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ABSTRACT OF DISSERTATION 

THE ROLE OF CPNIFS IN SELENIUM AND SULFUR PLANT METABOLISM: 
IMPLICATIONS FOR PHYTOREMEDIATION AND PHOTOSYNTHESIS 

NifS-like proteins are a conserved group of proteins that can cleave the sulfur-

containing amino acid cysteine in alanine and elemental sulfur (S), and selenocysteine 

into alanine and selenium (Se). In yeast and bacteria, NifS-like proteins are essential for 

survival because they provide the S for iron(Fe)-S clusters, a prosthetic group that is 

inserted into various FeS proteins that have a role in electron transfer. Furthermore, 

NifS-proteins are an essential part of Se metabolism in organisms that require this trace 

element. The goal of this research was to characterize the function of a chloroplastic 

NifS-like protein in Arabidopsis thaliana, designated AtCpNifS. As described in this 

dissertation, overexpression of CpNifS increases plant tolerance to selenate and 

accumulation of Se. Increased levels of CpNifS prevents toxic incorporation of 

selenocysteine into proteins, and thus enhances Se tolerance. This may benefit 

phytoremediation- the use of plants to naturally clean polluted soils and groundwater. In 

an effort to further the field of phytoremediation, a transcriptome experiment was 

performed in order to identify other genes and pathways that are involved in responding 

to Se stress. However, as divulged, plants likely do not require Se for essential 

metabolism, and the true function of CpNifS is more likely in the maturation of FeS 

clusters. The knockdown of CpNifS proteins in Arabidopsis using an inducible RNAi 

approach revealed that chloroplast function and structure became impaired, and that 

levels of all tested FeS proteins decreased. Consequently, the rate of photosynthetic 

electron transport, which is dependent on FeS proteins , diminished, and plants became 

chlorotic and eventually died. Therefore, CpNifS is required for FeS proteins, and is 

essential for proper photosynthesis and plant growth. 
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Chapter 1: Introduction and the scope of the dissertation 

NifS-like proteins are a conserved group of proteins that can cleave the sulfur-

containing amino acid cysteine into alanine and elemental sulfur (S), and selenocysteine 

into alanine and selenium (Se). Therefore, NifS-like proteins can be described as having 

both cysteine desulfurase (CysD) activity and selenocysteine lyase (SL) activity. In yeast 

and bacteria, the CysD activity of NifS-like proteins is essential for survival because it 

provides the S for iron (Fe)-S clusters, a prosthetic group that is inserted into various FeS 

proteins that have a role in electron transfer. Furthermore, NifS-proteins are an essential 

part of Se metabolism in organisms that require this trace element. 

Plants contain three NifS-like proteins. The mitochondrial (mt)NifS-like protein 

is homologous to IscS in E.coli. A cytosolic protein designated ABA3 has a NifS-like 

domain that likely is specifically involved in the biosynthesis of molybdenum cofactor. 

The chloropjastic (cp)NifS is most similar to SufS in E.coli. In analogy to SufS, CpNifS 

contains high SL activity: its SL activity is nearly 300x higher than its CysD activity, 

which is intriguing in view of the current thought that plants do not require Se for 

survival. The discovery that plants contain a NifS-like protein localized to the 

chloroplast prompted the question of whether or not this protein has unique properties 

and functions in plant development. 

In the past five years the study of CpNifS has been studied extensively in vitro by 

my colleague Hong Ye. I have studied the roles of CpNifS in vivo, using transgenic and 

genomic approaches. What exactly is the role of CpNifS, and can its function be 

complemented by MtNifS? What is the function of the high SL activity of CpNifS. and 

are there any ramifications if CpNifS is overexpressed in Arabidopsis plants? Is CpNifS 

essentia] for the maturation of FeS proteins in both the chloroplast and mitochondria? 

These questions, as well as several related ones, are addressed in this dissertation. 

Chapter Two, entitled "The functions of NifS-like proteins in plant sulfur and 

selenium metabolism" provides the reader with a background on NifS-like proteins in 

plants, with a detailed emphasis on the already known, and possible additional functions 

of CpNifS. The effect of CpNifS overexpression in Arabidopsis ihaliana is addressed in 

Chapter Three. Selenium manifests its toxicity when selenocysteine (SeCys) is 
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mistakenly incorporated into protein. Because CpNifS cleaves SeCys and prevents its 

incorporation into protein, I questioned if its overexpression would increase tolerance to 

selenate in plants. I further wanted to know if CpNifS overexpression would (a) enhance 

Se accumulation, (b) decrease the amount of Se in protein, and (c) affect the sulfur (S) 

levels of plants grown with or without Se. 

Chapter Four describes the effects of selenate on the transcriptome of Arabidopsis 

roots and shoots. While it was important to identify specific genes that were differentially 

regulated by Se, a broader focus was kept in view by trying to understand which plant 

processes and pathways were responding to Se. This study of how genes in root and 

shoot tissue respond to Se stress was followed up by biochemical and genetic studies to 

obtain further insight into Se tolerance mechanisms in Arabidopsis. 

Chapter Five explores the role of CpNifS in FeS protein maturation. In this last 

chapter, levels of CpNifS were knocked down using an inducible RNAi approach, to 

better understand the function of CpNifS in plants. This study was aimed to illustrate the 

changes that occur in the physiology and development of the plant as a result of 

decreased levels of CpNifS. Will decreased levels of CpNifS affect FeS containing 

proteins, and have a concomitant effect on FeS-dependent cellular processes, such as 

electron transport during respiration and photosynthesis? 

The experimental chapters are followed by a summarizing discussion of the 

dissertation, which reflects upon some of the broader implications of the findings and 

addresses future experiments that may shed more light on our understanding of Se 

metabolism in plants. Finally, in the Appendix some preliminary results are presented 

that may be followed up by others. 
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Abstract 

NifS-like proteins were originally studied in bacteria, where they play an important role in sulfur (S) and selenium (Se) metabolism. NifS-like 
proteins, now thought to exist in all organisms, are best known for their cysteine desulfurase activity that catalyzes the conversion of cysteine into 
alanine and elemental S needed for various cofactors: iron-sulfur clusters, thiamine, biotin and molybdenum cefaclor. Plants contain three NifS-
Jike proteins that are localized to the mitochondria (mtNifS). the chloroplast (cpNifS), and the cytosol (AB A3). mtNifS likely provides the S for the 
formation of biotin and Fe-S cluster assembly for mitochondrial and cytosolie proteins. cpNifS is necessary for Fe-S clusters assembled in the 
chloroplast, and may also be required for thiamine synthesis. The third NifS-like protein, ABA3, is cytosolie and probably does not participate in 
Fe-S cluster formation, but rather is required for the sulfuration of molybdenum cefaclor. In addition to cysteine desulfurase activity, NifS-like 
proteins also possess selenocysteine lyase activity that converts selenocysteine into alanine and elemental Se. In contrast to many bacteria, animals, 
and some green algae that require selenocysteine lyase activity for essentia] selenoproteins, plants are not known to require Se. However, the 
selenocysteine lyase activity found in cpNifS may prevent Se toxicity in plants growing in high concentrations of selenate. This review summarizes 
what is known about NifS-like proteins in plants and discusses other potential roles that still need to be examined. 
(C; 2007 Elsevier Ireland Ltd. All rights reserved. 
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1. Introduction proteins with various essential functions. NifS-like proteins 
have cysteine desulfurase (Cys desulfurase) activity, which 

It has been nearly 15 years since the discovery of the first catalyzes the conversion of the amino acid cysteine into alanine 
NifS protein in the nitrogen-fixing microbe Azotobacter and elemental sulfur (S) [1J. Cys desulfurase activity provides 
vinelandii [1], Today, NifS-like proteins have been found in the S for the formation of a diverse group of cofactors: iron-
all three domains of life, representing a conserved group of sulfur (Fe-S) clusters, thiamine, biotin, and molybdenum 

cofactor. In addition, NifS-like proteins have selenocysteine 
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locations: mitochondria, cytosol, chloroplasts, and occasionally 
the nucleus, for review of Fe-S clusters, see [3-5}. This range 
of localization reflects the many processes and cellular 
components that require the activity of NifS-like proteins. 
As an example, higher plants contain at least forty Fe-S 
proteins in multiple cellular compartments that are dependent 
on NifS-like proteins [4]. 

Recently the NifS-dependent biogenesis of Fe-S clusters in 
plants has gained attention [4,5] after initially having been 
studied only in bacteria, yeast, and mammals. This review 
describes new insights into the functions of NifS-like proteins 
in plant Fe-S cluster formation, as well as addresses 
some remaining questions regarding the other functions of 
NifS-like proteins in plants. To what extent is the role of NifS-
like proteins the same in plants as it is in other organisms, and 
are there any plant-specific processes? Based on current 
knowledge, we will discuss why the evolution of land plants 
probably required the three NifS-like proteins known to exist in 
plants today. Attention will also be drawn to whether or not the 
SeCys lyase activity of NifS-like proteins has a function in 
plants, which is relevant for the debate on whether or not Se is 
essential for some higher plants. 

2, Plant NifS-like proteins are essential for Fe-S cluster 
maturation 

As mentioned, various S-containing cofactors acquire 
elemental S from the amino acid cysteine via the Cys 
desulfurase activity of NifS-like proteins, which is reviewed 
elsewhere (&]. Since Cys is also needed for translation in three 
cellular compartments, as well as for other S-containing 
metabolites such as methionine and its derivatives and 
glutathione, Cys mobilization inside cells must be strictly 
regulated. Through their Cys desulfurase activity, NifS-like 
proteins are able to control the formation and intracellular 
distribution of elemental S. 

Fe-S clusters are cofactors for various essential proteins, 
and are delivered to their appropriate apoproteins by a complex 
Fe-S cluster biosynthetic machinery [4-7]. NifS-like proteins 
represent the first step in Fe-S cluster assembly by providing 
the necessary S for the formation of these essential cofactors. It 
is still unknown how Fe is delivered to Fe-S clusters; in 
mitochondria the protein frataxin, which is a Fe chaperone, may 
have a role in this process f 8,9]. Next, the Fe-S cluster must be 
assembled on a scaffold protein. IscU-like and IscA-like 
proteins function as scaffold proteins where Fe-S clusters are 
assembled before the cluster can finally be delivered to its 
appropriate apoprotein (10]. The general process of Fe-S 
cluster assembly described above is thought to be the same for 
the five different types of eukaryotic Fe-S clusters: 2Fe-2S, 
Rieske-tvpe 2Fe-2S, 3Fe-4S, 4Fe-4S and siroheme 4Fe-4S 
14,5]. 

Fe-S cluster assembly has been extensively studied in 
bacteria, yeast and mammals. In yeast, Fe-S proteins transfer 
electrons in the mitochondrial electron transport chain and 
provide the catalytic activity of aconitase [10]. The deletion of 
the mitochondrial-localized NifS-like protein is lethal in yeast, 

which is interesting in view of the fact that yeast are not 
dependent on mitochondrial electron transport during anaero
bic growth. This phenotype can be explained by evidence that 
essential Fe-S proteins are localized to the cytosol. Thus, NFS, 
the gene encoding a NifS-like protein in yeast mitochondria, is 
probably essential due to its role in cytosolic, and possibly 
nuclear, Fe-S assembly [10,11]. Similarly, in human cells, the 
NifS-like gene Nfsl is essential for Fe-S proteins in both the 
cytosol and mitochondria [12]. However, in this case, 
differential in-frame start sites ensure that two isoforms of 
this protein are made which are targeted to the mitochondrion 
or cytosol, providing evidence for two distinct Fe-S cluster 
assembly systems in human cells (13). Additional required 
components for cytosolic Fe-S cluster assembly have been 
identified, and termed the cytosolic iron-sulfur cluster 
assembly machinery [ 14}. 

NifS-like proteins can be broadly categorized as belonging 
to one of two groups based on amino acid analysis of a motif in 
the active site that contains a conserved Cys [2 j . This conserved 
Cys is the primary acceptor of the sulfane S that results from the 
cleavage of the substrate cysteine. In type I NifS-like proteins, 
Cys is exposed in the active site allowing direct delivery of the 
sulfane S to acceptors, such as scaffold proteins for Fe-S 
assembly [2,3]. However, this arrangement may make type I 
NifS-like proteins very oxygen-sensitive. In type II NifS-like 
proteins, the Cys in the active site is not exposed on the protein 
surface and is perhaps less oxygen-sensitive. In this case, 
however, interaction with a SufE protein is required to 
efficiently release the sulfane S. These SufE proteins serve 
as intermediate S carriers between NifS and downstream targets 
[15,16]. Thus, Cys desulfurase activity in group II NifS proteins 
is substantially lower in the absence of SufE compared to group 
I. In plants, different SufE proteins exist that reversibly bind to 
NifS-like proteins and stimulate Cys desulfurase activity [15], 
as discussed in more detail below. 

Some organisms contain more than one NifS-like protein. 
While the yeast and human genome contain one NifS-like gene, 
E. colt contains three distinct NifS-like proteins: IscS (group 1), 
CsdA (group II), and SufS (group II). IscS seems to have a 
general housekeeping role, and SufS is thought to function 
during oxidative stress. Compared to CsdA, SufS has low Cys 
desulfurase activity in purified form in vitro [6]. Whereas IscS 
and SufS are found in gene clusters with a clear role in the 
formation of iron-sulfur clusters, CsdA is not in such a cluster 
and its biological role is not fully clear yet. Deletion of IscS is 
not lethal in E. coli, which is attributed to complementation by 
the SufS protein [17]. 

Sequencing of the Arabidopsis thaliana genome revealed 
two NifS-like genes. One NifS-like protein (mfNifS) is 
localized to mitochondria [18] and the other (cpNifS) is 
localized to chloroplasts f 19,20]. Amino acid sequence analysis 
reveals that mfNifS (also referred to as NFS1) and cpNifS (also 
referred to as NFS2) are 18% similar. mfNifS is a group I NifS-
like protein and is most similar to bacterial IscS, whereas 
cpNifS is characterized as a group II NifS-like protein, and is 
most similar to SufS. Recently, a reduction in mtNifS was 
shown to decrease the enzyme activities of three aldehyde 
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oxidases [21]; these Fe-S proteins contribute to the biosynth
esis of auxin aid abscisic acid in plants. Although it still needs 
to be confirmed, the mtNifS protein is expected to be critical for 
the synthesis of Fe-S clusters required by many proteins 
involved in mitochondrial electron transport. Furthermore. 
mtNifS may have a role in cytosolic Fe-S assembly [18], More 
recently, a third protein designated ABAS was found to contain 
a NifS-like domain: ABAS is required for a late step in abscisic 
acid biosynthesis, and has Cys desulfurase and SeCys lyase 
activity in vitro [22J. Unlike the other two NifS-like proteins, 
the cytosolic Cys desulfurase activity of ABA3 is not thought to 
participate in Fe-S cluster assembly, but rather serves a role in 
the sulfuration of molybdenum cefaclor, as described in more 
detail below. 

The functions of cpNifS were studied by both in vitro and in 
vivo approaches. In vitro, cpNifS showed both Cys desulfurase 
and SeCys lyase activity, the latter around 300-fold higher than 
the former [20]. cpNifS can also mediate in vitro reconstitution 
of an Fe-S cluster in apo-ferredoxin, forming holo-ferredoxin. 
using Cys and ferrous iron as the sources of S and Fe [23]. 
Antibody-mediated depletion of cpNifS from a chloroplast 
extract led to the complete loss of this ferredoxin reconstitution 
activity. Adding back the corresponding amount of purified 
recombinant cpNifS restored this activity, indicating cpNifS is 
the sole protein responsible for providing S for Fe—S clusters in 
the chloroplast (23 j . 

More recently, the in vivo role of cpNifS in Fe-S cluster 
formation was further studied in Arabidopsis. An ethanol-
inducible RNAi technique was used to create a conditional 
mutant; this strategy was chosen because constitutive knockout 
of cpNifS was lethal [24]. Silencing of cpNifS in mature plants 
led to a rapid decrease in the levels of chloroplast Fe-S proteins, 
together comprising all five types of Fe-S clusters. Thus, 
cpNifS is essential for biosynthesis of all five types of plastid 
Fe—S clusters, and cpNifS knockout cannot be rescued by other 
NifS-like plant proteins. 

Fe-S proteins in the chloroplast are involved in a diverse 
range of functions including protein import, chlorophyll 
metabolism, nitrogen and S reduction, and the photosynthetic 
electron transport chain. In mitochondria, Fe-S proteins 
are especially important for respiration. Plants with 
reduced cpNifS exhibited chlorosis and a disruption in 
chloroplast structure and function, including photosynthetic 
electron transport and nitrite reductase activity [24]. 
Mitochondrial Fe-S proteins and the levels of respiration 
were not affected by reduced levels of cpNifS, indicating that 
cpNifS is not responsible for providing mitochondrial Fe-S 
clusters. 

The results described above indicate that the two NifS-like 
proteins cpNifS and mtNifS fulfill distinct physiological roles 
suited for their respective environment, in plastids and 
mitochondria [19], cpNifS and mtNifS probably have 
different evolutionary origins that fit their intracellular 
conditions. Although both the chloroplasts and mitochondria 
have Fe-S proteins involved in electron transport, photo
synthesis in the chloroplast generates oxygen while respira
tion in the mitochondrion consumes oxygen. Thus, the 

environmental conditions in oxygen-consuming mitochondria 
and oxygen-producing chloroplasts are different and it is 
intuitive that these contrasting environmental conditions 
require two different NifS-like proteins with unique bio
chemical properties. As mentioned, mtNifS is a group I 
protein and most similar to IscS, the housekeeping protein in 
E. coli that is very sensitive to oxygen. cpNifS is most similar 
to bacterial SufS that operates during oxidative stress. 
Possibly, mtNifS could not function in the chloroplast, 
because its sensitivity to aerobic conditions would preclude 
Fe-S cluster development. Future work in plants should 
demonstrate if cpNifS can indeed tolerate aerobic conditions 
and oxidative stress better than mtNifS. 

Furthermore, since the chloroplast is the predominant site of 
Cys synthesis, it may be critical to tightly control the Cys 
desulfurase activity of the chloroplast NifS protein. The 
presence of a group I NifS-like protein in the chloroplast, with a 
constitutively high Cys desulfurase activity, could ultimately 
lead to wasteful Cys cycling. Instead, the Cys desulfurase 
activity among group II NifS proteins such as cpNifS is 
relatively low, and can be greatly stimulated by other proteins 
such as SufE [25]. Work in E. coli demonstrates that SufE 
proteins form a transient complex with NifS proteins, and 
stimulate transfer of the S released by the NifS protein onto an 
Fe-S scaffold [ i5], 

Arabidopsis contains three different SufE proteins, termed 
SufEl, SufE2, and SufE3. SufEl is nuclear-encoded, but in 
contrast to the two NifS-like proteins, it shows dual localization 
to both the mitochondrion and chloroplast, as shown in Fig, 1 
[26]. Analogous to E. coli, SulEl and cpNifS were shown to 
interact and spontaneously form a tetramer in vitro [27]. SufEl 
is expressed in all tissues and its knockout is lethal. In vitro, 
SufEl could stimulate both cpNifS and mtNifS, although 
activation of cpNifS was much more dependent on SufEl 
interaction compared to mtNifS [261. SufEl can stimulate 
cpNifS-mediated Cys desulfurase activity 40-fold, and Fe-S 
cluster formation nearly 20-fold in an in vitro reconstitution 

Fig. 1. Known (solid lines') and poientiai (dotted lines) functions of the three 
NifS-like proteins in plants (shown in red). 
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assay [27], Lethality of SufEl KO plants can likely be 
attributed by the mutants' failure to activate cpNifS and form 
Fe-S clusters. 

The two additional chloroplast SufE-like proteins, SufE2 
and SufE3, both stimulate cpNifS Cys desulfurase activity at 
least 40-fold [28]. AtSufE-2 is specifically expressed in the 
pollen in Arabidopsis flowers, where it is hypothesized to 
interact with cpNifS. Unraveling the role of a NifS-like protein 
in Fe-S cluster development in pollen would be an exciting 
addition to the field of plant reproductive biology. AtSufE3 is 
essential, expressed at a relatively low level in all Arabidopsis 
organs, and probably specifically stimulates its own Fe-S 
cluster formation, as discussed below. 

Deletion of iscS in E. coli requires the addition of nicotinic 
acid for growth [29]. The production of quinolinic acid, a 
precursor of nicotinic acid which is further converted to NAD, 
requires the activity of the Fe-S protein quinolinate synthase A. 
In Arabidopsis, quinolinate synthase is localized in plastids 
[30]. Recent evidence has shown that cpNifS is probably 
essential for NAD synthesis in Arabidopsis. A newly identified 
interacting partner of cpNifS, Suf£3 (already mentioned 
above), contains a quinolinate synthase domain that indeed 
has quinolinate synthase activity [28]. SufE3 is an essential 
chloroplast protein, and stimulates cpNifS Cys desulfurase 
activity up to 70-fold. The quinolinate synthase domain of 
SufE3 carries an essential, highly oxygen-sensitive 4Fe-4S 
cluster that SufE3 can reconstitute by means of its own SufE 
domain, via interaction with cpNifS and using Cys as a S donor 
[28]. 

Additional proteins are likely to interact with the SufEi-
cpNifS complex, including scaffold proteins. Fe-S proteins are 
assembled on scaffold proteins before they are transferred to an 
apoprotein. Potential scaffold proteins in Arabidopsis that 
interact with cpNifS include three Nfu proteins [31,32] and 
IscA [33}. Fe-S cluster formation in the mitochondria likely 
involves three Isu scaffold proteins [34], once again 
demonstrating that two separate Fe-S cluster machineries 
are required for the mitochondrion and the chloroplast. 

3, Other metabolic pathways in plants may require 
cysteine desulfurase activity 

In E. coli. Cys desulfurase activity is necessary for the 
synthesis of other metabolites besides Fe-S clusters, including 
the vitamins thiamine (Bl) and biotin (B8), molybdenum 
cefaclor, and nicotinic acid [6]. The realization that NifS-like 
proteins fulfill a wide range of roles in E. coli begs the question 
whether the three NifS-like proteins in plants may perform 
similar functions. 

Being autotrophic, plants synthesize their own vitamins. 
Thiamine (vitamin B1 > is a cofactor for enzymes involved in the 
metabolism of amino acids and carbohydrates. Thiamine 
possesses a thiazole moiety; the source of this sulfur derives 
from cysteine, again associating a NifS-like protein with Cys 
desulfurase activity [35]. In E. coli, thiamine biosynthesis 
requires IscS [36], This may in analogy suggest that in plants 
mtNifS is perhaps essential for thiamine formation. Plant 

thiamine biosynthesis is dependent on Thil, a protein with two 
translation start sites, enabling dual localization to the 
mitochondrion and chloroplast [37], Currently, it is thought 
that Thil is recruited to the mitochondria where it may prevent 
DNA damage caused by oxidative stress. Despite this protective 
role, Thil is predominantly localized to the chloroplast where 
thiamine is perhaps more likely to be made [38]. If this is the 
ease, cpNifS is more likely to be involved in thiamine synthesis 
than mtNifS. Resolving this issue will be an interesting area of 
future study. 

Biotin (also called vitamin B8 or vitamin H) is an essential 
cofactor for proteins involved in fatty acid and carbohydrate 
metabolism [39]. Biotin can only be made in the mitochon
dria, but can be exported to the cytosol [40], The last step in 
biotin production is performed by mitochondrial biotin 
synthase (Bio2), and involves the transfer of an S atom on 
dethiobiotin, the precursor of biotin [411. The S in this 
reaction comes from Cys, which implies the involvement of a 
NifS-like protein. Indeed. mtNifS can stimulate biotin 
production in vitro [42], However, more research is needed 
to fully understand the exact mechanisms of mtNifS-
mediated biotin synthesis. 

Sulfuration of molybdenum cofactor is responsible for 
activating the two enzymes aldehyde oxidase and xanthine 
dehydrogenase [43]. Research performed by Heidenreich et al. 
[22] identified a Mo cofactor sulfurase in Arabidopsis 
designated ABA3; this cytosolic protein contains a NifS-like 
domain with cysteine desulfurase activity that is used for 
activation of the two MoCo-conlaining enzymes aldehyde 
oxidase and xanthine dehydrogenase. Thus, in contrast to 
mtNifS or cpNifS, the Cys desulfurase activity of ABA3 
appears to not have a role in Fe-S assembly, but rather have a 
specific function in MoCo sulfuration. 

4. Plant NifS-like proteins also have selenoeysteine 
lyase activity with unknown function 

In addition to having Cys desulfurase activity, NifS-like 
proteins can also be characterized as SeCys lyases capable of 
cleaving selenocysteine to form alanine and elemental selenium 
[2]. A notable difference between Cys desulfurase and SeCys 
lyase activity in both E. coli and Arabidopsis is that the 
conserved Cys residue is very crucial for Cys desulfurase. but 
not SeCys lyase activity. Also intriguing is that unlike Cys 
desulfurase activity, SeCys lyase activity is not dependent on 
SufE activation [23]. Group II NifS-like proteins tend to have a 
relatively high activity toward SeCys relative to Cys (up to 
3000-fold higher), while group I proteins typically have only 
•^8-fold higher activity toward SeCys than Cys. Due to its low 
intrinsic CysD activity, purified Arabidopsis cpNifS, without 
SufE, displays nearly 300-fold greater activity toward SeCys 
than Cys [20]. 

In organisms that need Se as a micronutrient, NifS-like 
proteins with SeCys lyase activity provide the elemental Se for 
the formation of specific selenoproteins containing SeCys. 
SeCys, dubbed the 21st amino acid, is encoded by a UGA opal 
codon in mRNAs encoding selenoproteins [44]. At least 25 
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selenoproteins are predicted in humans, many of which are 
active in redox reactions, such as the enzyme glutathione 
peroxidase 145J. Glutathione peroxidases play a role in the 
scavenging of free radicals; a human glutathione peroxidase 
with a structural role in the maturation of sperm has also been 
proposed [46]. Plant glutathione peroxidases contain Cys at the 
active site instead of SeCys, and indeed no selenoproteins have 
been found so far in higher plants. Thus, while Se is an essential 
micronuirienl for many animals and bacteria, as well as for the 
green algae CHamydomonas reinhardiii [47] and Emiliana 
huxleyi [48], to date there is no direct evidence that Se is 
essential for higher plants. Moreover, the typical components 
required for the insertion of SeCys during translation are absent 
in plants. Coming back to NifS-like proteins, there is therefore 
no evidence that cpNifS or other plant NifS-like proteins have a 
role in essential selenoprotein synthesis. 

It is worth mentioning the limited, yet exciting evidence 
from outside the plant kingdom, that a cpNifS homologue 
may be involved in selenoprotein syntheses. Plasmodium 
falciparum, the causative agent of malaria, and other 
apicomplexan parasites harbor apicoplasts [49], These unique 
structures are non-photosynthetic plastids probably derived 
from cyanobacteria during a series of endosymbiotic events. 
In addition to a mitochondrial NifS-like protein, Plasmodium 
spp. contain a group II NifS-like protein (acNifSj probably 
localized to the plastid. that is homologous to cpNifS. In the 
future it will be interesting to determine how acNifS functions 
in these apicomplexans, and if they all have a similar role to 
the NifS-like protein in chloroplasts. Obviously, these 
heterotrophic parasites do not require Fe-S proteins for 
photosyntheiic electron transport. Could these plastidic 
proteins provide the SeCys lyase activity necessary for 
selenoprotein synthesis? Keeping in mind that these organ
isms contain selenoproteins and that acNifS is similar to Sui'S 
and cpNifS, it is quite likely that acNifS functions as a SeCys 
lyase. Regardless of its function, targeting the Plasmodium 
spp. plastid NifS-like gene product may be a viable strategy to 
control malaria 149.50], 

If cpNifS' SeCys lyase activity has a function in plants, 
other processes besides a role in selenoprotein synthesis 
should be considered. Is it feasible that SeCys lyase activity 
may function to prevent Se toxicity in plants? At higher levels 
Se is toxic to most plants, as it is to other organisms. This 
toxicity stems from nonspecific incorporation of SeCys and 
SeMet into proteins, replacing Cys and Met [51]. Se toxicity 
in plants manifests itself by stunted growth and chlorosis of 
young leaves. Overexpression of cpNifS in Arabidopsis 
increased tolerance to and accumulation of toxic Se, but did 
not bestow any additional benefits during oxidative stress, low 
light, or Fe and S starvation [52]. It is speculated that 
overexpression of cpNifS diverted SeCys away from 
nonspecific incorporation into protein, thereby allowing the 
plants to tolerate and accumulate more Se. Indeed, less Se was 
incc~*c-r.'Cvi into protein in cpNifS-overexpressing trans-
gen., - These observations create the possibility that 
StCys hav. activity may have a function in preventing Se 
toxicity in plants growing on elevated levels of Se. 

Considering that, on a global scale, only a small fraction 
of soils is seleniferous, it is worth pondering what selective 
pressures have preserved SeCys lyase activity in the cpNifS 
protein. Alternatively, it is possible that SeCys lyase activity 
is an inevitable side-effect of having Cys desulfurase activity, 
since Cys and SeCys are very similar. It cannot be excluded 
that new evidence will reveal a role for plant NifS-like 
proteins in plant Se metabolism. 

5. Concluding remarks 

Exciting insights into the function of plant NifS-like proteins 
have begun to emerge since the start of the genomics era. As 
depicted in Fig. 1, NifS-like proteins in plants are localized to 
the mitochondria (mtNifS), the chloroplast (cpNifS), and the 
cytosol (ABA3). Ail three NifS-like proteins have Cys 
desulfurase and SeCys lyase activity, the latter of which may 
have a protective role in preventing toxic Se incorporation into 
protein. Studies so far have clearly shown the importance of 
cpNifS for chloroplast Fe-S cluster biosynthesis, and there is 
evidence that mtNifS is needed for Fe-S cluster formation in 
mitochondria and cytosol. Besides Fe-S clusters, plant NifS-
like proteins also are needed for the synthesis of other cofactors. 
For example, cpNifS is needed for NAD synthesis and ABA3 
for cytosolic MoCo sulfuration. It is also likely that mtNifS is 
needed for biotin synthesis, and either cpNifS or mtNifS may 
provide the S for thiamine. The contrasting conditions of the 
mitochondria and chloroplast probably necessitate two distinct 
NifS-like proteins for the maturation of Fe-S clusters in these 
two organelles, each with different properties. Future work may 
focus on identifying regulatory mechanisms for the NifS-SufE 
interactions, on demonstrating whether or not mtNifS is indeed 
required for cytosolic Fe-S cluster assembly, and on the 
possible functions of the SeCys lyase activity of NifS-like 
proteins in plants. 
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Overexpressiott of AtCpNifS Enhances Selenium 
Tolerance and Accumulation in Arabidopsis1 

Douglas Van Hoewyk, Gulnara F, Garifullina, Ashley R. Ackley, Salah E. Abdel-Ghany, 
Mat thew A. Marcus, Sirine Fakra, Reiki Ishiyama, Eri Irtoue, Mar inus Pilon, 
H idek i Takahashi2 , and Elizabeth A.H. Pilon-Smits2* 

Biology Department, Colorado State University, Fort Collins, Colorado 80523 (D.V.H., G.F.G., 
A.R.A., S.E.A.-G., M.P., E.A.H.P.-S.); Advanced Light Source, Lawrence Berkeley Laboratory, 
Berkeley, California 94720 (M.A.M., S.R); and RIKEN Plant Science Center, Tsurumi-ku, 
Yokohama 230-0045, Japan (K.I., E.I., H.T.) 

Selenium (Se) is an essential element for many organisms but is toxic at higher levels. CpNifS is a chloroplastic NifS-fike protein 
in Arabidopsis (Arabidopsis thaiimta) that can catalyze the conversion of cysteine into alanine and elemental sulfur (S"') and of 
selenocysteine into alanine and elemental Se (Seu). We overexpressed CpNifS to investigate the effects on Se metabolism in plants. 
CpNifS overexpression significantly enhanced selenate tolerance (1.9-fold) and Se accumulation (2.2-fold). CpNifS over-
expressors showed significantly reduced Se incorporation into protein, which may explain their higher Se tolerance. Also, sulfur 
accumulation was enhanced by approximately 30% in CpNifS overexpressors, both on media with and without selenate. Root 
transcriptome changes in response to selenate mimicked the effects observed under sulfur starvation. There were only a few 
trartscriptome differences between CpNifS-overexpressing plants and wild type, besides the 25- to 40-fold increase in CpNifS 
levels. Judged from x-ray analysis of near edge spectrum, both CpNifS overexpressors and wild type accumulated mostly 
selenate (SeVI). In conclusion, overexpression of this plant NifS-like protein had a pronounced effect on plantSe metabolism. The 
observed enhanced Se accumulation and tolerance of CpNifS overexpressors show promise for use in phytoremediation. 

Selenium (Se) is an essential micronutrient for 
animals and bacteria but becomes toxic at higher 
concentrations. Accumulation of Se in the environ
ment has been reported to be a cause of toxicity in 
aquatic organisms (Ohlendorf et a l , 1988; Hamilton, 
2004), livestock (Fessler et al., 2003), and humans (Hira 
et al., 2004). Selenate (Se(34

2~) is the most common 
soluble form of Se found in terrestrial systems. Sele-
niferous soils (>2 ppnn Se) commonly found in the 
western United States arise from the weathering of 
Se-rich shale rock. 

Se is essential for mammals and bacteria, where 
selenocysteine (SeCys) is an essential component for 
the formation of selenoenzymes such as glutathione 
peroxidase, a free radical scavenger (Stadtman, 1990). 
A diet enriched with Se can reduce the risk of cancer in 

humans (Ip et al., 2002). Thus, plants enriched with 
antic arcinogenic selenocompounds have enhanced 
nutritional value (Ellis et al., 2004). Whether or not 
Se is essential for higher plants themselves remains 
unproven. However, the green alga Chlamydomonas 
reinliardtii, which shares a common ancestor with land 
plants, was shown to contain selenoproteins. Labeling 
of C. reinhardtii cells with 75Se revealed four Se pro
teins, one of which is a glutathione peroxidase, thought 
to ameliorate oxidative stress (Novoselov ef al., 2002). 

Although certain plants tolerate and (hyper)accu-
mulate Se to high concentrations (up to 0.5% of dry 
weight), generally Se uptake into plant tissue is thought 
to be inadvertent and potentially toxic (Anderson, 
1993). The toxicity of selenate is thought to be due to its 
chemical similarity to sulfate, and, as such, proteins 
involved in sulfate transport and s u i t e (S) metabo
lism can act on analogous Se compounds (Terry et al., 
2000). When selenate is assimilated via the sulfate 
assimilation pathway, Se can be incorporated into the 
S amino acids Cys and Met, leading to the formation 
of SeCys and selenomethionine. The nonspecific in
corporation of SeCys into proteins causes toxicity 
(Stadtman, 1990). 

Attenuating the toxic effects of Se is of concern for 
public health and agriculture. Plants with enhanced Se 
tolerance and accumulation may potentially be used 
for environmental cleanup (Baftuelos et al., 2005). 
Several strategies have been used successfully to breed 
plants with enhanced Se tolerance and accumulation. 
Nonspecific incorporation of SeCys into proteins can 

1518 Plant Physiology, November 2005, Vol. 139, pp. 1518-1528, www.plantphvsiol.org © 2005 American Society of Plant Biologists 

1 This work was supported by the U.S. Department of Agriculture 
National Research Initiative (grant no. 2003-35318-13758 to 
E.A.H.P.-S, and M.P.) and by the National Science Foundation/ 
Japan Society for the Promotion of Science (summer fellowship to 
D.V.H.). 

* These authors contributed equally to the paper. 
* Corresponding author; e-mail epsinits@lamar.colostate.edu; fax 

970-491-0649. 
The author responsible for distribution of materials integral to the 

findings presented in this article in accordance with the policy 
described in the Instructions for Authors (www.plantphysiol.oig) is: 
Elizabeth A.H. Pilon-Smits (epsmitsSlamar.colostate.edu). 

Article, publication date, and citation information can be found at 
www.plantphysiol.org/cgi/doi/10.1104/pp.105.068684. 

10 

http://www.plantphvsiol.org
mailto:epsinits@lamar.colostate.edu
http://www.plantphysiol.oig
http://epsmitsSlamar.colostate.edu
http://www.plantphysiol.org/cgi/doi/10.1104/pp.105.068684


Overexpression of" CpNifS in Arabidopsis 

be prevented by methylation of SeCys into nonprotein 
selenoamino acids via the enzyme SeCys methyl trans
ferase (SMT; Neuhierl and Bock, 1996). Overexpres
sion of this enzyme from the Se hyperaccumulator 
Astragalus bisulcatus in Arabidopsis (Arabidopsis thali-
ana) or Indian mustard (Brasska juncea) enhanced Se 
tolerance and accumulation (Ellis et al , 2004; LeDuc 
et al., 2004), Methylation of selenomethionine and 
SeCys can lead to the formation of volatile selenocom-
pounds, another potential detoxification mechanism 
(Terry et al, 2000). Overexpression in Indian mustard 
of cystatrrionine-y-synthase, the first enzyme in the 
conversion of SeCys to volatile Se, led to increased 
levels of dimethylselenide production and increased 
Se tolerance (Van Huysen et al., 2003). Overexpression 
of the key enzyme of the sulfate assimilation pathway, 
ATP sulfurylase, led to enhanced selenate reduction, 
Se accumulation, and Se tolerance (Pilon-Smits et al., 
1999). In another study, barley (Hordeum vulgare) plants 
overexpressing thioredoxin h were capable of tolerat
ing and accumulating more Se when grown on selenite 
(Kim et al., 2003) perhaps dtte to enhanced reduction 
of selenite to elemental Se (Se°). In another approach to 
prevent Se incorporation into protein, a mouse gene 
expressing a SeCys lyase (SL) was introduced into 
Arabidopsis and Indian mustard (Garifullina et al , 
2003; Pilon et al., 2003). The enzyme proved capable 
of reducing the amount of Se in protein, probably 
by cleaving SeCys into alanine and Se°. The plants 
accumulated more Se when the gene was overex-
pressed in either the cytosol or the chloroplast, but 
tolerance to Se was enhanced only when expressed in 
the cytosol. 

Recently, a chloroplastic protein, CpNifS, was dis
covered in Arabidopsis that has both Cys desulfurase 
and SL activity (Pilon-Smits et al., 2002), and thus 
potentially affects both S and Se metabolism. CpNifS 
can provide the necessary S to form iron (Fe)-S clusters 
for ferredoxin by cleaving Cys into elemental S and 
alanine (Ye et al., 2004; "Abclel-Ghany et al , 2005), 
and possibly has a role in providing the elemental S 
for other S metabolites such as thiamine, in analogy 
with bacterial systems (Mihara and Esaki, 2002). How-
ever, the activity of this enzyme toward SeCys is 
almost 300 times higher than toward Cys (Pilon-Smits 
et al., 2002), suggesting CpNifS may affect plant Se 
metabolism as well. Since CpNifS converts SeCys info 
alanine and Se°, this enzyme may prevent Se incorpo
ration into protein, which should protect plants from 
Se toxicity. 

In this study, we• overexpressed CpNifS in Arabi
dopsis to study the effects on Se and S metabolism. The 
effects on Se metabolism were explored by determin
ing the ability of the transgenic plants to tolerate and 
accumulate Se, and the metabolic fate of the accumu
lated Se. Microarray analysis was performed to more 
fully understand how overexpression of CpNifS may 
affect Se tolerance and accumulation, and to investi
gate the transcriptome changes that occur when plants 
are grown on selenate. 

RESULTS 

Generation and Characterization of Transgenic Lines 

The CpNifS cDNA, including its plastid targeting 
sequence (Fig. 1), was constitutively expressed in 
Arabidopsis. The CpNifS protein expression level in 
the transgenic plant lines obtained was tested by 
immunoblotting using antibodies raised against puri
fied CpNifS. A protein (43 kD) of the expected size for 
the mature protein after cleavage of the transit se
quence was present at much higher levels in shoot and 
root tissues of the CpNifS lines (Fig. 2A) compared to 
wild type. The degree of overexpression varied among 
the CpNifS transgenic lines. In general, CpNifS ex
pression was higher in shoot than root tissue in the 
transgenics, despite the use of the constitutive pro
moter (Fig. 2A). Transgenic lines CpNifSSS and 
CpNifS55 were chosen for further analysis. Judged 
from digital imaging, these two lines contained about 
23-fold higher CpNifS protein concentration com
pared to wild type in the shoots. In root material, 
CpNifS levels were roughly 8-fold higher in the trans
genics. To verify the localization of CpNifS in the 
chloroplasts, a western-blot analysis was performed 
on isolated chloroplasts from wild type, CpNifS38 and 
CpNIfS55 (Fig. 2, B and C). The level of CpNifS protein 
in all plant types was slightly lower in the chloroplasts 
compared to homogenate, when compared on a chlo
rophyll basis. Since CpNifS was shown earlier to be 
chloroplastic (Pilon-Smits et al., 2002), some of the 
stromal proteins may be lost due to leakage in this 
procedure. The fraction of CpNifS in chloroplasts was 
similar in CpNifS55 compared to wild type, but 
somewhat lower in CpNifS38. Thus, it appears that 
the majority of the overproduced CpNifS was indeed 
targeted to the chloroplast, but it cannot be excluded 
that some of the protein was mistargeted, especially in 
CpNifS38. 

3--NOSI gtuptasirsai* * 

z 

S'-NG3~-4 35»Cai aMV 

a 

; p N B '*NOS 

m 

figure 1. AfCpNifS construct used to transform 
Arabidopsis. Shown are the forward (a) and re
verse lb; primers that were used to identify trans
genic lines, 3'-NOS and 3'-KOS, Nopaline 
synthase terminator and promoter, respectively. 
LB and RS, Left border and right border of 
T-DNA, respectively. 
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Effects of CpNifS Overexpression on 
Se and S Metabolism 

Since CpNifS can convert SeCys into Se° and ala
nine, thereby potentially preventing the toxic process 
of nonspecific incorporation of Se into protein, we 
wanted to test whether CpNifS overexpression affects 
Se tolerance. The ability of the CpNifS overexpressors 
to tolerate selenate was investigated by measuring 
root growth on media with or without 40 ^M selenate. 
The transgenics CpNifS38 and CpNifS55 had 1.7- to 
2-fold longer roots after 10 d of treatment on selenate 
compared to wild type (P < 0.05; Fig. 3). Interestingly 
the CpNifS transgenics did not show enhanced sele-
nite tolerance (data not shown). There were also no 
differences in root length between wild-type and 
transgenic plants grown on control (Murashige and 
Skoog [MS]) media (Fig. 3) or on media supplied with 
cadmium or chromate (data not shown), indicating 
that CpNifS overexpression enhances selenate toler
ance and the observed effect is selenate specific. 

To determine if CpNifS overexpression alters Se 
accumulation, seedlings of wild type, CpNifS38, and 
CpNifS55 were grown on medium with 40 /IM sele
nate. Transgenic plants accumulated more Se in shoot 
and root tissues than wild type (P < 0.05; Fig. 4a); the 
Se concentration in shoots was 2- to 3-fold higher in 
transgenics compared to wild type. The Se concentra
tion in the shoots exceeded that in the roots for all 
three genotypes, agreeing with previous results that 
plants readily translocate Se to the shoot when sup
plied with selenate (de Souza et al, 1998; Pilon et al., 
2003; LeDuc et al., 2004). Interestingly, the transloca
tion of Se (the ratio of shoot Se to root Se) was more 

1520 . 

than 50% higher in CpNifS38 and CpNifS55 compared 
to wild type (P < 0.05; Fig. 4a). 

The observation that CpNifS overexpressors are 
more tolerant to Se, yet also accumulate more Se, 
suggests that their tolerance mechanism does not 
involve Se exclusion by the plant. Rather, overexpres
sors may have altered Se metabolism, resulting in 
accumulation of less toxic Se forms, or altered Se 
comparrmentation. We hypothesized that these trans
genics were better able to tolerate selenate because 
they are capable of shuttling Se away from protein 
incorporation by breaking down SeCys into Seu and 
alanine. To test this hypothesis, the amount of Se in 
protein was determined. Indeed, the CpNifS trans
genics incorporated approximately a third less Se in 
protein than the wild-type plants (P < 0.05; Fig. 5). 
Since nonspecific incorporation of Se into proteins is 
toxic, the capacity of the CpNifS overexpressors to pre
vent this toxic process likely caused the observed in
creased tolerance to Se. 

Micro x-ray fluorescence (/xXRF) mapping and mi
cro x-ray absorption spectroscopy (ixXAS) were used 
to determine and compare the Se speciation in the 
leaves of wild type and the highest CpNifS over-
expressor, CpNifS55. In addition to Se located inside 
cells, both plant types clearly show abundant levels of 
Se in their vascular tissue (Fig. 6, left). Judged from 
x-ray analysis of near edge spectra (XANES), there 
were no major differences between the transgenic and 
wild type with respect to the oxidation state of Se (Fig. 
6, right). Both lines contained predominantly selenate 
with a small fraction of more reduced Se, as indicated 
by the shoulder at 12,660 eV. This possibly was an 
organic Se species (Pilon-Smits et al., 1999), Se" or 
selenite. Judged from linear least-squares fitting to the 
three references, on average die fraction of Se present 
as selenate was 70% for wild type and 66% for 
CpNifS55. The chemical form of the remaining, more 
reduced Se cannot be determined with certainty from 
this limited number of references, but the fraction of 
more reduced Se may be a bit higher for CpNifS 
man for wild type, judged from the slightly more 
pronounced shoulder at 12,663 eV (Fig. 6) and the 

Control + Selenate 

Wt 38 55 Wt 38 55 

Figure 3. Se tolerance as determined by measuring the root length of 
wild-type (Wt), Cph'ifS38, and CpNifS55 seedlings grown for 10 d on 
MS medium with and without 40 ^.M selenate. Shown are the mean 
in = 25; and SE of the mean, Lowercase letters above bars denote 
significant differences (P < 0.05). 
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Figure 4. A, Shoot and root Se concentration in 
wild-type (Wt) and CpNifS-overexpressing 38 
and 55) plants grown on MS medium contain
ing 40 yM selenate for 20 d. Shown are the 
mean and SE of the mean for the shoots and 
roots in = 5 pooled samples from 20 seedlings 
each). B, Se translocation as determined by 
calculating the shoot to root ratio of all three 
lines. Lowercase letters above bars denote 
significant differences [P< 0.05!. 

Wt 38 

corresponding least-squares fitting analysis described 
above. 

CpNifS can act on both Cys and SeCys, and as such 
its overexpression may affect both S and Se metabo
lism. Accumulation of S was therefore also analyzed. 
Under control conditions, CpNifS38 and CpNifS55 
had higher levels of S in shoots, but not in roots, 
compared to wild type (P < 0.05; Fig. 7a). Additionally, 
CpNifS overexpression led to an increase in tissue S 
concentration in both shoots and roots compared to 
wild type when grown on selenate (Fig. 7b), suggest
ing a stimulating effect of CpNifS overexpression on 
S uptake. Selenate treatment also enhanced S uptake; 
compared to accumulation of S on control media, more 
S was accumulated in the shoots of all three genotypes 
grown on selenate. 

Microarray Analysis 

GeneChip arrays (Affymetrix) were used to identify 
differences in Se-related transcriptome responses be
tween CpNifS overexpressors and wild type, and to 
determine how growth on selenate changes the tran
scriptome of Arabidopsis. Transcriptome profiling was 
performed on roots of wild-type, CpNifS38, and 
CpNifS55 plants that were grown from seed on half-
strength MS agar media with and without 40 /JM 
selenate for 10 d. 

750 H 

500 H 

m 2S0H 
a. 

a 
T 

K\\ sa 
b 
T 

Wt 38 55 

FiyuteS -e ,n( ^rporation into protein in shoot tissue of wild-type (Wt) 
a k \ ; o > t expressing (38 and 55) seedlings grown for 14 d on 
2 * .. "• _ 5 own are the mean and SF. of the mean (n = S pooled 
^ i "• aedlings each). Lowercase letters above bars denote 
- „ * ' i ••t J *te e> ces (P < 0.05). 

We chose to foctis on root tissue because we found 
clear differences between CpNifS plants and wild type 
with respect to root growth. Also, the transgenics 
differed in Se and S uptake and translocation, and we 
hypothesized that there would be differences in the 
expression of root sulfate transporters involved in 
sulfate/selenate uptake into the root symplast and the 
root xylem. 

The microarray experiment confirmed the overex
pression of CpNifS in the transgenic plants. Line 
CpNifS38 showed a 27-fold increase in CpNifS ex
pression, and CpNifS55 had 40-fold higher CpNifS 
rnRNA levels compared to wild type on control 
medium (Table I). These data confirm the overexpres
sion observed at the protein level (Fig. 2). CpNifS 
transcription levels were not affected by the selenate 
treatment in wild type, i.e. the endogenous transcript 
level of CpNifS was not affected by selenate (Table 1). 
However, preliminary results (H. Ye, M. Pilon, and E. 
Pilon-Smits, unpublished data) indicate that CpNifS is 
up-regulated by selenate at the protein level. 

In both the wild type and CpNifS overexpressors, 
selenate treatment had a pronounced effect on the root 
transcript level of many genes involved in sulfate 
uptake and assimilation (Table II). Sulfate transporters 
were generally up-regulated when grown on Se, partic
ularly SULTR1;!, SULTR2;1, and SULTR4;2. SULTR1;2 
and SULTR4;! were also up-regulated by Se. In the 
primary S-assimiiation pathway, several ATP sulfur-
ylase genes (APSi and 3), APS reductase genes (APR1, 
2, and 3), O-acetylserine (thiol) lyase (Bsas4;2), Ser 
acetyltransferase (Serat3;l), and a putative cystathionine 
y-lyase (Atlg64660) were up-regulated by selenate in 
all plant types. S-related genes that were down-regulated 
on selenate include APS2 and 4, an. O-acetylserine (thiol) 
lyase (Bsasl;4), and y-glutamylcysteine synthetase 
(GSH1). A homocysteine S-methyltransferase (HMT-
3), homologous to the SMT of the Se hyperaccumulator 
A, bisukatus (Neuhierl et al., 1999), was differentially 
regulated by selenate in wild type compared to the 
transgenics. While in wild type the HMT-3 transcript 
levels were not affected by Se, they decreased 2- to 
3-fold in CpNifS plants. Apart from ITMT3, a few other 
genes were differentially regulated by Se in the CpNifS 
roots compared to wild type (Table I). Other poten
tially Se-related genes that were regulated by selenate 
are two homologs of Se-binding proteins (At3g238G0 
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Figure 6. Left, fiXAS analysis showing spatial Se 
distribution in leaves of wi ld type and CpNifSSS. 
Right, Representative XANES spectra obtained from 
the leaves shown, in comparison with Se standards 
selenate, setenite, and elemental (gray) Se. 
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and At4gl4030/At4gl404Q; Table II). Both were regu
lated approximately 2.5-fold by Se treatment in all 
plant types. However, At3g23800 was down-regulated 
while At4gl4030/At4gl4040 was up-regulated. 

DISCUSSION 

Overexpression of CpNifS, a NifS-like chloroplast 
protein with SL activity, resulted in 2-fold enhanced 
tolerance to selenate and 2- to 3-fold higher Se accu
mulation. Because CpNifS mediates the breakdown of 
SeCys into alanine and Se°, we hypothesized that the 
transgenic plants increased selenate tolerance because 
of decreased SeCys incorporation into protein. Indeed, 
the transgenics showed significantly reduced incorpo
ration of Se into protein. Therefore, this NifS-like endog
enous plant protein clearly affects plant Se metabolism 
when overexpressed. 

The CpNifS transgenics showed enhanced tolerance 
to selenate hut not to selenite. This may be because 
the conversion from selenate to selenite is a very slow 
and rate-limiting step in Se assimilation, especially in 
Arabidopsis (de Souza et al., 1998; Pilon-Smits et al., 
1999; Ellis et al., 2004). The slow production of SeCys 
in selenate-supplied plants may enable the CpNifS 
protein to keep up with its detoxification, preventing 
it from being incorporated into protein. Selenite-
supplied plants were shown to qiiickly convert all Se 
into organic Se species (de Souza et al, 1998), and this 
flood of SeCys may have saturated the detoxification 
capacity of CpNifS in the transgenics. 

In a previous study, a mouse SL was expressed 
in Arabidopsis (Pilon et al., 2003). When this mouse 
SL was expressed in the cytosol, the plants showed 
enhanced Se tolerance, but when expressed in the 
plastids the plants became less tolerant to Se. It was 
speculated that the produced Se'J may replace elemen
tal S and interfere with Fe-S cluster assembly in the 
chloroplast. It is intriguing that overexpression of the 
mouse SL in the chloroplast decreased Se tolerance 
while overexpression of this endogenous Arabidopsis 
SL enhanced Se tolerance. This could be due to 
different SeCys/Cys substrate specificities of both 
enzymes. In vitro CpNifS showed a 300-fold higher 
activity toward SeCys compared to Cys, while the 
mouse SL had 5,000-fold higher activity toward the Se 
substrate (Esaki et al , 1982; Pilon-Smits et al , 2002). 
Also, there may be regulatory mechanisms in the 
chloroplast that modulate CpNifS (but not mouse 
SL) activity toward both substrates. These may allow 
CpNifS to protect against both Se incorporation into 
proteins and Fe-Se clusters. Finally, it cannot be ex
cluded that not all CpNifS was targeted to the plastids 
in the transgenics, but that a small fraction was present 
in the cytosol, leading to a phenotype similar to that 
found when the mouse SL was expressed in the 
cytosol. 

Another difference between the transgenics over-
expressing the mouse SL in the chloroplast (cpSL) and 
the CpNifS transgenics described here was that the 
mouse cpSL plants did not show any difference in Se 
accumulation from selenate, while the CpNifS plants 
did. Again, this could be due to different SeCys/Cys 
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substrate specificities of both enzymes. The mouse 
SL has negligible activity toward Cys, in contrast to 
CpNifS (Esaki et al., 1982; Piion-Smits et al , 2002). 
Perhaps the increased uptake of selenate and sulfate 
are correlated with the breakdown of Cys. 

CpNifS diverts Se away from protein incorporation, 
and it was hypothesized that this mechanism may 
allow transgenic plants to accumulate a different form 
of Se (e.g. Se°) compared to wild type. Indeed, there 
appeared to be a slightly higher fraction of more 
reduced Se in the transgenics judged from /AXAS 
analysis. However, the majority of Se was present 
as SeVI in both wild type and CpNifS transgenics. It is 
possible that there was substantial accumulation of 
Se° in the plastids, but this was masked by the 
abundance of selenate in other cellular compartments. 
In addition, the elevated S levels in the CpNifS trans
genics may have contributed to their enhanced sele
nate tolerance, as they would allow S in cells to 
compete more successfully with Se for incorporation 
into S compounds. 

In both wild type and CpNifS55, Se appeared to 
accumulate predominantly in the periphery of the 
cells and in the vascular tissue. The resolution does not 
enable us to discern between the cell wall, cytosol, or 
plastids, but it does not appear that Se was accumu
lated in the vacuoles. The high Se concentration in the 
vascular tissue may indicate that uptake into the shoot 

symplast was a limiting factor for Se accumulation in 
the leaf under these conditions. 

Overexpression of CpNifS resulted in enhanced 
accumulation of both Se and S in selenate-treated 
plants; S was also accumulated more in shoots of 
CpNifS transgenics than in wild type under control 
conditions. This suggests that the breakdown of (Se)-
Cys enhances selenate and sulfate uptake. The en
hanced Se accumulation in the CpNifS transgenics does 
not appear to be caused by more pronounced up-
regulation of sulfate transporters at the transcriptional 
level, at least not in the root, since the levels of up-
regulation were similar to wild type. Still, it is possible 
that S and Se fluxes through the plant differed in wild 
type and CpNifS transgenics via regulation at the 
protein level, or via differences in shoot transcription 
levels or transcriptional differences in certain cell types. 

In all plant types, S levels were higher in selenate-
treated plants compared to control plants, which can 
be explained by the observed up-regulation of various 
sulfate transporters. A similar up-regulation of sulfate 
transporters as well as of genes involved in sulfate 
assimilation (Leustek et al, 1994; Gutierrez-Marcos 
et al , 1996; Setya et al , 1996) and Cys synthesis 
(Hatzfeld et al., 2000; Kawashima et al , 2005) was 
observed in earlier studies where plants were sub
jected to S deficiency (Takahashi et al., 1997, 2000; 
Yoshimoto et al., 2002; Maruyama-Nakashita et al., 
2003,2005; Kataoka et a l , 2004). Thus, selenate may be 
perceived by the plant as S deficiency, or even cause 
deficiency of certain S-containing metabolites. As 
mentioned above, the higher S levels in the CpNifS 
transgenics compared to wild type on Se may provide 
the plants with an additional mechanism to alleviate 
stress. 

The discovery that an endogenous NifS-like protein 
with SL activity can affect plant Se metabolism is 
intriguing, in view of the current thought that Se is not 
an essential mkronutrient for higher plants, as op
posed to the green alga Chlamydomonas (Novoselov 
et al , 2002). The SL activity of CpNifS may be an 
evolutionary relic of essential Se metabolism or an 
unavoidable side reaction of a protein with Cys de-
sulfurase function. It is feasible mat in some species 
CpNifS has a function in Se metabolism by preventing 
nonspecific Se incorporation into protein, rather than 
providing Se° for essential selenoprotein synthesis like 
it does in mammals and bacteria (Stadtman, 1990; 
Mihara and Esaki, 2002). However, this is probably not 
common as there are not many natural areas in the 
world where plants experience Se toxicity. Inciden
tally, the preference of CpNifS for SeCys over Cys may 
not be as pronounced in planta as it is in vitro (300-
fold). Recently, a SufE-like chloroplast protein was 
shown to stimulate the Cys desulfurase activity of 
CpNifS 40-fold in vitro and to increase its affinity 
toward Cys 2-fold (H. Ye, S. Abdei-Ghany, E. Pilon-
Smits, and M. Pilon, unpublished data). This protein 
likely regulates CpNifS activities toward its Se and S 
substrates in vivo. 
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Table 1. Tramcriptome differences between CpNifS overexpressors and wild-type plants 
Wild-type (ecotype Ws) and CpNifS-overexpressing (NifSSS and NifS38) Arabidopsis plants were grown on control medium (MS) or with 40 /AM 

selenate (Se) for 10 d, and.transcriptomes of root RNA were analyzed using Asymetrix GeneChip arrays as described in "Materials and Methods." Two 
sets of experiments (set 1 and set 2) were carried out separately to evaluate the reproducibility of the results. Genes showing more than 2-fold 
differences between the wild type and CpNifS overexpressors either on MS or Se conditions were selected by comparing the normalized signals and 
calculating their ratios, as shown in the NifSS.iM's and Nif38/Ws columns. The significance of the difference is represented by superscript letters, 
which describe the up and down effects of Nil'S overexpression on gene expression by fold change differences: a, >5.00; b, >2.00; c, >1.33; d, 
<0.?5; e, <0.50. Regulation by Se {Se/MS ratio; is indicated using the same superscript letters. The absolute cails of each transcript (P, present; M, 
marginal; A, absent; are indicated on the right-hand side of the normalized values. The relative ratios are calculated for the pairs having "present" call 
at least in one sample, 
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1.30 A ! . 8 6 P 0.10* 0,33 A 0,77 A 0.27* 0,64 A 3.56 P 0.18* 0.91 A 1.63 A 

1.23 1.09 A 0.30 A 3.66* 

1.05 1.05 P 0.45 A 2.32" 
0,48' 0.69 A 0.33 A 

0.46' 

0.21* 

0.49" 0.37" 

pytaove 
10 VQ motif-conaim 

P 0.91 0.66 P 0.5! P 130 0.65" 0.46" 

>P 1.21 0.61 P 0.14 A 4.42b 0.46* 0.13* 

i A 9.68* 4.01 A 0.63 A 0.46* 

i A 10.93" 1.08 A 0.44 A 0,22* 

.23 M 1 

,59 P : 

.12 P 

1.35 P 

1.12 

1.18 

0.83 A 0 

0.33 P 0 

. I S A 

,51 A 

a. 17' 

0.64" 0.; 

0,09* 

i l " 0.38' 

9.59 P 0.49A 19.74" 4.75 P 0.38 A 12,37* 0.30' 

6.94 P 1.23 A 5.64' 2.99 A 0.92 A 0.43' 

Microarray analysis indicated that, apart from 
CpNifS, only the SMT homolog HMT-3 and a few 
other genes were differentially regulated by Se in the 
CpNifS roots compared to wild type. The higher 
CpNifS levels may explain the enhanced Se toler
ance via prevention of Se incorporation into pro
teins, as discussed earlier. It is not known whether 
the HMT-3 protein has SMT activity. Higher SMT 
activity would be expected to also shuttle Se away 
from incorporation into proteins, via methylation of 
SeCys (Neuhierl et al., 1999; Ranocha et al., 2000). 
The HMT-3 levels were higher under control con
ditions in CpNifS roots than in wild type, but de
creased in response to selenate in the CpNifS plants 
and not in wild type. Thus, HMT-3 did not appear 
to contribute to the enhanced Se tolerance in the 
CpNifS plants. None of the other differentially ex

pressed genes offer an obvious explanation for the 
higher Se tolerance or accumulation properties of 
the CpNifS transgenics, but for many of them their 
functions are not quite known. Thus, from what is 
known currently it appears that CpNifS affects Se 
tolerance and accumulation directly rather than via 
pleiotropic effects on other transcript levels, illus
trating the importance of this gene for selenate toler
ance. However, as mentioned, it cannot be excluded 
that there were additional transcriptome differences 
in the shoot that caused the enhanced tolerance and 
accumulation in CpNifS plants. 

In conclusion, overexpression of CpNifS mitigated 
Se toxicity and enhanced Se accumulation. The over-
expression of CpNifS decreased the amount of non
specific incorporation of Se in protein, allowing the 
transgenic plants to tolerate and* accumulate more Se 
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Table II. The effect of Se on S metabolism 

Genes encoding sulfate transporters and genes for the synthesis of Cys, Met, and glutathione were selected from the transcriptome data of wild-type 
tVv'si andCpNifSoverexpressor{NifS55 and NifS38) plants, described as set 1 and set 2 in Table I. The data of 24 hno-S treatment (-S) and the control 
S-rep!ete culture at the same time point f-rS) appear as references (set A and set B; Maruyama-Nakashita et al., 2005; http://arabidopsis.org/info/ 
expression/ATGenExpress.jsp;. Columbia-0 ecotype (Colj was used for the S limitation experiment. The up- and down-regulation by Se or by S 
limitation were calculated as relative ratios of normalized signals (Se/MS and -S/+S), and displayed using the same superscript letters as in Table I. 
The relative ratios are calculated for the pairs having "present" call at least in one sample. 

Ar1\ Coste AG! i->ni Ws 

Sn 1 

NifSSS Ws 

Set: 

Vilsi? 

Set A 

CO: 

Set B 

Col 

S= MS SeMS Si MS Se/MS Se MS Sc/.V.S Se M5 Se/MS - S - S -S / fS -S +s - S i - S 

;:! 2.61) P 0.29 P 9.33'' 2.45 P 0.39 P 4.15" 2.40 P 0.21 P 11.41* 3.53? 0.25 P 13.59* 1.41 P 0.16 P 9.04" 1,90 P 0.13 P 15.10* • 

;2 1.1SP 0.65 P 1.76" 1.C8P 0.98P 1.10 I.14P 0.69 P 1.64" 1.22? 0.59? 178" 1.15 P 0.22 P 1,53" 1.G2P 072 P 1.42' 

03 0.39 A 174 A 0.53 A 0.49 A 0.54 A 0.2? A 0.34 A 0.90 A 1.01 A 077 A 074 A 0.20 A 

!;1 1.-60P 0.34 P 5.35* 1.79 P 9.23 P 7.76" 2.07, P 0.27 P 7.59* 1.66 P 0.27 p 6.11' 2.33 p 0.24 P 9.60* 275 P 0.31? 6.94' 

>;2 I.16P 1.14 p 1.02 1.31 P 1.04 P 1,26 057 p ('«« I1 1,10 1.03 P (1.72 A 1.42' 1.16 P 0.87 P 1 14 CUSP 0 76 A 1.12 

S;1 1.05 P 1.03? 1.92 0 7 4 P 0.66 P 1.11 1.39P 1,05 P 1,33' 0.87 P 0.S9 ? 0.9S 1.42P 0.9? P 1.47' ' . I 0 P 0.65 P 1.6'/ 

);2 0.43 A 0.7.5 A 0.80 A 1.01 A l . iOA 1.00 A 0.99 A 1.06 A 1.16 A LOG A 1.07 A 0.75 M 

!;.! 0.72 P 1.42 P 0..3I-' 1.30 P 1.32 P 073 s 078 P 1,32 P 0.55"' 1.16 P 1.43 P 0.81 0.83 P 0.04 P 0.99 0.S3 P 0.84 P 0.98 

S:4 1.45 P 0.91 P 1.59s 1.27 P 1.07 p 1.19 1 62 P 1.14 P 1,42* 1.45 P 0.93 P 1.56' 0.69 P 0.46 P 1.50" 0.66 p 0.48 P 1.37" 

i;5 0.88 P 0.96 P 0.92 0.93 P 1,02 P 0,91 0.65 P 0.90 P 0.89 0.88 P 1.19 P 0.74* 1.13 P 1 3 6 ? 0.63 1.19 P 1.2SP 0.92 

i;1 1.33 P 0.81 P 165' 1.24 p 0,83 P 1,42' 1.24 P 0.73 P 1.71' 1.26 P 0.43 P 2-00' 1.26 P 0.81 P 1.56" 1.12 P O.SC ? 1.88* 

02 ; . S " C.56P 3.3C* 3.01 P 0.6' P 2.99* 1.76 P 0.67 p 2.63" 2.05 P 0.53 P 2.05" 1.4CP 2.34 P 4.18° 1,33? 0,41 P 3.274 

1 05 P 0.45 P 1.60" 0.96 P 0.63 P 1,54 0,99 P 0.60 P 1,67" 1 01 P 0 62 P 1.61 1.70 P 1.32 P 1.29 1.97 P 1.73 P 1.10 

.24" 

23s 

216s 

.26 

.19 

.69* 

.05 

15 

1.0,3 P 

1.18 P 

1.91 P 

1.10 P 

1.10 P 
0.94 P 

1.02 P 

1,21 P 

0.38 P 

0.40 P 
0.47 P 

0.95 P 

1.01 P 
0.98 P 

1.15 P 
0.32 P 

2.0?" 

2.93" 
4.11*" 

1.16 

1.09 
0,96 

0.89 

1.47" 

0.94 P 

1.16 P 
2.41 P 

H P 

0.99 P 
1.14 P 

0.96 P 

1.21 P 

0.32 p 

0.39 P 

0.48 p 

0.73 P 

076 P 

0.95 P 

0.98 P 

0.90 P . < - . _ » * • i SIR 1,03 P 0.9 

-C . CM ,'t e Bsasl;! LOOP 1.11 P 0.90 1.00? 1.35 F 0.74" 1 03 p 1.10P 0.93 0.98 P 1.11 P 0.88 077 P 0.9O P 0.B5 3 72 p 0,79 P 0,92 
r 

i i i i - t l - l f I BBJ1.-4 0.95 P 1.54P 2.62'' 1.25P 2.17 P 0.5?"' 0.69? 1.45? 0.48* 1.05P 1.17P 0.90 0.81 P 0.61 P 1.90 0.94? 0.92 P 1.03 

i „ < - , u-- »., <• ,.. BjstJi l 1.38? LOOP 1,36' 1.12 P 0.90 P 1.25 1 4 9 ? 0,93? 1.57" 1.21 P LOOP 1.21 1.01 P 0.87 P 1.16 0.87 P 0.91 P 0,96 

o i 

•<> Bs»2;2 1.01 P 0.97 P 1 C4 0.5-3 P 1.00? 0.36 0.94? 1.09 P 0.86 1.06P LOOP 1.06 0.85 P 1.11 P 077 0.64 P 1.01 P 0 S3 

- i ' " - Bsas3;1 1.13 P 1.18 P 0.95 1.32 P 1.34 P 0.62 0.96 P 1.11 P 0.88 0.98 P 1.04 P 0.94 0.94 p 0.94? 1.00 0 7 2 ? 0.8s? 0 82 

1 -_ " - •> • - « b " 4 r ! . !? p 0.88 0.84 P 0.9? 9 0.37 0,86 p 1.07 r 0.81 0.76 p 0.90 P 0.84 1.15 P 0.90? 1.27 1.08 p 1.31 r' 079 

-> * , _ - C i » , . *• •> P " - , . P 0.98P 1,78 1.58P 1.15? 1.37' 1.66 P 1.02P 1.62" 1.51 P 0.07? 174 ' 0.81 P 0.68 f 0.38 0.86 P 0.85 P 1.34" 

V •> 1 - - - t M A 0.14A 1.7? A 1.01 A 1.60A 0.38 A 1.06A 3.S9 A 1.24A 1.06A 11.99 A 0.13A 

3 0 7 1 0 1,47" 0.93 A 1.00A 0.93 LOG A 1.14 p 0.88 1X3 A 0.85 A 1.23 8.9! A 0.32 A 0.98 1.5? A 1.09 p 1.44' 

' '.C-iP 0,39 0.91 P 1.00? 0.91 0.8? P LOOP 0.87 3.94 P S.81 P ! ,0i 1.93P l.ASp 1.09 2.0O? 2 04? 0.99 

-n 1,6 1.22 p 1.20 1.28 P 1.52 p 0.i!4 1.11? 0.94? 1.18 1.06 p 0 . 3 B ? 72:? 0 92? 0.8- f 1.39 0.48 ¥ 0.4b 8 1.3! 

- " •• \" 1.17 P 1.05 0.93 P 1.23 P 0.76 079 P 0.84 P 0.9i 0.75 P 0,93 p 0.83 6."8 P 1.07 P 0.91 1.02 P 1.13 P 0.90 

- -_ <*T _ - r 0.96 P 3.29" 2,22 P O.SS P 2.34* 1.66 P 0.97 P 1.93" 1.93 P 0 7 3 ? 2.67' 1.4? P 0 7 9 ? 1.87" 1.02 P 0.51 P 2.03* 

(Table continues on following page.) 
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Table It. (Continued from previous page.) 

A % Code AG1 Locus Ar-notjitls Col 

MS Ss<M$ Se MS Se/MS Se MS Se'MS Se lv'5 St/MS -S - S -S'+S - S -<-S -&<~S 

G9H1 1 0 2 ? 1.52 P 0.67* 1.07 P 1.87 P 0.64s 0.S3 P 1.45 P 0.64" 0.92 P 1.38 P 0.66* 0.75 p 0.69 P 0,94 0.69 P C M P 071° 

C5.H2 1.22 P I . H P 1,03 1.12 P 1.09 P ",.09 1.11 P 0.117 P 1.14 1.07 P 0.50 P 1.19 W P 0.63 P 1.10 0.66 P 0.82 P 3.60 

CCS 0.97? 1.12 P 0.87 0.S5 P 1.07 P O.iSO 0.30 P 1.03 P 0.87 0.7B P 1.12 P O. l j " 0.83 P 1.04 P 0,80 0.73 p 1.05 p C.70* 

0.79 A 0.96 A 1.40 A 0.78 A 0.72 A 1.04 A 0.90 A 5 A 1 ,43 A 0.90 A ! .29 A 

Col "MS? ' . ISP 3.91 1.01 P 1.03 P 0.93 0.67 P 0.99 P 0.83 0.91 P 0.54 P 0.96 0,83? 1.06 ? 7.78 C M P 1.32? 0.7!" 

0J8 P 0.86 P "> !4 0.61 f 0.78 f 1.05 1.02P 0.88 P 117 0.95 P 1.17? 0.81 1.44 P 1.54 P 0.94 1.41= 1J2P 116 

0,55 P 0.33 P 1.02 0.88P 0,04 P 0.94 0.09 P 1.01 P 0.97 0.99 P * .01 P 0 94 1.80? 1.74 P 1.04 1.45 P 1.61 P 0.90 

1.S3P 1.36P 1.34' 1.69 p 1.09 P 1 33s 1.77 p 0.94 P 1.88' 1.56 P 0.94 P 1.69,= 0.43 P 0.26 P 1.76' 0.38 P 0.21 P 1.8S' 

G.S6P 1.32P C.75" LOOP 1.11 P 0.90 0 09 P 1,09 P 0.81 0.S0 P 0 94 A 0.93 LOOP O.SO A 1.26 1.02 A 1.WP 079S 

SA.V.1 LOOP 1.16 P 0.92 0.04 P 1J1P 0.71* 1.15 P 1,09 P 1.03 0.93 P 1.19 P 0.73 0.04P 0.80 P 1.06 0.75 P 0.66 P 0.85 

25S552.J! AT4C S A M ; 1.23 P 1.3SP 0,89 o.oo ? 1.25 P 0.79 0.97 p M O P o.e 1,1.5 P 0,78 1.01P 0.77 F 1.72 0.76 P 

0.90 0.97 P 0.32 U i f 1.06 P 0.86 0.66 ? 0.90 P 0,87 1.09? 0.87 P 126 0,05 P 1,01 P 0.84 

1.46 P "i.05 p 1.W 1.16 P 0.«9 P 1.11 1.34 P 0.94 P 1.42' LOOP 0.1)9 P 1.19 1.26? 0.79 P 1.59' 0.9J p 0.97 P 1.10 

1.22? 1.22P 1.00 0.9.1 F 1.16 F 0.81 1.18? 1.05P 1.12 0,51 P 1.12 P 0.62 0.95? 0,76? 1.21 0.71? 0.04? 0.04 

0,66 P 1.00? O.H, 0.02 P 0.93 P 0.68 0.S3 P LOOP 0.03 0.62 P 1.13 P 0.73' 1.60? 1.32 P 1.16 1.60 P 1.7! f 0.S4 

MT.1 1.19 9 0.t9 3 1.28 1.07 1 0.«8P 0.63 P 1.16 0.00 P 0.63 P 1.06 1,07? 3.60 P 125 1.20P 1,21 P 0,99 

1.17 p 1.113 1.02 1.05 P 0.95 P 1.11 P 1.17 f 0.93 0.01 P LOOP 0.04 0.71? 0.76 p 0.95 0.66 p 0.64 0 1.03 

245285. AT4C1404C 

MCKlWiBten.. HMT-3 LOOP "OOP 0.90 0.64 1" 1.58 P 0.41* 1.01 A 0.07 p 1.03 0.73 A 1.33 f 0.35" 0.69A 2.02? 0.44* 0.93 A 2.22 H 0.42' 

1.102 P C 446 P 2.47* 1.165 P 0.635 P 1.83' 0.386 P 0.573 P 1.72' 1.28P 0.49 P 2.61* U U P 1.081° 1.22 1.014 P 0,882 P 1.15 

0.59 P 10)69 P 0.43' 0,743 P 1.386P 0.54' 0,505 P 1.22 P 0.41" 0,64 P 1.139 P 0.55" 0.8o1P 1.215 P 0.71* 0.839 P 1.629 p 0. 

compared to wild-type Arabidopsis. Overexpression 
of CpNifS also affected S metabolism, enhancing 
S uptake. Microarray analysis helped explain some 
of the observed physiological effects of selenate. The 
paucity of transcripts that were differentially regu
lated in the transgenics compared to wild type on 
selenate suggests that overexpression of CpNifS is 
likely the direct reason why the transgenics are more 
tolerant to and accumulate more Se. CpNifS-over-

1526 

expressing transgenic plants that have enhanced abil
ity to tolerate and accumulate Se may ultimately he 
useful in phytoremediation—the use of plants to clean 
polluted soils. For that purpose, the same gene could 
be overexpressed in a high biomass species, such as 
Indian mustard. Plants with enhanced Se accumula
tion may also have value as fortified foods, since Se-
enriched diets can help prevent cancer and other 
detrimental effects of oxidative stress. 
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MATERIALS AND METHODS 

Over«xpression of CpNilS 

pMOC 
The CpNifS (AtlglS490) coding sequence (Pilon-Smits et 

sued as a rvVoI/BawiH 
of the consbtu 
into the plan: 

20C vas 

bijmons i 
t>nt3 5S 

jnstr: 

ill i 
«h i / 
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•'-gge 
,ndC 
H'Odt! 

8-h-
on 
,agt 
pN! 
o f 

msrorme 
using ih 
nt lines \ 

of 

vere 

/7v> Sl« 

1990) under 
irus promoter, before 
ining the glufosinate-
^firmed the final con
ed bv NoM sites. The 

j •< t - (strain C58C1) 
^ c ^ot\ r>e Wassilewskija 
- t rv i ^ ' c -•<- t i NS1, Glufosinate-

la-Aldrich; Murashige 
5 mg I."1 glufosinate-

red to soil. Plants were grown in Metromix potting 
nditions (light ir.tens.ity of 40 umol m~' s'"', 16-h-
^C). After 2 weeks, FCR analysis was used to confirm 
construct fc" using B'-ccttcgcaagaccettcctc and 

ragtttctcgtaeaaat primers that hybridize to the 35S CaMV promoter 
5 sequence, respectively (Fig. 1). Six lines showed the expected PCR 
"hile no PCR product was detected in the wild-type control (data not 

shown). The six transgenic Sines were propagated to hornozy gosity and did 
not show any phenoiypic differences compared to wild type on control media 
and or. soil, 

Inununoblot analysis was used to determine the degree of overexpression 
of CpNifS in the transgenics. Shoot and root proteins from plants grown on 
half-strength MS media were separated by SDS-PAGE and transferred to 
nitrocellulose by elecrroblotting, The CpNifS protein was immunodetected 
using polyclonal antibodies raised in chicken against CpNifS protein (Pilon-
Smits ct al, 2002). Two transgenic lines, CpNifS38 and CpNii'SSo, were 
selected for farther analysis. Protein concentration of wild type and the 
transgenics were determined using a desktop scanner and ImageJ imaging 

soltv. (Na it*. 
iOiatK 

alth; http://rsb.info.nih.gov/ij/). 
armed as described by Rensink et al. (1998) 
Id type grown, on soil for- 3 weeks, A western 
siiS was localized to the stromal fraction of 

were loaded per lane. Antibodies raised 
;d on blots from Hie same eel as controls for 

Se and S Metabolism 

>trengm r 
md shoot 
dried ove: 

-1 t u c " , 1 ic i t length of seedlings 
\ - * -a i „1 trength MS agar media 

*e t v dn L s = te (40 £tM Na^Se04) as 
•n i - l Tc -v r u lation was assayed by 

j . „ „-i - - K -u c m n ^-wntal p'ates containing haif-
S * r^ort ** i s Su.. n eoV ,-nd orwifsout (0/i.w Na:Se04. Roots 

> were harvested, separated, washed to remove any external Se, and 
night a* 70CC. Samples front pooled root samples (it = 3) and shoot 
i =• 5) were then acid digested and analyzed by inductively coupled 
attic emission spectrometry as described (Pilon-Smits et al., 1999), 
ion of Se in protein was determined in seedlings in - 300) grown 
i agar medium supplied with 20 /iu Se04 as described by Pilon et al. 

2003). 

GeneChip Hybridization and Microarray Analysis 

Plants were grown in a growth chamber for 10 d on vertical plates with or 
without 40 aM NaTSeO,. For each line, total KNA was extracted from tire roots 

representing 
model 640 (. 
using GeneC 
Ger\e Arrav 

Qiagen). 
,' (Affytnet 
ed -DMA 
ce system i 
eld" RNA 
• labeled . 
ontaining 
;nes and p 
d staining 
el 403, Sea 
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clinical manual of tire 
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>gen) and transcribed In 
rript kit (Enzo). After 
was hybridized to an 
than 22,500 probe sets 
n a Hybridization Oven 
chips were carried out 

.vas performed with the 
e Microarrav Suite 5.0 

(Affymetrix) and Gate Spring 7.2 (Silicon Genetics) were used for data 
analysis as described (Maruyama-Nakashita et al., 2003; 2005). Raw signals of 
each transcript were normalized with the median of all measurements on the 
chip, from which fold changes of signal intensities were calculated. 

tixm/ftXAS 

Whole-plant samples grown for 3 week; 
40 AM seienate were washed to remove any 
to the Advanced Light Source at the L 
analysis on BearrJine 10.3.2 (Marcus et al. 
mounted using silicone grease to a Peltier 
radiation damage. Crude mapping of the S 
one representative leaf for each plant type, 
12 X12 liits pixels, followed by fine mappir 
on at least five selected areas per leaf, all al 
measured to determine the Se oxidation s:a 
(Pickering et al„ 1999). A seienate solution 

> on half-strength MS medium with 
external Se.and shipped on dry ice 
awrence Berkeley Laboratory for 
„ 2004). Intact mature leaves were 
stage and kept ax -30 'C to reduce 
ie concentration was performed on 
with a 16 >: 7 JOTS beam sampled in 
rg (5 X 5 urn beam, 3 X 3 fim pixels! 
112,859 eV. Se K-edge XAXES was 

at specific points in the fine map 
was used as a calibration standard. 

ACKNOWLEDGMENTS 

We thank Brady Hanson and Hale Tufan for their help lit obtaii-dng the 
CpNifS transgenics. The operations of the Advanced Light Source at 
Lawrence Berkeley National Laboratory are supported by the Director, Office 
of Science, Office of Basic Energy Sciences, Materials Sciences Division, of the 
U.S. Department of Energy under contract number DE-AC02-05CH11231. 

Received July 25, 2005; revised Septembe 
2005; published October 21, 2005. 

7, 2005; accepted September 27, 

Plant Physiol. Vol. 139, 2005 

LITERATURE CITED 

Abdel-Ghany SE, Ye H, Gariiullina GF, Zhang L, Pilon-Smits EAH, Pilon 
M (2005) Iron-sulfur cluster biogenesis in chioroplasts. involvement of 
the scaffold protein CpIscA. Plant Physiol 138: 161-172 

Anderson JW (1893) Selenium interactions in sulfur metabolism. In Lj De 
Kok, ed, Sulfur Nutrition and Assimilation in Higher Plants—Regula
tory, Agricultural and Environmental Aspects. SPB Academic Publish
ing, Tire Hague, The Netherlands, pp 49-60 

Bafluelos G, Terry N, LeDuc D t , Pilon-Smits EAH, Mackey B (2005) Field 
trial of transgenic Indian mustard plants shows enhanced phytorerr.e-
diation of selenium-contaminated sediment. Environ Sci Technol 39: 

Clough SJ, Bent AF (1996) Floral dip: a simplified method for 
rijrohscferiHSf-mediated transformations of Arnbidavsu ihuliaun. Plant J 
16: 735-743 

de Souza MP, Pilon-Smits EAH, Lytle CM, Hwang S, Tai J, Hinma TSU, 
Yen L, Terry N (1998) Rate limiting steps in selenium assimilation and 
volatilization by Indian mustard. Plant Physiol 117: 1487-1494 

Ellis DR, Sors TG, Brunk DG, Albrecht C, Orser C, tahner B, Wood KV, 
Harris HH, Pickering 1J, Salt DE (2004) Production of Se-methykele-
nocysteine in transgenic plants expressing selenocysteine methylfrar.s-
ferase. BMC Haiti Biol 4:1 

Esaki N, Nakamtwa T, Tartaka H, Soda K (1982) Selenocysteine lyase, 
a novel enzyme that specifically acts on seleno-cysteine. Mammalian 
distribution and purification and properties of pig-liver enzyme. I Biol 
Chem 257: 4386-4391 

Fessler AJ, Moifer F, Talcott PA, Exon JH (2003) Selenium toxicity in 

sheep grazing reclaimed phosphate mining sites. Vet Hum Toxicol 45: 
294-29S 

GarifuHina GF, Owen JD, Llndbiom SD, Tufan H, Pilon M, Pilon-Smits 
F,AH {2003; Expression of a mouse selenocysteine lyase in Brassier) junccs 
chloroplasts affects selenium tolerance and accumulation. Physiol Plant 
118: 338-544 

Gutierrez-Marcos JF, Roberts MA, Campbell EI, Wray JL (1996) Three 
members of a novel small gene-family from Arabidopsis thaliana able to 
complement functionally an Escherichia eeli mutant defective in PAPS 
reductase activity encode proteins with a thiorcdoxin-like domain and 
"APS reductase" activity. Pruc Natl Acad Set USA 93:13377-13382 

1527 

19 

http://ir.tens.ity
http://rsb.info.nih.gov/ij/


Van Hoewyk et a. 

Hamilton SJ {2004! Review of selenium toxicity in She aquatic food chair.. 
Sci Total Environ 326: 1-36 

Hafzfeld X Maruyama A, Schmidt A, No}! M, Ishizawa K, Saito K (2000) 
jS-Cyanoaknine synthase is a mitochondrial cysteine syiithase-like 
protein in spinach and Arabidopsis. Plant Physiol 123: 1163-1171 

Hira CK, Partai K, Dhillon K (2004) Dietary selenium intake by men and 
women in high and low selenium areas of Punjab. Public Health Nutr 7: 
39-43 

Ip C, Dong Y, Ganther HE (2002) New concepts in selenium chemo-

prevention. Cancer Metastasis Rev 21: 281-289 
Kataoka X Waianabe-Takahashi A, Hayashi N, Ohnishi M, Mimura T, 

Buchmt P Hawke^i'otd V1J Y'rna/a T Tskahashi H (2004) Vacuolar 
1 tr -i e '•% c^st^tt I cttc n i t s controlling internal 

i l l i c n * a o - V , . s 1 _ 16:2693-2704 
K m n l n n i C G U i k o * a O rieii R \ 0 | M 5 ito K (2005) Character-

o i e \ r - •» M ' s s u ' «c tie in; if ansferase gene family 
\ r s.-1 •> i it tht. «i im i l l 10 ->athway in Arabidop-

1 •> P n i U- 22i^-2i( 
Kin* >8 »_ < s i C Pivkcr i e

 rJ P- rice RC Georje GN, Cho MJ, Wong 
H b chan<*n BM _ i )T i d > v i i pressed in barky seeds 

e*> ̂ t ti ' u s u nd upta c ri g termination and early 
t t it i p t r n * 213 *> <"„ 

L L u c ^ L Tirun iS Morte- Ba\or M Me, J Malit MF, Wu C, Abdel 
Sim t Si Chung C ~h" i ui t A deSouza M, et al (2004) Over-

t re ^ ^ \ltra >-*ertse in Arabidopsis and 
\ <c u t i t *o l e i i ,nd accumulation. Plant 

i Ia5 ""- *> 
L i u i t c ^ T V i r l l o M U W t M "J4 C' i rmt, of a cDNA encoding 

i \ * ctionai expression in 
- i 1 rf i - 105 N " - ' 2 

\ i > . V \ MaUoA»ilAA I t e<,'tt R Man au A, Miller T, Padmore 
I ^ul le t tEL - U tc i i 2 Acs ardX-ray microprobe 

i c n n •> e T > u •> s> i i synchrotron Radiat 11: 
1 -!•(—**. , 

M „i ir - \ a k > u \ Inot-e E Watarab- iakahashi \ Yamaya T, 
T k ih t sh ti " ~ mscr t.torn*" p c 1 o s n t t»poi give genes 

" " t » », ^ ical fttc > u i i uta I n en multiple 
c i i j. i P1 l t r m s i o l l ^ c " i i 

fVHmvimi \ i l i hiti v Nakamura Y Vi t i i i b Takahashi A, Inoue E, 
Yamav T Tiktl-ashi H 2 ~; I ^ i t i ' u t i n t » m v t l as-acting 
>' r o ,. r s - i i t u t it ' i i t o p i e n -ir bi i ipsis roots. 

i * - ^ ~ 

M m H E M U N _ 2 ,_ s t u t -ul ' i . ' K J *he,r function 
i u i \ T V r eL'' i^ uO *~ _3 

M ta^hue 1 Sk R - P ( . )62) A 'LV »c r <• •> growth and 
*i»su t u l tu ' " P - t l 5 «"" 497 

N e i h i c n b botk \ »lt Di the rr i i )' *"itr u i * ilerance in 
i i » •> * •> t TJ ( ^ v. „i a i c*c ization of 

- c t t n - i H c " i 1 in-ter st troi can.red cells of 
{ E ! ^ i, >e i 239 2 - - " 

Nei l ' B, F h i i ' c W e r M Lo*t«peic*i P Bock K s. 9 -1 family of 
L ti'-ie o " t a^"t c t t i i t u o! r t t

 fr i ferases. Role 
i n i Kt f1 " t t l u t u r K i i J ^i Chem 274: 

. ' - . 4 1 

Novoselov SV, Rao M, Onoshko NV, Shi H, Krytikov GV, Xiang Y, Weeks 
DP, Hatfield D i , Gladyshcv VN (2002) Selenoproteins and selenocys-
teine insertion system in the model plant cell system, CMamydmnom$ 
irin'tmrtitsL EMBO.J 21: 36Sl-3s93 

1528 

Ohlendorf HM, Kilne«s AW, Simmons JL, Stroud RK, Hoffman DJ, 
Morrre JF (i9SS) Selenium toxicosis in wild aquatic birds. J Toxicol 
Environ Health 24: 67-92 

Pickering IJ, Prince RC, George GN, Rauser WE, Wkkramastaghe WA, 
Watson AA, Dameron CT, Dance IG, Fairiie DP, Salt DE (1999) X-ray 
absorption spectroscopy of cadmium phytocheiatin and model systems. 
Biochim Biophys Acta 1429: 351-364 

Pilon M, Owen JD, Garifulliita GF, Kurthara T, Miliars H, Esaki N, Pilon-
Smits EAH (2003) Enhanced selenium tolerance and accumulation in 
transgenic Arabidopsis expressing a mouse seienocysteine lyase. Plant 
Physiol 131:1250-1257 

Pllon-Smtot EAH, Garifullina GF, Abdel-Ghany S, Kato SI, Mihara H, 
Hale KL, Burkhcad JL, Esaki N, Kurihara T, Pilon M (2002) Charac
terization of a NifS-iike chioroplast protein from Arabidopsis. Implica
tions for its role in sulfur and selenium metabolism. Plant Physiol 130: 
1309-1318 

Pilon-Srniis EAH, Hwang S, Lytle CM, Zhtt Y, Tai )C, Bravo RC, Chen Y, 
Leustek T, Terry N (1999) Over-expression of ATP suifurylase in Indian 
mustard leads to increased selenaie uptake, reduction and tolerance. 
Rant Physiol 119: 123-132 

Ranocha P, Bourgis F, Ziemak M], Rhodes D, Gage DA, Hanson AD (2000) 
Characterization and functional expression of cDNAs encoding methi-
onine-sensitive and -insensitive homocysteine S-mefhyitransferases 
from Arabidopsis. J Biol Chem 275: 15962-15968 

Renstnk WA, Pilon M, Weisbeek P (1998) Domains of a transit sequence 
required for in vivo import in Arabidopsis chloroplasts. Plant Physio) 
118: 681-699 

Setya A, Murlllo M, Leustek T (1996) Sulfate reduction in higher plants: 
molecular evidence for a novel 5'-adenylylsulfate reductase. Proc Nad 
Acad Sci USA 93:13383-13388 

Sijmons PC, Dekker BM, Schramxneijer B, Vei-woerd TC, van den Elzen 
PJ, Hoekema A (1990) Production of correctly processed human serum 
albumin in transgenic plants. Biotechnology (MY) 8: 217-221 

Stadtman TC (1990) Selenium biochemistry. Annu Rev Biochern 59: 
111-127 

Takahashi H, Watanabe-Takahashi A, Smith FW, Blake-Kalff M, 
Hawkesford MJ, Saito K (2000) The roles of three functional sulphate 
transporters involved in uptake and translocation of sulphate in 
Arabidopsis tlusliana. Plant J 23: 171-182 

Takahashi H, Yamaxaki M, Sasakara N, Watanabe A, Leustek T, de 
Almedia Engler J, Engler G, Van Montagu M, Saito K (1997) Regulation 
of sulfur assimilation in higher plants: a sulfate transporter induced in 
sulfate-starved roots piays a central rale in Arabidopsis Vnaliana, Proc 
Natl Acad Sci USA 94: 11102-11107 

Terry N, Zayed A, de Sauza P, Tarun A (2001') Selenium in higher plants. 
Annu Rev Plant Physiol Plant Mol Biol 51: 401-432 

Van Huysen T, Abdel-Ghany S, Hale Kl , teDtic D, Terry N, Pilon-Smits 
EAH (2003) Overexpression of cystathionine-y-synth?,se in Indian 
mustard enhances selenium volatilization. Plania 218: 71-78 

Ye H, Garifullina GF, Abdel-Ghany SE, Zhang i , Pilon-Smits EAH, 
Pilon M (2004) The chloroplastic NifS-like protein of /initeiopsii thc,lisn.i 
is required for iron-sulfur cluster formation in ferredoxin. Pianta 220: 
602-608 

Yoshimoto N, Takahashi H, Smith FW, Yamaya T, Saito K (2002) Two 
distinct high-affinity sulfate transporters with different inducibilities 
mediate uptake of sulfate in Arabidopsis roots. Plant j 29: 465-473 

Plant Physiol . Vol. 139, 2005 

20 

file:///ltra


Foreword to Chapter 4 

In the last chapter, I showed that the manipulation of one gene (CpNifS) could augment 

selenium tolerance and accumulation. A microarray analysis between WT and 

transgenic CpNifS plants showed little difference in how these plants' transcriptome 

respond to selenate stress. Nonetheless, I became excited about the possibility of 

identifying other genes that could also lead to increased selenium tolerance and 

accumulation in plants. Chapter 4 was conceived when I questioned if other genes 

besides CpNifS are involved in conferring tolerance to selenate. To help answer this 

question, I again used microarray analysis to help determine if certain transcripts are 

differentially regulated in WT Arabidopsis plants when treated with selenate. 
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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 ge^c " ; t J : ' ; ' " r n r ' n ^ * - - ! - - ^ ^ V a " " "c'^'-s 
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tolerance to Se, suggesting an impuitdi.t io,e .01 ..r.ese two stress num.ones ,n 
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. 

At the same time, Se is an essential micronutrient for 
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i -o > i c .s F t s - e ' e t al. 2003), Selenium is chemically similar to sulfur (S) and can be 
* I •- i r i - T n i nam ' - m e t al. 2004). metabolized by S metabolic pathways. Plants take up 
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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 seienocysteine and 
selenomethionine (Terry et al. 2000). Non-specific 
replacement of the two essential S amino acids, cysteine 
and methionine, 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 seieno
cysteine lyase have shown enhanced capacity to 
accumulate Se from polluted soil in field studies 
(Banueios et al. 2005, 2007). Thus, although Se is 
a concern for public health and agriculture, plants can 
have die 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-bincling 
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 trie future, biologists wi l l l ikely 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 thaiiana 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. 
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Materials and methods 

Unless otherwise described,, Arabidopsis plants (ecotype 
vvassilewskija) were grown in a growth chamber 
(150 (imol n T 2 S"X PAR, 16 h light/8 h dark cycle, 
24°C) on vertically placed agar plates containing 0.5 
MS medium and 1 % sucrose OVIurashige and Skoog 
1962). Plants were grown on growth plates with or 
without 40 uM 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 RKA was 
extracted using the RNeasy Plant Mini kit CQiagen, 
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 (Van Hoewyk 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 normalized with the median of 
al' measurements. All further analysis was conducted in 
R using BIOCOKDUCTOR (www.bioconductor.org). The 
microarray analysis was performed within the minima! 
information about microarray experiment; (MIAME) 
guidelines (Brazma et al. 2001). Ail data sets have been 
submitted to the Gene Expression Omnibus repository 
(www.ncbhnlm.nib.gov), 

Roots and shoots were analyzed separately. For each 
transcript, the fold change was determined and 
a P value was calculated using a moderated r-test in 
fimma (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-
respoosive 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 
marmitol iosmotic 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 
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downreguiation 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 
seienate 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 rnicroarray data. 

Levels of several metabolites in shoot tissue were 
determined in plants grown as described above with or 
without seienate for 10 days. Measurement of non
protein thiol levels was performed (in three replicates) 
using Eilman'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 
fPilon 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 
eta!. 2006). 

The following transgenic or mutant Arabidopsis lines 
(ecotype Columbia) we re obtained from the Arabidop
sis Biological Resource Center iwww.arabidopsis.org): 
ein2-'l, accession no. CS3071; ein3-1, accession no. 
CS8057; jarl -1,. accession no. CS8077; an overexpressor 
of ERF], accession no. C$6142; and a T-DN A knockout of 
ACS6, accession no. $ALK_09O423, The mutant or 
transgenic lines were compared with wild-type (WT) 
Columbia for seienate tolerance by measuring the root 
length of seedlings (n = 35) grown for 10 days on vertical 
plates with or without 40 p>f seienate as described (Van 
Hoewyk et al. 2005). All statistical analyses (except 
analysis of the transcriptome data) included student's 
f-tests and were performed using the JUMP-IK software 
package (SAS Institute, Cory, NC). 

Resu l t s a n d d i s c u s s i o n 

Ident i f icat ion and funct ional categorizat ion of 
Se-responsive transcripts 

To better understand how Se changes the Arabidopsis 
!,e grown with or without 
point differences in growth 
iementary material Fig. S1 

of the plants at the end of both 
-joint was optimal in that it clearly 
Die differences between Se and 

era i 

seli 

wa 
lays, atw 
served L' 

control treatments and growth was not limited by plate 
size. Affynietrix ATH-1 GeneChip arrays containing 
probes for the Arabidopsis genome were used to identify 
transcriptome differences in root and shoot tissue in 
response to seienate. 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 SI). Possibly, the observation that more Se-
responsive genes were identified in roots compared with 
shoots simply reflects the stress imposed by seienate as it 
is transported in root cells. The root is in closest contact 
with the toxic Se and the location where seienate 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 
biottc/abiotic stimuli and stress, providing evidence that 
seienate 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 se'eie 3 / - = ^ • .-= -.-.so
on (A) P value and (8) fold change. Arabiaocs>j c1-
10 days with or without seienate. Root tss.e a. - -o' ' « •» r 

harvested and analyzed separately for two -„ec_ - : 

ex.oeriments. 
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growth and development may be reallocated in response 
to selenate stress. Lastly, the percentage of genes (13%) 
involved in protein metabolism was roughly consistent in 
ali four groups of both down- and upregulated genes in 
root and shoots, with the exception of downregutated 
transcripts in shoots (8%). 

Ident i f icat ion of t he 50 most signif icantly 
Se-re$poo$ive genes in root and shoot tissue 

Roof 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 {Atl§67870) and a plastid carbonic anhydrase 
•At3g01500), Quite noteworthy from this list are the 
transcripts involved in calcium signaling, such as 
a calcium transporter CAt5g26220). calmodulin-retated 

proteins (At1g76640, Atl§76650 and At2g26530) and 
a calcium-binding protein (At4g27280). Abiotic stress, 
including drought, salinity and cold temperature, can 
increase cytosolic calcium level's and elicit stomatal 
closure (Allen et at. 2000). Recent evidence suggests that 
H 2 0 2 increases calcium influx in Arabidopsis root cells, 
particularly in the zone of elongation (Demidchik et at. 
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 (Atl §72520) and 
1-aminocyclopropane 1-carboxylate (ACO synthase 
(ACS6-At4g11230), 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, 
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Table 2. The fifty most significantly setenate-responsive transcripts i 
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5.74E-05 
5.98E-05 
7.76E-0S 

6.04E-05 
6.04E-05 
6.37E-05 
6 38E-05 
7.C5E-05 
7.3CE-0S 

5.43E-04 
6.84E-04 
7.47 E -04 

95.27 
59.17 

359.51 
74.57 
64.08 
30.76 
34,60 
25.76 
86.05 
0,04 

29.25 
48.16 
84.25 
34.55 

263.44 
35.14 
92,94 
33.55 
15.22 
16,23 
15.52 
28.94 

10.71 

17.93 
11.79 
14.23 

14.51 
10.93 
14.97 
16.54 
9.59 
9.65 

10.96 
17.11 
0.03 

11.14 

14.36 
21.56 
9.28 

13.73 
14.74 

22.60 
9.06 

14.74 

10.53 
5.91 
8.57 
7,55 

10.10 
45.08 

18.80 
7.57 
5.13 

Putative ChaA Ca !*/H" cation transport protein 
VVRKY40 pathogen transcription factor responsive tc SA 
Calmoduiin-reiated Drown 

Calmodulirt-related protein, 
Putative protein 
Induced by senescence, glucosinolates? 
Putative protein 
WRKY46 TF 

Glycir 
Sait-tolerance zinc-finger protein (ZAT10). Responsive to pathogen and drought 
DREB subfamly A-5 of ERF/AP2 transcription factor family 
Lipoxygenase, responsive to JA and wounding 
DP.E3 suofaTiily A-5 pf ERF/AP2 transcription factor family 
ERE B-3 of ERF/AP2 transcription factor 
Cinnarroy! CoA reductase 4-NOT transcription complex protein 
Putative protein 
Putative protein 

Mutative mitochondrial uncoupli 

r_ s* ,<" 3r. ' 
r „ * ' f e u vA: 

S " 3- „ f r ~"<, Z~ ~' 
1-S se-o c-oe ~ r* -
_b i p*;*e n 
" 3 " ^ c T f W \" " ' „ . . C o 
A C C s - * • % • - ~- J | J i - o 

F 4 - C L c " 

-_ - " - ; r c i *r. 

:,tF4S0 't.Ov > o c - aasi o i 

txpansin tamily protein; cell wall 
S •" ' " to <\C2T, responsive to salt, mediates JA and ethylene $:gnaiing 

p ' ~ - - . -.jconsiveto H202. Gverexpressipri increases d'ougnt tolerance 
- . c -e _ o*e i 

' , - v -a jotein. Responsive to Aland oxidative stress 
E-"s.c*a- J B-1 of ERF/AP2 transcription factor 
' - f „ t : ' r e n 
:,P.rf ' . -- • > A-5 of ERF/AP2 transcription factor 
E=- ->. " E-1 of ERF/AP2 transcription factor 
t c c- ' j i transferase (TCH4); ceil wail genesis 
4 'hsJ* "\ a^e, sulfur assimilation 

' 5 - T - c o- on factor, responsive to Co', salt. 5A, JA, etHyiene 
7 nc-- r ;e r crc ein, responsive to cold, sail, ox'cative stress 
H5»*7£--C 
Putative carbonic anhydrase 

Gaiactmo! synthase, responsive to drought 
Glycosyhfansferase resconsive to H:;0-. 
Aido/keto reductase family orotein 



Table 2. Continued. 

A , >-

A * - : 
A . O " 
A » v ^ 

A _~ 

A*;o " "* 
A<_ 

Av - - -
A 

A - J 
A - -
A 2__ " 

- 13 -3 
i 7-6) 

- J 2 " ' 0 

.. w ' ^ C 

- ;3343" 
- "HS^D 

,- "C"->RO 

»- . ' 3 ' J 
26120 

. ^ = s " i 

-,:E4i 
5 b i 

J ^ . » 

- -
r 

-

r~ 

_ 
~~" 

.. 
-

t 

i 1,0 -, 
- «. r , 

- ,*-"';i' 
^ . - ' u. 
-. g' 1 A M 

- . - ; ^ £ -
- ^ i i ' j 

At2g0239O 
At4g34135 

7.73E-04 
8.27E-04 
8.78E-C4 

9.83E-0A 

1.01E-C3 

1.10E-C3 
1.26E-C3 
1.51E-03 
1.61E-03 
1.61E-03 
1.65E-03 
1.81E-03 
1 82E-03 
1.97E-03 
2.09E-03 
2.21E-03 
2.58E-03 
2.59E-03 
2.62E-03 

2.66E-03 
2.70E-G3 
2 81E-03 
3.00E-03 
3.01E-03 
3. HE-03 
3.32E-03 
3.39E-03 
3.4AE-03 

3.63E-03 
3,68E-03 

3.97E-03 
4CSE-03 
4.CcE-03 
4.C7E-03 
4.17E03 
4.21E-03 

4.3! £-03 
4.37E-03 
4.39E-03 
4.39E-03' 
4.45E-03 
4.57E-03 
4.63E-03 
4.75E-03 
4.76E-03 
5.01 E-03 
5.21E-03 

S.15 
10.36 
0.04 

5.88 
5.42 

4.38 
5.11 
5.14 

5.59 
0.17 
3.95 
0,12 
0.23 
4.37 
4.03 
3.63 

3.23 
6.61 
4.39 

3.37 
0.11 
3.16 
4.64 
0.07 
5.69 
0.33 
3.78 
5.25 
0.10 
2.94 
0.25 
3.07 
0.11 
0.03 
0.34 
3.40 

3.03 
7.84 

10.14 
2.89 
3.01 
2.69 
2,80 
3.09 
0.33 
2.69 
3.26 

ATP synthase subunrt 9 

Senescence-associated protein 
Putative seed storage protein (vicilm like) 
Plant b submit of mitochondrial ATP synthase 
da-binding protein, responsive to drought 

Expressed protein 
Vacuolar cation/H + amiporter 
Putative beta-gkicosiaase 
Hypothetical protein. 
Expressed protein 
LEA abundant protein 
Homocysteine S-methy'fransferase 3 
Negative regulator of cytotr.in-medioted signals 
Threonyi tRNA synthetase 
Uttiversai stress protein/early nodulin protein 
Hypothetical protein 
Putative sugar transporter 

Beta-glucosidase 
Putative indole-3-acetate beta-glucosyttransferase 
Senescence-associated protein 
Pelf t.2b 
AAA-type ATPase family protein 
Cold-regulated protein (cor15a), responsive to osmotic stress 
Proline-rich protein 
Low-temperature-induced 65-kDa protein 
Putative protein 
Mitochondrial 
Acetyl CoA carboxylase 
Putative flavin adenine dinuciect.ce-l r-rec oxidise 
Similar to Cyt b 
Putative disease resistance protein 
Putative protein 
bZIP TF 

12S seed storage protein 

F»*5*'e • "?* de "•-".. ocrer 

^ j v . , - - . , r r-'uu--sive to starvation 

:uta vecc'o. « s-hycrase 

_ac' - o c'-e,- 'ase *~m ly protein 
_<, ~^< j ;sc • o i t ' 
~^/ " c * ; j i - - - c : « " 
'-<=• - e , t " j : ~ '•= \ '3se activity 
f a a ' , ? o So'i "~e S-"3nsferase 
st-e-' ' - so i ' i i 5 

AtSgSI 190, At! g22810 and An §28370). These members 

respond to ethylene and are induced upon cold, drought, 

osmotic, stress and oxidative stress 'Nakano et al. 2006a), 

Genes encoding the W'RKY transcription factor family 

(At1g80H40 and At2g46400) were also upregulated in 

roots by selenate. Similarly, setenate treatment induced 

expression of Myb'\5 (At3g5006Q), a general stress-

responsive transcriptional factor also induced upon 

cadmium, cold, salt and oxidative stress lAgarwal et al. 

2006a). Additional induced transcription factors include 

the zinc-finger proteins ZatlO (Atlg27730) and Zat12 

(At5g59820). 

27 
241 



Induction of general stress proteins included a late 
embryogenic abundant (LEA) protein (At'1g61340) 
(Mowla et al. 2006), a copper-binding protein 
(At5g2023C»i previously reported to be responsive to 
aluminum and oxidative stress, and members of the small 
heat shock protein (HSP; family (HSP17.6A, At5g12030 
and HSP17.6A-C, At1g59860). HSP17.6A is also res
ponsive to H.;0;» and overexpression increases drought 
tolerance (Sun el al. 2001), Lastly, ATPsulfurylase{APS3-
At4g14680), a key enzyme regulating S and Se assimila
tion iPi'on-Smits et ai. 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-foid upregulation 
of a thioglucosidase (At.3g60140) thought to break down 
glucosinolates; these compounds are S-containing sec
ondary metabolites, and their catabolism may recycle 
a I imited pool of S (Dan et al. 2007, Maruyama-Nakashita 
eta l , 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 
:Atlg52590j, CorlSa (At2g42540l - a cold-regulated 
protean responsive to osmodc stress, a low-temperature 
induced protein lAt5g52300), a glutathione transferase 
(At2g02390i and several disease- and stress-induced 
proteins <At4g111 90, 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 i.Atl g36180) and an 
electron transport protein similar to Cyt b (At2g07718). 
Further evidence of sugar utilization Includes upregu
lation of a carbohydrate transporter (At3g05400), a gaiac-
tinol synthase (At1g56600) reported to be responsive to 
drought and cold and a giycosyl hydrolase (At1g02850) 
involved In carbohydrate catabolism. Thirteen genes 
were found to be downregulated in shoots, including 
two seed-storage proteins (At2g28490 and At5g4412G). 
These proteins have nutrient reservoir activity, and 
their clownregulation further points to a reshuffling of 
metabolites during starvation. Intriguingly, also down-
regulated in shoot tissue was Pdf1.2b, a well-known 
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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-
i ng 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 differential ly 
expressed genes {roots and shoots separately). Gene 
Ontology (GO) Biological Processes terms were tested for 
overrepresentation using the hypergeometric test. GO 
terms associated with Pvalues 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 82). 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 uprecjulates transcripts involved in J A 
and ethy lene synthesis, as we l l as transcript ional 
factors responsive to these t w o 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 JA were 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, compared with 
plants on control media. Two genes encoding allene 
oxide cyclase (At3§25760 and A t l g l 7420), 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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Tabl® 3. Selected seienate-resporvsive genes were categorised by function or gene family. 

"issue P value Foid change Annotation 

A*4q262C 

PR: t ISCKCT'C 
At2g44S40 
At1g?4930 
At1a19210 

3.36E-0S 
4.23E-04 
0,012 
0.C23 

16.54 
4.12 
2.43 
2.53 

« o r family ;DREE, C8F, AP2 
1.23E-0S 
1.42E-0S 
1.59E-Q5 
1.61E-05 

At3c23240 

3.33E-05 
5.96E-05 
8.05E-05 
1 03E-04 
1.10E-04 
1.3OE-04 
1.43E-04 
1.90E-04 
2.00E-04 
2.G6E-D4 
2.46E-04 
2.92E-04 
3.89E-04 
5.97E-04 
S.64E-04 

', .03E-03 
-.126-03 
2.14E-03 
2.246-03 
2.99E-03 
8.23E-03 
0.015 
0.028 

0.048 

86.C3 
46.16 
34.55 

263.44 
14,97 
9.06 

13.62 
14.74 
9.2 
5.87 
4.83 
4.3S 
6.16 

227.79 
7.12 
0.23 
4.5 
4.46 
3.12 

21.38 
3.79 
2.18 
2.05 

17.17 
2.78 

2.26 
2.0S 
fl 46 

ACC synthase 

1 -arrinccydopropane-1 -ca-ooxylate oxidase 
1-aminocyciopropan.e-1 -carooxylate synthase (ACS7) 
Ethyiene-forming-enzyme-like dioxygerase-like protein 

Ethylene response element-Binding protein (AtERFI 3) 
Memoe' of the DREB subfamily A-5 of ERF/AP2 
Member of the DREB subfamily A-5 of ERF/AP2 
Member of the cRc subfamily 6-3 of ERF/A?? 
Member of the ERF subfamily 3-3 of ERF/AP? 
Member of the ORES subfamily A-5 of ERF/AP2 
Member of the DREB subfamily A-4 of ERF/AP2 
AtERFI1/CEJ1 

etc itei 
ve ess 

Mem 
Ethyli tor(AtERF94 

i ERF/AP2 
: ERF/AP2 i 

-.g -actor ( 

Ethylene-re: 
Ethyiene-regulated nuclear protein ethylene resp 
Ethylene response '"actor (AtEP.Fl 5) 
Member of the DF.E3 subfamily A-5 < 

- of the DREB subfamily A-1 < 
'. respon 

c -y -"-e e^oo 
ct , sne- 'es-O' ve element-binding factor 5 (AtERFS) 
*/ - - C - - o* ^ e Jfi6 subfamily A-5 of ERF/AP2 (AtERFI 
" V , . . - s o ; , ? element-Dindipg fatter 4 fAt£RF4) 
E* i s e « , - - ,= element-b'nding factor 2 (AtERF2) 

EHE _ J Su .. on 
Eth, " * D " ! . c ' -̂  - -» t -
fv"- .. •.ra 3-Tc 4 <• P n "• t -
> -• -e ;** - o*a 3 <-"E 
' / . • > - ; " , - * - = ^ 3 . . -> - ; o 

f/e / - r r> t=s "• i ~ "^>-= Ce 
ERF1 

tERFS) 

actor 2-1,-ke protein 

At3e25?60 
1.44E-0S 84.25 i aox/ce-a^e 
5.13E-04 3.29 A e~e ex oe C,; ase .- ^ : c 
5.45E-04 7.08 A ere o: ;e c : a:=> I i : . . m e s . s , ACC3 
6.54E-04 116.69 j Aygenase : o 
S.58E-04 7.39 F ^ , e : < * i . ^ A C y C v o ^ A ) 
1.0SE-03 4.19 '2 c.-c->-oo"r:..-tc- ! ' - -ase, OPR3 

'rmones 
1.36E-03 0.36 zjp- _ - t/ n--eaa --,- i —re " 
1.6CE-03 0.31 Z - -a - ; / ' a ^ . r c d t i o ' " 
1.89E-03 0.34 I *vv»?.,.. - -co. "e." ro*f " 
2.78E-03 0,46 4 . ' -=o, -_; - ; - - ' G - 3 
3.S3E-03 2.87 A,x -- - t.ceo . - f a -
3.52E-02 0.45 D / T ; e ; 4 " - ' . t ' . t d 3 - . -
0.021 0.42 ?uc . - t s 'SU ' , " - - <•-' .r-tein 
0.013 0.43 P<-t- = . t -ndt reJ r -
0.014 0,45 A j / a- < ce'-ei o - a, ~ .", 
0,022 0.45 - - - a : r . . ; c ; > - ' c sees storage/Mp<d transfer proter. 
0.029 0 11 Cvtottnirt oxidase IAT0KX6) 

op-helix) transcription tactor 
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Tabl« 3, Continued. 

Fold change Annotation 

Minoiate 
3c60140 

r 1.31E-04 
r 1.82E-04 
r 2.07E-04 
r 3.1CX-CM 
f 4.24E-04 
r S.02E-04 

r 5.B1E-C4 
r 2.14E-03 
r 2.76E-03 
r . 5.SCE-03 

Mosynthesis and breakdow 

r 3.12E-06 

5.91 

10. 

0. 
6. 

5. 
0. 
2. 
2. 

n 

r 

At1g16410 
At5g2S520 
At3gl9710 
At3g19710 

roline/cell wall 
A.t4g0227G-
At5g04960 
At5g351S0 

synthesis 
r 

At2g2498D 
At4g03270 
At4g3014Q 
At1g62500 
At2g17620 
At2g46630 
At4g13390 

tress-resDonsiv 

1.19E-04 
1.31E-02 
1.57E-02 
4.52E-02 
S.26E-03 
S.57E-03 

2.40E-04 
2.57E-Q4 
2.80E-04 

5,08E-03 
5.09F-03 
S.S0E-03 
8.65E-03 
9.77E-03 
0 011 
0 012 
0.013 
0.015 
0.017 
0.018 
0.022 
0.025 
0.028 
0.037 

on factor? 

30. 
252 

G 
0 
0 
0, 
0. 

28 
25 
33 
3 
55 
35 
37 
44 
29 
22 
48 
48 
37 
5 

36 

47 
).4 
).43 
j.34 

0.29 

28 

2S 

45 

49 

46 

*4 

AP53 
Sulfate transporter SLJLTR1; 1 
iPS4 

j is ' a J"O f J " ^ 

5 =ue> \.\r* f-i^r* 

j i = "3 AC ;*-g JCOS ru t i - -sis 
5 acen i o°nsc~^s i* + x ^ ^ ^ ^ (APR2* 

i pro 

Dete-rj>..:r$>:-;c-

! -- ; : , - cc i . . i T3 re VAf/1) 
\ t f453 :^->71~", gi osr.o ate synthesis 
V , csrrse-cncirg o'otein 

5"?-™.=a-;ia - ' " r o acid air notransferase (BRAT4) 
Branched-chain amino acid aminotransferase I6RAT4) 

Extensir-iike protein 
Pectinesterase 
Exteasin-iike protein extensin 
Proline-rich ceil waif protein 
Putative pectinesterase 
Hydroxyproline-rich giycoorotein - responsive 
Putative ceil wall-plasma Tennr.ra-se-dicon'1; 

Putative extensin 
Putative protein cyclin-dependent kinase Ir.hir 
Proline-rich protein extensins 
Putative pectinesterase 
Proline-rich lipid transfer :rs-a i 
Glyone/proline-nch p-ptc ~ 

Similar to B-lske cycii*-
Putative proiine-rich protein 
Extensin precursor-like protein 
Extensin precursor-iike protein 
Celi cycle switch protein 

Proline-nch p-otein 
Proline oxidase 
Proiine-rich celt wail protein 
Putative D-type cyclin 
Putative pro;irie-rich protein 
Putative proline-rich eel! waii protein 
Putative cyciin 2 
Putative extensin 
Extensin-like protein extensin class 1 protein 

WRKY40 - defense related 
WRKY46 
Salt-tolerance zinc-finger p 
Zinc-finger protein (Zat12; 
zat6 
WRKY48 
WRKY33 
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Table 3. Contir, 

At3gS3600 
At2gS0250 

HSF 
AI5Q12030 

At1gS9860 
Af1gS3S40 
At5g12020 
A?2g2615C 
At3g4623Q 
At5g52640 
At3g^2580 
AtSgEIMO 
At4g18880 
At1g54G50 
At2g20560 
At1g74310 
At5g43840 
At5g12030 
At5g51440 

Amino acid me 
At2g02010 
At3g562CC> 
At2g24850 
At1036370 

6.78E-03 
0.042 

4.93E-05 

S.09E-05 
9.56E-05 
1.49E-03 
1.S7E-C2 
1.34E-04 

1.866-04 
2.273-04 

•1.0OE-03 
2.82E-03 

3.60E-03 
4.37E-03 
4.98E-03 

0.026 
0.026 
0.047 

i .05E-Q4 
2.53E-04 
3 36E-04 
7 30E-04 

1.35E-03 
1.41E-03 
1.97E-03 
2.18E-Q3 
2.18E-03 
2.76E'C3 
5.26E-03 
5.57E-03 
7.07E-03 

0.012 
0.0-3 
0.013 
0 .03 
0.014 

0.015 
0.020 
0.021 
0.024 
0.024 

32.55 
2.01 

21.56 
10.1 
7.61 

43.21 
21.58 
16.67 
4.6 

3.96 
3.04 

2.18 
3.14 
2.05 
2.33 

10.64 

2.88 
2,03 

11.57 
3.59 
4.75 
2.97 
4.8 
0.28 
4.37 

'35.84 

0.4' 

2.12 
0,36 
0.48 
0.37 
0.44 

3.71 
0.37 

0.34 
2.07 
2.33 
0,4! 

O.S 
0,46 
0.49 

zinc finger-like protein (2at11) 
WRKY25 

HSF17 4-C1 
HSP17.6A-C1 
HSP17.6C-C1 
HSP17.6-C!! 
Heat shock transcription factor {HSFA21 

HSP17.6-CN 
HSP81-1 
HSP7G 
Mitochondrial HSP23.5 
Heat shock transcription faaor (HsfA4a/H5F21) 
MSP17.4-CIII 
DNAiHSP family 
HSP101 
Heat shock transcription factor (HSFA6A) 

HSP17.7-CH 
Mitochondria HSP-22 

Putative gluta a*^ ci^o, ô »> ase 
Amino acid trar 
Putative tyros - =• c - ' - <>-
Se^ne hyrjrox j ^-
Putative beta-a - o -*- J- , ^ ~« 
Putative beta-c c » 3 \ ~ > = 3se 
Th'eony! tRNA J 

myblS-activo > ~k*f J 

= p w J " ' o c - 1 "iinotransferase(BRAT4) 

e M r r r ; i iinotransferase (BRAT4! 
; ' » " -sea a_tris synthetase 

~, r - "• i* _ i -

I - J - • • - < - % •> » " e r N P T 2 

C J ' C T -• g _ * = " > - , ~ - c 

F -a . . (- . -• 'i i a - i ) „ / . ' r aminotransferase 
1 j -r i % ?b-
crer,l, i^svT' sa - _ -

Oigo,rij*c€ f -_ 

T,-ss"a rtf-a'cc > 
P'-Vt i . wC^r*, P - "erase 

opreguiated 16-fold in roots. ACC is converted into 
ethylene by aminocyclopropane-l-carboxylate oxidase; 
this gene was upreguiated four-told in roots. Two other 
genes involved in ethylene formation were upregulated in 
shoots (Table 3). 

The Arabidopsis genome consists of over 1600 
i ' ''i taT-criptionai factors, representing 6% of 

* < ..e'Mine. The ethylene signaling pathway 
\ ^ ; l \ i EIN2 and EIN-3 i'Benaverrte and Alonso 
. ' ' " >! c: can induce downstream ERF transcrip-

a 1 icto The ERF family, including dehydration 
...(.jusi.e dement 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 
2 7 ERF genes, all of which were upregulated except 
AtERFI07 (At5g61590) and AtERF92/£7?F? (At3g23240). 
AtERFI MCEjl 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 
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responsive to ethylene and JA (Lorenzo et a!. 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 at. 2006b, Nakano et al, 2006a), For 
example, Cbfl overexpresston increased tolerance to 
drought,, salt and cold and induced expression of other 
stress-responsive genes. (jaglo-Ottosen et al, 1998). In 
this study; Cbfl was upregulated 227x 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), CA and ABA lYanhui, et al. 2006). 
Similarly, the WRKY transcriptional factors (TFs) identi
fied in this study IWRKY33,40,46 and 48) are also known 
to respond to ethylene (Xu et ai. 2006), further pointing to 
a role for ethylene and ] A i r, eliciting a defense response to 
Se. Furthermore, recent evidence suggests that ZatV2, 
HSFA2 and HSFAba (ail of which are upregulated by Se) 
sense H2O2, implicating their role in reactive oxygen 
signal ing(Davletovaetal. 2005, Miller and Mittler 2006). 

The similarity between transcriptional factors respon
sive to selenate and those responsive to other abiotic 
stresses compelled us to use the AtCenExpress project to 
identify overlap in transcrsptome changes in response to 
selenate, salt and osmotic stress (Kilian et al. 2007). For 
root and shoot tissue, roughly 62% of the Se-responsive 
genes were also differentially regulated during salt and/or 
osmotic stress (Fig. 2). Despite the fact that these 
comparisons suggest that commonality exists during the 

Root tissue 

response to abiotic stresses, it is noted that these 
mi croarray 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. 

Mutan t analysis conf irms a role fo r 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 p.M selenate. In 
view of a small difference in root length between VVTand 
ACS6 knockout plants iacs6) 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-l) were both less tolerant to 
selenate than WT plants iFig. 31 Furthermore, piants 
overexpressing ERF1 exhibited an Increase in selenate 
tolerance, which makes the dowriregulation of ERF1 in 
shoot tissue intriguing. Lastly, jarl-1 (jasmonic acid 
resistant, involved in JA signaling) mutant plants showed 
a decreased tolerance to Se. It should be noted that 
ein'2-1, ein3-1 and jarl-1 were not induced by Se. Sthi the 
results from these genetic studies are in agreement with 
those from the gene expression studies, which indicate 

Shoot tissue 

Fig. 2, Venn diagram snowing differential y regulated genes in response to seienate, osmotic stress and salt stress m 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 assimilat ion 
pa thway and changes metabol i te abundance 

Previous studies have shown that seienate mimics S 
starvation (Takahashi et al. 2000). Under selenate 
treatment, transcripts encoding sulfate transporters 
SULTR'S, 1 and SULTR2;1 were increased in root tissue, 
suggesting S deficiency. These transporters, whose mRNA 
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-
phosphosulfale reductase genes (APR1, 2 and 3). 

Further evidence that the plants perceive sulfur limita-
t 1 *•"<? p»es~ *.e -r Se is c -1 > - the ah dance of 

<•"*<-'..t r- r t ' t r - 'hes-. •>--• ig|i«t_o-inolates. 
r- -ttSv? <• J>« ' ^ ^ thpsi ~tx degrada-

n '1 •-'-..Lfci. ' I *u I P r g a't-d u rd 1 i v ) v\ith sulfur 
a • 11 1* , j . t i«-^ il <«•' -a e* c 2C03, 2006). 

fr< 4 ' 1 "-' ~ gene 'oot V-.1 encoding 
1 <i - - LL - t . - -JJ . . . . 5 . ' o ' d V!>g60140, 31-

luidi was ciua^vttj under seienate »ties», ..ncse enzymes 
are capable of breaking down g'ucosinolates in order to 
recycle S (Dan et al. 2007). BRAT4, a branched-chain 
aminotransferase, was downregulated both in root and 
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shoot tissue, as was MAM1 in shoot tissue. BRAT4 and 
MAM1 participate in the methionine-derived glucosino-

tate 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 a more detailed 
analysis of S metabolites to gain a better understanding 
how Se affects S metabolites. When plants were grown on 
selenate, sulfate increased five-fold compared with 
control media (f ig. 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 GSSC 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-containlng proteins. An elemental analysis of total 
protein in the shoots of Arabidopsis plants grown with and 
without Se indicates that S in protein decreased during Se 
treatment (f ig. 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 4b 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 
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Fig. 4. Shoot fssue of seedlings grown tor 10 days on control medio 
{-Se) and on media with seienate (-*-Se) were analyzed for (A) sulfate, (B) 
non-protein thiols. (O GSH and G5S6, (D) amount of S in protein, (E> 
reduced and oxidized ascorbic acid and (f) the ratio of GSH and GSSG and 
AsA, which is indicative of the redox state in plants. Shown are the means 
(n = 3} and SE .of the mean. Lowercase letters above bars denote 
significant differences {P < 0.05). 

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 
selenatestresswasa.fi 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 1A showed an increase in amino acid 
content, and it was speculated that carbohydrate metab
olites were being reallocated into amino acids (Broeck-
iing et ai. 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. 

Table 4. Amino acid and inorganic nitrogen content (pmol/mg f-W) in 
shoot tissue of plants grown on control media or seienate for 10 days. 
Shown are the mean (n = 3; and s-: in parentheses. "A significant increase 
(P < 0.05) in amino acid or inorganic nitrogen content between the two 
treatments. 
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The genera! increase in amino acid content in 
Se-treated plants is perhaps more difficult to explain than 
the decrease in cy steine and methionine. While there was 
an increase (3.7-foidi of a high-affinity nitrate transporter 
(Table 3), there was a decrease in both nitrate and 
ammonia in snoots 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-
guiated 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 previously mentioned, reduced GSH declined nearly 
four-fold in the shoots of Se-treated plants, while oxidized 
GSH levels were unchanged. CSH and AsA participate in 
the antioxidant defense system. The ratio of reduced AsA 
and its oxidized form, dehydroascorbic acid (DHA'i, has 
been used to gauge the redox state in plants (Yoshida et ai. 
2006). While levels of AsA were hardly affected by Se, 
DHA significantly increased (Fig. 4£, F). Thus, in Se-
treated plants, the AsA/DHA and GSH/GSSC ratios both 
decreased, suggesting Se-relatecl oxidative stress. 

Seienate t reatment d o w n regulates transcripts 
involved in g r o w t h and development 

Seienate treatment reduced the length of roots nearly 
three-fold, as well as the mass of shoot tissue 
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(Supplementary material 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. eye! ins) were 
found to be downregulated, of which four were in shoot 
tissue (Table 3i . Recently, it was discovered that Arabi
dopsis plants treated with cadmium showed down-
regulation of genes involved in cell wall synthesis 
i.Herbette et al. 2008). In this study, selenate induced 
the downregulatlon 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 
photosvnthate can he directed 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 tissues were 
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 - S response 
(Dan et al. 2007), In this study, the thioglucosidase was 
inxpgelatpr) 2^2-foW hv ^° in root tissue. Although - S 

i" U--do i * e »A-<~ t >. -tin levels (Kutzetal. 2002), 
s r - r -at l M <_ L*_v. tna* auxin sensitivity is decreased 

L i _b r Da - I 2007). Indeed, N1T3, one of 
i r „ t- df- ' i 'm was upregulated in both root 

! - •> ' 5 - J i<- 3 r was previously discovered 
) hv. pn "^ i.v re'-Oi.nse to - S and involved In 

. ' sn -"aoou-i i , V e t a l , 2002). In our selenate 

, ,n 1 - „ , r r - ^ j n _, auxin-responsive proteins 

f n e i t tweeted by Se, 9 of which were 

d c < ~>H -* a M ingest that selenate may also 
H - -1th * 

* 11 juxm - j \ e d ,o olay a role in the release of 
ml n ^ ' i •< tunge ources during S starvation 

e. -t 20 i7< » s n •> r.h_ jgbt to be the key hormone 
re^. atmg *r = t a^bpors c 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 
i'Maruvama-Hakashita et ah 2004). Although cytokinin 
represses root development, it likelv 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 
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of the hormone cytokinin. Overexpression of At3§63440, 
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, downregulatlon of ACKX6 
suggests that levels of cytokinin may increase in leaf tissue 
when plants are grown on Se, although this remains to 
be determined. 

Two stress-responsive Pdfs are downregu la ted 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 (3i 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's and Pdf1.2b <At2g2602C) 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, Pdt'1,2 transcripts respond to the 
plant hormones ethylene and JA (Larsen and Cancel 
2004). However, both proteins are cysteine rich (10% 
cysteines), and theirdownregulation may be explained by 
(1) S starvation or (2) the relatively high chance for Se-
cysteine incorporation. 

Another intriguing possibility to explain the decrease in 
PclfhZa 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 J A were 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 at. 2003), which was 
downregulated by Se in shoots, and CEjh which was 
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upregulated in roots. Pdf1.2a and Pdfhlb respond to 
ethylene and JA and were upregulated in plants over-
expressing ERF1 iBerrocal-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 seienate. 

Macroarray analysis confirms transcript fold 
changes In microarray study 

A potential concern of the microarray study performed was 
the use of only two biological replicates. Although the 
AtGenExpress abiotic stress expression data set also used 
two replicates (Kilian et a!. 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 iP value <0.0001) and positive 
correlation (R = 0.72). A comparison of the microarray 
and macroarray analysis for alt 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 seienate 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 seienate 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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Table St. List of ail the Se-responsive genes in root 
tissue in = 893) and shoot tissue (n = 385) using the 
minimal criteria of P value <0,05 and fold change >2 
or <0.5. 

Table S2. Se-responsive genes in root and shoot tissues 
were categorized into biological processes and a list of 
overrepresented groups is presented. 

Table S3. A comparison of the microarray and macro-
array analysis for all 31 selected genes. 
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j.1399-3054.2007.01002.x 
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Figure S i Arabidopsis (ecotype WS) growth on media plates 
without (control) and with setenate after 10 days. 
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Please note that the size and format of Table SI prevented the conversion of the excel file 
to a viewable pdf file. Table SI can be viewed on the publisher's website: 

http://www.blackwell-synergy.coni/doi.abs/10.111 l/jl399-3054.2007.01002x 
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Table S2. List of Gene Ontology (GO) Biological Processes terms were tested for over-
representation using the hypergeometric test. Categories were created using the list of 
differentially expressed genes identified in root (A) and shoot (B) tissue. The Odds Ratio 
is calculated as follows; (# of Se-responsive genes in GO term category/# of all Se-
responsive genes in the genome) divided by (# of non-Se-responsive genes in GO term 
category/# of all non-Se-responsive genes in the genome). An odds ratio greater than 1 
means that the GO term category is over-represented among the genes differentially 
expressed by Se relative to the non-differentially expressed genes. 

A. 

ROOTS 

ID 
00:0006950 
00:0050896 
GO:000962S 
GO:004222i 
GO:0009266 
00:0006952 
00:0006800 
GO'0006979 
00:000960? 
00:0009408 
.00:0009861 
00:0009611 
00:0009814 
00:0009723 
00:0006970 
00:0009605 
00:0042829 
00:0009613 
00:0009753 
00:0009737 
00:0009651 
00:0042828 
00:0051707 
(.50:0045449 
00:0000103 
00:0019219 
00:0019222 
00:0031323 
00:0006791 
00:0051244 
00:0009725 
00:0050794 
00:0050791 
00:0006350 
GO:0009719 
00:0009409 
GO:000()355 
00:0009873 
00:0010035 
00:0006351 
GO:0Q50?89 
00:0000160 
00:0009694 
00:0009695 
00:0031407 
00:0031408 

Term 
response to stress 
response to stimulus 
response to abiotic stimulus 
response to chemical stimulus 
response to temperature stimulus 
defense response 
reactive oxygen species metabolism 
response to oxidative stress 
response to biotie stimulus 
response to heat 
jasmonic acid and ethylene-depender.t pathways 
response to wounding 
defense response to pathogen 
response to ethylene stimulus 
response to osmotic stress 
response to external stimulus 
defense response to pathogen 
response to pest, pathogen or parasite 
response to jasmonic acid stimulus 
response to abscisie acid stimulus 
response to salt stress 
response to pathogen 
response to other organism 
regulation of transcription 
sulfate assimilation 
regulation of nucleic acid metabolism 
regulation of metabolism 
regulation of ceilular metabolism 
sulfur utilization 
regulation of cellular physiological process 
response to hormone stimulus 
regulation of cellular process 
regulation of physiological process 
transcription 
response to endogenous stimulus 
response to cold 
regulation of transcription, DNA-dependent 
ethylene mediated signaling pathway 
response to inorganic substance 
transcription, DNA-dependent 
regulation of biological process 
two-component signal transduction system 
jasmonic acid metabolism 
jasmonic acid biosynthesis 
oxylipin metabolism 
oxylipin biosynthesis 

Pvalue 
4.16E-17 
1.50E-16 
1.06E-15 
3.90E-13 
1.41E-11 
2.05E-11 
S.68E-11 
2.63E-10 
3.78E-10 
1.51E-09 
6.47E-09 
1.03E-08 
7.00E-08 
9.14E-08 
1.25E-07 
1.59E-07 
2.27F.-07 
5.5SE-07 
5.84E-07 
8.58E-07 
9.99E-07 
I.09E-06 
1.43E-06 
3.26E-06 
4.37E-06 
4.56E-06 
6.56E-06 
7.80E-06 
7.82E-06 
1.33E-05 
1.59E-05 
1.65E-05 
2.1SE-05 
2.34E-05 
3.48E-05 
3.82E-05 
4.99E-05 
8.23E-05 
9.52E-05 
1.21E-04 
1.26E-04 
2.70E-04 
2.92E-04 
2.92E-04 
2.92E-04 
2.92E-04 

Odds 
Ratio 

2.75 
2.26 
2.47 
2.60 
4.54 
3.03 
4.90 
4,99 
2.62 
7.94 
5.16 
4.25 
3,8! 
4.78 
3.81 
3.26 
2.84 
2.51 
4.63 
3.61 
3.71 
2.53 
2.33 
1.74 

22.62 
1.73 
1.70 
1.70 

19.39 
1.65 
2.16 
1.64 
1.62 
1.65 
1,91 
3.29 
1.83 
3.83 
4,19 
1.77 
1.53 
4.36 

11.29 
11.29 
11,29 
11.29 

Count: 
Se-

responsive 
108 
159 
120 
87 
34 
56 
29 
27 
62 
17 
11 

26 
26 
20 
1 < 

30 
36 
42 
IS 
23 
"**) 
39 
45 
92 
6 

92 
94 
93 
6 

99 
42 
99 

100 
92 
53 
18 
57 

9 
12 
s~7 

102 
10 
5 
5 
5 
5 

Count: 

Genome 
1077 
1941 
1320 
895 
208 
492 
166 
152 
620 

66 
120 
167 
183 

116 
176 
242 
329 
431 
107 
169 
158 
396 
494 

1339 
12 

1350 
1400 
1387 

13 
1521 
492 

1529 
1559 
1407 
698 
143 
779 

44 
77 

805 
1671 

62 
15 
15 
15 
15 

42 



00:0009765 

GO:0009646 
00:0046686 
00:0009414 
00:0015979 
00:0009415 
GO:0010038 
GO:0009612 
GO:0016;67 
00:0006972 
00:0010200 
00:0009739 
GO:0031347 
GO:0009664 
00:0048527 
00:0048528 
00:0009893 
00:0007047 
00:0045229 
00:0005992 
00:0043119 

photosynthesis, light harvesting 
response to salicylic acid stimulus 
response to absence of light 
response to cadmium ton 
response to water deprivation 
photosynthesis 
response to water 
response to metal ion 
response to mechanical stimulus 
protein ubiquitination 
hyperosmotic response 
response to chitin 
response to gibberellie acid stimulus 
regulation of defense response 
ceil wall organization and biogenesis 
lateral root development 
post-embryonic root development 
positive regulation of metabolism 
cell wall organization and biogenesis 
exteraal structure organization and biogenesis 
trehalose biosynthesis 
positive regulation of physiological process 

3 
3 
7 
• 

7 
S 
1 
? 

2 
3 
3 
3 
3 
5 
5 
6 
7 
8 
8 
8 
9 
9 

19E-04 
22E-04 
24E-04 
57E-04 
74E-04 
50E-04 
57E-03 
86E-03 
38E-03 
42E-03 
63E-03 
68E-Q3 
87E-03 
29E-03 
77E-03 
22E-03 
62E-03 
I7E-Q3 
89E-03 
89E-03 
20E-03 
40E-03 

7.98 
3.40 

33.81 
4.64 
3.24 
3.20 
2,96 
3.58 

16.90 
3.23 
5.64 

13,52 
2.94 

45.02 
2.76 
6.44 
6.01 
4.51 
2,10 
2.10 
5.64 
3.23 

6 
13 
3 
8 

12 
12 
12 
9 
3 
9 
5 
3 

10 
2 

10 
4 
4 
5 

15 
IS 
4 
7 

23 
100 

5 
47 
96 
97 

1C4 
66 

7 
72 
25 

8 
87 
3 

92 
18 
19 
30 

177 
177 
2(i 

56 

43 



SHOOTS 

ID Term 
GO:0042221 response to chemical stimulus 
GO:0050896 response to stimulus 
00:0009628 response to abiotic stimulus 
G 0:0006810 transport 
GO:005U79 localization 
(30:0051234 estabi ishment of localization 
00:0009719 response to endogenous stimulus 
00:0009725 response to hormone stimulus 
00:0006950 response to stress 
GO:0009636 response to toxin 
00:0006118 electron transport 
00:0009737 response to abscisic acid stimulus 
00:0019748 secondary metabolism 
00:0006865 amino acid transport 
00:0015837 amine transport 
00:0006091 generation of precursor metabolites and energy 
00:0009404 toxin metabolism 
00:0009407 toxin catabolism 
0-0:00 15 849 organ ic acid transport 
GO: 0046942 earboxylic acid transport 
00:0007582 physiological process 
00:0009914 hormone transport 
00:0009926 auxin polar transport 
00:0030026 manganese ion homeostasis 
00:0006970 response to osmotic stress 
GO:0009605 response to external stimulus 
00:0051707 response to other organism 
00:0042398 amino acid derivative biosynthesis 
00:0009699 phenylpropanoid biosynthesis 
00:0045333 cellular respiration 
00:0031667 response to nutrient levels 
00:0019725 cell homeostasis 
00:0006972 hyperosmotic response 
00:0009744 response to sucrose stimulus 
(36:0006882 zinc ion homeostasis 
00:0009814 defense response to pathogen 
00:0009755 hormone-mediated signaling 
00:0009991 response to extracellular stimulus 
00:0042592 homeostasis 
00:0042828 response to pathogen 
00:0006519 amino acid and derivative metabolism 
00:0045454 cell redox homeostasis 
00:0009735 response to cytokinin stimulus 
00:0019438 aromatic compound biosynthesis 
00:0009267 cellular response to starvation 
GO:0031669 cellular response to nutrient levels 
00:0009753 response to jasmonic acid stimulus 
00:0006772 thiamin metabolism 
00:0009228 thiamin biosynthesis 
00:0042723 thiamin and derivative metabolism 
00:0042724 thiamin and derivative biosynthesis 
00:0009698 phenylpropanoid metabolism 
00:0009607 response to biotic stimulus 
00:00059*5 carbohydrate metabolism 
00:0009738 absetsie acid mediated signaling 
00:0006857 oligopeptide transport 
00:0031668 cellular response to extracellular stimulus 

Pvalue 

7.89E-11 
8.29E-10 

2.34E-09 
5.84E-08 
7.43E-08 
7.43E-08 
3.23E-07 

7.94E-C7 
3.29E-06 
3.99E-06 
5.13E-06 

1.05E-05 
2.35E-05 
5.08E-05 

5.08E-05 
5.51E-05 
7.95E-05 
7.95E-05 
S.03E-05 
8.03E-05 
1.16E-04 

2.32E-04 
2.32E-04 
3.14E-04 
3.S6E-04 
4.06E-04 
5.60E-04 
6.91E-04 
7.31E-04 

7.57E-04 
7.8IE-04 
7.85E-04 
9.17E-04 
9.17E-04 
9.31E-04 
1.63E-03 
1.75E-03 
E85E-03 

1.92E-03 

2.00E-03 
2.05E-03 

2.10E-03 
2.24E-03 

2.25E-03 
2.6IE-03 
2.61E-03 
2.98E-03 
3.03E-O3 
3.03E-03 
3.03E-O3 

3.03E-03 
3.31E-03 
3.68E-03 

3.87E-03 
4.05E-03 
4.20E-03 
4.35E-03 

OddsRatio 

3,33 
246 
2.70 
2.27 

2.25 
2,25 
2.95 
3.27 

2.36 
10.06 
3.08 

4.76 
3.50 
8.23 

8.23 
2.39 
9.65 
9.65 
7.59 
7.59 
1.53 

10.39 
10.39 
Inf 

3.78 
3,23 
2,42 
4.04 
5.12 

7.79 
11.20 
5.05 

10.66 
10.66 

111.38 
3.27 
3.51 

8.61 
4.28 
2.40 
2.39 

8.29 
5.96 

3.70 
12.88 
12.88 
3.94 

37.12 
37.12 
37.12 
37.12 
3.86 
2.01 
1,96 
6.78 

5.09 
10.47 

Count: 
Se-

responsive 
46 
72 

55 
65 
65 
65 
33 

26 
41 
8 
24 

13 
17 
7 
1 

29 
6 
6 
7 
7 

203 
5 

5 
7 

11 
13 
20 
9 
7 

5 

4 
7 
4 
4 
2 

10 
0 

4 

7 
16 
16 
4 
5 
g 

3 
3 
7 
y 

2 
2 

2 
7 

21 
22 
4 

^ 
3 

Count: 

Genome 
895 
1941 

1320 
1853 
1S65 
1865 
698 

492 
1077 
53 
478 

169 
296 
55 

55 
737 
41 
41 
59 
59 
9577 

32 
32 
2 
176 
242 
494 

135 
84 
41 

24 
85 

25 
25 

3 
183 
154 
30 

99 
396 
397 
31 
52 

130 
16 
16 
107 
5 
3 
5 
5 

109 

620 
664 

37 
60 
19 

44 



00:0051716 
GO:0006575 
00:0015833 
GO;O0096U 
00:0009987 
00:0009861 
00:0042594 
GO:0050875 
00:0042829 
GO:0001666 
00:0009414 
00:0009651 
00:0042538 
00:0007154 
GO:0009809 
00:0009624 

'cellular response to stimulus 
amino acid derivative metabolism 
peptide transport 
response to pest, pathogen or parasite 
cellular process 
jasmonie acid systemic resistance 
response to starvation 
cellular physiological process 
defense response to pathogen 
response to hypoxia 
response to water deprivation 
response to salt stress 
hyperosmotic salinity response 
ceil communication 
lignin biosynthesis 
response to nematode 

45 



Table S3. Comparison of microarry and macroarray analysis for the 31 selected selenate-
responsive genes. For both gene-expression experiments, Arabidopsis plants were 
grown on control media and selenate. Root and shoot tissue were separated and 
analyzed. For this calculation, fold-change of down-regulated transcripts were 
converted into a negative value, i.e. 0.5 became -2. Shown is the mean fold change for 
two replicate experiments for each analysis. Data were subjected to regression analysis 
(R2= 0.52,p-value<0.0001). 

Root tissue 
lOCHS 

Atlg56600 
At5e43840 
Atl 205680 
Atle02850' 
At4elJ650 
At2e29490 
At5e 12030 
At5e52300 
At5gl3170 
Atl 223730 
At3g51860 
At3»63440 
At5g44120 
At5c38710 

Shoot tissue 
locus 

At4e34410 

Arts. 12610 
Ac5al2Q20 
Ac4233720 
At2e26150 
At3s46230 
Atla59860 
Atle53540 
At3et2580 
At4ell280 
Atla27730 
At4e02200 
At5.c51440 
At3e08940 
At4a02770 
At3gO150O 

At) a52820 
At5c04960 
At2a46690 

annotation 
water stress related protein 
HSP TF 
auxin signaling 
glycosyl transferase 
osmotin 
GSH transferase 
HSP 17.6 
low temp induced protein 
senescence protein 
carbonic anhydrase 
Ca/H antiporter 
cytokinin oxidase 
legum in-like protein 
proline oxidase 

annotation 
ERB (ethylene receptor) 
TF 
Cold binding factor 1 TF 
HSP 17.6 
PR protein 
HSP TF 
HSP 17 
HSP 17 
HSP 17.6 
HSP70 
ACC synthase 
salt tolerant protein 
drought induced protein 
mitochondria HSP 
Chi a/b binding protein 
PS1D protein 
chloroplast carbonic 
anhydrase 
giberelli'n oxidase 
pectinesterase 
auxin regulated protein 

microarray 
18.80 
10.64 
4.39 
6.61 
3.30 
3.09 
2.88 
5.69 
3.37 
3.01 
5.11 
0.11 
0.03 
0.34 

microarray 
263.44 

227.79 
43.21 
47.14 
21.58 
16.67 
10.10 
7.61 
3.96 
16.54 
29.25 
3.14 
3.04 
0.16 
0.31 
0.03 

0.06 
0.28 
0.34 

macroarray 
2.43 
2.24 
2.76 
2.96 
1.91 
2.13 
2.12 
3.99 
2.99 
4.07 
4.09 
0.31 
0.16 
0.75 

macroarrav 
2.41 

2 '£) 
2.00 

24.29 
2.62 
2.86 
2.05 
2.16 
4.62 
2.23 
4.10 
2.40 
3.68 
0.61 
0.30 
0.63 

0.30 
0.22 
0.53 
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Foreword to Chapter 5 

As evinced in Chapter 4, a microarray analysis revealed that nearly 900 and 400 genes 

are differentially regulated in root and shoot tissue respectively when Arabidopsis plants 

are treated with selenate. Interestingly, CpNifS was not identified as one of these genes! 

One explanation is that CpNifS is regulated post-transcriptionally, i.e. at the protein level. 

However, I can rule this out since CpNifS protein levels did not increase when plants 

were grown on selenate (unpublished results). Thus, it may be likely that although 

CpNifS overexpression can increase selenium tolerance, the true function of this protein 

at endogenous levels in Arabidopsis may not confer protection again selenium. This 

prompted me to reconsider the real function of CpNifS and investigate if the protein has a 

role in chloroplastic FeS protein maturation. This is the subject of Chapter 5. 
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Chloroplast iron-sulfur clyster protein maturation • 
requires the essential cysteine ciesulfurase CpNifS 
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University of Wyoming, 1000 East University Avenue, Laramie, VVY 820? 1 

Edited by Bob 6. Buchanan, University of California, Berkeley, CA, and aporoyet) February 12, 2007 {received for review January 27, 2007) 

NifS-iike proteins provide the sulfur (S) for the format ion of 
iron-sulfur (Fe-S) clusters, an ancient and essentia! type of cofactor 
found in all three domains of l i fe. Wants are known to contain t w o 
distinct NffS-like proteins, localized in the mitochondria {MtNifS) 
and the chloroplast {CpNifS}. in the chloroplast, f ive di f ferent Fe-S 
cluster types are required in yarious proteins. These plastid Fe-S 
proteins are involved in a variety-of biochemical pathways includ
ing photosynthetfc electron transport and nitrogen and sulfur 
assimilation. In vitro, the chioroplastic cysteine desulfuras© CpNifS 
can release elemental sulfur f rom cysteine for Fe-S cluster biogen
esis in ferredoxin. However, because of the lack o f a suitable 
mutant allele, the role of CpNifS has not been studied thus far In 
pianta. To study the role of CpNifS in Fe-S duster biogenesis In vivo, 
the gene was silenced by using art inducible RNAi (interference) 
approach. Plants w i t h reduced CpNifS expression exhibited chlo
rosis, a disorganized chloroplast structure, and stunted g rowth and 
eventually became necrotic and died before seed set. Photosyrt-
thetic electron transport and carbon dioxide assimilation were 
severely impaired in the silenced plant lines. The silencing of 
CpNifS decreased the abundance of all chioroplastic Fe-S proteins 
tested, representing all f ive Fe-S cluster types. Mitochondrial Fe-S 
proteins and respiration were not affected, suggesting tha t mito
chondrial and chioroplastic Fe-S assembly operate independently. 
These findings indicate that CpNifS is necessary for the maturat ion 
of ail plastidic Fe-S proteins and, thus, essential for plant g rowth , 

Fe-S proteins I inducible RNAi I photosynthesis ) Arabidopsis thziisna 

N ifS-iike proteins have cysteine desulfurase activity, which 
releases elemental sulfur (S) from the amino acid cysteine 

for the formation of iron-sulfur (Fe-S) clusters. First discovered 
in the nitrogen-fixing bacterium Azowhacter vinelandii (1), NifS-
iike proteins now represent a conserved group of proteins that 
are found in all of the domains of life (2). In bacteria, NifS-iike 
r.oteirs cr,n be broadh classified on the basis of primary 
--t.uctt'ie is ithei irouf I, which have- a proposed genera! 
, >u ckeepme -oie OJ group II, which are likely required during 
OMvUf e - K-s E^chcr.ci.u coli contains 3 NifS-iike proteins; 
i«̂  *> i sjioi'F 31 CsdA (novp II), and SufS (group II) (for reviews 

<. r:~ "> tu ?i It ,- t.worthy that deletion of IscS is not 
i i L - > • this r i o phenotype is attributed to comple-

i . <i b i'*> ~ > 

11 , t CV^ [" i ei.- ere known to exist in the mitochon-
n . aii a chlo -p .sts. The chloroplast contains five 

F\, S t.iu'-itr tvpcb 1-11 cUoxin (Fd)-type 2Fe-2S, Rieske-type 
2Fe-2S. ?Fo-4S. 4Fe 4S, ani the siroheme 4Fe-4S (5. 6). These 
Fw-S du^te^, re t^cd b\ * r ds^unuct of chioroplastic proteins 
'u a ' i i i ' J \ U ' " c u i _'.ol functions including protein 

i i p t i r si,' A • i i_v. t, utioi chlorophyll synthesis, and 
i t v i i ,c . i «• i , 5 ; 

.! ' -i h i i i I < x ' vje thought to be the result of 
-p , u < oo ' .n 1 u > c i i , dtii'tig the evolution of eu-
- -i . ' i n .. ' '>• s'in. t NifS-iike proteins, one 
> nl t niit vi i x» <S) (7) and the other localized 

» cl.«v jot ia>* ' O N rSu<>. - j M \ S (group I) is most similar 

to bacterial IscS. The MtNifS hornologue in yeast is required for 
Fe-S cluster formation in the mitochondria and cytosol, and 
MtNifS may function similarly in plants (7). CpNifS is a group 
II NifS-iike protein (9). In vitro, CpNifS can provide the S for 
Fe-S cluster insertion into apo-Fd to form functional holo-Fd 
(10). Similar to the bacteria! SufS. CpNifS cysteine desulftirase 
specific activity is low but greatly stimulated bv a SufE protein 
(11, 12). 

It may be hypothesized that CpNifS provides the sulfur for ali 
five types of Fe-S proteins that occur in plastids. However, the 
specific function of CpNifS in chioroplastic Fe-S cluster assembly 
and its significance for plant development and survival has not 
been established in pianta because of the lack of a suitable 
mutant. To determine the role of CpNifS in the synthesis of 
chioroplastic Fe-S clusters, we silenced the Arabidopsis CpNifS 
gene by using an ethanol-inducible RNAi construct and inves
tigated the- effects on levels of Fe-S proteins and photosynthesis. 

Results 

CpNifS is Essential for Plant Growth and Maintenance of Chloroplast 
Structure. Initially, CpNifS was silenced constitutively by RNAi 
using the cauliflower mosaic virus 35S promoter. Lines in which 
CpNifS expression was significantly reduced displayed severely 
chlorotic cotyledons and died as seedlings, Although plants with 
milder phenotypes could be propagated, we found these consti
tutively driven CpNifS RNAi lines to be unstable for the- trait. To 
avoid these problems, and to be able to study the effects of 
complete CpNifS silencing at a later developmental stage, an 
ethanol-inducible RNAi construct was used to silence CpNifS in 
Arabidopsis plants. Eleven transgenic inducible CpNifS RNAi 
lines were obtained and bred to homozygosity. Two of these 
lines, CpNifS-6 and CpNifS-9. were selected for further studies. 
To determine the efficacy of the inducible construct, wild-type 
(WT) and the two selected transgenic RNAi lines were grown for 
2 weeks and than induced by ethanol treatment; control plants 
were not treated with ethanol. WT and transgenic plants that 
were not induced with ethanol typically did not show any signs 
of stress (Fig. 1.4} and had normal development and seed 
production. Indeed, cytosolic ascorbate peroxidase 1, a marker 
of oxidative stress in plants (13). was not induced in ethanol-

Author contributions: M.P. and E.A.H.P.-S. contributed equally to tnis work; D.V.N , ht.P., 
and €.A.H.P.-S. designed msearcn; O.V.H., S.b.A.-G., C.fVtC, S.K.H., and P.K. performed 
research; 5 ̂  ^ arK3 pjc, contributed new reagents/analytic tools; DX'M. and CM C, &na~ 
iyreel data; and O.V.H., M.P., and E.A.H.P.-S. wrote the paper. 
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Rg. 1. Phenotypes of CpN/ft-silenced plants. (A) Two-week old WT, 
CpNifS-e, and CpNifS-9 plants were treated with 2% ethanol (E) every 4 days 
for 3 weeks, Control plants (Q were treated with water. {B} Chlorophyll 
content in plants treated with ethanes or control plants. P < 0.05 for etnanoi-
treated CpW«-« and CpNsfS-9. ( 0 CpNifS, MtNifS, and Ac«r»2 transcript 
tietectior by RT-PCR 1 week after the start of ethano) treatment. FW, fresh 
weight. 

treated plants (see supporting information (SI) Fig. 6j. Only In 
rare cases was slight chlorosis observed in uninduced transgen
ics, possibly because of leakiness of the ethanol-indueibie pro
moter. After 3 weeks of ethanol treatment, the CpNifS-6 and 
CpNifS-9 transgenics showed severely stunted growth, chlorosis, 
and leaf necrosis, Ethanol-treated WT plants showed no such 
symptoms, albeit that ethanol-treated WT plants were some
times slightly smaller after 3 weeks of treatment (Fig. I A). At this 
stage, the leaves of ethanol-treated CpNifS-6 and CpNifS-9 
plants bad at least 5-fold lower chlorophyll content compared 
with WT and untreated control plants (Fig. 15). When ethanol 
treatment was stopped at this stage, the CpNifS plants recovered 
and were able to set seed. However, continued ethanol treatment 
ultimately resulted in irreversible damage and death of the RNAi 
transgenics, whereas it had no visible or only a marginal effect 
on the WT. 

To determine whether the stunted growth of ethanol-treated 
transgenic plants coincided with the loss of CpNifS mRNA, leaf 
samples were taken from treated and untreated plants at week 
3 of plant growth (1 week after the start of ethanol treatment) 
for RT-PCR analysis. The CpNifS transcript was not detected in 
leaves of chlorotic CpNifS-6 and CpNifS-9 plants that were 
treated with ethanol (Fig. 1C). The inRNAs for Actin2 and 
MtNifS (NFSl) were not affected by ethanol treatment, showing 
that the RNAi ethanol-indueibie construct is specific for the 
CpNifS gene product. 

•WMmg. 
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Fig, 2. Cbioropiast ultrastructure is altered in CprV/YS-stlenced plants, leaf 
samples were fixed to days after ethanol treatment of WT (A and S), CpNifS-6 
(C and D), and CpNifS-9 {£ and F) plants. Thin sections were examined by 
transmission electron microscopy, S, D, and F show magnifications of the 
boxed areas in A C, and £, respectively. St, starch granules; Gr, grana. {Scale-
bars, 1 ,ttri.) 

The severe chlorosis displayed by the ethanol-induced CpNifS-
silenced plants prompted us to analyze their ultrastructure by 
transmission electron microscopy to determine the effects of 
CpNifS deficiency on leaf ceil and plastic structure. The overall 
cell shape and the morphology of the nucleus appeared the same 
in ethanol-treated WT. CpNifS-6. and CpNifS-9 plants: it is also 
noteworthy that the structure of the mitochondria was un
changed in CpNifS plants, suggesting that MtNifS and mitochon
drial processes were not affected (data not shown). However, 
chloroplast structure was drastically changed in plants in which 
CpNifS was silenced (Fig. 2). Compared with the discrete and 
stacked thylakoid membrane grana displayed by WT, the grana 
in silenced CpNifS-6 and CpNifS-9 plants were hypertrophied 
and dissociated from each other. Also of interest was the absence 
of starch granules in CpNifS-6 and CpNifS-9, likely caused by a 
disruption of photosynthesis. 

Taken together, these results strongly suggest that CpNifS is 
an essential protein in Ambidopsis. CpNifS loss of function 
causes pleiotropic phenotypes and eventually plant death. To 
analyze the primary cause of these phenotypes and to insight into 
the direct function of CpNifS in plants before pleiotropic 
phenotypes were apparent, further experiments with the induc
ible RNAi lines were performed by using plants in which ethanol 
treatment started 3 weeks after germination, analyzing the plants 
10 days after induction. 

CpNifS Mutants Have Impaired Photosynthesis but Unaltered Respi
ration. We hypothesized that CpNifS silencing would affect 
photosynthesis, because photosynthetic electron transport re
quires many Fe-S proteins, particularly in photosystem I (PSI). 
To determine how loss of CpNifS affects photosynthetic electron 
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f i g . 3. ChiorophyM f i j cescer .ce analysis. {A) Chlorophyll fluorescence im

aging. Shown are a regular-color photograph (Top) and false-color images for 

Fv/Fm {Middle) and *»s« (Bottom) of the same plants. False-color scales for 

fluorescence parameters are shown tc the r ight (red color represents the 

highest values and blue represents the lowest values). (S Upper) Relative ETR 

at varying l ight intensities. Squares, diamonds, and circles represent WT, 

CpMHS-6, and CpNifS-9, respectively. Open symbols correspond to untreated 

controls, and dosed symbols signify ethanol t reatment. {8 l ower ) Fv/Fm, Note: 

standard errors were t oo small to be p lot ted. P < 0.05 for ethanol-treated 

CpNifS-S and CpNifS-9. C, control plants; E, ethanol-treated plants. 

transport in intact plants, a chlorophyll fluorescence imaging 
system was used. For silenced plants and controls, images were 
captured of two chlorophyll fluorescence parameters: Fv/Fm. 
which indicates the maximum photochemical efficiency (imact-
ness) of PSII. and <l>psii, which indicates the fraction of PSII 
complexes available for photochemistry and indirectly measures 
the flux of electrons out of PSII (14). 

Transgenic plants that were ethanol-treated showed chlorosis, 
particularly in younger leaves (Fig. 3,4). However, the older 
leaves that had already fully expanded before induction had not 
become chiorotic at this stage (10 days after induction). Ac
cordingly, when treated with ethanol, Fv/Fm was strongly re
duced in the younger leaves of CpNifS-6 and CpNifS-9 trans-' 
genics compared with WT and untreated controls, but older 
leaves were less affected (Fig. 3A). The electron flow, <t>p$n. was 
reduced in both the young and the older leaves of the transgenics, 
compared with WT. 

To gain more quantitative insight into how CpNifS silencing 
affects photosynthesis, <f>P3.r was measured and used to estimate 
the electron-transport rate (ETR) over a range of light intensities 
in expanded leaves in which chlorosis was absent or minimal. At 
ail light intensities the 4>PSD and, as a consequence, ETR were 
reduced; ETR saturated at much lower light intensities in 
CpNifS-6 and CpNifS-9 plants induced with ethanol, compared 
with WT and untreated plants (Fig. 3B). The reduced ETR 
correlated with a deficiency in CpNifS mRNA in. the same leaves 
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Fig, 4. PSI act'Vity and CO2 assimilation. WT, 6, and 9 indicate control plants 
for WT. CpNifS-6, and CpNifS-9 respectively, and WT-E, 6-E, and 9-E indicate 
the respective ethanol-treated plants. (A) PSI activity. Shown is the extent of 
the AA82D (absorbance change at 820 nm, indicative of the P700 activity of PSI) 
induced with a flash of saturating light, in relative units. (8) Rate of reduction 
of PSI by upstream electron donors. Values, in relative units, represent the 
initial rate of the absorbance cnange at 820 nm (AAuo/s) in darkness after 
complete photooxidatton of P700, which results mainly from reduction of 
P700* by upstream electron donors, (Q Leaf photosynthetlc CO2 uptake. (D) 
Leaf respiratory Oj consumption. ,-• < 0.05 for ethanol-treated 6-E and 9-E for 
A-C. Alt values are the average and standard error of five independent 
measurements. 

(Fig. 1€). The CpM/5-silenced plants also showed a decrease in 
Fv/Fm (Fig. 3C), suggesting photoinhibition or some other effect 
that reduced the maximum photochemical efficiency of PSII. 

All of the Fe-S proteins involved in photosynthetlc electron 
transport are found downstream of PSII: one 2Fe-2S cluster is in the 
Rieske protein of the cytochrome b<f complex, and throe 4Fe-4S 
clusters are found in PSI (5). The photochemical activity of PSI was 
analyzed in leaf disks by measuring the light-induced absorbance 
change at 820 nm (AAJQO), which occurs with pooEooxidation of the 
P700 reaction center of PSI (IS, 16). Ethanol-treated CpNifS-6 and 
CpNifS-9 plants had less than one third of the 4Ag2o exhibited by 
ethanol-treated WT or untreated plants (Fig. 44), which indicates 
a substantial loss of photochernicalh/ active P700. The rate of dark 
reduction of P700 after the oxidizing flash was also reduced in the 
CpM/X-silenced plants, indicating that the flow of electrons into PSI 
from upstream donors was slower (Fig. 4J5). To test whether the 
reduced electron-transport activity limited plant productivity, we 
measured photosynthetic CO2 fixation. Indeed, the CO2 fixation 
rate in the light was reduced by 50% in the ethanol-treated CpNifS-6 
and CpNifS-9 plants compared with WT aid untreated plants (Fig. 
4C). However, oxygen consumption in the dark, which is indicative 
of mitochondrial respiration, was not affected (Fig. 4£>). Thus, 
CpNifS silencing does not appear to disrupt mitochondrial function, 
while severely affecting chloropiast function. 

Levels of CMorepIastk Fe-S Proteins Are Reduced by CpNifS Silencing. 
We next investigated the direct effect of CpNifS silencing on the 
abundance of chloropiast proteins with or without Fe-S clusters 
(Fig. 5/4). Consistent with an absence of CpNifS mRNA, very 
liitle CpNifS protein was detected in transgenic plants treated 
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from plants grown on soil eitrser under control conditions or after treatment 
with 2% ethanol for 10 days; (A) Chloroplastic Fe-S cluster assembly; (8) 
photosynthesis; (Q sulfur ana nitrogen metabolism; (D) miscellaneous con
trols. {£) Protein extracts from plants grown from germination on 0.5 Murash-
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protein, extracts (25 ^g of protein) were separated by SDS,'PAGE and blotted 
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«as used as a loading control. D1, Dl subunit of PSil; PC, plastocyanln; ATP A, 
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of Rubiseo. Specific bands were identified oy Immunostaining and by their 
molecular weight. Arrows indicate where precursor proteins would have been 
predicted to accumulate, for each protein, the relevant section of one repre
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with ethanol. The abundance of the CpNifS activator, CpSufE, 
was decreased in the absence of CpNifS, compared with WT and 
untreated controls. In contrast, the relative abundance of 
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CpIscA, a putative scaffold protein for chloroplastic Fe-S cluster 
formation (17), was hardly affected by CpNifS silencing. 

To identify which specific steps of photosynthesis may be 
affected by the silencing of CpNifS, we examined the abundance 
of a variety of proteins involved in photosynthesis (Fig, SB), 
CpNifS silencing did not affect the Dl protein, a component of 
the PSII reaction center in which no Fe-S clusters are present 
(18), suggesting that most PSII was intact. In contrast, compo
nents of the cytochrome fc,-,/'complex were affected by CpNifS 
silencing. Most noteworthy is the near absence of the 2Fe-2S 
Rieske protein. Although the abundance of cytochrome/was not 
affected, cytochrome h6 was more abundant in CpAT/S-silenced 
plants. Both cytochrome / and cytochrome tg are heme (Fe) 
proteins and ebloropiast-encoded. A very profound effect of 
CpNifS silencing was observed in PSI. Psa A, PsaB, and PsaC, all 
4Fe-4S proteins, were strongly reduced or absent in CpNifS-
silenced plants. The PsaD protein, which is not an Fe-S cluster 
protein but thought to be involved in Fd docking (19), was 
reduced also. This reduction in PsaD abundance may reflect the 
overall lack of integrity of PSI in CpNifS-silenced plants. Perhaps 
to compensate for the very low abundance of PSI reaction-center 
proteins in CpM/S-silenced plants, there was an increased 
abundance of subunits of the light-harvesting complex proteins 
of PSI (Lhcl). 

Surprisingly, no effect was seen on the abundance of the 
2Fe-2S protein Fd in soil-grown CpVffS-silenced plants. One 
possible explanation is that the Fd already present in the 
3-week-old plants before ethanol induction was ver\ stable, so 
that Fd levels did not go down once further production of 
hoio-Fd ceased. To test this possibility, we induced CpNifS 
silencing during germination on media plates. After 1 week, 
ethanol-treated transgenic plants had extreme chlorosis and 
stunted growth compared with WT and untreated plants. West
ern blotting showed that CpNifS and Fcl were absent in these 
ethanol-treated transgenics, indicating that Fd levels do decrease 
if CpNifS is silenced at an early stage in plant development (Fig. 
SE). Therefore, holo-Fd may be very stable, and remain abundant 
even when the production of its cofactor is impeded. Dl, a 
plastid- encoded subunit of PSII, and ribosorne-recycling factor 
i'RRF), which is a nuclear-encoded plastid protein, were not 
affected by CpNifS silencing from germination. 

In the soil-grown plants that were ethanol-induced at the 
3-week-old stage, the ATP-A subunit of chloroplastic ATP 
synthase and the large subunit of ribuiose bisphosphate carbox
ylase oxygenase (Rubiseo), involved in photosynthetic ATP 
production and CO2 fixation, respectively, were not affected; 
neither of these are Fe-S proteins (Fig. 5B). There was also no 
major effect on plastocyanln, the copper protein that is active in 
electron transport between cytochrome bhf and PSI (Fig. 5B). 
Two other copper-containing proteins, Cu/ZnSODl and Cu/ 
ZnSOD2, involved in free radical scavenging, were also not 
affected by CpNifS silencing {Fig. 5D). 

In addition to the photosynthetic proteins described above, 
other plastidic Fe-S cluster proteins are expected to depend on 
CpNifS for their maturation. Indeed, the 3Fe~4S cluster protein 
Fd-glutamine-2-oxoglutarate aminotransferase (GOGATj was 
slightly less abundant compared with WT and untreated con
trols. Moreover, sulfite reductase (SiR) and, to a lesser extent, 
nitrite reductase (NiR) were reduced in QuMfS-silenced plants 
(Fig, 5C). SiR and NiR contain the siroheme 4Fe-4S cluster type 
unique to plants. The polypeptide level of NiR was reduced only 
moderately (30%) compared with WT and untreated plants. In 
contrast, the enzyme activity of NiR was significantly reduced, 
by 70% in CpNifS-6 and 45% in CpNifS-9. compared with 
untreated transgenic plants (SI Fig. 7). The observation that the 
activity of NiR was reduced to a greater extent than NiR protein 
levels suggests that apo-NiR, lacking the Fe-S cofactor, had 
accumulated in CpNifS-deficient plants. 
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The levels of CpNifS and several Fe-S proteins were monitored 
over a 10-day period after ethanol induction to determine bow 
quickly CpNifS "decreased in CpNifS-6 plants and how quickly it was 
followed by a decrease in chloroplastic Fe-S proteins. CpNifS began 
to diminish in transgenic plants 1 day after ethanol induction and 
had almost completely disappeared by day 10 (SI Fig. 8). Protein 
abundance of PSI sublimits PsaA/B began to decrease on day 2 after 
ethanol induction, whereas decline of PsaC levels started on day 7. 
By day 10, a slight reduction in GOG AT, NTR, and SiR was seen. 
Levels of the control protein RRF remained constant over the 
course of 10 days. 

To determine whether the decrease in chloroplastic Fe-S proteins 
was caused by a decrease in mRNA, a Northern blot was performed 
to detect the transcript abundance of Rieske, GOGAT, and SiR. A 
decrease in mRNA was not observed (SI Fig. 6) despite a large 
reduction in Rieske, GOGAT, and SiR protein levels (Fig. 5 B and 
C). which suggests that these Fe-S proteins need their appropriate 
cofactor to be stable and supports the hypothesis that CpNifS is 
critical for Fe-S cluster formation in the chloroplast. 

In view of the decrease in several abundant Fe-S proteins in the 
CpMfS-silenced lines, leaf nutrient status was investigated (ST Tabic 
1). We did not see a reduction in total leaf iron content on the basis 
of dry mass; in fact, a modest increase (-25%, nonsignificant) was 
seen in the ethanol-induced transgenics, compared with ethanol-
induced WT. Sulfur and phosphorous levels were significantly 
increased (by 25% and 50%, respectively) in these same plants. 

To rule out the possibility that CpNifS plants suffered from a 
defective chioroplast-import machinery, protein levels of the nu
clear encoded protochlorophyllide reductase B and the small 
subunit of Rubisco were tested* to determine whether their mature 
protein levels are reduced together with accumulation of precur
sors, as reported for chioroplast-import mutants (20, 21). Both 
proteins were present in mature size at equal levels in all plant types 
and treatments. Protochlorophyllide reductase B and the small 
subunit of Rubisco precursor-sized proteins did not accumulate. 
suggesting that protein import was not affected by CpNifS silencing. 
Finally, the abundance of two mitochondrial Fe-S proteins, Nad9 (a 
component of respiratory complex I) and biotin synthase, were not 
affected by CpNifS silencing (Fig. 5D). In summary, CpNifS silenc
ing seems to specifically affect the maturation of Fe-S proteins in 
plastids. 

Discussion 
Silencing of CpNifS severely affected levels of chloroplastic Fe-S 
proteins and photosynthesis, and prolonged silencing resulted in a 
pleiotropic-stressed phenotype and eventually plant death. These 
results suggest that CpNifS is an essential protein that functions in 
plastid Fe-S cluster assembly and cannot be bypassed or comple
mented by MtNifS. When silencing was induced after the seedling 
stage, specific and reversible defects could be observed that yielded 
information about the functions of CpNifS, Silencing of CpNifS 
caused a defect in the accumulation of all eight chloroplastic Fe-S 
cluster proteins that were tested. The Fe-S proteins affected by 
CpNijS silencing together represent all five- types of Fe-S clusters 
found in plastids, supporting the hypothesis that the cysteine 
desulfurase activity of CpNifS is required for the maturation of all 
Fe-S proteins in this organelle. Two mitochondrial Fe-S proteins 
were not affected, lending evidence that Fe-S cluster assembly in 
the mitochondria can operate independently of the chloroplastic 
cysteine desulfurase. 

Fd did not exhibit any decrease when ethanol was initiated at 
week 3. However, Fd was absent when CpNifS silencing was induced 
with ethanol from germination, suggesting that holo-Fd is very 
stable once formed. In contrast to Fd, several other chloroplastic 
Fe-S proteins had decreased significantly 10 days after CpNifS 
silencing at week 3. These different delays in reduction of Fe-S 
proteins after CpNifS silencing may reflect protein stability or 
priority of Fe-S cofactor delivery. 
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The observed defects in photosynthetic electron transport and 
carbon ixation likely were a consequence of the lack of thylakoid 
Fe-S proteins, particularly in the cytochrome Vcomplex and PSI. 
Indeed, PSI function was severely compromised after CpNifS 
silencing. At the same time, PSII was only marginally affected in 
comparison, as evidenced by the presence of the Dl protein and 
functional heat dissipation, measured as nonphotochemica! 
quenching of chlorophyll fluorescence (data not shown). A com
parison of the #PSII and Fv/Fm images suggests that $PSU was 
affected before Fv/Fm, which may imply that damage to PSII could 
be a secondary consequence of a downstream defect in photosyn
thetic electron transport. 

The altered chloroplast ultrastructure observed in CpNifS-
silenced lines is reminiscent of the ultrastructure reported for an 
APOl mutant (22) that affects PSI. accumulation, as well as a 
mutant in HcflOl and other mutations that affect PSI (23, 24). 
Therefore, the dilated stromal lamellae and absence of grana may 
be a consequence of a lack of PSI. 

Mitochondria and chloroplasts originated from separate endo-
symbiotic events during the evolution of eukaryotes, and the two 
organelles have separate NifS-like proteins. It is likely that these two 
NifS-like proteins with their different properties each evolved to 
function optimally in their respective environments. The main 
function of mitochondria is to carry out the oxygen-consuming 
process of respiration, whereas chloroplasts perform the oxygen-
generating process of photosynthesis. Thus, although both or
ganelles contain an electron-transport chain that depends on Fe-S 
protein assembly, they contrast in redox conditions. Moreover, 
photosynthesis is known to produce reactive oxygen species, which 
can lead to oxidative stress. Fe-S cluster biosynthesis is particularly 
sensitive to oxygen. Therefore, it is not surprising that the chloro
plastic Nif'S that has to operate under high-oxygen conditions is 
most similar to the bacterial SufS, which is thought to function 
under oxidative stress (3). MtNifS is most similar to bacterial IscS, 
the housekeeping NifS-like protein that is more sensitive to oxygen. 
Therefore, MtNifS likely would not function properly in an oxygen-
producing compartment. 

Another difference between the chloroplast and mitochondrion 
is that the chloroplast is the main site of cysteine synthesis in plant 
cells. It may be important to tightly control the cysteine desulfurase 
activity of the chloroplastic NifS, to avoid futile cycling. CpNifS may 
be particularSy suited for the chloroplast because its cysteine 
desulfurase activity is extremely low in the absence of its activator 
CpSufE, in contrast to group I NifS-like proteins such as IscS and 
MtNifS (11). In summary, the two Fe-S cluster biosynthesizing 
machineries in the chloroplast and mitochondrion likely have 
different evolutionary origins and display properties that fit their 
function and environmental conditions. 

After these two Fe-S biosynthesis machineries came together in 
the same plant cell, have they shared or transferred some of their 
functions? As shown here, CpNifS silencing is lethal in Arabidopsis 
and affects all five chloroplast Fe-S cluster types. Thus, MtNifS 
cannot complement the function of CpNifS in the biogenesis of any 
of these cluster types. At this point, it has not been reported whether 
MtNifS is essential as well, as was shown to be the case in yeast (25). 
In our studies, CpNifS silencing had no effects on mitochondrial 
Fe-S protein levels or respiration, suggesting that the mitochondrial 
Fe-S biogenesis machinery does not depend on CpNifS. Together, 
these results indicate that in plants, mitochondria and chloroplasts 
still have separate, essential cysteine desulfurases and Fe-S cluster 
assembly machineries. 

Materials and Methods 
Generation of CpMfS-Silendng Constructs and Induction. Standard 
cloning techniques were used to make the plant-transformation 
constructs and to generate transgenic Arabidopsis ihaiiana. For a 
detailed description of the cloning steps, sec SI Text, Supporting 
Information on tlw Cloning and Pima Transformation. The primers 
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used in plasmid construction and verification are listed in SI. Table 
2, Ten constitutive RNAi lines and 11 inducible RNAi lines were 
obtained, which were selfed and propagated to homozygosity. Two 
of these lines were used for further functional characterization: 
CpNifS-RNAl-6 and CpNifS-RNAi-9 (denoted as CpNifS-6 and 
CpNifS-9, respectively). To induce the RNAi construct, plants 
grown in soil were sprayed and soil-drenched every 4 days with a 2% 
ethanol solution, a concentration that was reported not to induce 
stress (26, 27); untreated control plants were sprayed with water. 
For RNAi induction on agar medium, plants were germinated on 
0.5 strength Murashige and Skoog medium + 1% sucrose (28) 
solidified with 0.4% Agargel (Sigma) in 15-cm-diameter Petri 
dishes with 50 p\ of 100% ethanol (or water for controls) placed in 
the center at the time of germination. 

RT-PCR and Immunobtotting. The presence of transcripts in plants 
was detected by using RT-PCR (29). Protein extraction, SDS/ 
PAGE, and immunobiot analysis were performed essentially as 
described (30). Leaf tissue for protein analysis was collected 10 days 
after induction. Antibodies for CpNifS (9), CpSufE (11), CpIscA 
(17). Fd and SiR (31), cytochrome/, light-harvesting complex of 
PSI, and PsaAB (32), Fd-GOGAT'and NiR (33), cytochrome b6 

and the Rieske subunit (34), PsaC and PsaD (35), protoehloro-
phyllide reductase B and the small subunit of Rubisco (36), and the 
chloroplastic RRF (37) have been described. Specific antibodies for 
the Dl subunit of PSII and subunit A of ATP synthase were 
generous gifts from Alice Barkan (University of Oregon, Eugene) 
and Anna Sokolenko (Ludwig-Maximilians University, Mtinchen, 
Germany), respectively. Specific antibodies for mitochondrial bi-
otin synthase (38) and Nad9 (39) have been described. The intensity 
of mRNA and protein bands was quantified by using Image J 
imaging software [National Institutes of Health, Bethesda (http:// 
rsb.info.nih.gov/ij)]. 

Electron Microscopy. Leaves were sampled from soil-grown plants 10 
days after the start of ethanol treatment. Fixation and sectioning 
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before analysis by transmission electron microscopy were per
formed as described (40). 

Photosynthesis and Respiration Measurements. Chlorophyll content 
was assayed as described (41). ChlorophyE fluorescence images of 
Fv/Fm and <t>psn were captured from control and ethanol-treated 
dark-adapted soil-grown plants by using a Photon System Instru
ments imaging system (Photon System Instruments. Brno, Czech 
Republic). Default protocol settings were used with an actinic light 
intensity of 110 pE. A fluorescence monitoring system chlorophyll 
fluorometer (Hansatech, Cambridge, U.K.) was used for quanti
tative chlorophyll fluorescence analysis on detached, fully ex
panded leaves taken from dark-adapted plants. Fv/Fm, 4>psii, and 
ETR were calculated as described (14). 

Photooxidation and dark-reduction kinetics of P700 (PSI) were 
measured in leaf disks by determining the light-induced absorbance 
change at 820 nm (AAJ;JJ) (16,42) and at a saturating light intensity 
of 1600 pE, determined empirically. Carbon assimilation was 
assayed in detached leaves at 770 pE by using a Qubit Systems 
analyzer according to manufacturer instructions (Qubit Systems, 
Kingston, Ontario, Canada). Oxygen consumption by dark respi
ration was monitored in leaf tissue with a Hansatech LD2/3 
leaf-disk O2 electrode system maintained at 26°C. 

Elemental Analysis, Enzyme Activity, and Statistics, Elemental com
position was measured as described previously (43). Enzyme ac
tivity of NiR was measured according to ref. 44. All statistical 
analyses (ANOVA, t tests) were performed by using the Imp-In 
software package (SAS Institute, Gary, NC). 

We acknowledge Syngenta for supplying the ethanol-inducible construct 
vectors. We are also grateful to the following colleagues for kindly providing 
antibodies used in this study: Drs. Iwona Adamska. Alice Barkan. Geraidine 
Bonnard, Antonio Marques; Cabeza, Toshiba™ Hase, Norbert Holland, 
Henrik Sheller. and Anna Sokolenko. This work was supported bv U.S. 
Department of Aericulhtre grants USDA-NRI 2003-35318-13758 and 
30O5-3531S-16212 ("to M P . and E.A.H.P.-S). 

23. Lezhneva i , Amann K, Meaner J (2004) Plant J 37:174-135. 
24. Stockel J, Betmewitz S, Hein P. Oeimuller R (2006) Plant Physiol 141:870-878. 
25. Lii! R, Kispal G (2000) Trend? Biochcm Sci 25:352-J5o. 
26. Salter MM, Paine JA, Riddeil KV. Sepson 1. Greenland AJ. Caddiek MX. 

Tomsett AB (199S) Plant J 16:127-132. 
27. Roslan HA, Salter MG, Wood CD, White MRU, Craft KP, Robson F, 

Coupland G, Doonan J, Laufs P, Tomsett AB, et al. (2001) Plant J 28:225-235. 
28. Murashige T, Skoog F (1962) Physiol Plant 15:437-497. 
29. Sehiavcm M, Zhang L. Abdel-Ghanv SE, Pilon M, Maiagoli M, Pilon-Smits 

EAH (2007) Physiol Plant 129:342-350. 
30. Rensink WA, Pilon M, Weisbeefc P (1998) Plant Physiol 118:691-699. 
31. Yontkura-Sakakibara K, Onsa Y, Ashikari T, Tanaka Y, Kusami T, Hase T 

(2000) Plant Physio! 122:887-894. 
32. Anderson U. Heddad M, Adamska I (2003) Plant Physio! 132:811-820. 
33. Pajuelo E, Borrero JA, Marquez AJ (1993) Plant Sci 95:9-21. 
34. Alt J, Westhoff P, Sears BB. Neison N, Hurt E, Hauska G, Herrmann RG 

(1983) EMBO J 2:979-986. 
35. Knoctzel J, Mam A, Haldrup A, Jensen PE, Shelter HV (2002) FEBS Lett 

510:145-148. 
36. Philippar K, Geis T, Ilkavets I, Oster U, Schwenkert S, Meurer J, So!! J (2007) 

Pro.- Sat! Acad Sci USA 104:678-683. 
37. Holland N, Janosi L. Block MA. Shuda M. Tevssier E, Miege C. Chcnidet C, 

Carde .IP, Kaji A, Joyard J (1999) Pmc Sad Acad Set USA 96:5464-5469. 
38. Baldet B, Alban C, Douce R (1997) FEBS Lett 419:206-210. 
39. Lamattina L, Gonzalez D, Gualberto JM, Grienenberger JM (1993) Eur 

J Biochem 217:831-838. 
40. Amuncs SM, Ha SB, Tewari-Singh N, More) KJ, Trofka AM, Kugrens P, 

Deyhoios M, Medford II (2006) Plant Biotechnol J 4:605-622. 
41. Porta RJ, Thompson WA, Kriedemann PE (1989) Biochitn Biophys Acta 

975:384-394. 
42. Herbert SK. Martin RE, Fork DC (1995) Photosynth Res 46:277-285. 
43. Pilon-Smits EAH, Hwang S, Lytle CM, Zhtt Y, Tai JC, Bravo RC, Chen Y. 

Leustek T, Terry M (1999) Plant Physiol 119:125-132. 
44. Takahashi M, Sasaki Y, Morikawa H (2001) Plant Phyiioi 126:731-741. 

PKAS j March 27,2007 j vol.104 | no. 13 i S891 

http://
http://rsb.info.nih.gov/ij


Supplementary information OH the dotting and plant transformation: 

The Expand polymerase (Roche, Pleasanton, CO) was used for PCR amplification and 

constructs were verified by DNA sequence analysis (CSU Macromolecular resources. 

Fort Collins, CO). The 3rd exon and intron were amplified from genomic DNA using 

primers 1 and 2 and cloned into pMOGIS (1) as anNcoI/BamHl fragment. The resulting 

vector was linearized with BmnB.1 and ligated to the BamllVBgll digested inverted 3rd 

exon fragment obtained by PCR using primers 3 and 4. From the resulting vector the 1.6 

kb EeoRl/Hind3 fragment was subcloned into the binary vector pMOG23 (1) to generate 

a CpNifS RNAi construct under the control of the CaMV35S promoter. To generate an 

inducible construct the CpNifS exon-intron-exon construct was amplified using primers 5 

and 6, digested with Pstl and subcloned in pACN under control of the AlcA promoter (2, 

3). The Hind3 fragment of the resulting vector was inserted into plant-binary vector 

pBinSRNACatN (Syngenta, Berkshire, UK), which contains the ethanol-inducible ALCR 

factor under the control of the CaMV35S promoter (2). Agrobacterium htmefaciens 

C58C1 was used to transform Arabidopsis thallana (accession Col-0) using the floral dip 

method. Transgenic plants were selected by kanamycin resistance. Transformation was 

verified by PCR. 
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S.I. Figure legends 

S.I. Figure 6. Effect of CpNifS silencing on transcript levels of genes encoding Fe-S 

proteins. RNA blot analyses are shown for Rieske protein, GOGAT, sulfite reductase 

(SiR). and ascorbate peroxidase (APXI). 10 |ig of RNA were loaded per lane. The 18S 

ribosomal RNA was visualized as a control. Numbers below bands represent the ratio of 

the intensity of the 18S band and the given mRNA product, in order to standardize the 

intensity of the bands. 

S.I. Figure 7. Nitrite reductase (NiR) activity was reduced in CpNifS knockdown plants. 

P < 0.05 for 6-E and 9-E. All values represent the average and standard error of 5 

independent measurements. 

S.I. Figure 8. Time course of the depletion of CpNifS and Fe-S proteins upon ethanol 

induction. Wt and CpNifS-6 plants were soil grown and treated +/- ethanol for 10 days. 

Five of the youngest leaves from individual plants were removed on days 0,1, 2, 4, 7, 

and 10 for protein analysis. Total protein extracts (25 itg protein) were separated by SDS-

PAGE and blotted to nitrocellulose before immunostaining with indicated antibodies. 

Psa A-D. PSI subunits A-D; NiR, nitrite reductase; SiR, sulfite reductase; RRF, 

ribosomal recycling factor. 
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S.I. Table I. Elemental composition of leaf tissues. Shown, are the means with the SE of the 

mean in parentheses (n=4). Lower ease letters indicate significant differences (P < 0.05) 

between plant samples. 

WT-C WT-E CpNifS6-C . CpNifiS6-E CpNifS9-C CpNifS9-E 

Cu(ug/gDW) 14.5(0.7) 12.2(1.0) 13.7(3.3) 16.1(2.1) 14.0(0.8) 13.2(1.8) 

FefMg/gDW) 55.5(3.8) 45(1.7) 41.2(3.7) 56.1(3.1) 49.9(6.4) 53.6(2.1) 

Mg(mg/gDW) 9.0(0.5) 7.7(0.6) 7.8(0.5) 8.8(0.03) 8.1(0.7) 9.6(1.3) 

MiHjig/gDW) 147 (15)b 112( l l ) a b 113 (15) ^ 120 (2)a 129(6)a 110(2)ab 

Pfmg/gDW) 8.1 (0.4)a 8.2 (0.3)a 7.4 (0.3)a 12.2 (0.4)b 8.5 (0.6)a 12.8 (0.4)b 

S (mg/gDW) 9.4 (0.8)a 10.1 (0.6) a 7.3 (0.6)a 12.3 (0.7)b 8.5 (0.4)a 12.8 (0.3)b 

Zn ((uggDW) 256(13) 262(9) 248(16) 271(24) 251(11) 222(25) 
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S.I. Table II: Primers used. Primer sequences are given starting from the 5' end and with 

indicated restriction sites underlined. CpNifS sequence is in capitals. 

# 1: catgccatggGTTATACTTACAGTTGCTGAACAT (Nco 1) 

#2: cgcggatccCAATCTCTTCAATAGGAAGAGAAG (BamEV) 

#3: cgcggatccGTTATACTTACAGTTGCTGAACAT (BamE 1) 

#4: ggaagatetCAAGAACATTAGAAACATGATGAAC (Bgl2) 

#5: ctgcageaaataettccaccatggGTTA (Pstl) 

#6: ctgcagGTTATACTTACAGTTGCTGAACAT (Pstl) 
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S.I. Figure 6 
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Chapter 6 - Summarizing discussion and broader impacts of the 

dissertation 

As reviewed in chapter 2, NifS-like proteins are a conserved group of proteins 

that can cleave the sulfur-containing amino acid cysteine in alanine and elemental sulfur 

(S). In analog)*, it can cleave selenocysteine (SeCys) into alanine and selenium (Se). In 

yeast and bacteria. NifS-like proteins are essential for survival because they provide the S 

for FeS clusters, a prosthetic group that is inserted into various FeS proteins that have a 

role in electron transfer. Furthermore, NifS-proteins are an essential part of Se 

metabolism in organisms that require this trace element. 

Chapter 3 described how overexpression of CpNifS enhanced Se tolerance and 

accumulation in Arabidopsis plants growing on selenate. These results could be 

explained by the decreased amount of Se in protein in CpNifS overexpressing plants. 

One of the questions that remains is: where does the elemental Se go once it is cleaved 

from SeCys? It is possible that it is safely sequestered in the piastid, or perhaps 

conjugated to phytochelatin or glutathione, like sulfide can be. In this context it is 

interesting to note that overexpression of a mouse SL in the chloroplast was shown to be 

toxic to Arabidopsis, presumably because the elemental Se produced interfered with FeS 

cluster formation in this compartment (Pilon et al., 2002). It is possible that the 

endogenous SL activity of CpNifS is modulated in a way that renders its Se product 

harmless, e.g. via interaction with a plastidic partner protein. Future experiments using 

radioactive Se may help determine the fate of elemental Se once it is released from 

CpNifS. 

Since CpNifS overexpressing Arabidopsis transgenics showed enhanced Se 

tolerance and accumulation, overexpression of CpNifS in other plant species may help 

further the field of phytoremediation. Potential plant species for this purpose could be 

Indian Mustard for terrestrial conditions, and Spartina or poplar for wetland conditions. 

Field trials with various other transgenics have already shown the potential of plant 

biotechnology to create plants that are better able to accumulate Se from polluted soils 

(Banuelos et al, 2005, 2007). Before any of these transgenics are implemented for 

phytoremediation, it should be determined that these plants are safe for the environment. 
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and that the risk of escaped pollen or horizontal gene transfer remains very low. Placing 

the CpNifS overexpressing construct into the chloroplast genome may help alleviate the 

latter concern. The other issue is whether these transgenic organisms that accumulate 

substantial levels of Se in the field are a threat to wildlife and public health. These 

concerns may be alleviated if it can be demonstrated that the plants volatilize most of the 

accumulated Se, rather than return their tissue Se to the soil Se pool during the 

mineralization process in the Fall and Winter months. Ecological studies on the effects 

of Se on plant-herbivore and plant-microbe interactions, and the movement of Se into the 

local ecosystem, may also help assess the risks associated with the use of plants for 

environmental cleanup of Se. 

The transcriptome study described in Chapter 4 identified many Se-responsive 

genes in Arabidopsis. It is possible that some of these genes may further aid the applied 

fields of phytoremediation. Future experiments may include ordering seeds that harbor a 

T-DNA insertion of a few carefully selected Se-responsive genes, and determining if 

there is a phenotype in plants when a particular gene is knocked-out. Interestingly, 

CpNifS was not identified as one of the 1.300 Se-responsive genes that were identified in 

root and shoot tissue combined, which suggests that its true function may not be to confer 

protection against Se toxicity. 

Indeed, it is more likely that the function of CpNifS is to release S from cysteine 

for the incorporation into FeS clusters. As revealed in Chapter 5, knockdown of CpNifS 

decreased nitrite reductase activity and the level of electron transport in the light 

reactions, as well as photosynthetic CO2 uptake. These processes depend on chloroplastic 

FeS proteins, and indeed we observed a decrease or absence of all the chloroplastic FeS 

proteins that were tested. Together these observations explain the observed chlorotic 

phenotype of the CpNifS knockout plants, and their eventual death. The mitochondrial 

FeS-dependent process of respiration was not affected by a knockdown of CpNifS, nor 

were levels of mitochondrial FeS proteins. The observation that knockout of CpNifS is 

lethal shows that MtNifS cannot rescue plants that have drastically reduced levels of 

CpNifS. Thus, CpNifS appears to be responsible for providing the S for all plastidic FeS 

proteins, but not for FeS proteins in the mitochondria. Preliminary results from 
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collaboration with Janneke Balk (Cambridge, UK) indicates that the CpNifS knockouts 

are also not impaired in cytosolic FeS cluster formation (unpublished results). 

In view of the evidence that CpNifS is essential for FeS clusters, the idea that 

CpNifS overexpression may increase levels of FeS proteins and thus photosynthesis was 

worth considering. Also, it would be beneficial if the transgenics would contain higher 

Fe levels, since a significant portion of the human population does not receive enough Fe 

from their diet. I questioned if overexpressing and knocking-down CpNifS protein would 

affect the amount of Fe levels in Arabidopsis. However, neither overexpression nor 

knockdown of CpNifS significantly increased or reduced Fe levels. Thus, there is no 

indication of a role for CpNifS in regulating the Fe status in plants, and no realistic 

prospect of using plants that overexpress CpNifS for the use of Fe-fortified foods. 

The use of an inducible promoter was paramount to the success of the knockout 

study described in Chapter 5. Before using this approach, other approaches had already 

been tested and proven unsuccessful. The one available CpNifS T-DNA line showed no 

decrease in CpNifS expression. A subsequent antisense transgenic approach also did not 

lead to decreased CpNifS expression. This prompted the use of RNAi to knock down 

CpNifS levels. Constitutive CpNifS-RNAi was not stable in plants; using this approach I 

obtained transgenic plants that either had negligible knockdown of CpNifS or very sick 

plants that could not survive three days past germination. These observations suggest 

that CpNifS may be essential for survival, and that FeS clusters are required during early 

events in the plant life cycle. The use of an ethanol-inducible promoter to express the 

RNAi-CpNifS construct produced plants that can be considered conditional mutants. 

Conditional mutants allow a researcher to determine at what developmental stage a 

transgene or construct is expressed in an organism. Stated another way, a conditional 

mutant allows the researcher to determine when a normally-appearing "wildtype" 

organism becomes a mutant or transgenic. In conclusion, the ethanol-inducible system 

employed for this dissertation represents a very valuable tool for plant researchers to (a) 

study essential genes, (b) regulate the expression of exogenous genes, and (c) explore 

how biotechnology can be used to meet some of the challenges of society. For example, 

an inducible system can be envisioned to regulate at what developmental stage a bacterial 
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pectinase or fungal cellulase is expressed in plants for the advancement of cellulose-

derived biofuels. 
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Appendix 

I. Arabidopsis plants overexpressing CpNifS do not have higher enzymatic activity. 

CpNifS can catalyze the reaction of cysteine into alanine and elemental sulfur, as well as 

selenocysteine into alanine and elemental selenium. Thus, CpNifS is described as 

having cysteine desulfurase (CysD) and selenocysteine lyase (SL) activity, 

Overexpression of CpNifS roughly increased mRNA levels 40-fold and protein levels 

nearly 25-fold. Plants overexpressing CpNifS (p38 and p55) had increased plant 

tolerance to and accumulation of selenium, and a decreased incorporation of selenium in 

protein. Interestingly, the transgenic plants did not have higher SL activity compared to 

the WT plants. 

It was considered important to demonstrate higher SL activity in NifS 

overexpressing plants to help explain their improved tolerance to selenium. Therefore, 

different conditions for the SL activity assay were adapted based on earlier published 

results (Esaki et al., 1982. Garifullina et al., 2003). The temperature, salt, and pH of the 

reaction were manipulated, and SL activity compared in CpNifS overexpressing plants 

and WT; Arabidopsis plants overexpressing a mouse selenocysteine lyase were used as a 

positive control (Pilon et al., 2003). Despite the attempts to adapt the SL activity assay , 

transgenic and WT plants exhibited roughly the same SL activity (Figure 1 A). Desalting 

resulted in lower activity levels. There was no difference in activity at 25 and 37 degrees 

C, and the reaction only worked at a pH of 7.5 and not at pH 5.5 or 8.5 (data not shown). 

SL activity was 9-fold higher in transgenic plants with the mouse SL protein compared to 

"WT plants. 

Since SL activity was not higher in p38 and p55,1 attempted to see if these plants 

had higher CysD activity. This enzyme activity assay was performed essentially as 

described (Outten et al, 2003). Lines p38 and p55 also nearly had the same CysD activity 

compared to WT plants, both in total plant horaogenate and in a stromal fraction (Figure 

1B,C), even after the addition of SufE, which is know to stimulate CysD activity (Ye et 

al,2006) 
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In view of the overexpression of CpNifS protein, and the fact that NifS 

overexpression increased tolerance to selenate and decreased the amount of Se in protein, 

it is inexplicable that the transgenic plants did not exhibit higher SL activity. The CpNifS 

gene construct in line p55 was resequeneed, and I can rule out that a point mutation had 

been introduced into the transgenic plants. It is possible that, for some reason, SL 

activity in the transgenic plants is higher than in WT in vivo but not in vitro. 

II. Arabidopsis plants overexpressing CpNifS do not have higher photosynthetic 

efficiency or perform better during sulfur and iron starvation. 

As described in Chapter 2, CpNifS overexpression enhances selenate tolerance 

and selenium accumulation. Next I questioned if protection from selenate conferred 

improved photosynthetic performance when transgenic plants were grown on selenate. 

Furthermore, since CpNifS has a role in Fe-S proteins necessary for photosynthesis, as 

described in Chapter 4, it was hypothesized that overexpression of CpNifS may lead to 

improved photosynthetic performance under standard growth conditions. 

WT, p38, and p55 plants were grown in soil for three weeks, at which point 50 

mL of 40uM selenate was fed to the plants every 3 days for 2 weeks. Control plants 

received water. A fluorescence monitoring system (Hansatech, Cambridge, UK) was then 

used for chlorophyll fluorescence analysis on detached leaves (Van Hoewyk, et al, 

2007). 

Photosynthetic efficiency (as measured by Fv/Fm and OpgiJ, which is used to 

estimate the electron transport rate) was not improved in the transgenic plants compared 

to the wildtype plants, either with or without selenate (Figure 2). Plants were then 

subjected to light stress by placing the plants closer (<10 cm) to additional light sources, 

which reduced the <E>psn by roughly 60%. Again, there was no difference in the Opsn 

between WT and transgenic plants when subjected to high light stress. These data 

suggest that overexpression of CpNifS does not increase photosynthetic performance 

either with or without selenate, or during high light stress. 

Chapter 4 revealed that depletion of CpNifS drastically reduced levels of Fe-S 

proteins, as well as its activator, SufE. I thought it would be worthwhile to determine if 
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CpNifS overexpression resulted in higher levels of chloroplastic FeS proteins, and better 

growth during Fe or S starvation. I hypothesized that; 

(1) overexpression of CpNifS would increase protein levels of FeS proteins, 

(2) transgenic plants would grow better under Fe or S starvation, and 

(3) levels of Fe-S proteins would be higher in transgenic plants subjected to Fe or S 

starvation. 

For the S starvation experiment, WT and p55 plants were grown on Hoagland's 

media containing 3.7 mM. 1 mM, 50 uM, or 10 uM sulfate. Complete Hoagland's media 

contains roughly 1 mM sulfate. Thus, in addition to the sulfate concentration that is 

regularly found in Hoagland's media, WT and p55 plants were subjected to sulfate levels 

nearly 4-fold higher (3.7 mM) as well as 20-fold and 100-fold lower (50 uM and 10 uM). 

For the Fe starvation experiment, WT and p55 plants were grown on 0.5 MS media with 

or without 0.1 M and 1.0 M ferrozine, which is an Fe chelator. Plants were grown on 

horizontal plates for 2 weeks, at which time the plants were harvested, proteins were 

extracted, and SDS-PAGE was performed. Antibodies against SufE and two FeS 

proteins, SiR (sulfite reductase) and ferredoxin-dependent GOGAT (which is involved in 

N assimilation), were used to determine the levels of these proteins in the samples. 

Plants growing on excess S (3.7 mM sulfate) did not grow any better than plants 

growing on complete Hoagland's media. In contrast, S and Fe limitation greatly reduced 

plant productivity and growth compared to plants growing on complete Hoagland's 

media and 0,5-strength MS media. CpNifS overexpressing plants (line p55) did not grow 

better than WT plants under any of these treatments (results not shown). 

In general, the protein levels of SufE, SiR, and Fd-GOGAT did not differ between 

wildtype and transgenic plants when grown on complete Hoagland's media and 0.5MS 

media, nor when plants were grown on excessive S or on limited S and Fe (Figure 3). 

The one notable exception may be SiR in plants grown on 1 mM ferrozine: under these 

conditions of Fe limitation SiR decreases, but apparently less so in p55 compared to WT. 

In conclusion, overexpression of CpNifS does not have a clear effect on the levels 

of the two FeS proteins tested, either on control media or during S or Fe starvation 

(except that SiR decreased during extreme Fe starvation). Additionally, SufE, SiR and 

Fd-GOGAT were similarly expressed, regardless of S or Fe starvation, although it should 
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be noted that SiR decreased slightly during Fe starvation, Furthermore, the NifS 

overexpressing line p55 did not grow any better on horizontal plates during S and Fe 

limitation. In Chapter 2, overexpression of CpNifS was shown to not widely affect the 

transcriptome of Arabidopsis plants either on control media or selenate. Data from the S 

and Fe starvation experiment complement the microarray data in Chapter 2. and suggest 

that overexpression of CpNifS does not result in pleiotropic effects and in the ability of 

CpNifS transgenic plants to withstand a variety of stresses. Thus, there is no indication 

that overexpression of CpNifS confers protection against any stress other than selenate 

stress. 

III. NifS proteins in Plasmodium falciparum and Trypanosoma brucei 

Plasmodium falciparum, the causative agent of malaria, and other apicomplexan 

parasites, contain apicoplasts (Ellis et al., 2001). Apicoplasts are non-photosynthetic 

plastids derived from cyanobacteria during an endosymbiotic event. P. falciparum 

contains a mtNifS-like protein, as well as another nuclear-encoded NifS-like protein that 

is targeted to the apicoplast (Ellis et al,, 2001) and designated acNifS. An amino acid 

analysis using the software program ClustalW2 (Larkin et al., 2007) reveals that acNifS 

is 27% similar to Arabidopsis cpNifS and is 30% similar to E.coli SufS and the rice 

cpNifS homologue. all of which are Group II NifS proteins (Figure 4). Despite the 

relatively low homology of acNifS to other Group II NifS proteins, acNifS indeed 

belongs to this group based on a conserved cysteine (amino acid #496) (Figure 4). 

Trypanosoma brucei, a protist that causes sleeping sickness, is known to contain 

two NifS-like proteins. One protein is localized to the cytosol, where it is thought to 

contain SL activity, and the mitochondrial protein is expected to possess SL activity 

(Pavel Poliak and Julius Luke, personal communication). The mitochondrial NifS protein 

in T. brucei has high amino acid similarity to the Arabidopsis mtNifS protein (59%) and 

E.coli IscS (56%). The cytosolic NifS-like protein in T. brucei is 30% homologous to 

AtMtNifS and IscS, but lacks homology to the NifS domain of cytosolic ABA3 or cpNifS 

in Arabidopsis (Figure 5). 
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Inducible RNAi lines for both NifS proteins in T. brucei (TbCtyNifS and 

TbMtNifS) were constructed in the lab of Julius Luke (Czech Republic). WT as well as 

induced and non-induced RNAi lines were grown and harvested. Samples of 

mitochondrial and cytosolic protein fractions from the different lines were sent on dry ice 

to CSU, where I performed SL and CysD activity assays on the samples. 

Briefly, mitochondrial SL activity decreased 30-80% in both TbCtyNifS and 

TbMtNifS RNAi lines; this also includes the non-induced lines, possibly indicating that 

the inducible promoter is leaky (Figure 6). However, it should be mentioned that mRNA 

levels of the RNAi lines have not yet been measured (Julius Luke, personal 

communication). SL activity in the cytosol did not change as drastically as it did in the 

mitochondria. Mitochondrial CysD activity in the induced RNAi lines for both 

TbCtyNifS and TbMtNifS decreased compared to the non-induced controls. In contrast, 

cytosolic CysD activity increased in the induced mutants, perhaps trying to compensate 

for the lowered CysD activity in the mitochondria. However, this interpretation should 

again be approached with caution, since there is no evidence that FeS clusters made in the 

cytosol can be transported to the mitochondria. 

In summary, the TbMtNifS RNAi lines did exhibit less mitochondrial CysD 

activity as expected, but surprisingly the TbCytNifS RNAi lines did not have less SL 

activity in the cytosolic fractions. Again, a more detailed characterization of the T. 

brucei RNAi lines is warranted, including analysis of the mRNA levels of the NifS genes. 
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Figure 1: SL and CysD activity in CpNifS overexpressing plants. (A) SL activity in WT» p38, p55, and 
plants overexpressing a mouse SL protein. Desalted reactions were also carried out (B) CysD activity 
in crude plant extracts with and without the addition of 15ug of SufE. Pure SufE is also shown as 
a negative control, (C) CysD activity in stromal fractions of isolatedchloroplasts with and without 
the addition of 15 ug of SufE. 
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Figure 2, Chlorophyll fluorescene analysis. Plants were grown in soil and treated with or without 
selenium {Se), Fv/Fm in dark-treated leaves (top), Electron transport rate at low and high light 
(bottom). Three replicates were used for each experiment. 

I 
> 

%SII 

0.87 

0.85 

0.83 

0,81 

0.79 

0.77 

0.75 

r-\ 

~i J 
i * 

L ~ i 
Wt-Se 

" 1 

1 

1 

... 
1 

! 
1 
i 

J 

i' 

r 
i _ 

i 

i 

i 

i 

L h 

I 

p \ 

I 
» I I 

VVt + Se p38 -Se p38 + Se p55 -Se P55 + Se 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0,1 

0 

n 
: 3 !'" 

•H • I-
m 

iia I r • 

• m 

Wt -Se V t + Sc p38 -Se p38 + Se p5S -Se p55 • 

"511- iow light Z PSII- hign light 

Figure 3. Effects of CpNifS overexpression on protein levels during sulate (S) and iron (Fe) 
starvation and excessive S. ImM S is considered standard in complete Hoagland's media. 
Ferrozine is an Fe chelator. SiR, sulfite reducatse;Fd-GOGAT,ferredoxin dependant GOGAT. 

S in Hoagland's media Ferrozine in 0.5MS media 

ImM ,10uM , 50uM .3,7mM, .0.1mMi1mM 

SiR 

Fd-GOGAT 

SufE 

H^HsH ' . ' T V . ' . 1 

, . - . ' • • • - • ' 
" ' , • -ir . 

72 



Figure 4. Amino acid alignment of mitchondrsal (Mt), chioroplastic (Cp), and apieopiast (Ac) 
NifS-like proteins in Arabidopsis (At), Ecoli, Rice, and Plasmodium falciparum {Pf). Note SufS 
and IscS are E.coli homologues to chloroplast and mitochondrion NifS proteins, The amino 
acid alignment score (top) and phyiogram (bottom) are depicted. The alignment of the proteins is 
provided on the next page. 
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At_MtNifS 
Rioe_MtNifS 
E.coli_IscS 
Pf_MtHifS 
At_CpNifS 
Ric«t_CpNifS 
E.ooliSufS 
Pf AcNifS 

—MASKVI 6 
-MALSRRLL 8 

MKFLQIIKHLKLQNKKNALDNrVNCRTYEHISHINKLFLNNFSSTKEHSEHGQVKHENFL 60 
MEGVAMKLPSFPNAISIGHRS 21 

-MLRGPRCLYIYLFFVFLPFSFCYIRNNDNRF 31 

At_MtNifS 
Rioe_MtSifS 
E.coIi_IscS 
Pf KtNifS 
At_CpNifS 
Rice_CpNifS 
E.ooliSufS 
Pf AcNifS 

SATIRRTLT KPHGTFSRCRYLSTAAAATEWYED-
FLLLRRGSTPSLSPARALSTAAVTADAFAAAAAAAEE-

40 
45 

NSTLKYEENSQNG8TNNLKNGKYNMYVSEGNVNINEEKYKDNNISSNNTQYNNNSSNSGS 12 0 
FSRVRCSSSLSVCSAAAASSATISTDSESVSLGHRVR 58 

VYIVK'SIRKGPNIKLRLTKDEXPNIDNHIIDYFXNVR 68 

At_MtHifS 
Rice_MtHifS 
E.ooli_IscS 
Pf_MtHifS 
At_CpNifS 
Rice_CpNifS 
E.coliSufS 
Pf AcNifS 

.-ESIMMKGVRISGRPLYLDMQATTPIDPRVFDAMNASQIHE--YG1JPHS 86 
EAMTIKGVRISGRPLYMD.MQATTPVDPRVLDAHLPFYLSR--YGHPHS 91 

MK LPIYLDYSATTPVDPRVAEXMMQFMTMDGTFGNPAS 
LNDEGPLWKEHIDQWKENXKKKMHRFYLDSQATTMIDPRVLDltra.PYMTYI—YGNAHS 

KDFRILHQEVNGSKLVYLDSAATSQKPAAVLDALQHYYEFY--HSNVHR 105 
MKTLDEYYRFY--NSHVHR 17 

ADFPVLSREVNGLPLAYLDSAASAQKPSQVIDAEAEFYRHG—YAAVHR 
. EHFPFFKENKSLIYFDSAATTHKPSCVIEKMSEFYKKE—NSNIHR 

38 
178 

56 
112 

At_MtNifS 
Rice_MtNifS 
E.coli_IscS 
Pf_MtNifS 
At_CpNifS 
Rice_CpNifS 
E.coliSufS 
Pf AcNifS 

RTHLYGWEAENAVENARNQVAKLIEASP-KEIVFVSGATEANNMAVKGVMHFYKDTKK-- 143 
RTHIYGWE6DAAVEEARARVASLVGADP-REIFFTSGATECNNIAVKGVMRFYRDRRR— 14 8 
RSHRFGWQAEEAVDIARBQIADLVGADP-REIVFTSGATESDKLAIKGAANFYOKKGK— 9 5 
RSHFFGWESEKAVEDARTNLLNLIHGKNNKEIIFTSGATESNNLAL.IGICTYYNKLNKQK 2 38 
GIHYLSAKATDEFELARKKVARFIKASDSREIVFTRKATEAINLVAYSHGLSNLKPGD-- 163 
GIHVXSAKATDAYESARTKVANFVMAANSREIVFTRNATEAIHLVAYSWGMSNiKOGD— 7 5 
GIHTLSAQATEKMENVRKRASLFINARSAEELVFVRGTTEGIKLVANSWGNSNVRAGD— 114 
GIYKLSHNATNNYEKVRETIKEYINCEKNDNIIFTNGSTYG1.NWCKMMIEEIIKKEED- 171 

At_MtNi£S 
Rice_MtNifS 
E.coii_I$cS 
Pf_MtNifS 
At_CpRifS 
Rice_CpNifS 
E.coliSufS 
Pf AcNifS 

-HVITTQTEHKCVLDSCRHLQQEG-FEVTYLPVKTDGLVDLEMLREAIRPDTGLVSIMAV 2C1 
-HWTTQTEHKCVLDSCRYLQQEG-FEVTYLPVRPDGLVDVAQLADAIRPDTGLVSVMAV 2 0 6 
-HIITSKTEHKAVLDTCRQLEREG-FEVTYLAPQRHGIIDLKELEAAMRDDTILVSIMHV 153 
HHIITSQIEHKCILQTCRFLQTKG-FEVTYLKPDTNGLVKLDDIKNSIKDNTIMASFIFV 29 7 
EVILTVAEHHSCIVPWQIVSQXTG-AVLKFVTLNEDEVPDINKDRELISPKTKLVAVHHV 22 2 
EIVLTIAEHHSAIVPKQFVSQKTG-ATLKYVGLTKEGVPDIEQLKGLLSNKTKIWVHHV 134 
HIIISQMEHHAHIVPWQMLCARVG-AELRVIPLNPDGTLQLETLPTLFDEKTRLLAITBV 17 3 
EIYLSYMEHHSNIIPWQEY1KKEKKGRIKYVPLNKSGYINIKKLISNMNIKTKVISICHA 231 

At_MtNifS 
Rice_MtSifS 
E.coli_lscS 
Pf_MtNifS 
At_CpNifS 
Rice_CpKifS 
E.coliSufS 
Pf AcNifS 

HNEIGWQPMEEIGMICKEHN—VPFHTDAAQAIGKIPVDVKKWN -VALMSMSAHK 254 
HNEISWQPLEEIGRICKEKG—VPFHTDAAQALGKIPIDVNQMG IGMSLSAHK 259 
NNEIGWQDIAAIGEMCRARG—IIYHVDATQSVGKLPIDLSQLX VDLMSFSGHK 206 
NNEIGVIQDIENIGNLCKEKN—ILFHTDASQAAGKVPIDVQKMN— IDLMSK6GHK 350 
SHVLASSLPIEEIWWAHDVG—AKVIVDACQSVPHMWDVQXLN 'ADFLVASSHK 275 
SNVLGSMLPIBDIVTWENRIG—AKVLVDACQSVPHMPVDVQRLG ADFLV&SSBK 187 
SHVLGTENPLAEMITLAHQHG—AKVLVDGAQAVMHHPVDVQALD CDFYVFSGHK 226 
SNVIGSIQSIEKIIKK1KNVYPHIIIIIDASQSFAH1KYDIKKKKKNKSCPDILITSGHK 291 

AtJMtNifS 
Rice_M«lifS 
E.coli_IscS 
Pf_«tHifS 
At_CpSifS 
Rice_CpNifS 
E.coliSufS 
Pf AcNifS 

IYGPKGVGALYVRRR-PRIRLEPLMNGGGQERGLRSGTGATQQIVGFGAACELAMKEMEY 313 
IYGPKGVGALYLRRR-PRIRVEPQMSGGGQERGIRSGTVPTPLVVGFGAACEIAAXEMDY 318 
IYGPKGIGALYVRRX-PRVRIEAQMHGGGHERGMRSGTLPVHQIVGMGEAYRIAXEEMAT 2 6 5 
LYGPKGIGALYIKRKKPNIRLNALIHGGGQERGLRSGTLPTHLIVGFGEAAKVCSLEHNR 410 
KCGPTGIGFLYGKSD—BLHSMPPFLGGGE MISDVFLCH-STYAEPPSRFEAGTPAI 329 
MCGPTGVGFLHGKFD—LLSSMEPFLGGGE MIADVFQDK-STYAEPPSRFEAGTPAX 241 
LYGPTGIGILYVKEA--LLQEMPPWEGGGS MIATVSLSEGTTWTKAPWRFEAGTPNT 281 
FCASLGTGFIFISKELSSXYXFRPLLYGSN IITNVSKYKSXFVTSLSELLETGTQNI 348 
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At_MtHi£S 
Rice_»tHifS 
E.ooii_IscS 
PfjatNifS 
At_CpNifS 
Rice_CpNi£S 
E.coliSufS 
P£ AcNifS 

At_MtNifS 
Rice_MtHifS 
E,coli_IscS 
Pf_MtNifS 
At_CpNifS 
Rice_CpNifS 
E.coliSufS 
Pf AcNifS 

DEKWIKGLQERLLNGVREKLDGVWN GSMDSRYVGNLNLSFAYVEGESLLMGLKEVA 37 0 
DHRRASVLQQRLLDGIRGQVDDIVIN GSMEHRYPGNLNLSFAYVEGESLLMGLKEVA 375 
EMERLRGLRMRLWNGIKD-IEEVYLN—-GDLEHGAPMILHVSFHYVEGESLIMALKDLA 321 
DEEKVRYFFNYVKDYLTKHLDYIVFN---GCQINRYYGNMNISFLFVEGE6I-LMSLNEIA 467 
GEAXALGAAVDYLSGIGMPKIHEYEV EIGKYLYEELSSLPDVRIYGPRPSESVHRGA 386 
GEAIGLGTAIDYLSQIGMQKIHEYEH ELATYLYESLIAVPNVRIYGPAPCQTVHRAF 298 
GGIIGLGAALEYVSALGLNNIAEYEQ NLMHYALSOiESVPDLTLYGPQ NRLG 333 
PGILSMGISLEFFKKINWHYVYQYEMYLYDLFIYYMNKYMKHHFVQLPNLNLSYKKENIW 408 

VSSGSACTSASLEPSYVLRALGVD • 394 
VSSGSACTSASLEPSYVLRALGVE 39 9 
VSSGSACTSASLEPSYVLRALGLN 34 5 
LSSGSACTSSTLEPSYVLRSIGIS 491 
LCS FNVBGLHPTDLATFLDQQ • 407 
LCS FNVlNVHPTDIftEILDLQ 319 
VIA——FNLGKHBAYDVGSFLBN — ~ — ,-- — — 353 
YKSHMQTHPPVHXYNDEQNFTNDHNITQSKQTXSIHSQHDTFXIYTHDTRKYGLKKIGIL 468 

At_MtSifS 
Rice_MtNifS 
E.coli_IscS 
Pf_MtNifS 
At_CpNi£S 
Fvice__CpNif S 
E.coliSufS 
Pf AcNifS 

EDMAHTSIRFGIGRFTT-KEEIDXAVELTVKQVEKLREMSPL 435 
EDMAHTSIRFGIGRFTT-EEEVDRAIEtTVHQVKKLRDMSPL 44 0 

. :-DEIAHSSIRFSLGRFTT-EEEIDYTIELVRKSt.GRLRI>LSPL 336 
EDIAHTSIRIGFNRFTT-FFEVOQLCINLVKSVERLRSISPL 532 
HGVAIRSGHHCAQPLHR-YLGVNASARASLYFYNTKDDVDAF 44 8 

. .__. HGVAIRSGHHCAQILHR-TLGINASARASLHFYHTKEEVDVF 36 0 
YGIAVRTGHHCAKPLMA-YYNVPAMCRASLAMYHTHEEVDRL 39 4 

PLWSNTFSSFDLVTFLDFKNXCIRAGHHCASLLHRYYLKVPDTSRISIYFYMTPQEIKYL 52 8 

At_MtKifS 
Rice_MtHifS 
E.ooli_IsoS 
P£_MtNifS 
At_CpNifS 
Rice_CpSifS 
E.coliSufS 
Pf AcNifS 

YEMVXEGIDIXNIQWSQH 453 
YEMAKAGIDLKSIQWAQH 458 
WEMYKQGVDLNSIEWAHH 404 
YEMELEKKSPSNDDIPKFIWT 5 53 
IVALADTVSFFNSFK 463 
VDALKDTIDFLTSEH 375 
VTGLQRIHRLLG-- 406 
AQQIASTSFMLNEMKNEK 546 
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Figure S.Amino acid alignment of mitchondrial (Mt) and chloroplastic (Cp) NifS proteins in Arabidopisis; 
also included is the NifS domain of cytosoiic ABAS in Arabidopsis. E.coli SufS and IscS are provided, as 
well asTypanosoma brucei (lb) Mt and cytosoiic (Cyt) NifS proteins. TbCytNifS does not show strong 
homology to any NifS proteins. The amino acid alignment score (top) and phyiogram (bottom) are depicted. 
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Figure 6. Measurement of cysteine desulfurase (CysD) and selenocysteine lyase(SL) activity in Typanosoma brucei 

cell lines,, in which mitochondrial (Mt) and cytosolic (Cyt) NifS proteins were silenced, Cytosolic and mitochondrial 

protein fractions were collected from the different ceil lines. The numbers represent how many days (0,4, or 8) the 

cells lines were induced with the RNAt construct. Wt,wildtype; A and 0, different lines of CytNifS RNAi.n= 4 replicates. 
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