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Quantifying gene expression levels is an important research
tool to understand biological systems. Reverse transcrip-
tion—quantitative real-time PCR (RT-qPCR) is the preferred
method for targeted gene expression measurements because
of its sensitivity and reproducibility. However, normaliza-
tion, necessary to correct for sample input and reverse tran-
scriptase efficiency, is a crucial step to obtain reliable RT-
gPCR results. Stably expressed genes (i.e. genes whose ex-
pression is not affected by the treatment or developmental
stage under study) are indispensable for accurate normaliza-
tion of RT-qPCR experiments. Lack of accurate normal-
ization could affect the results and may lead to false
conclusions. Since transcriptomes of seeds are different from
other plant tissues, we aimed to identify reference genes
specifically for RT-qPCR analyses in seeds of two important
seed model species, i.e. Arabidopsis and tomato. We mined
Arabidopsis seed microarray data to identify stably ex-
pressed genes and analyzed these together with putative
reference genes from other sources. In total, the expression
stability of 24 putative reference genes was validated by
RT-qPCR in Arabidopsis seed samples. For tomato, we
lacked transcriptome data sets of seeds and therefore we
tested the tomato homologs of the reference genes found
for Arabidopsis seeds. In conclusion, we identified
14 Arabidopsis and nine tomato reference genes. This pro-
vides a valuable resource for accurate normalization of gene
expression experiments in seed research for two important
seed model species.

Keywords: Arabidopsis e Gene expression e Normalization e
RT-qPCR e Seed e Tomato.

Abbreviations: Cqg, quantification cycle; CV, coefficient of
variation; HKG, housekeeping gene; RT—-qPCR, reverse tran-
scription—quantitative real-time PCR.

Introduction .

Quantifying gene expression levels is an important research tool
to unravel complex regulatory gene networks. Reverse tran-
scription—quantitative real time PCR (RT-qPCR) is a widely
used method for gene expression measurements because of
its sensitivity, reproducibility and dynamic quantification
range (Pfaffl, 2004). RT-qPCR is employed to quantify relative
levels of expression based on normalization using a stably ex-
pressed reference gene (Pfaffl 2004, Huggett et al. 2005).
Accurate normalization is fundamental for reliable RT-qPCR
results. The use of unvalidated or unstable reference genes can
have significant impact on the results obtained and could lead
to erroneous conclusions (Huggett et al. 2005, Gutierrez et al.
2008, Guénin et al. 2009). Despite the importance of systemic
validation of reference genes, this is still under-utilized in plant
sciences (Guénin et al. 2009).

For normalization, often so-called housekeeping genes
(HKGs) are used. These include genes such as ACTIN, TUBULIN,
GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE  and
UBIQUITIN that play essential cellular roles and that are there-
fore thought to be stably expressed. However, HKGs were found
to be subject to considerable regulation in certain conditions
(for a review, see Huggett et al. 2005, and references therein).
Also for the model plant Arabidopsis thaliana (Arabidopsis) it
has been shown that such genes are not necessarily stably ex-
pressed (Czechowski et al. 2005). In the last decade relevant
tools for selecting genes for normalization have become avail-
able. Several research groups have developed software tools to
identify the most stably expressed genes across a set of samples.
These tools include geNORM (Vandesompele et al. 2002),
Bestkeeper (Pfaffl et al. 2004) and NormFinder (Anderson
et al. 2004) which are freely available on the web and allow
researchers to find the best reference gene for their
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experiments. In addition, these programs allow the calculation
of a normalization factor over multiple reference genes, which
improves the robustness of normalization even further.

As indicated previously, traditional HKGs are not always
stably expressed. That is why such genes may not provide a
suitable candidate for normalization. Therefore, it is pivotal to
identify the best potential reference genes for the experimental
system under study. One resource that has been exploited is
data from gene expression studies using microarrays in a wide
range of developmental stages and environmental conditions.
Microarray data sets can be mined for genes that are stably
expressed over a diverse set of conditions and have been em-
ployed in the medical field (e.g. Eisenberg and Levanon 2003,
Kidd et al. 2007, Monaco et al. 2010). This strategy has also
been successfully employed in several plant species such as
Arabidopsis (Czechowski et al. 2005), soybean (Libault et al.
2008) and rice (Narsai et al. 2010). These studies have identified
and validated approximately 20 novel reference genes in
Arabidopsis, four in soybean and another 12 in rice. The
above studies are important since they have led to the identi-
fication of better reference genes compared with those that
were available previously.

Different plant parts and tissues are expected to have dis-
tinct transcriptomes, which was shown by Principle
Component Analysis (PCA) (Schmid et al. 2005). In the case
where one is interested in a particular developmental stage or
organ (such as seeds in our case) one might expect to find
better reference genes by evaluating microarray data sets of
the particular stage or organ under study. Seeds are unique
plant structures which link successive generations. During
orthodox seed development seeds are filled with reserve food
and they undergo a developmental program that induces dor-
mancy and desiccation tolerance. This results in dehydrated,
quiescent and stress-tolerant structures at the end of seed de-
velopment. Due to their special characteristics, seeds show dis-
tinct transcriptomes as compared with other plant tissues
(Schmid et al. 2005). Moreover, Czechowski and co-workers
(2005) observed that the inclusion of pollen and seed samples
in the developmental series samples led to higher coefficient of
variation (CV) values (a measure of variation for gene expres-
sion). This also shows that the transcriptomes of pollen and
seeds are deviating from those of the other tissues, with the
implication that the reference genes identified to date are not
necessarily the best references for expression quantification in
seed experiments. This is further corroborated by a recent study
of Graeber et al. (2011). These authors identified stably ex-
pressed genes based on microarray data of Lepidium sativum
(Lepidium) seeds. Homologous Arabidopsis genes also showed
stable expression in seed samples. The expression stability of
the reference genes tested was shown to be even higher be-
tween both species in a single process (seed germination) com-
pared with two different processes within a single species
(Graeber et al. 2011).

Here we describe the identification of novel reference genes
for the quantification of gene expression in seeds of Arabidopsis
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and tomato. To create a set of genes for the analyses we made
use of the extensive amount of seed microarray data that is
publicly available on the Bio Array Resource (BAR) website
(www.bar.utoronto.ca; Winter et al. 2007, Bassel et al. 2008).
In total we validated 24 genes in an RT-qPCR experiment
using a diverse set of 16 Arabidopsis seed samples. This resulted
in a set of 14 validated reference genes. Since for tomato, which
is another important seed model, such a public resource is not
available, we have used the tomato homologs of the identified
Arabidopsis genes. This proved a successful strategy and iden-
tified nine reference genes for tomato seeds. We describe the
identification of two sets of reference genes for two important
seed models, which provides a good starting point for accurate
normalization of seed experiments.

Results

Identification of putative reference genes for seed
experiments in Arabidopsis

To identify the most stably expressed genes in Arabidopsis
seeds we mined publicly available microarray data. In total,
data of 151 seed arrays were used that are available on
the BAR website (http://www.bar.utoronto.ca; Winter et al.
2007, Bassel et al. 2008; see also Supplementary Table S1).
These include, among others, a seed imbibition time
course (Nakabayashi et al. 2005), the effect of stratification
(Yamauchi et al. 2004), dormancy cycling in the Cvi accession
(Cadman et al. 2006, Finch-Savage et al. 2007), differences in
expression in dormant and after-ripened seeds (Carrera et al.
2007), response to gibberellic acid (Ogawa et al. 2003), expres-
sion in endosperm and embryo (Penfield et al. 2006), effect of
chemical inhibitors of germination (Bassel et al. 2008) and ex-
pression in imbibed ABA signaling mutants (Nakabayashi et al.
2005). We used a similar approach to that described by
Czechowski et al. (2005) and Nasai et al. (2010) for the identi-
fication of novel reference genes in Arabidopsis and rice, re-
spectively. For each gene we calculated the mean expression
and the SD over all experiments. Next, the CV was calculated by
dividing the SD by mean expression. Genes with a low CV value
are more stably expressed. A list of the 50 genes with the lowest
CV values is presented in Supplementary Table S2.

In order to visualize the expression stability of this seed-
specific gene set we compared it with two known sets of ref-
erence genes, i.e. the set of Arabidopsis references (Czechowski
et al. 2005, which we will refer to as the Czechowski set) and the
‘classic’ HKGs. From each of these three sets of reference genes
5-6 genes were selected. From our seed-specific list, genes were
picked which were ranked 1, 3, 4, 20 and 21, based on their CV
value (i.e. at1g16970, at4g12590, at2g43770, at3g59990 and
at4g02080, respectively; see also Supplementary Table S2).
Of the Czechowski set, at1g13320, at1g58050, at4g26410,
at4g34270, at5g12240 and at5g46630 were included, and as rep-
resentatives of the ‘classic’ HKGs we show ACT8 (at1g49240),
ACT2 (at3g18780), UBC (at5g25760), TUB4 (at5g44340) and
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EF-1o. (at5g60390). For all these genes, expression data from 50
seed microarray experiments were obtained from the BAR web-
site (http://www.bar.utoronto.ca; Winter et al. 2007, Bassel
et al. 2008). These are the group 1 seed microarrays of which
we used the averaged expression levels per experiment (for
overview of seed experiments, see Supplementary Table S1).
For each gene the average expression level over the entire set
of 50 seed experiments was calculated. To obtain relative ex-
pression levels between the individual seed experiments
we calculated the expression ratio (the expression per experi-
ment divided by the average expression level) for each gene
(plotted in Fig. 1). This analysis shows that traditional HKGs
have considerable variation in expression over these 50 seed
experiments. In comparison, the Czechowski set which was
identified over a wide range of Arabidopsis microarray data
shows more stable expression. However, an even higher level
of expression stability was shown by the seed-specific genes,
indicating that this set contains some interesting candidates for
normalization of gene expression experiments in seeds.

To confirm further the expression stability, 13 genes of the
seed-specific set (also indicated in Supplementary Table S2)
were compared with a set of seven ‘classic’ HKGs (including
ACTIN, UBIQUITIN and TUBULIN genes) and 18 references of
the Czechowski set. Further, we added four seed reference
genes originally identified based on microarray experiments
using Lepidium seeds (Linkies et al. 2009, Graeber et al. 2011).
Arabidopsis homologs of three of these Lepidium reference
genes were more stably expressed compared with traditional
HKGs. Gene expression information of this whole gene set (in
total 42 genes) of 50 seed transcriptomics experiments was
obtained from the BAR website (same set as used in the previ-
ous experiment, for details see Supplementary Table S1). The
microarray expression data of these putative seed reference
genes were analyzed using geNORM (Vandesompele et al.
2002). The geNORM software package uses pairwise compari-
sons to identify the most stably expressed genes within a set
of reference genes across a given set of samples. For each gene a
stability value M was calculated; the lower the M value
the more stably the gene is expressed. Repetitive analysis com-
bined with stepwise elimination of the least stable gene
ranks the gene set from the least to the most stably expressed
genes (Vandesompele et al. 2002). This analysis showed
that there was a substantial set of genes from the seed-
specific list that outperformed the ‘classic’ HKGs and known
reference genes (Fig. 2). Interestingly, some genes originally
identified by Czechowski et al. (2005) also performed well, con-
sidering their relatively low M value which positions them in
between the most stably expressed seed-specific reference
genes.

Validation of seed reference genes by RT-qPCR
in Arabidopsis

The analysis described above indicated that this seed-specific
list included some strong candidates for reference genes in

Arabidopsis seed gene expression experiments. For further con-
firmation, 24 genes [11 genes from the seed-specific list, six
‘classic’ HKGs, four references from the Czechowski set and
three reference genes from Lepidium (for gene and primer in-
formation see Supplementary Table S3)] were validated in an
RT—-qPCR experiment. All primer pairs produced a specific
PCR product indicated by melting curve and agarose gel ana-
lysis (Supplementary Fig. S1). In total, 16 different Arabidopsis
seed samples were used. This diverse set of seed samples
included dry seeds of three accessions, imbibed seeds, stress/
hormone-treated seeds, germinated seeds, seedlings and differ-
ent seed tissues which largely overlapped with the seed samples
present in the microarray data set. For a detailed description of
the Arabidopsis seed samples see Supplementary Table S4.
The quality of the RNA was thoroughly checked before further
processing (Supplementary Fig. S2).

The RT-qPCR data of all 24 putative reference genes were
analyzed by geNORM. The stability value M was calculated and,
by stepwise elimination of the least stable gene, the genes were
ranked (Fig. 3). We used a cut-off value of <0.5 for the M value,
which is typical for stably expressed genes (Hellemans et al.
2007). This analysis identified 14 genes stably expressed in
our set of Arabidopsis seed samples (Fig. 3). More than half
of this stably expressed set (eight genes) were genes from the
seed-specific list. Furthermore, the set included four previously
identified Arabidopsis references and one gene that was previ-
ously identified as stably expressed in Lepidium (at2g20000).
Only one ‘classic’ HKG (UBC, at5g25760) was among the 14
most stably expressed genes.

Identification of tomato reference genes based on
Arabidopsis homologs

For seeds of tomato, which is another important seed model, a
public microarray resource is not available. Therefore, we used
tomato homologs of the identified Arabidopsis genes to iden-
tify reference genes for experiments in tomato seeds. For 20 of
the 24 validated genes in Arabidopsis, homologous genes were
identified in tomato. This set was complemented with four
known tomato references, i.e. ACTIN (ACT, SGN-U580422),
PROTEIN PHOSPHATASE 2A catalytic subunit (PP2Acs,
SGN-U567355),  RIBOSOMAL  PROTEIN L2 (RPL2,
SGN-U581377) and UBIQUITIN (UBI, SGN-U593552) (Lovdal
and Lillo 2009). For details of the gene and primer information
see Supplementary Table S5. Thus, in total 24 putative tomato
seed reference genes were tested and all primer pairs used in
this study produced a single product as shown by both melting
curve and agarose gel analysis of RT-qPCR products (see
Supplementary Fig. S3). For the RT-qPCR experiment, 15 dif-
ferent tomato seed samples were used which included dry seeds
of three different tomato accessions, imbibed seeds, stressed
seeds, primed seeds, different seed tissues and germinated seed-
lings (see Supplementary Table S6 for a detailed description of
the tomato seed samples). The quality of isolated RNA from the
different tomato seed samples was thoroughly checked before
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Fig. 1 Relative expression of traditional HKGs, known Arabidopsis references and putative novel seed reference genes over 50 different seed %

microarray experiments. Relative expression levels per gene were obtained by dividing the expression value per experiment by the average
expression level calculated across all 50 seed microarray experiments. For each class [‘classic’ HKGs (A), Czechowski set (B) and seed-specific set
(Q)], relative expression values were calculated for 5-6 example genes.

the cDNA synthesis step and use in the RT-qPCR experiment  The stability value M was calculated and, by stepwise exclu-
(Supplementary Fig. S4). sion of the least stable gene, the genes were ranked (Fig. 4).

The RT-qPCR data of all 24 putative tomato reference  Nine stably expressed genes were identified (with a cut-off
genes for the 15 different samples were analyzed by ggNORM.  value of M <0.5) in our set of tomato seed samples. Seven of
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Fig. 3 Expression stability of 24 putative reference genes based on RT-qPCR analysis of Arabidopsis seed samples. Expression values of the 24
putative reference genes over 16 different Arabidopsis seed samples obtained in the RT—qPCR experiment were analyzed in ggNORM. geNORM
analysis allowed ranking of the genes based on their average expression stability value M. Fourteen genes had an M value <0.5, and these were

considered as stably expressed in Arabidopsis seed samples.

these nine genes were also present in the stably expressed set
of Arabidopsis. The other two genes that were stably expressed
are a known tomato reference gene (PP2Acs) and the homolo-
gous gene of the Arabidopsis ACT2 gene. In conclusion, the use

of homologous tomato genes of stably expressed Arabidopsis
genes enabled us to identify a set of references for nor-
malization of gene expression experiments of tomato seed
samples.
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putative reference genes over 15 different tomato seed samples obtained in the RT—qPCR experiment were analyzed using geNORM. geNORM
analysis allowed ranking of the genes based on their average expression stability value M. Nine genes had an M value <0.5, and these were

considered as stably expressed in tomato seed samples.

Discussion

Normalization is a key step to obtain reliable gene expression
data by RT—qPCR. The use of inappropriate reference genes can
impact the results obtained and may lead to erroneous conclu-
sions (Gutierrez et al. 2008, Guénin et al. 2009). Therefore, the
identification and validation of reference genes for gene expres-
sion studies is important. In this study we identified and vali-
dated 14 reference genes for gene expression experiments in
Arabidopsis seeds and nine references for tomato seeds (Figs. 3,
4). For gene expression studies in seeds, ‘classic’ HKGs such as
ACTIN and TUBULIN genes are often used. This study shows
that such ‘classic’ HKGs are generally among the least stable
genes in both Arabidopsis and tomato seed samples. This indi-
cates that one should be careful using such genes as reference
genes, certainly without proper validation. Preferably, however,
the use of such unstable HKGs should be avoided for gene
expression studies in seeds, and this study provides ample al-
ternative reference genes for use in seed biology research based
on microarray data mining and experimental validation.

Czechowski et al. (2005) has already identified a set of ref-
erence genes in Arabidopsis. This set contains putative refer-
ence genes for use in seed biology, but our rationale was that
potentially better reference genes could be identified for seed
biology research when we mined microarray experiments of
seed experiments specifically. Interestingly, recently, Hruz and
co-workers (2011) have shown that no gene is universally stable
and that a subset of stable genes from a specific biological
context has a smaller variance compared with references iden-
tified based on their stability across all conditions, supporting
our rationale. Our set of 14 references for Arabidopsis seed
experiments was identified by mining a large set of seed micro-
arrays and comparing it with known Arabidopsis references
(Czechowski set), Lepidium reference genes and some ‘classic’
HKGs. More than half (eight genes) of this stably expressed gene
set for Arabidopsis seeds included genes derived from the
seed-specific list, and these are among the most stably ex-
pressed. We searched to determine whether these eight genes
were identified previously in one of the microarray sets used by
Czechowski et al. (2005). Indeed, at3g25800 was identified as
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stably expressed in the stressed roots set (rank 42) and the
hormone series (rank 41), while at4g12590 was identified in
the hormone series (rank 3). Therefore, these two references
may be used in a wider range of gene expression studies. The
other genes were not among the 100 most stably expressed
genes in either of the Arabidopsis sets, indicating that these
are more seed-specific references. The four genes (at1g13320,
at2g28390, at4g34270 and at5g46630) from the Czechowski set
were also validated as stably expressed genes in seeds. This
suggests that these are useful for normalization of seed experi-
ments as well. Another stably expressed gene among this vali-
dated set was originally identified as stably expressed in
Lepidium seeds (at2g20000). The other two genes that originate
from Lepidium performed generally better as compared with
the traditional HKGs, which is in agreement with the results of
Graeber et al. (2011); however, both genes were just above the
cut-off. The order of these Lepidium-derived references is slight-
ly different in the study by Graeber et al. (2011) and this study.
These differences are probably due to the different samples that
were used in both studies. Thus although these reference genes
are found to be stably expressed in seeds in both studies, their
performance might vary slightly based on the experimental
conditions. Therefore, the use of multiple reference genes is
better since this would reduce such variation and improve nor-
malization (Vandesompele et al. 2002). Lastly, only a single
traditional HKG was found in our set of 14 genes, which is a
ubiquitin-conjugating enzyme (UBC, at5g25760). Interestingly,
this gene was also stably expressed in the set tested and vali-
dated by Czechowski et al. (2005).

Like Arabidopsis, tomato is an important model for seed
biology research. In contrast to Arabidopsis, a public microarray
resource for seed experiments is not available. In the past an
expressed sequence tag (EST) database was mined with the
purpose of finding reference genes for tomato (Coker and
Davies 2003). However, this study did not identify genes that
were stably expressed under all conditions and did not include
seed experiments. Therefore, we used tomato homologs of
stably expressed genes in Arabidopsis. The strategy of using
homologous genes was previously shown to be a powerful ap-
proach (Exposito-Rodriguez et al. 2008, Graeber et al. 2011).
For example, Expdsito-Rodriguez and co-workers (2008) ana-
lyzed seven known ‘classic’ HKGs in tomato together with four
novel genes that were originally identified in Arabidopsis.
Interestingly, these four tomato homologs of Arabidopsis ref-
erence genes outperformed the other seven traditional refer-
ences in a tomato developmental series. In this study, we
identified nine stably expressed genes in tomato seeds
(Fig. 4). Seven of these nine genes were also present in the
stably expressed gene set in Arabidopsis. This shows that this
approach using homologs was successful and, interestingly, in-
dicates that the reference genes identified in this study are
potential candidates for reference genes for gene expression
experiments in seeds of other species. The other two genes
that were stably expressed in tomato included a known
tomato reference gene (PP2Acs) and the homologous gene of

Arabidopsis ACT2. A remarkable result was the presence of
at2g20000 in the tomato set among the most stable genes.
This gene was originally identified in Lepidium and is also
among the most stably expressed genes in Arabidopsis and
tomato. This gene was not identified among the 100 most
stable expressed genes in any other microarray sets tested by
Czechowski et al. (2005) and therefore appears to be a
seed-specific reference gene.

Generally, the tomato data concerning the stably expressed
genes were rather similar to those of Arabidopsis. A large over-
lapping set was identified, and in both species the traditional
HKGs were generally among the least stably expressed genes.
However, there were some obvious differences. For example,
the presence of the homologous gene ACT2 in the stably ex-
pressed gene set in tomato is surprising since it is one of the
most unstable genes tested in Arabidopsis seeds. Further, it is
remarkable that the most unstable genes in tomato originate
from the seed-specific set of Arabidopsis. These results suggest
that either the homologous gene has a deviating expression/
function between Arabidopsis and tomato or that we did not
identify the true homologous gene. In conclusion, this study
shows that it is possible to identify good reference genes using a
homologous gene approach over different species and, no
matter what the reason for the discrepancies, they simply indi-
cate that a proper validation of reference genes across different
species is essential. This study has identified and validated 14
novel reference genes for gene expression studies in Arabidopsis
seeds and nine reference genes for tomato seeds. These two sets
of reference genes create a good starting set for accurate nor-
malization of gene expression experiments in two important
seed model species.

Materials and Methods

Identification of stably expressed genes in seed
microarray data sets

For mining of stably expressed genes, MAS5 normalized data of
151 microarrays of seed experiments were used (from the BAR
website www. bar.utoronto.ca; Winter et al. 2007, Bassel et al.
2008; for details, see Supplementary Table S1). Over the entire
set of arrays the average expression and SD were calculated per
gene. For each gene, the CV value was calculated by dividing the
SD by the mean expression. Genes with low CV values are more
stably expressed compared with genes with high CV values. The
gene set was filtered for an average expression level >100, to
obtain genes with a reasonable expression level. A list of 50
genes with the lowest CV values in seed experiments is
shown in Supplementary Table S2.

Plant material

In these experiments, four different genotypes of Arabidopsis
were used, i.e. Columbia-0 (Col-0, N60000), Cape Verde Islands
(Cvi, N8580), Landsberg erecta (Ler-0, NW20) and the
NILDOG17-1 (near isogenic line containing the DOG1 locus of

220z 1snbny /| uo Jasn sonsnp Jo wuaswuedaq 's'N Aq 2680281/82/L/€S/a1onie/dod/woo dnooiwapese//:sdiy woll papeojumod

34

Plant Cell Physiol. 53(1): 28-37 (2012) doi:10.1093/pcp/pcr113 © The Author 2011.



Cvi in the Ler-0 background) (Bentsink et al. 2006). For most
treatments the Col-0 accession was used.

Arabidopsis plants were grown on rockwool in a climate cell
at 22°C and 70% humidity in a 16 h light/8 h dark cycle for seed
production. Plants were watered with a Hyponex nutrient so-
lution (1g |I~', www.hyponex.co.jp). For germination, seeds
were sown on 0.7% water agarose (Eurogentec) (tissue dissec-
tions) or on wetted filter paper (Sartorius-Stedim Biotech)
(other treatments) supplemented with additives as indicated
(Supplementary Table S4).

Three different tomato species were used, i.e. Solanum lyco-
persicum cv. Moneymaker (LA2706), Solanum pimpinellifolium
(CGN 15528) and Solanum pennellii (LA716). For most treat-
ments, Moneymaker was used. Tomato plants were grown in a
greenhouse under a 16 h light/8 h dark regime. The day and
night temperatures were maintained at 25 and 15°C, respect-
ively. Plants were supplied with standard nutrient solution.
Seeds were collected from fruits and treated with a HCl solution
(2.3% HCI/1.5h). After this treatment, seeds were washed
and separated from the remnants of the fruits. Next, seeds
were disinfected using tri-sodium phosphate (100g of
NazPO,-12H,0 in 1liter of water for 1h) followed by a rinsing
step with water. Afterwards seeds were dried on filter papers at
room temperature for 3d. The dried seeds were polished to
remove hairs using a seed brushing machine (type 4100.10.00,
Seed Processing Holland BV). Seeds were stored at 12°C at 30%
relative humidity. For germination experiments, seeds were
germinated on filter paper (Allpaper BV) with the indicated
additives (Supplementary Table S6).

RNA isolation

For Arabidopsis, RNA was isolated as described by Dekkers
et al. (2008) except for the tissue dissections. For the dissected
samples, radicle and cotyledon samples (approximately 500
seeds) and endosperm samples (approximately 2000 seeds)
were dissected using forceps and a scalpel knife. Frozen material
was ground in a dismembrator (Mikro-dismembrator U,
B. Braun Biotech International) using stainless steel beads.
Since the sample sizes of the seed tissues were very small, we
were not able to use the above protocol but used a commercial
kit (Nanoprep kit, Stratagene) for RNA extraction according to
the manual. The only modification was the addition of polyvi-
nyl polypyrrolidone (PVPP; 60 mg ml™") to the extraction buffer
for RNA extraction of endosperm samples, to inactivate phen-
olic compounds present in the seed coat.

Tomato seeds were frozen in liquid nitrogen after the dif-
ferent seed germination treatments for RNA isolation. To
obtain the four seed tissues of tomato seeds (micropylar endo-
sperm cap, lateral endosperm, radicle and cotyledons), approxi-
mately 100 seeds were dissected after 24 h of imbibition on
water using a scalpel knife and forceps. Frozen seed material
was ground in a dismembrator (Mikro-dismembrator U, B.
Braun Biotech International) using stainless steel beads, and
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tomato RNA was extracted using a phenol extraction method
(Nonogaki et al. 2000).

RNA integrity of all samples was assessed by analysis on a 1%
agarose gel. For all Arabidopsis and tomato samples, clear rRNA
bands were visible, indicating that RNA was intact. Further, OD
260/280 ratios were determined using a Nanodrop ND-1000
(Nanodrop Technologies Inc.) and were close to 2.0 for all sam-
ples used in this experiment, indicating good RNA quality (data
shown in Supplementary Figs. S2 and S4). Genomic DNA was
removed using a DNase treatment (RNase-free DNase set,
Qiagen). Absence of DNA was checked by comparing cDNA
samples with RNA samples which were not reverse transcribed
(minus RT control). In some samples, signals were detected in
the minus RT control, but these were at least 7 Cq (quantifica-
tion cycle) values higher compared with the cDNA samples.
This is clearly above the limit of 5Cq values as proposed by
Nolan et al. (2006).

cDNA synthesis, RT-qPCR conditions and
primer design

RNA was reverse transcribed using the iScript™ cDNA synthe-
sis kit (Bio-Rad). In total 1.5 ug of total RNA was reverse tran-
scribed according to the protocol. cDNA samples were diluted
11x with sterile milliQ water.For each gPCR, 5l of sample,
12.5ul of iQ SYBR Green Supermix (Bio-Rad) and 0.5 pl of
primer (from a 10 UM working solution) was added and sup-
plemented with water to a final volume 25 pl. The RT-qPCRs
were run on a MyiQ (Bio-Rad). The qPCR program run con-
sisted of a first step at 95°C for 3 min and afterwards 40 cycles
alternating between 15s at 95°C and 1 min at 60°C.

In this experiment we used primers available from the
literature and also designed primers ourselves (see
Supplementary Tables S3 and S5 for details). Primers were
designed preferably in the 3’ part of the transcript. When pos-
sible the primer or primer pair was designed in such a way that
it spanned an intron-exon border. The T, of the primers was
between 59 and 62°C. Only a few primer pairs showed slightly
higher T.,s, but PCR efficiencies were similar to those of the
other primers, indicating that this small difference in T, did not
affect our analysis. Arabidopsis primers that we designed were
blasted against all Arabidopsis transcripts using WU-Blast2 on
The Arabidopsis Information Resource (TAIR) website (www.
arabidopsis.org). In all cases two or more mismatches were
found in the most similar sequences found in the Blast
search. Routinely a melting curve analysis was performed
after the qPCR run (between 55 and 95°C with 0.5°C incre-
ments for 10 s each). For all primers, a single peak was observed,
confirming the synthesis of a single product which was further
confirmed by analysis of the RT-gPCR products on a 2.5%
agarose gel (see Supplementary Figs. 1 and 3).

geNORM analysis

Microarray and RT-qPCR expression data were used for ana-
lysis with the geNORM program (Vandesompele et al. 2002).
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The RT-qPCR data were normalized per reference gene.
Normalization was carried out on the seed sample with the
highest expression (lowest Cq value, also known as Ct, Cp
or TOP; nomenclature as suggested by Bustin et al. 2009) to
obtain relative expression data. In the calculation, we corrected
for primer efficiency (shown in Supplementary Tables S3
and S5) which was calculated from the amplification curve
using LinReg PCR (Ramakers et al. 2003, Ruijter et al. 2009).

To assess the robustness of our analysis of the Arabidopsis
and tomato samples, we also performed the analysis using dif-
ferent primer efficiencies (optimal efficiency of 1 or the one
calculated from a dilution series). Furthermore, we randomly
removed one or two samples from our sample set and per-
formed the geNORM analysis to test whether this had an
impact on the ranking of the gene list. Both analyses had
little impact on the ranking by geNORM. Lastly, we analyzed
our data using NormFinder which is another software tool that
ranks genes based on the stability of expression (Anderson et al.
2004). A largely similar gene list was identified as most stably
expressed (data not shown). These extra tests indicate that we
followed a robust procedure for the analysis and identification
of these reference genes.

Supplementary data 1

Supplementary data are available at PCP online.
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