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Selenate is chemically similar to sulfate and can be taken up and assimilated by

plants via the same transporters and enzymes. In contrast to many other

organisms, selenium (Se) has not been shown to be essential for higher plants.

In excess, Se is toxic and restricts development. Both Se deficiency and toxicity

pose problems worldwide. To obtain better insights into the effects of Se on
plant metabolism and into plant mechanisms involved in Se tolerance, the

transcriptome of Arabidopsis plants grown with or without selenate was

studied and Se-responsive genes identified. Roots and shoots exhibited

different Se-related changes in gene regulation and metabolism. Many genes

involved in sulfur (S) uptake and assimilation were upregulated. Accordingly,

Se treatment enhanced sulfate levels in plants, but the quantity of organic S

metabolites decreased. Transcripts regulating the synthesis and signaling of

ethylene and jasmonic acid were also upregulated by Se. Arabidopsis mutants
defective in ethylene or jasmonate response pathways exhibited reduced

tolerance to Se, suggesting an important role for these two stress hormones in

Se tolerance. Selenate upregulated a variety of transcripts that were also

reportedly induced by salt and osmotic stress. Selenate appeared to repress

plant development, as suggested by the downregulation of genes involved in

cell wall synthesis and auxin-regulated proteins. The Se-responsive genes

discovered in this study may help create plants that can better tolerate and

accumulate Se, which may enhance the effectiveness of Se phytoremediation
or serve as Se-fortified food.

Introduction

Selenium (Se) is a naturally occurring element commonly

found in Cretaceous shale rock. When extensively

weathered or irrigated, these sediments have the potential

to leach Se into groundwater where it can become

a source of toxicity for livestock (Fessler et al. 2003),

wildlife (Hamilton 2004) and humans (Hira et al. 2004).

At the same time, Se is an essential micronutrient for

many animals and bacteria. To date, there is no evidence

that vascular plants need Se for survival, although it may

promote plant growth in some cases (Beath et al. 1934,

Galeas et al. 2007).

Selenium is chemically similar to sulfur (S) and can be

metabolized by S metabolic pathways. Plants take up

Abbreviations – ACC, 1-aminocyclopropane 1-carboxylate; APS, ATP sulfurylase; AsA, ascorbic acid; CBF, cold-binding factor;

DHA, dehydroascorbic acid; ERF, ethylene responsive factor; HSF, heat shock factor; HSP, heat shock protein; JA, jasmonic acid;

LEA, late embryogenic abundant; Pdf, plant defensin; qRT-PCR, quantitative real-time polymerase chain reaction; WT, wild-type.
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selenate, the most common soluble form of Se in soil,

inadvertently via sulfate transporters and, presumably

also inadvertently, assimilate it into selenocysteine and

selenomethionine (Terry et al. 2000). Non-specific

replacement of the two essential S amino acids, cysteine

andmethionine, by these Se analogues in proteins is toxic
(Stadtman 1990, Terry et al. 2000). Selenium-accumulating

plants may have potential as fortified food with

enhanced nutritional quality or for cleanup of soils in

which Se has accumulated to dangerous levels. To

enhance plants’ capacity for Se accumulation, several

genes involved in S assimilation have been targets of

genetic manipulation (for a review, see Pilon-Smits

2005). Recently, Brassica juncea (Indian mustard)
plants overexpressing ATP sulfurylase (APS) or seleno-

cysteine lyase have shown enhanced capacity to

accumulate Se from polluted soil in field studies

(Banuelos et al. 2005, 2007). Thus, although Se is

a concern for public health and agriculture, plants can

have the capacity to attenuate the toxic effects of Se.

It is likely that in addition to S assimilation, other

pathways are involved in a plant’s natural capacity to
accumulate and tolerate Se. If these pathways could be

identified, it may accelerate the success of using

transgenic plants to remediate Se-contaminated soils.

Recently, overexpression of a putative Se-binding

protein enhanced selenate tolerance in Arabidopsis

(Agalou et al. 2005). At this point, relatively little is

known about plants’ defensive response to Se, and even

less is known about how selenate modulates gene
expression. In the future, biologists will likely increas-

ingly use a systems approach to understand how the

complexity in transcriptomics, proteomics and metab-

olomics relates to the physiology of the plant growing

under stress (Hesse and Hoefgen 2006). To help meet

this challenge, the transcriptome of Arabidopsis grown

with or without selenate was studied in order to

identify Se-responsive genes. The effects of Se on the
transcriptome were compared with the responses

reported earlier of plants grown under other abiotic

stresses, e.g. salt and osmotic stress. Because the

microarray analysis suggested that Se induced S

deficiency, the effect of Se on several S metabolites

was further investigated. Also, because the microarray

studies suggested that ethylene and jasmonic acid (JA)

might play a role in plant responses to Se, several
mutants with reduced or elevated levels of these

hormones were investigated for Se tolerance. Together,

these studies provide a better understanding of the

mechanisms Arabidopsis thaliana uses to deal with

selenate stress and may give an insight into how to

further increase Se tolerance and accumulation in

plants suitable for phytoremediation.

Materials and methods

Unless otherwise described, Arabidopsis plants (ecotype

wassilewskija) were grown in a growth chamber

(150 mmol m22 s21 PAR, 16 h light/8 h dark cycle,
24�C) on vertically placed agar plates containing 0.5

MS medium and 1% sucrose (Murashige and Skoog

1962). Plants were grown on growth plates with or

without 40 mM selenate. Selenate constitutes the major-

ity of bioavailable Se in soils, and the concentration of

selenate in the growth plates (3.2 ppm) is naturally found

in seleniferous soils (Galeas et al. 2007). Plants were

grown for 10 days, at which point there was a clear
difference in root length grown with or without selenate,

while plant growth was not limited by plate size yet.

For the microarray studies, roots and shoots were

separated and analyzed independently. Total RNA was

extracted using the RNeasy Plant Mini kit (Qiagen,

Valencia, CA). Synthesis of cDNA, hybridization to an

Arabidopsis Genome Chip (Affymetrix) containing

probes for 24 000 genes and scanning of the Genome
Chip have been described (VanHoewyk et al. 2005). Two

biological replicates for each treatment were performed,

each consisting of 20–25 pooled plants. Preprocessing of

the raw data and calculation of transcript signals were

performed using Affymetrix MICROARRAY SUITE 5.0. Signal

intensity values were then normalizedwith themedian of

all measurements. All further analysis was conducted in

R using BIOCONDUCTOR (www.bioconductor.org). The
microarray analysis was performed within the minimal

information about microarray experiments (MIAME)

guidelines (Brazma et al. 2001). All data sets have been

submitted to the Gene Expression Omnibus repository

(www.ncbi.nlm.nih.gov).

Roots and shoots were analyzed separately. For each

transcript, the fold change was determined and

a P value was calculated using a moderated t-test in
limma (Smyth 2004) assuming equal variance between

the two groups. Transcripts that were called ‘Present’

for at least two out of four arrays were retained for

further classification. We note that a multiple testing

adjustment was not performed because no genes

would have been identified as differentially expressed

in the shoots. Biological functions of identified Se-

responsive genes were categorized (www.arabidopsis.
org). Our data set of identified Se-responsive tran-

scripts was compared with previously performed micro-

array analyses investigating the effect of salt and

mannitol (osmotic stress) treatment for 24 h in root

and shoot tissue (Kilian et al. 2007).

Macroarrays were performed in duplicate to validate

the microarray results. Based on the microarray data,

a total of 31 genes representing a range of up- and

Physiol. Plant. 132, 2008 237



downregulation in root and shoot tissues were selected for

macroarray comparison. Briefly, root and shoot Arabidop-

sis RNA was extracted and cDNA was synthesized as

described above from plants grown with or without

selenate and were hybridized to a nylon membrane

containing the selected cDNAs (Tamaoki et al. 2003). A

regression analysis was performed to determine how

closely the macroarray data matched the microarray data.
Levels of several metabolites in shoot tissue were

determined in plants grown as described above with or

without selenate for 10 days. Measurement of non-

protein thiol levels was performed (in three replicates)

using Ellman’s reagent as described (Zhu et al. 1999).

Amino acid and ammonium analysis were performed by

AccQ Tag (Waters, Milford, MA) labeling methods as

described in the manufacturer’s protocol. Incorporation
of S in protein was determined as previously reported

(Pilon et al. 2003). Measurements of sulfate and nitrate

were performed by ion chromatography using an HS11-

HC column according to the manufacturer’s specifica-

tions (Dionex Coorporatation, Sunnyvale, CA). Reduced

and oxidized levels of ascorbic acid (AsA) and glutathi-

one were measured as previously described (Yoshida

et al. 2006).
The following transgenic or mutant Arabidopsis lines

(ecotype Columbia) were obtained from the Arabidop-

sis Biological Resource Center (www.arabidopsis.org):

ein2-1, accession no. CS3071; ein3-1, accession no.

CS8057; jar1-1, accession no. CS8077; an overexpressor

of ERF1, accession no. CS6142; and a T-DNA knockout of

ACS6, accession no. SALK_090423. The mutant or

transgenic lines were compared with wild-type (WT)
Columbia for selenate tolerance by measuring the root

length of seedlings (n ¼ 35) grown for 10 days on vertical

plates with or without 40 mM selenate as described (Van

Hoewyk et al. 2005). All statistical analyses (except

analysis of the transcriptome data) included student’s

t-tests and were performed using the JUMP-IN software

package (SAS Institute, Cory, NC).

Results and discussion

Identification and functional categorization of
Se-responsive transcripts

To better understand how Se changes the Arabidopsis

transcriptome, seedlings were grown with or without
selenate for 10 days, at which point differences in growth

was visually observed (Supplementary material Fig. S1

shows the phenotype of the plants at the end of both

treatments). This time point was optimal in that it clearly

showed the phenotypic differences between Se and

control treatments and growth was not limited by plate

size. Affymetrix ATH-1 GeneChip arrays containing

probes for the Arabidopsis genome were used to identify

transcriptome differences in root and shoot tissue in

response to selenate. Using a P value of less than 0.05

and a minimal fold change of greater than 2, 893 genes
were found to be responsive to Se in root tissue; of this

set, 340 and 553 genes were down- and upregulated,

respectively. In shoot tissue, 385 genes were identified as

Se responsive, of which 165 and 220 were down- and

upregulated, respectively. The discrepancy in the number

of Se-responsive genes in roots and shoots became more

accentuated as the fold-change threshold was increased

(Table 1). Of the Se-responsive genes identified in roots
and shoots, 60 transcripts were differentially regulated in

both organs. The complete list of identified genes in root

and shoot tissue can be found in Supplementary material

(Table S1). Possibly, the observation that more Se-

responsive genes were identified in roots compared with

shoots simply reflects the stress imposed by selenate as it

is transported in root cells. The root is in closest contact

with the toxic Se and the location where selenate toxicity
is first perceived by the plant.

Se-responsive genes whose biological function could

be identified were categorized (Fig. 1). Of particular

importance is that nearly 50% of both root and shoot

upregulated transcripts were categorized as responsive to

biotic/abiotic stimuli and stress, providing evidence that

selenate is toxic and induces abiotic stress. When

comparing regulation between roots and shoots, notable
differences include a higher percentage of transcripts

involved in transcription in the roots, while the percent-

age of genes involved in transport was higher in shoots.

Among downregulated shoot transcripts, the percentage

of genes involved in development (15%) was three-fold

greater than any other group, suggesting resources for

Table 1. Genes differentially regulated by selenate were selected based

on (A) P value and (B) fold change. Arabidopsis plants were grown for

10 days with or without selenate. Root tissue and shoot tissue were

harvested and analyzed separately for two independently replicated

experiments.

Roots

up

Roots

down

Shoots

up

Shoots

down

Sorted by significance (P values)

P value <0.05, fold change >2 553 340 220 165

P value <0.01, fold change >2 500 286 60 45

P value <0.001, fold change >2 250 63 6 1

Sorted by fold change

P value <0.05, fold change >2 553 340 220 165

P value <0.05, fold change >3 355 96 80 50

P value <0.05, fold change >4 220 30 30 20
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growth and development may be reallocated in response
to selenate stress. Lastly, the percentage of genes (13%)

involved in protein metabolismwas roughly consistent in

all four groups of both down- and upregulated genes in

root and shoots, with the exception of downregulated

transcripts in shoots (8%).

Identification of the 50 most significantly
Se-responsive genes in root and shoot tissue

Root tissue

The 50 most significantly selenate-responsive genes

(according to P value) in root tissue are shown in

Table 2 (panel A). Nearly all genes in this list were

upregulated, except for a glycine-rich mitochondrial

protein (At1g67870) and a plastid carbonic anhydrase

(At3g01500). Quite noteworthy from this list are the

transcripts involved in calcium signaling, such as
a calcium transporter (At5g26220), calmodulin-related

proteins (At1g76640, At1g76650 and At2g26530) and
a calcium-binding protein (At4g27280). Abiotic stress,

including drought, salinity and cold temperature, can

increase cytosolic calcium levels and elicit stomatal

closure (Allen et al. 2000). Recent evidence suggests that

H2O2 increases calcium influx in Arabidopsis root cells,

particularly in the zone of elongation (Demidchik et al.

2007). It appears that genes involved in calcium signaling

are similarly upregulated in response to selenate and
activate a defense response.

Transcripts encoding a lipoxygenase (At1g72520) and

1-aminocyclopropane 1-carboxylate (ACC) synthase

(ACS6-At4g11280), responsible for the synthesis of JA

and ethylene, respectively, were among those upregu-

lated in roots. These two plant hormones are involved in

stress response and can upregulate a defensive network

by regulating the expression of transcriptional factors.
Indeed, seven transcription factors belonging to the

ethylene-responsive factor (ERF) family were ident-

ified (At244840, At1g74930, At1g19210, At4g34410,

Shoot
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Fig. 1. Identified up- and downregulated selenate-responsive genes (P < 0.05, fold change >2 or <0.5) for which the biological function is known

(functional groups as proposed by www.arabidopsis.org) and is categorized for root tissue (893 genes) and shoot tissue (385 genes).
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Table 2. The fifty most significantly selenate-responsive transcripts in root tissue and shoot tissue.

Locus P value Fold change Annotation

A. Root tissue

At5g26220 4.02E-06 95.27 Putative ChaA Ca21/H1 cation transport protein

At1g80840 4.88E-06 59.17 WRKY40 pathogen transcription factor, responsive to SA

At1g76640 5.19E-06 359.51 Calmodulin-related protein

At1g76650 5.85E-06 74.57 Calmodulin-related protein

At4g27654 6.93E-06 64.08 Putative protein

At3g60140 9.12E-06 30.76 Induced by senescence, glucosinolates?

At4g29780 9.33E-06 34.60 Putative protein

At2g46400 1.15E-05 25.76 WRKY46 TF

At2g44840 1.23E-05 86.05 ERF B-3, pathogen TF

At1g67870 1.29E-05 0.04 Glycine-rich mitochondrial protein

At1g27730 1.31E-05 29.25 Salt-tolerance zinc-finger protein (ZAT10). Responsive to pathogen and drought

At1g74930 1.42E-05 48.16 DREB subfamily A-5 of ERF/AP2 transcription factor family

At1g72520 1.44E-05 84.25 Lipoxygenase, responsive to JA and wounding

At1g19210 1.59E-05 34.55 DREB subfamily A-5 of ERF/AP2 transcription factor family

At4g34410 1.61E-05 263.44 ERF B-3 of ERF/AP2 transcription factor

At3g44260 1.80E-05 35.14 Cinnamoyl CoA reductase 4-NOT transcription complex protein

At1g12030 1.88E-05 92.94 Putative protein

At5g48850 2.21E-05 33.55 Putative protein

At3g10930 2.29E-05 16.22 Putative protein

At1g15010 2.33E-05 16.23 Putative protein

At4g27652 2.89E-05 15.52 Putative protein

At4g24570 3.01E-05 28.94 Putative mitochondrial uncoupling protein

At2g35930 3.14E-05 10.71 Putative protein

At5g17350 3.16E-05 17.93 Putative protein

At1g74450 3.17E-05 11.79 Putative protein

At2g26530 3.20E-05 14.23 Similar to calmodulin-binding protein

At5g44120 3.31E-05 14.51 12S seed storage protein

At1g61340 3.32E-05 10.93 LEA protein

At5g51190 3.33E-05 14.97 ERF B-3 of ERF/AP2 transcription factor

At4g11280 3.36E-05 16.54 ACC synthase; ethylene synthesis, responsive to JA

At5g38700 3.74E-05 9.59 Putative protein

At1g17750 3.94E-05 9.65 Protein serine/threonine kinase activity

At4g27280 3.95E-05 10.96 Ca11-binding protein

At5g45340 4.01E-05 17.11 Cyt P450, responsive to drought, ABA degradation

At3g01500 4.03E-05 0.03 Chloroplast carbonic anhydrase; carbon utilization

At3g45960 4.41E-05 11.14 Expansin family protein; cell wall

At5g62520 4.86E-05 14.36 Similar to RCD1, responsive to salt, mediates JA and ethylene signaling

At5g12030 4.93E-05 21.56 HSP17.6A, responsive to H2O2. Overexpression increases drought tolerance

At2g41640 4.98E-05 9.28 Putative protein

At5g20230 5.00E-05 13.73 Cu-binding protein. Responsive to Al and oxidative stress

At1g28370 5.00E-05 14.74 ERF subfamily B-1 of ERF/AP2 transcription factor

At2g25735 5.74E-05 22.60 Putative protein

At1g22810 5.96E-05 9.06 DREB subfamily A-5 of ERF/AP2 transcription factor

At1g28370 7.76E-05 14.74 ERF subfamily B-1 of ERF/AP2 transcription factor

At5g57560 6.04E-05 10.53 Endoxyloglucan transferase (TCH4); cell wall genesis

At4g14680 6.04E-05 5.91 ATP sulfurylase; sulfur assimilation

At3g50060 6.37E-05 8.57 MYB transcription factor, responsive to Cd, salt, SA, JA, ethylene

At5g59820 6.38E-05 7.55 Zinc-finger protein, responsive to cold, salt, oxidative stress

At1g59860 7.05E-05 10.10 HSP17.6A–C

At1g23730 7.30E-05 45.08 Putative carbonic anhydrase

B. Shoot tissue

At1g56600 5.43E-04 18.80 Galactinol synthase, responsive to drought

At2g36750 6.84E-04 7.57 Glycosyltransferase responsive to H2O2

At2g37770 7.47E-04 5.13 Aldo/keto reductase family protein

240 Physiol. Plant. 132, 2008



At5g51190, At1g22810 andAt1g28370). Thesemembers

respond to ethylene and are induced upon cold, drought,

osmotic stress and oxidative stress (Nakano et al. 2006a).

Genes encoding the WRKY transcription factor family

(At1g80840 and At2g46400) were also upregulated in
roots by selenate. Similarly, selenate treatment induced

expression of Myb15 (At3g50060), a general stress-

responsive transcriptional factor also induced upon

cadmium, cold, salt and oxidative stress (Agarwal et al.

2006a). Additional induced transcription factors include

the zinc-finger proteins Zat10 (At1g27730) and Zat12
(At5g59820).

Table 2. Continued.

AtMg00040 7.73E-04 5.15 ATP synthase subunit 9

At1g19200 8.27E-04 10.36 Senescence-associated protein

At2g28490 8.78E-04 0.04 Putative seed storage protein (vicilin like)

AtMg00640 9.83E-04 5.88 Plant b subunit of mitochondrial ATP synthase

At2g33380 1.01E-03 5.42 Ca-binding protein, responsive to drought

At5g58570 1.10E-03 4.38 Expressed protein

At3g51860 1.26E-03 5.11 Vacuolar cation/H1 antiporter

At2g44460 1.51E-03 5.14 Putative beta-glucosidase

At1g12030 1.61E-03 5.59 Hypothetical protein

At1g24575 1.61E-03 0.17 Expressed protein

At1g52690 1.65E-03 3.95 LEA abundant protein

At3g22740 1.81E-03 0.12 Homocysteine S-methyltransferase 3

At1g74890 1.82E-03 0.23 Negative regulator of cytokinin-mediated signals

At1g17960 1.97E-03 4.37 Threonyl tRNA synthetase

At3g03270 2.09E-03 4.03 Universal stress protein/early nodulin protein

At2g07707 2.21E-03 3.63 Hypothetical protein

At3g05400 2.58E-03 3.23 Putative sugar transporter

At1g02850 2.59E-03 6.61 Beta-glucosidase

At1g05680 2.62E-03 4.39 Putative indole-3-acetate beta-glucosyltransferase

At5g13170 2.66E-03 3.37 Senescence-associated protein

At2g26020 2.70E-03 0.11 Pdf1.2b

At1g43910 2.81E-03 3.16 AAA-type ATPase family protein

At2g42540 3.00E-03 4.64 Cold-regulated protein (cor15a), responsive to osmotic stress

At4g38080 3.01E-03 0.07 Proline-rich protein

At5g52300 3.14E-03 5.69 Low-temperature-induced 65-kDa protein

At5g51850 3.32E-03 0.33 Putative protein

AtMg00260 3.39E-03 3.78 Mitochondrial

At1g36180 3.44E-03 5.25 Acetyl CoA carboxylase

At1g26380 3.63E-03 0.10 Putative flavin adenine dinucleotide-linked oxidase

At2g07718 3.68E-03 2.94 Similar to Cyt b

At4g11190 3.97E-03 0.25 Putative disease resistance protein

At2g41730 4.05E-03 3.07 Putative protein

At2g42380 4.06E-03 0.11 bZIP TF

At5g44120 4.07E-03 0.03 12S seed storage protein

At2g39850 4.17E-03 0.34 Similarity to subtilisin-like protease

At1g77120 4.21E-03 3.40 Alcohol dehydrogenase, stress responsive

At1g69870 4.31E-03 3.03 Putative peptide transporter

At5g10380 4.37E-03 2.84 Zinc-finger family protein

At3g60140 4.39E-03 10.14 Beta-glucosidase, responsive to starvation

At1g20070 4.39E-03 2.89 Putative protein

At1g23730 4.45E-03 3.01 Putative carbonic anhydrase

At2g43700 4.57E-03 2.69 Lectin protein kinase family protein

AtMg01360 4.63E-03 2.80 Cyt c oxidase subunit 1

At2g29490 4.75E-03 3.09 Toxin catabolic process

At2g01210 4.76E-03 0.33 Serine/threonine kinase activity

At2g02390 5.01E-03 2.69 Putative glutathione S-transferase

At4g34135 5.21E-03 3.26 Stress responsive
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Induction of general stress proteins included a late

embryogenic abundant (LEA) protein (At1g61340)

(Mowla et al. 2006), a copper-binding protein

(At5g20230) previously reported to be responsive to

aluminum and oxidative stress, andmembers of the small

heat shock protein (HSP) family (HSP17.6A, At5g12030
and HSP17.6A-C, At1g59860). HSP17.6A is also res-

ponsive to H2O2 and overexpression increases drought

tolerance (Sun et al. 2001). Lastly, ATP sulfurylase (APS3 –

At4g14680), a key enzyme regulating S and Se assimila-

tion (Pilon-Smits et al. 1999), was induced. This supports

previous reports suggesting selenate induces sulfur

starvation and activates genes controlling S assimilation

(Terry et al. 2000). A Se-induced sulfur starvation
response is further suggested by the 30-fold upregulation

of a thioglucosidase (At3g60140) thought to break down

glucosinolates; these compounds are S-containing sec-

ondary metabolites, and their catabolism may recycle

a limited pool of S (Dan et al. 2007,Maruyama-Nakashita

et al. 2003, 2006).

Shoot tissue

While many stress-responsive transcriptional factors and

signaling molecules were identified in the roots, a listing

of the 50 most significantly Se-responsive genes in shoot

tissue reveals that instead many general stress proteins

were upregulated. These include an LEA protein

(At1g52690), Cor15a (At2g42540) – a cold-regulated

protein responsive to osmotic stress, a low-temperature
induced protein (At5g52300), a glutathione transferase

(At2g02390) and several disease- and stress-induced

proteins (At4g11190, At3g03270 and At4g34135). Also

of interest in this group are four mitochondrial-encoded

transcripts (AtMG00040, AtMG00640, AtMG00260 and

AtMG01360) that encode subunits of ATP synthase and

the electron transport chain. These proteins may be

upregulated in response to perceived starvation or
a shortage of photosynthesis-derived assimilates fueling

ATP production. Other nuclear-encoded respiratory pro-

teins include acetyl CoA carboxylase (At1g36180) and an

electron transport protein similar to Cyt b (At2g07718).

Further evidence of sugar utilization includes upregu-

lation of a carbohydrate transporter (At3g05400), a galac-

tinol synthase (At1g56600) reported to be responsive to

drought and cold and a glycosyl hydrolase (At1g02850)
involved in carbohydrate catabolism. Thirteen genes

were found to be downregulated in shoots, including

two seed-storage proteins (At2g28490 and At5g44120).

These proteins have nutrient reservoir activity, and

their downregulation further points to a reshuffling of

metabolites during starvation. Intriguingly, also down-

regulated in shoot tissue was Pdf1.2b, a well-known

plant defensin (Pdf) regulated by JA and ethylene

(Penninckx et al. 1998) and induced by various biotic

and abiotic stresses.

Shoot-tissue transcripts responded differently to sele-

nate than those in the roots. Genes induced by abiotic

stress could be divided into two groups: regulatory
proteins (transcriptional factors and kinases), which are

typical of Se responses in root tissue, and functional

proteins, which in this study were generally associated

with shoot tissue responses.

We considered it worthy to look beyond the 50 most

significantly Se-responsive genes and explore the nearly

900 root and 400 shoot Se-responsive transcripts identi-

fied (Supplementary material Table S1). This approach
would allow us to develop a more complete understand-

ing of how Se stress is perceived by the plant after 10 days

of selenate treatment, how this stress changes gene

regulation and the key pathways involved in mediating

a response to Se. Additionally, we were interested in

determining if genes categorized by biological processes

were overrepresented in our data set of Se-responsive

genes in root or shoot tissue. Using the list of differentially
expressed genes (roots and shoots separately), Gene

Ontology (GO) Biological Processes termswere tested for

overrepresentation using the hypergeometric test. GO

terms associatedwith P values of 0.01 or less are shown in

Supplementary material (Table S2). Genes categorized as

responsive to abiotic stress (heat, salt, drought and

osmolarity) and involved in S utilization, amino acid

biosynthesis and hormone (ethylene and JA) signaling
and synthesis were all significantly overrepresented

(P < 0.001) in the microarray data (Supplementary

material Table S2). Using these overrepresented groups

as a guide, selected Se-responsive genes of interest in root

and shoot tissues were then categorized into families or

biological functions (Table 3).

Selenate upregulates transcripts involved in JA
and ethylene synthesis, as well as transcriptional
factors responsive to these two stress hormones

JA and ethylene are considered as stress-responsive

hormones and are capable of eliciting a defense response.

Six genes involved in the synthesis of JAwere found to be

upregulated by selenate in root tissue, including two

lipoxygenases (At1g72520 and At3g25780), which had
a fold change of 84 and 116, respectively, comparedwith

plants on control media. Two genes encoding allene

oxide cyclase (At3g25760 and At1g17420), downstream

of the lipoxygenases in JA synthesis, were also upregu-

lated by Se. Microarray analysis also suggests that

Se treatment induces the synthesis of ethylene. ACC

synthase, the key step in ethylene production, was
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Table 3. Selected selenate-responsive genes were categorized by function or gene family.

Locus Tissue P value Fold change Annotation

Ethylene synthesis

At4g11280 r 3.36E-05 16.54 ACC synthase

At3g61400 r 4.29E-04 4.12 1-aminocyclopropane-1-carboxylate oxidase

At4g26200 s 0.012 2.43 1-aminocyclopropane-1-carboxylate synthase (ACS7)

At5g20400 s 0.028 2.53 Ethylene-forming-enzyme-like dioxygenase-like protein

ERF transcription factor family (DREB, CBF, AP2)

At2g44840 r 1.23E-05 86.05 Ethylene response element-binding protein (AtERF13)

At1g74930 r 1.42E-05 48.16 Member of the DREB subfamily A-5 of ERF/AP2

At1g19210 r 1.59E-05 34.55 Member of the DREB subfamily A-5 of ERF/AP2

At4g34410 r 1.61E-05 263.44 Member of the ERF subfamily B-3 of ERF/AP2

At5g51190 r 3.33E-05 14.97 Member of the ERF subfamily B-3 of ERF/AP2

At1g22810 r 5.96E-05 9.06 Member of the DREB subfamily A-5 of ERF/AP2

At5g52020 r 8.05E-05 13.62 Member of the DREB subfamily A-4 of ERF/AP2

At1g28370 r 1.03E-04 14.74 AtERF11/CEJ1

At4g17490 r 1.10E-04 9.2 Ethylene-responsive element-binding factor-like protein (AtERF6)

At4g17500 r 1.30E-04 5.87 Ethylene-responsive element-binding factor (AtERF1)

At5g44350 r 1.43E-04 4.83 Ethylene-regulated nuclear protein ethylene responsive transcriptional factor 2-like protein

At2g31230 r 1.90E-04 4.35 Ethylene response factor (AtERF15)

At1g21910 r 2.00E-04 6.16 Member of the DREB subfamily A-5 of ERF/AP2

At1g12610 r 2.06E-04 227.79 Member of the DREB subfamily A-1 of ERF/AP2 (DDF1)

At1g06160 r 2.46E-04 7.12 Ethylene response factor (AtERF94)

At5g61590 r 2.92E-04 0.23 Ethylene-responsive element-binding factor (AtERF107)

At5g47230 r 3.89E-04 4.5 Ethylene-responsive element-binding factor 5 (AtERF5)

At1g77640 r 5.97E-04 4.46 Member of the DREB subfamily A-5 of ERF/AP2 (AtERF13)

At3g15210 r 6.64E-04 3.12 Ethylene-responsive element-binding factor 4 (AtERF4)

At5g47220 r 1.03E-03 21.38 Ethylene-responsive element-binding factor 2 (AtERF2)

At5g05410 r 1.12E-03 3.79 DREB2A

At3g11020 r 2.14E-03 2.18 DREB2B transcription factor

At3g24500 r 2.24E-03 2.05 Ethylene-responsive transcriptional coactivator

At4g25470 r 2.99E-03 17.17 Member of the DREB subfamily A-1 of ERF/AP2 (DREB1c/CBF2)

At5g13330 s 8.23E-03 2.78 Member of the ERF subfamily B-4 of ERF/AP2

At1g44830 r 0.015 2.26 Member of the DREB subfamily A-5 of ERF/AP2

At4g25480 r 0.028 2.05 Member of the DREB subfamily A-1 (DREB1a/CBF3)

At3g23240 s 0.048 0.46 ERF1

JA synthesis

At1g72520 r 1.44E-05 84.25 Lipoxygenase

At3g25760 r 5.13E-04 3.29 Allene oxide cyclase (JA), AOC1

At3g25780 r 5.45E-04 7.08 Allene oxide cyclase (JA synthesis), AOC3

At1g17420 r 6.54E-04 116.69 Lipoxygenase (LOX3)

At5g42650 r 8.58E-04 7.39 Allene oxide synthase (AOS/CYP74A)

At2g06050 r 1.05E-03 4.19 12-oxophytodienoate-10,11-reductase, OPR3

Auxin-regulated/growth hormones

At2g45210 r 1.36E-03 0.36 Putative auxin-regulated protein

At2g33830 r 1.60E-03 0.31 Dormancy/auxin-regulated protein

At2g46690 r 1.89E-03 0.34 Putative auxin-regulated protein

At1g59500 r 2.76E-03 0.46 Auxin-regulated protein GH3

At1g60750 r 3.53E-03 2.87 Auxin-induced protein

At3g47620 r 3.52E-03 0.45 Putative auxin-induced bHLH (helix-loop-helix) transcription factor

At3g61900 r 0.021 0.42 Putative protein auxin-induced protein

At3g03830 s 0.013 0.43 Putative auxin-induced protein

At1g73590 s 0.014 0.45 Auxin efflux carrier protein (PIN1)

At1g62500 s 0.022 0.45 Auxin-responsive proline-rich seed storage/lipid transfer protein

At3g63440 s 0.029 0.11 Cytokinin oxidase (ATCKX6)
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Table 3. Continued.

Locus Tissue P value Fold change Annotation

Sulfur metabolism

At4g14680 r 1.31E-04 5.91 APS3

At4g08620 r 1.82E-04 10.42 Sulfate transporter SULTR1;1

At5g43780 r 2.07E-04 0.25 APS4

At5g10180 r 3.10E-04 6.44 Sulfate transporter (SULTR2;2)

At4g04610 r 4.24E-04 3.13 5#-adenylylsulfate reductase (APR1)

At4g21990 r 5.02E-04 5.12 5#-adenylylsulfate reductase (APR3)

At1g52820 r 5.81E-04 0.06 Similar to AOP1-glucosinolate synthesis

At1g62180 r 2.14E-03 2.58 5#-adenylylphosphosulfate reductase (APR2)

At2g17640 r 2.76E-03 2.12 serine acetyl transferase

At1g80310 r 5.50E-03 0.46 Putative sulfate transporter

Glucosinolate biosynthesis and breakdown

At3g60140 r 9.12E-06 30.76 Beta-glucosidase

At2g44460 r 1.19E-04 252.1 Beta-glucosidase

At5g23010 s 1.31E-02 0.45 Methylthioalkylmalate (MAM1)

At1g16410 s 1.67E-02 0.5 Cyt P450 CYP79F1; glucosinolate synthesis

At5g28520 r 4.52E-02 0.15 Myrosinase-binding protein

At3g19710 s 5.26E-03 0.36 Branched-chain amino acid aminotransferase (BRAT4)

At3g19710 r 5.57E-03 0.48 Branched-chain amino acid aminotransferase (BRAT4)

Proline/cell wall synthesis

At4g02270 r 2.40E-04 0.27 Extensin-like protein

At5g04960 r 2.57E-04 0.28 Pectinesterase

At5g35190 r 2.80E-04 0.25 Extensin-like protein extensin

At3g62680 r 4.19E-04 0.33 Proline-rich cell wall protein

At2g45220 r 4.51E-04 0.3 Putative pectinesterase

At4g34150 r 5.70E-04 3.55 Hydroxyproline-rich glycoprotein – responsive to cold

At4g12550 r 7.12E-04 0.36 Putative cell wall–plasma membrane-disconnecting protein

At1g12040 r 1.10E-03 0.37 Putative extensin

At3g50630 r 1.32E-03 0.44 Putative protein cyclin-dependent kinase inhibitor (ICK1)

At5g19800 r 3.72E-03 0.29 Proline-rich protein extensins

At3g10710 r 3.91E-03 0.22 Putative pectinesterase

At1g62510 r 4.20E-03 0.48 Proline-rich lipid transfer protein

At5g07570 r 5.08E-03 0.48 Glycine/proline-rich protein

At1g76310 s 6.09E-03 0.37 Similar to B-like cyclin

At2g33790 r 6.50E-03 0.5 Putative proline-rich protein

At3g54580 r 8.65E-03 0.36 Extensin precursor-like protein

At3g54590 r 9.77E-03 0.47 Extensin precursor-like protein

At5g13840 s 0.011 0.4 Cell cycle switch protein

At1g54970 r 0.012 0.49 Proline-rich protein

At5g38710 s 0.013 0.34 Proline oxidase

At2g24980 r 0.015 0.4 Proline-rich cell wall protein

At4g03270 s 0.017 0.28 Putative D-type cyclin

At4g30140 s 0.018 0.29 Putative proline-rich protein

At1g62500 s 0.022 0.45 Putative proline-rich cell wall protein

At2g17620 s 0.025 0.49 Putative cyclin 2

At2g46630 s 0.028 0.46 Putative extensin

At4g13390 r 0.037 0.14 Extensin-like protein extensin class 1 protein

Stress-responsive transcription factors

At1g80840 r 4.88E-06 59.17 WRKY40 – defense related

At2g46400 r 1.15E-05 25.76 WRKY46

At1g27730 r 1.31E-05 29.25 Salt-tolerance zinc-finger protein (ZAT10)

At5g59820 r 6.38E-05 7.55 Zinc-finger protein (Zat12) signaling of ROS

At5g04340 r 1.60E-04 4.44 zat6

At5g49520 r 3.97E-04 5.82 WRKY48

At2g38470 r 6.39E-04 4.24 WRKY33
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upregulated 16-fold in roots. ACC is converted into

ethylene by aminocyclopropane-1-carboxylate oxidase;

this gene was upregulated four-fold in roots. Two other

genes involved in ethylene formationwere upregulated in

shoots (Table 3).

The Arabidopsis genome consists of over 1600

predicted transcriptional factors, representing 6% of
the total genome. The ethylene signaling pathway

involves EIN1, EIN2 and EIN3 (Benavente and Alonso

2006), which can induce downstream ERF transcrip-

tional factors. The ERF family, including dehydration

responsive element binding-protein (DREB), cold-bind-

ing factor (CBF) and AP-binding elements, contains

roughly 120 transcriptional factors (Nakano et al.

2006a). Treatment with selenate affected expression of

27 ERF genes, all of which were upregulated except

AtERF107 (At5g61590) and AtERF92/ERF1 (At3g23240).

AtERF11/CEJ1 was upregulated 15-fold by Se. This gene

has been found to be cooperatively regulated by
ethylene and jasmonate (Nakano et al. 2006b). Of the

27 ERF genes upregulated by Se, only two were

identified in shoot tissue: AtERF113 (At5g13330) and

(again) ERF1. The fact that ERF1 is downregulated in the

shoots is intriguing because it also regulates many genes

Table 3. Continued.

At3g53600 r 6.78E-03 32.55 zinc finger-like protein (Zat11)

At2g30250 s 0.042 2.01 WRKY25

HSP

At5g12030 r 4.93E-05 21.56 HSP17.4-C1

At1g59860 r 8.09E-05 10.1 HSP17.6A-C1

At1g53540 r 9.56E-05 7.61 HSP17.6C-C1

At5g12020 r 1.49E-03 43.21 HSP17.6-CII

At2g26150 r 1.57E-02 21.58 Heat shock transcription factor (HSFA2)

At3g46230 r 1.34E-04 16.67 HSP17.6-CII

At5g52640 r 1.86E-04 4.6 HSP81-1

At3g12580 r 2.27E-04 3.96 HSP70

At5g51440 r 1.00E-03 3.04 Mitochondrial HSP23.5

At4g18880 r 2.82E-03 2.18 Heat shock transcription factor (HsfA4a/HSF21)

At1g54050 r 3.60E-03 3.14 HSP17.4-CIII

At2g20560 r 4.37E-03 2.05 DNAJ HSP family

At1g74310 r 4.98E-03 2.38 HSP101

At5g43840 s 0.026 10.64 Heat shock transcription factor (HSFA6A)

At5g12030 s 0.026 2.88 HSP17.7-CII

At5g51440 s 0.047 2.03 Mitochondria HSP-22

Amino acid metabolism

At2g02010 r 1.05E-04 11.57 Putative glutamate decarboxylase

At3g56200 r 2.53E-04 3.59 Amino acid transporter

At2g24850 r 3.36E-04 4.75 Putative tyrosine aminotransferase

At1g36370 r 7.30E-04 2.97 Serine hydroxymethyltransferase

At3g08860 r 1.35E-03 4.8 Putative beta-alanine-pyruvate aminotransferase

At2g38400 r 1.41E-03 0.28 Putative beta-alanine-pyruvate aminotransferase

At1g17960 s 1.97E-03 4.37 Threonyl tRNA synthetase

At3g23250 r 2.18E-03 135.84 myb15 – activates shikimate pathway

At2g13360 r 2.18E-03 0.41 Alanine glyoxylate aminotransferase

At2g17640 r 2.76E-03 2.12 Serine acetyl transferase

At3g19710 s 5.26E-03 0.36 Branched-chain amino acid aminotransferase (BRAT4)

At3g19710 r 5.57E-03 0.48 Branched-chain amino acid aminotransferase (BRAT4)

At3g47340 s 7.07E-03 0.37 Glutamine-dependent asparagine synthetase

At3g61300 r 0.012 0.44 Tyrosine decarboxylase

At1g08090 r 0.013 3.71 High-affinity nitrate transporter NRT2

At5g16570 s 0.013 0.37 Putative glutamine synthase

At5g38710 s 0.013 0.34 Proline oxidase

At3g08860 s 0.014 2.07 Putative beta-alanine-pyruvate aminotransferase

At4g23600 s 0.015 2.33 Tyrosine transaminase

At5g19530 s 0.020 0.41 Spermine synthase (ACL5)

At1g59740 s 0.021 0.5 Oligopeptide transporter

At4g28680 s 0.024 0.46 Tyrosine decarboxylase

At2g13810 r 0.024 0.49 Putative aspartate aminotransferase
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responsive to ethylene and JA (Lorenzo et al. 2003).

The ERF family responds to various abiotic stresses, and

their regulation is not unique to Se. Many of these

Se-responsive ERF genes have previously been overex-

pressed, and the increased tolerance of the overex-

pressors to various abiotic stresses has been reviewed
(Agarwal et al. 2006b, Nakano et al. 2006a). For

example, Cbf1 overexpression increased tolerance to

drought, salt and cold and induced expression of other

stress-responsive genes. (Jaglo-Ottosen et al. 1998). In

this study, Cbf1 was upregulated 227� in root tissue

when plants were grown on Se.

Other transcriptional factors that were upregulated by

Se treatment belong to the Myb, WRKY, Zinc transporter
in Arabidopsis thaliana (ZAT) and heat shock factor (HSF)

families and have a known role in responding to abiotic

stress. Myb2, 15 and 77 were upregulated by Se; these

transcripts respond very strongly to ethylene, and to

a lower extent to JA, but not to the plant hormones

salicyclic acid (SA), GA and ABA (Yanhui, et al. 2006).

Similarly, the WRKY transcriptional factors (TFs) identi-

fied in this study (WRKY33, 40, 46 and 48) are also known
to respond to ethylene (Xu et al. 2006), further pointing to

a role for ethylene and JA in eliciting a defense response to

Se. Furthermore, recent evidence suggests that Zat12,

HSFA2 and HSFA6a (all of which are upregulated by Se)

sense H2O2, implicating their role in reactive oxygen

signaling (Davletova et al. 2005,Miller andMittler 2006).

The similarity between transcriptional factors respon-

sive to selenate and those responsive to other abiotic
stresses compelled us to use the AtGenExpress project to

identify overlap in transcriptome changes in response to

selenate, salt and osmotic stress (Kilian et al. 2007). For

root and shoot tissue, roughly 62% of the Se-responsive

geneswere also differentially regulated during salt and/or

osmotic stress (Fig. 2). Despite the fact that these

comparisons suggest that commonality exists during the

response to abiotic stresses, it is noted that these

microarray experiments differed in the length of treatment

and media composition. For example, our study used 1%

sucrose while the salt and osmotic stress experiments

used 0.5% sucrose.

Mutant analysis confirms a role for ethylene and
JA in Se tolerance

A total of 27 ethylene-responsive transcriptional factors

were observed to be differentially regulated in response to

Se. We deemed it important to determine the role

of ethylene in Se tolerance. Considering the size of the

ERF family and the likelihood of redundancy, we targeted
the ethylene pathway upstream of the ethylene-respon-

sive transcriptional factors. Thus, Arabidopsis mutants

(ecotype Columbia) with defects in ethylene synthesis

and signaling were analyzed for Se tolerance. Arabidop-

sis plants containing a T-DNA insertion in ACC synthase

(ACS6) were grown with or without 40 mM selenate. In

view of a small difference in root length betweenWTand

ACS6 knockout plants (acs6) when grown on control
media, selenate tolerance was calculated as selenate

tolerance index (growth on Se/growth on control). It

appears that knockout of ACS6 decreases tolerance to

selenate, as judged from root growth (Fig. 3). Similarly,

mutant plants defective for upstream ethylene signaling

genes (ein2-1 and ein3-1) were both less tolerant to

selenate than WT plants (Fig. 3). Furthermore, plants

overexpressing ERF1 exhibited an increase in selenate
tolerance, which makes the downregulation of ERF1 in

shoot tissue intriguing. Lastly, jar1-1 (jasmonic acid

resistant, involved in JA signaling) mutant plants showed

a decreased tolerance to Se. It should be noted that

ein2-1, ein3-1 and jar1-1were not induced by Se. Still the

results from these genetic studies are in agreement with

those from the gene expression studies, which indicate

Fig. 2. Venn diagram showing differentially regulated genes in response to selenate, osmotic stress and salt stress in root and shoot tissues.
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that both ethylene and JA play important roles in the

defense response to selenate.

Selenate upregulates the sulfur assimilation
pathway and changes metabolite abundance

Previous studies have shown that selenate mimics S
starvation (Takahashi et al. 2000). Under selenate

treatment, transcripts encoding sulfate transporters

SULTR1;1 and SULTR2;1 were increased in root tissue,

suggesting S deficiency. These transporters, whosemRNA

levels also increase during S deficiency, are thought to be

responsible for transporting sulfate into the root cells and

for loading sulfate into the root vascular tissue, respect-

ively. Several genes involved in S assimilation were also
upregulated, including an APS3 and three adenosine-

phosphosulfate reductase genes (APR1, 2 and 3).

Further evidence that the plants perceive sulfur limita-

tion in the presence of Se is seen in the abundance of

transcripts regulating the synthesis of S-rich glucosinolates.

The pathways for glucosinolate synthesis and degrada-

tion are suggested to be regulated coordinately with sulfur

assimilation (Maruyama-Nakashita et al. 2003, 2006).
Upregulation of two genes in root tissue encoding

thioglucosidases (At2g44460, 252-fold; At3g60140, 31-

fold) was observed under selenate stress; these enzymes

are capable of breaking down glucosinolates in order to

recycle S (Dan et al. 2007). BRAT4, a branched-chain

aminotransferase, was downregulated both in root and

shoot tissue, as was MAM1 in shoot tissue. BRAT4 and

MAM1 participate in the methionine-derived glucosino-

late biosynthesis in Arabidopsis; expression of BRAT4 and

MAM1 increase in response to wounding (Schuster et al.

2006). Furthermore, a Cyt P450 CYP79F1 for methionine-

derived glucosinolate synthesis was downregulated in
shoot tissue under Se stress, and a myrosinase-binding

protein in root tissue was also downregulated.

As already stated, analysis of the microarray data

indicates that Se treatment induces S deficiency. Pre-

viously, it was reported that total S content increased

1.5-fold in shoots, and marginally decreased in roots, in

plants grown on the same Se treatment used in this study

(Van Hoewyk et al. 2005).We performed amore detailed
analysis of S metabolites to gain a better understanding

how Se affects Smetabolites.When plantswere grown on

selenate, sulfate increased five-fold compared with

control media (Fig. 4A). This result is in agreement with

the microarray data that indicated upregulation of sulfate

transporters. In addition to sulfate, reduced organic S

metabolites compose a large fraction of the S pool. To

determine if levels of reduced organic S metabolites are
affected by selenate treatment, the levels of non-protein

thiols were measured in shoot tissue. Non-protein thiol

levels were nearly three-fold lower when grown on Se

(Fig. 4B). A large fraction of the non-protein thiol pool

consists of glutathione,which is involved in regulating the

cell’s redox state as well as the storage and transport of

reduced sulfur in plants. While the level of GSSG did not

change during Se treatment, the reduced form GSH,
which represents a majority of the glutathione pool,

declined four-fold (Fig. 4C, F). Glutathione is a tripeptide

containing the amino acids glutamine, glutamate and

cysteine. Levels of GSH decreased perhaps in an effort to

conserve more important primary S compounds, such as

S-containing proteins. An elemental analysis of total

protein in the shoots of Arabidopsis plants grownwith and

without Se indicates that S in protein decreased during Se
treatment (Fig. 4D). Taken together, decreased levels of

non-protein thiols, GSH and S in protein suggest that Se

treatment induced S starvation, which likely caused the

upregulation of genes involved in sulfate transport and

resulted in the noticeable increase in sulfate content.

The observed decrease of S in proteins prompted the in-

vestigation of whether or not the levels of the S amino acids

methionine and cysteine were affected in plants grown on
Se. The abundance of these two amino acids decreased in

shoots of Se-treated plants (Table 4), in agreement with the

earlier observation that other organic S compounds

decreased upon selenate treatment; however, this decrease

was non-significant. Aspartic acid and glutamic acid both

also decreased in shoot tissue when plants were grown

on selenate. In contrast, selenate treatment significantly

Fig. 3. Selenate tolerance index (root length on selenate/root length on

control medium) for WT plants and mutant and transgenic seedlings

(acs6, ein2-1, ein3-1 and jar1-1 and an overexpressor of ERF1) grown for

10 days on control medium and onmediumwith selenate. Shown are the

means (n ¼ 30) and SE of the mean. Lowercase letters above bars denote

significant differences (P < 0.05).
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increased levels of asparagine, serine, glycine, glutamine

and arginine in shoot tissue compared with plants grown

on control media (Table 4). Overall, the response to

selenate stresswas an increase in total amino acid content

in shoot tissue. This may reflect increased levels of JA in

Se-treated plants. Previously,Medicago truncatula plants

treated with methyl JA showed an increase in amino acid
content, and it was speculated that carbohydrate metab-

olites were being reallocated into amino acids (Broeck-

ling et al. 2005). Although sugar metabolites were not

measured in this study, an increase in amino acid content

may reflect a role in the defense response for some amino

acids. Alternatively, if Se reduces plant growth,

a decreased demand for proteins could feasibly result in

temporary amino acid accumulation.

The general increase in amino acid content in
Se-treated plants is perhaps more difficult to explain than

the decrease in cysteine andmethionine.While therewas

an increase (3.7-fold) of a high-affinity nitrate transporter

(Table 3), there was a decrease in both nitrate and

ammonia in shoots of plants grown on Se (Table 4). Also

noteworthy in Se-treated plants is an (non-significant)

increase in the levels of the aromatic amino acids tyrosine

and phenylalanine, which may ultimately lead to pro-
tective flavonoids. Myb15, a transcriptional factor upre-

gulated 130-fold in Se-treated root tissue, is known to

activate the shikimate pathway (tyrosine and phenylala-

nine synthesis) in plants (Chen et al. 2006).

As previouslymentioned, reducedGSHdeclined nearly

four-fold in the shoots of Se-treated plants, while oxidized

GSH levels were unchanged. GSH and AsA participate in

the antioxidant defense system. The ratio of reduced AsA
and its oxidized form, dehydroascorbic acid (DHA), has

been used to gauge the redox state in plants (Yoshida et al.

2006). While levels of AsA were hardly affected by Se,

DHA significantly increased (Fig. 4E, F). Thus, in Se-

treated plants, the AsA/DHA and GSH/GSSG ratios both

decreased, suggesting Se-related oxidative stress.

Selenate treatment downregulates transcripts
involved in growth and development

Selenate treatment reduced the length of roots nearly

three-fold, as well as the mass of shoot tissue

Table 4. Amino acid and inorganic nitrogen content (pmol/mg FW) in

shoot tissue of plants grown on control media or selenate for 10 days.

Shown are themean (n ¼ 3) and SE in parentheses. *A significant increase

(P < 0.05) in amino acid or inorganic nitrogen content between the two

treatments.

ala 108 (15.2) 88 (18)

asn 318 (34) 502 (54)*

arg 58 (3.6) 92 (9.6)*

asp 94 (16.2)* 30.6 (5.0)

cys 2.6 (0.2) 2.2 (0.2)

gln 4258 (662) 8376 (1308)*

glu 109 (9.4)* 40 (5.2)

gly 210.6 (52) 712 (138)*

his 10.8 (1.6) 16.6 (2.2)

ile 3.2 (0.6) 3.2 (0.8)

leu 4.2 (0.8) 3.2 (0.6)

lys 5.2 (1.0) 5.0 (1.1)

met 2.6 (0.6) 1.4 (0.2)

phe 4.8 (0.6) 3.2 (0.4)

pro 212.6 (19.8) 166 (22)

ser 152 (18) 400 (61)*

thr 60 (6.8) 80 (12.2)

tyr 3.2 (0.4) 2.8 (0.4)

val 11.2 (1.4) 11.4 (1.2)

NH3 97 (8.8) 86 (3.6)

NO3 3614 (147)* 1879 (103)

Fig. 4. Shoot tissue of seedlings grown for 10 days on control media

(2Se) and onmedia with selenate (1Se) were analyzed for (A) sulfate, (B)

non-protein thiols, (C) GSH and GSSG, (D) amount of S in protein, (E)

reduced and oxidized ascorbic acid and (F) the ratio of GSH andGSSG and

AsA, which is indicative of the redox state in plants. Shown are themeans

(n ¼ 3) and SE of the mean. Lowercase letters above bars denote

significant differences (P < 0.05).
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(Supplementarymaterial Fig. S1). The reduced biomass of

Arabidopsis on selenate may reflect changes in expres-

sion levels of transcripts regulating growth and develop-

ment. Indeed, five genes encoding proteins known to

control the progression of the cell cycle (e.g. cyclins)were

found to be downregulated, of which four were in shoot
tissue (Table 3). Recently, it was discovered that Arabi-

dopsis plants treated with cadmium showed down-

regulation of genes involved in cell wall synthesis

(Herbette et al. 2006). In this study, selenate induced

the downregulation of five transcripts encoding proline-

rich cell wall proteins, three pectinesterases and a cell

wall-dissociating factor. Yet in contrast to the cadmium

study, which showed upregulation of cell wall extensins,
selenate repressed eight extensins. Up to 30% of

photosynthate can bedirected to the cellulose-containing

cell wall. Together, these data suggest that cell growth and

division are being repressed in response to selenate stress.

Next, Se-responsive genes in root and shoot tissueswere

screened to identify if selenate affects hormones associated

with plant growth and development. Among its myriad of

functions in plant biology, auxin is best known to induce
growth. Auxin was recently shown to suppress a thioglu-

cosidase (At2g44460), and it was speculated that auxin

may have a role in negatively regulating the 2S response

(Dan et al. 2007). In this study, the thioglucosidase was

upregulated 252-fold by Se in root tissue. Although 2S

conditions do not decrease auxin levels (Kutz et al. 2002),

it is instead speculated that auxin sensitivity is decreased

during S starvation (Dan et al. 2007). Indeed,NIT3, one of
four nitrilases that forms IAA, was upregulated in both root

and shoot tissues by Se and was previously discovered

to be upregulated in response to 2S and involved in

glucosinolate catabolism (Kutz et al. 2002). In our selenate

study, 10 transcripts encoding auxin-responsive proteins

were identified to be affected by Se, 9 of which were

downregulated. These data suggest that selenate may also

reduce auxin sensitivity.
While auxin is believed to play a role in the release of

thiol groups from S storage sources during S starvation

(Dan et al. 2007), it is not thought to be the key hormone

regulating the transport of S into the roots. Instead,

cytokinin is suspected of controlling S uptake. Recent

evidence suggests that the hormone cytokinin decreases

sulfate uptake into roots, as explained by the concomitant

decrease in the S transporters SULTR1;2 and SULTR1;1
(Maruyama-Nakashita et al. 2004). Although cytokinin

represses root development, it likely has an antagonistic

effect in shoot development (Werner et al. 2003). In this

study, Se treatment decreased the transcript levels of

cytokinin oxidase (AtCKX6 and At3g63440) nearly

10-fold in shoot tissue. There are seven cytokinin oxidases

in Arabidopsis that catalyze the irreversible degradation

of the hormone cytokinin. Overexpression of At3g63440,

which is primarily localized in the leaf vasculature,

showed cytokinin deficiency symptoms (Werner et al.

2003). Interestingly, cytokinin was shown to increase

transcript levels of APR1, a key enzyme in S reduction

(Ohkama et al. 2002). Thus, downregulation of AtCKX6
suggests that levels of cytokininmay increase in leaf tissue

when plants are grown on Se, although this remains to

be determined.

Two stress-responsive Pdfs are downregulated by
Se in shoots

Se may cause toxicity by (1) inducing S starvation and
thereby decreasing the S pool, (2) competing with S for

biochemical functions (proteins, secondary metabolites,

Fe–S clusters, etc.) or (3) innately triggering stress, e.g. by

creating free radicals or via another, unknown mecha-

nism. The observation that both the AsA and glutathione

pools were in a more oxidized state may indicate that

indeed free radicals also were a factor in the plants’ Se

response. The results from this study also are in agreement
with previous research in suggesting that Se induces S

starvation, resulting in upregulation of genes involved in S

transport and assimilation. Sulfate transport appeared to

be more upregulated than sulfate assimilation, judged

from the observed accumulation of sulfate and the

decrease in levels of organic S compounds. It is intuitive

that S starvation should decrease secondary S metabo-

lites, and data are presented to suggest that levels of
glucosinolates and non-protein thiols have decreased.

Accordingly, this should hold true for other S-containing

molecules and may partly explain the observation that

transcript levels encoding the stress proteins Pdf1.2a

(At5g44420) and Pdf1.2b (At2g26020) decreased four-

fold and 10-fold, respectively, in shoot tissue. Both of

these proteins are Pdfs and universal stress proteins and

as such are upregulated under various biotic and abiotic
stresses; furthermore, Pdf1.2 transcripts respond to the

plant hormones ethylene and JA (Larsen and Cancel

2004). However, both proteins are cysteine rich (10%

cysteines), and their downregulationmay be explained by

(1) S starvation or (2) the relatively high chance for Se-

cysteine incorporation.

Another intriguing possibility to explain the decrease in

Pdf1.2a and Pdf1.2b transcripts in shoot tissue is that the
stress signaling pathway perceived in the roots does not

reach or affect the shoots. Transcripts governing the

synthesis of and responses to ethylene and JAwere for the

most part only upregulated in roots. Ethylene and JA

pathways are synergistic and converge at the transcrip-

tional activation of ERF1 (Lorenzo et al. 2003), whichwas

downregulated by Se in shoots, and CEJ1, which was
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upregulated in roots. Pdf1.2a and Pdf1.2b respond to

ethylene and JA and were upregulated in plants over-

expressing ERF1 (Berrocal-Lobo et al. 2002). Therefore,

it remains a possibility that in shoots, ethylene and JA

signaling are not contributing forces in mounting

a defense against selenate.

Macroarray analysis confirms transcript fold
changes in microarray study

Apotential concern of themicroarray study performedwas

the use of only two biological replicates. Although the

AtGenExpress abiotic stress expression data set also used

two replicates (Kilian et al. 2007), the need to validate our

microarray data by another method was paramount to our

interpretation of the data. To date, quantitative real-time

polymerase chain reaction (qRT-PCR) has been used to

help confirm the expression of selected genes identified in
a microarray analysis. Here, we performed two replicates

of cDNA macroarray experiments to help substantiate the

reliability of the microarray analysis. Thirty-one Se-

responsive genes representing a range of fold changes

were selected from the microarray analysis and compared

with a macroarray analysis. The fold change of the sele-

cted genes was often higher in the microarray analysis

compared with the macroarray. The opposite effect has
been noted when comparing estimated fold change from

microarray analysis to qRT-PCR (Dallas et al. 2005) or

when using spiked-in transcripts (Choe et al. 2005).

Nonetheless, a regression analysis reveals that the fold

changes in the selected genes between the two experi-

ments show a significant (P value <0.0001) and positive

correlation (R ¼ 0.72). A comparison of the microarray

and macroarray analysis for all 31 selected genes is
provided in Supplementary material (Table S3). A com-

parison of these two analyses suggests that macroarray

analysis is a robust method for validating microarray data.

This technique is relatively easy to use and not as cost

prohibitive as qRT-PCR.

Concluding remarks and future direction

As suggested by the microarray analysis, Se increased

sulfate levels, but this did not translate into higher levels

of other S metabolites. This suggests that in response to Se
stress, one or more enzymes involved in sulfate assimi-

lation was limiting the synthesis of more reduced S

metabolites. Previous attempts to augment Se accumula-

tion and tolerance in plants have heavily focused on

manipulation of the genes involved in S transport and

assimilation and have shown the potential of over-

expressing S assimilation enzymes for enhancing Se

tolerance, accumulation and volatilization. Our goal in

this study was to better understand how Se modulates

gene expression and to identify additional Se-responsive

genes using a transcriptomics approach and to use this

data as a tool to pinpoint key genes that may increase Se

tolerance in plants. Microarray analysis indicated that
ethylene and JA are the key hormones regulating

a defense response to Se and that the hormones ABA

and salicylic acid have little effect. We focused our

efforts on determining if ethylene and JA had an effect on

Se and found that Arabidopsis mutant plants defective in

the synthesis or signaling of these two hormones were

less tolerant to selenate and that hormone overpro-

duction increased Se tolerance. Thus, future genetic
engineering approaches may focus on controlled over-

production of these hormones. Successful strategies for

increasing Se tolerance in plants are likely not limited to

manipulating genes governing S metabolism and ethyl-

ene and JA synthesis. Future research efforts may also

include overexpression of other Se-responsive genes

identified in this study. Understanding the molecular

responses to selenate and further characterization of
Se-responsive genes identified in this study may help

create plants that can better tolerate and accumulate

Se in order to achieve the goals desired for effective

phytoremediation.
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