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involved in adaptation to desert environments. One
of these (At4g33950) was homologous to calcium-
independent ABA-activated protein kinase, which re-
sponds to osmotic stress, salt stress, abscisic acid
stimulus, pathogen, and regulation of seedling growth
in Arabidopsis (Assmann 2003). The other (At1g20630)
had strong homology to catalase proteins, which are
thought to be involved in response to pathogens
(Takahashi et al. 1997) through the breakdown of
H2O2 in the peroxisome.

Hierarchical clustering: To further explore the re-
lationship between gene expression variation and ge-
netic distance, geographic distance, and habitat, four
sets of differentially expressed genes were analyzed by
hierarchical clustering: 506 genes differentially ex-
pressed between Utah wild and one or more weedy
populations, 276 genes differentially expressed between
Kansas wild and one or more weedy populations, seven
genes differentially expressed between Utah wild and all
weedy populations, and four genes differentially ex-
pressed between Kansas wild and all weedy populations
(Figure 4). Of the 11 genes that were differentially
expressed in the weedy populations, 2 were polymor-
phic with respect to the direction of the expression
difference (Figure 4). Cluster analyses revealed that
expression patterns of the two large gene sets tracked
population distance, with geographically and geneti-
cally closer populations exhibiting similar expression
patterns. In contrast, expression profiles of the smaller
gene sets united populations according to habitat.
Thus, these genes may have evolved in response to
selective forces common to agricultural habitats and are
consistent with parallel adaptation (Figure 4).

DISCUSSION

Genetic relationships among wild and weedy pop-
ulations: The wild and weedy sunflower populations
employed for expression analyses were part of a broader
microsatellite study of phylogeography and selective
sweeps within the common sunflower (Kane and
Rieseberg 2008). Both phylogenetic (neighbor-joining)
and Bayesian (Structure) clustering algorithms implied
that the weedy populations were independently derived
from nearby wild populations, although the possibility of
a single origin of weed populations followed by gene flow
with local wild populations could not be ruled out (Kane

and Rieseberg 2008). Reanalysis of the microsatellite
data for the subset of populations employed in the
microarray analyses confirms this earlier result. Each
weedy population, while genetically distinct, is most
closely related to nearby wild populations (Figure 1B).

Analysis of differentially expressed genes in wild vs.
weedy sunflower populations: As noted in the Introduc-
tion, variation in gene expression between natural
populations has been reported to be genetically de-
termined and can underlie adaptation (Gibson 2002;

Whitehead and Crawford 2006b). Therefore, exam-
ination of gene expression variation in natural wild
populations and their closely related weedy populations
provides insight into both the kind and percentage of
genes whose expression may be related to the habitat
transition from wild to agricultural field, at least in
H. annuus.

We identified 165 genes (5%) with significant expres-
sion differences in one or more weedy populations
when compared with both wild populations. Gene
annotation revealed that abiotic or biotic stimulus-
related proteins and stress-related proteins were signifi-
cantly overrepresented among the weedy genes, implying
possible ecological functions of genes that underlie
important weedy traits. The overrepresentation of abiotic/
biotic stimulus and stress-related proteins makes sense,
given the contrast between the harsh, dry habitat of the
wild populations and the nutrient-rich, irrigated corn
fields where the weedy populations occur.

Interestingly, the magnitude of expression differ-
ences between wild and weedy populations tended to
be relatively small, ranging from a 1.08- to a 6.54-fold
difference (data not shown), particularly in relation to
an earlier comparison of different sunflower species
(Lai et al. 2006). However, it is now well established that
small relative changes in gene expression can be as
functionally important as larger ones (Oleksiak et al.
2005; Whitehead and Crawford 2006a). Alternatively,
it might be that adaptive genetic differences between
the wild and weed populations are minor or that gene
flow has prevented fixation of some alleles with large
expression difference, thereby reducing the apparent
magnitude of expression differences in pooled samples
such as those employed here. A final explanation for the
small expression differences is that they result from
variation in the environment or among individual
genotypes rather than from fixed genetic differences
between these populations. However, this explanation
seems unlikely since plants were grown in a common
environment to minimize the physiological differences.
Also, several individuals were pooled to reduce the within-
population differences and to maximize the ability to
detect between-population differences (Kendziorski

et al. 2005). All plants appeared healthy and the entire
seedling was used for RNA isolations. Thus, the majo-
rity of the variation detected in the experiment is not
due to different physiological conditions or differences
in tissue types. Instead, these differences should repre-
sent genetic differences between populations, although
the possibility of maternal effects cannot be ruled out
(Roach and Wulff 1987) since the maternal environ-
ment of these seeds necessarily varied with collection
locality. Other factors that might be important in natu-
ral populations, such as population life history, pop-
ulation structure, and potential genotype–environment
interactions are beyond the scope of study conducted
here.
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Candidate genes: Our results indicate that variation
in gene expression is strongly influenced by the geo-
graphical location of populations. Only a handful of the
165 genes (see above) exhibited differential expression
in one or more weedy populations when compared with
both wild populations, implying that most differentially
expressed genes contribute to local adaptation or
neutral processes rather than weediness per se. However,
until a larger fraction of the genes in the genome can be
analyzed, it remains unclear if the evolution of weedi-
ness in H. annuus mostly involves different sets of genes
in different populations, as has been reported for
adaptive melanism in mice (Hoekstra and Nachman

2003). Clearly, local adaptation has a key role in shaping
the evolution of the weedy H. annuus transcriptome.
Because these are natural populations, many character-
istics other than wild vs. weedy habitat could influence
the gene expression changes. Therefore, some of the
observed variation in gene expression could have been
due to different selective forces such as local climate,
soil type, pathogens, and different methods of corn
cultivation practiced in different regions.

Six genes showed consistent expression differences
between all weedy populations and at least one wild
population and three genes—alcohol dehydrogenase
(ADH, At1g77120), S-like ribonuclease RNS2 (At2g-
39780), and pathogenesis-related protein of H. annuus
(At4g11650)—showed consistent expression differen-
ces in all comparisons of wild and weedy populations
(Table 2, Figure 4). ADH is of particular interest because
earlier isozyme studies of H. annuus identified an E
allele at Adh-1, so named because of the early cessation
of activity in germinating seeds (Torres 1974; Torres

and Diedenhofen 1979). Adh-1E was found to be
associated with wet areas, such as agricultural fields
where weedy sunflowers predominate. Torres and
Diedenhofen (1979) speculated that Adh-1E facilitated
germination under anaerobic conditions, such as those
found in frequently flooded sites. In this study, the
expression level of ADH was downregulated in the
seedlings of weedy populations, which is consistent with
the precocious cessation of Adh-1E activity observed in
isozyme studies.

All of these three candidate weedy genes are known to
be involved in stress responses and two have been shown
to be upregulated in response to biotic or abiotic stress
in other studies. For example, homologs of S-like
ribonuclease RNS2 are known to be upregulated under
drought stress, phosphate starvation and under senes-
cence in rice, Antirrhinum, green alga, and Arabidopsis
(Taylor et al. 1993; Liang et al. 2002; Salekdeh et al.
2002). Likewise, upregulation of pathogenesis-related
protein of H. annuus (At4g11650) has been reported
following chemical elicitation of pathogen resistance
(X. Hu et al. 2003). In this study, both genes were found
to be downregulated in weedy populations, which occur
in less stressful environments.

Observations of constitutive downregulation of stress
tolerance genes in seedlings from weedy populations
(Table 2) are consistent with a possible general hypoth-
esis for the evolution of weediness in sunflowers. Wild
and weedy populations differ in seedling growth rate,
with weedy seedlings growing almost twice as fast as their
wild counterparts (L. H. Rieseberg, unpublished data).
If there is a cost to abiotic and biotic tolerances, which
seems likely, downregulation of costly genes and path-
ways might provide a competitive growth rate advantage
to seedlings (Grime 1977; Blair and Wolfe 2005;
Bossdorf et al. 2005; Rogers and Siemann 2005;
Richards et al. 2006). Obviously, the number of
common weedy genes identified here are too few to
test such a hypothesis, but it does provide a prediction
that can be tested in future studies of weedy sunflowers
and other invasive plants.

Origin of expression variation in H. annuus: As with
other traits that are variable and heritable, gene
expression variation is likely affected by both neutral
drift and selection. If drift is the primary cause of varia-
tion in gene expression, then greater genetic diver-
gence among populations should be correlated with
greater divergence in gene expression (Whitehead

and Crawford 2006a). However, this pattern could also
be due to local or regional adaptations. In contrast,
parallel shifts in gene expression are most likely a con-
sequence of natural selection (Derome et al. 2006).
In yeast, stabilizing selection appears to constrain the
divergence of the gene expression transcriptomes
(Denver et al. 2005), whereas a neutral model best
accounts for expression variation in human populations
(Khaitovich et al. 2004).

In our study, hierarchical clustering analysis of
expression differences indicates that expression varia-
tion is strongly correlated with genetic differences
among populations, a result consistent with either drift
or local adaptation. However, analysis of the set of
common weedy genes revealed parallel shifts in gene
expression across different weedy populations and may
represent an example of parallel adaptation to agricul-
tural conditions.

Caveats: Because only a small subset of the genome
(�10%) was analyzed, many of the key genes contribut-
ing to weediness likely were missed. Additionally,
although spurious results were minimized by using
FDR rather than P-values, we do expect that a small
fraction (5%) of genes identified as different in any one
comparison will be spurious. However, falsely identify-
ing the same gene in more than one analysis is
exceedingly unlikely using this approach, indicating
that the majority of our important findings are on solid
ground. Another caveat is that we focused exclusively on
gene expression differences in whole seedlings and it
might be that other ecological variables (e.g., mycorrhi-
zal associations with roots) are most critical to the
evolution of weediness. A comprehensive common
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garden study is underway to identify possible differences
between wild and weedy sunflowers in abiotic and biotic
tolerances, as well as in herbivory and mycorrhizal
associations. This experiment will be employed to guide
future microarray studies, which will employ a much
more complete array currently under development
(below).

Conclusions and future work: This study interro-
gated�10% of the sunflower transcriptome in multiple
wild and weedy populations and identified several
candidate weedy genes that are the targets of both
functional and molecular evolutionary study. For exam-
ple, we have initiated studies of expression-control
elements to determine that expression patterns are
caused by selection in the vicinity of the genes them-
selves (cis) or by selection on interacting regulatory
genes (trans). Additionally, sequencing studies are un-
derway to determine if there is a demographic signature
of selection at these loci. Finally, we are developing a
33,000 uni-gene array to test our hypothesis that down-
regulation of costly genes and pathways might provide a
competitive growth rate advantage to weedy sunflowers.
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