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Abstract

The maize Cat2  gene was isolated by direct cloning and PCR. The clones were mapped and sequenced.
The start site of transcription was determined by primer extension. Computer analysis of the 1.6 kb Cat2
promoter sequence has revealed an obvious TATA box, two GC boxes, a putative GA response element,
and several ACGT core sequences known to have diverse regulatory functions in plants. Several other
protein binding motifs were also identified within 800 bp upstream from the transcriptional start site. Five
introns were identified in the Cat2 coding region. All five Cat2 introns are located in exactly the same
position as five of the six introns in Catl,  Two of the Cat2 introns are located in the same position as
the two Cat3 introns. The identical positioning of these introns suggests an evolutionary link between
all three maize cat&se  genes. The response of the Cat2 gene to plant growth regulators was examined.
Results clearly showed that the response of Cat2 to several environmental factors are developmental
stage-dependent. Thus. complex regulatory mechanisms appear to be involved in the regulation of Cat2
expression in maize.

Introduction

Catalase  (H,0,:H,02  o x i d o r e d u c t a s e ,  E C
1.11.1.6; CAT) is a tetrameric,  heme-containing
enzyme found in all aerobic organisms. It pro-
vides protection against reactive oxygen toxicity
by dismutating hydrogen peroxide to water and
oxygen [ 11. In maize (Zea  mays L.), three un-
linked structural genes, Cal,  Cat2,  and Cat3 en-
code three biochemically distinct isozymes,
CAT-l, CAT-Z, and CAT-3 [2,3].  Each of the

Cat genes exhibits temporal and spatial specific-
ity in its expression [4, 5, 61, and each responds
differently to various environmental signals [ 1,7].
In addition, the catalase isozymes exhibit cell and
organelle  specificities [ 1, and references therein].
For example, CAT-2 first appears during late ker-
nel development and increases dramatically in the
scutellum after germination. CAT-2 is absent in
etiolated leaves, but rapidly accumulates upon ex-
posure to light due to increased transcript accu-
mulation and translation of the Cat2 message.

The nucleatide sequence data reported will appear in the EMBL  Nucleotide  Sequence Database under the accession number
254358.
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Thus, unlike Cat2  which does not respond to light
and Cat3 which is controlled by a circadian clock,
Cat2 is positively regulated by light in a tissue-
specific manner [ 1, 81.

In order to understand the underlying mecha-
nisms by which the Cat genes are regulated and
expressed in response to various signals, their
cDNAs  were isolated and used, in turn, to isolate
the respective genes. The Cat1  and Cat3 genes
were successfully isolated from a genomic library
and fully characterized [9, lo]. The Cat2 gene
was recently cloned by two different methods:
direct cloning and PCR. Herein, we report on the
isolation, characterization, and expression of the
Car2 gene, and its comparison to the other maize
cat&se  genes.

Materials and methods

Isolation andpurification  of digested genomic DNA

W64A genomic DNA was isolated from lCday-
old light grown leaves as described [ 111. A large
amount of total DNA (50 pg) was digested with
the restriction enzymes BarnHI  and XbaI and
electrophoresed on a 0.4% agarose gel. Agarose
slices containing DNA fragments between 2.0 to
4.0 kb in size were sliced into 6 agarose pieces.
DNA purification was conducted by a special
freeze-thaw method. The procedure proved to be
an effective and efficient method in comparison to
other commercially available DNA purification
kits. This procedure is fast, inexpensive, and re-
sults in high-quality DNA ready for labeling and
library construction. It can be effectively used for
both low- and high-molecular-weight DNA puri-
fication. The detailed procedure is as follows:
agarose slices were transferred into a microfuge
tube and were quickly frozen in liquid N,.  Aga-
rose slices were quickly thawed at 50 “C for
10 min. The tube was then centrifuged for 5 min
and the aqueous solution containing eluted DNA
was transferred into a new tube. The tube con-
taining sliced agarose was frozen and thawed
again to elute more DNA solution and the newly
eluted liquid was transferred and combined with

the previous &ted  DNA. The efficiency of the
DNA elution can be visualized under a UV light
box. Phenol extraction was conducted to obtain
pure DNA for genomic library construction.
Ethidium bromide was removed from DNA by
ethanol precipitation.

Preparation of theplasmid  vectorfor  genomic library
construction

Because of the relatively small size of the insert
DNA, we used plasmid  pBluescript  KS (-  ) as
the vector for library construction. This plasmid
was digested with the restriction enzymes XbaI/
BamHI and was purified by phenol/chloroform
extraction.

Ligation and transformation

Genomic DNA fragments containing the Cat2 5’
sequence were ligated into the BamHI/XbaI-
digested pBluescript  vector. Ligation was set at
1:1 and 1:2 vector-to-insert ratio. Ligated plas-
mids were transformed into the XL-l Blue super-
competent cells according to the manufacturer’s
instructions (Stratagene). Transformation effi-
ciency was 2 x 10’ cfu/pg vector with supercom-
petent cells and 1:2 vector-to-insert ratio. The
library was screened with a 5’ end Cat2 cDNA
fragment and positive clones were identified.

PCR primers

Two 21-mer primers for the genomic DNA PCR
amplification reaction were synthesized (NCSU
Molecular Genetics Facility). The 5’ primer be-
gins at the 22nd nucleotide of the known first
Cat2 intro”  (see Results for details) and its
sequence is 5’-GTCTCAATTCGTGTTTCGT-
CG-3’. The 3’ primer was selected to span 11
nucleotides in the 3’-untranslated  region and the
last 10 translated nucleotides of the Cat2 cDNA.
The 3’ primer sequence is: 5’-GGTTGATCT-
TACATGCTCGGC-3’. Control PCR amplifica-
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purified and directly cloned into the SmaI  site of
the pBluescript  II KS( -) (Stratagene). That the
PCR product was in fact Cat2 was verified by
hybridization with the Cat2 cDNA  probe.

tion of the translated sequence of the Cat2  cDNA
was performed with plasmid  pCat2.1~ template
[ 121, the same 3’ primer as in the genomic PCR
and a 19-mer  5’ primer from the start of trans-
lation with sequence 5’-CCATGGACCCGTA-
CAAGCA-3 ’

Polymerase chain reaction

PCR was performed in a MJ Research PTC-100
programmable thermal controller, using either
Thermus aquaticus DNA polymerase (Taq DNA
polymerase; Stratagene) or Thermoccocus litoralis
DNA polymerase (Vent; New England Biolabs).
The reaction mixture, in a total volume of 100 ~1,
contained, when using Taq polymerase: 20 mM
Tris-HCl  pH 8.8, 10 mM (NHI,),SO,,  10 mM
KCl,  2 mM MgSO,,  0.1% Triton  X-100,0.1  mg/
ml nuclease-free  BSA, 200 PM dNTPs,  1 PM of
each primer, 5 units Taq Extender (Stratagene),
2.5 units Taq  polymerase, and 0.5pg  template
genomic DNA or 10 ng template plasmid  DNA.
The reaction mixture, when using Vent poly-
merase,  was the same with the exceptions that the
BSA and the Taq  Extender were omitted and
instead of Taq,  1 unit of Vent polymerase was
used. The cycle program was, 3.5 min denatur-
ation  at 95 “C followed by 30 cycles of 1 min
denaturation at 95 a C, 1 min annealing at 60 o C,
and 1.5 min extension at 75 “C. The time of the
last extension step was increased at 6 min to en-
sure that all the PCR products were complete
double-stranded blunt-ended fragments. No dif-
ferences were observed in the PCR products after
the use of either Vent or Taq  polymerases. Vent
polymerase amplified DNA was used in further
experiments, because Vent also contains a 3’-5’
proofreading exonuclease  activity resulting in
higher fidelity of base incorporation compared to
Taq polymerase, which lacks this function.

Punifrcation  and cloning of the PCR product

The PCR products were analyzed by agarose gel
electrophoresis and the specific Cat2 band was

Sequencing

The DNA sequence of the Cat2 5’ and the cod-
ing region clones were determined by the dideoxy
nucleotide chain termination method [ 131.  Over-
lapping deletions for sequencing were generated
using Exolll  nuclease on double-stranded plasmid
templates [ 141. Template plasmids  were isolated
and purified by the Jetprep  plasmid  DNA isola-
tion and purification kit (Genomed, Research
Triangle Park, NC). Sequencing was performed
by the Applied Biosystems Automated DNA Se-
quencer (Nucleic Acid Facility, Iowa State Uni-
versity).

Primer extension

Primer extension was used to determine the start
site of transcription of Cat2.  The procedure was
according to Metraux et al. [ 151. A 22-mer oligo-
nucleotide primer (5’-TTGTACGGGTCCATG-
GCGGTGG-3’) was synthesized (NCSU Mo-
lecular Genetics Facility) which is complementary
to the 5’ end of the Cat2 cDNA.  This primer was
end-labeled with polynucleotide kinase. A 50 pg
portion of total RNA (isolated from salicylic  acid
(SA)-treated scutella  with increased Cat2 tran-
script, 28 days after pollination [7]) was obtained.
The modified procedure was described [9].  Ex-
tension products were electrophoresed on an 8%
sequencing gel with sequencing reaction products
of the Cat2 promoter fragment using the same
oligo primer.

Hormone treatment and RNA analysis

Maize W64A embryos were manually excised
from germinating seed at 2 and 5 days post im-
bibition (dpi). Excised embryos were incubated
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on MS basic salt plates [ 161  supplemented with
5 mM/lO  mM of gibberellin (GA,), 100 mM ab-
scisic acid (ABA) (5 dpi), and 1 mM/1.5  mM
salicylic acid (2 dpi) for 24 h in the dark. After
treatment, scutella were harvested, frozen in liq-
uid nitrogen and stored at -70 “C. Total RNA
was isolated from treated scutella by cold phenol
extraction [ 171. Total RNA (2Opg) from each
sample was separated on denaturing 1.2% agar-
ose gels, and transferred to either nitrocellulose  or
nylon membranes. The resulting blots were hy-
bridized with 32P-labeled Car2  gene-specific
probe. After this analysis was performed, the
probe was removed from the filters by repeated
washes in boiling 0.1% SSC, 0.1% SDS. Equal
sample loading was verified by reprobing the fil-
ters with a cloned fragment containing 18s rDNA

[181.

Results

Isolation and characterization of the 5’ end of the
Cat2 gene by direct cloning

The Cat1  and Cat3  genes of maize were previ-
ously isolated from a W64A genomic library and
fully characterized [9, lo].  The maize Cat2 gene
could not be isolated from the same library. We
attempted a different approach in order to isolate
the Cat2 genomic clone. We have tested the pos-
sibility of isolating a partial genomic clone con-
taining the 5’ promoter region which is important
for Cat2 regulation by completely digesting with
restriction enzymes. Preliminary results from
Southern blot analysis indicated that a 2.3 kb
XbaI/BamHI  genomic DNA fragment contained
the 5’ portion ofthe  Cat2 coding and 5’ promoter
regions. Genomic DNA was completely digested
with XbaI/BamHI  and about 2.3 kb of this DNA
was isolated and purified (Fig. 1A).  Purified ge-
nomic DNA fragments were electrophoresed on
a 1% agarose gel, transferred onto a nitrocellu-
lose filter and probed with a Cat2 5’ end cDNA
fragment; one positive fraction was used for ge-
nomic library construction (Fig. 1B).

About 50000 colonies were screened with the

Fig. I. W64A  genomic DNA fragments purified by the freeze-
thaw method. A. W64A  genomic DNA (50 ~8)  was digested
with BamHI,XboI  and electraphoresed on a 0.4%  agarose  gel.
Digested DNA fragments sized from 2.3 to  4 kb were sliced
into 6 gel pieces and purified from agarase gels as described
in Materials and methods. Fractions of purified DNA frag-
ments were  electraphoresed  on  a 1% agarose  gel as indicated
in lanes 1 to 6. Lane 7 is lambda Hind111  DNA marker. B. The
same  DNA gel was transferred onto  a nitracellulose  mem-
brane and probed with a 5’ Car2  cDNA  fragment @oRI/
BarnHI).  Results indicate that lane 3 contains most ofthe Car2
genomic DNA fragments and was used for genomic library
construction. C. Comparison of the PCR products using dif-
ferent Car2 templates. Lane I. 1 kb ladder (BRL)  molecular
weight markers. Lane 2, PCR amplit?cation  with Vent poly-
merase  and 0.5 fig  of maize genomic DNA as template. Lane
3, PCR amplification of Co12  genomic coding region using
10 ng  of lane 2 PCR product DNA as template. Lane 4, PCR
amplified Car2  cDNA  using IO ng of lane 2 PCR product
DNA as template. Lane 4, PCR amplified Car2 cDNA  using
10 ng  of pCor2.I~  plasmid  as template. The Car2  genomic
bands and the Car2  cDNA  band are indicated by arrows.  An
apparent difference, ca.  400 bp in size can be observed sug-
gesting the existence of intro”(s)  in the Co12 genomic coding
*eglO”.

Cat2 5’ end cDNA  probe. Ten positive clones
were identified and x-screened to eliminate any
possible false positives. The plasmid  DNA was



isolated in order to identify the proper insertion.
Southern blots were used to confirm the positive
clones and the restriction map was defined by
digesting all positive clones with various restric-
tion enzymes. Results indicated that all ten posi-
tive clones were identical. One of these clones
was sequenced. On comparison to the Cat2
cDNA,  this clone was found to contain a 1.6 kb
5’ promoter sequence. The coding region ranged
from the ATG start codon to the first BamHI  site
(600 bp) (Fig. 2). Two introns were identified
within that region by comparison with the Cat2
cDNA  sequence. The first intron (92 bp long) was
identified at five amino acids from the start of
translation.

Isolation of the Cat2 gene coding region by PCR

In preliminary experiments, the primers designed
for the Cat2 cDNA  amplification were used in an
attempt to amplify the Cat2 genomic coding re-
gion, with no success. After the genomic clone
corresponding to the 5’ of the Cat2 coding region
was isolated and sequenced, a 92 bp intro”  oc-
curring 15 nucleotides from the first ATG codon
was revealed. The last three nucleotides of the 5’
cDNA  primer were mismatching to the genomic
DNA sequence due to the occurrence of that in-
tro”. Thus, a new 5’ primer from the intron se-
quence was designed, to ensure that any PCR
amplified sequence should represent Cat2 ge-
nomic  DNA. A single strong band about 1900 bp
was observed after amplification ofgenomic DNA
with the Vent polymerase.  The 1900 bp band was
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excised from the gel to avoid any minor contami-
nation and the recovered DNA was directly li-
gated into the SmaI site of the pBluescript  vector.
Plasmid  DNA from clones with the correct insert
served as template for PCR amplification to en-
sure that the insert is Cat2  genomic DNA. Cat2
cDNA  from the plasmid  pCat2.1~ [ 121  was also
amplified using the Cat2 cDNA  designed primers.
The amplified Cat2 genomic coding region mi-
grated as a 1900 bp band from both templates
used. The Cat2  cDNA  formed a 1480 bp band, as
was expected. The apparent dissimilarity between
the Cat2  genomic coding region and the Cat2
cDNA  band suggested that one or more introns
was responsible for the about 400 bp difference in
length of the two bands (Fig. 1C).  In order to gain
more information about the number and possibly
the location(s) as well as the orientation of the
insert in one clone selected for further analysis,
restriction digestion with several enzymes and se-
quencing were performed. Both indicated that in
addition to the first intro”  which was used for
making the 5’ primer, four more introns were
present. Comparison of the two clones isolated
by direct cloning and by PCR as well as the Cat2
cDNA  revealed no mismatches in common re-
gions.

Structure and expression of the maize Cat2 gene

Sequencing results showed that the overlapping
regions ofthe  two clones have identical sequences,
indicating that both clones are part of the same
gene. Previous results indicated that only one

x H SP N H B PPBHP PH

PRObf- CODINciBEQlON  INIRON  s’~REctlON

Fig. 2. Restriction map of the maize  Cot2 gene. The map was constructed from two  clones  isolated by direct cloning and PCR.
The black box indicates the DNA fragments which hybridized to the full length Car2  cDNA  probe. The introns, coding repion,
and 5’- and 3’4anking  regions are  indicated. Restriction sites are: B, BrrmHI;  H, Hindll; N, Ncol;  P, PSI; S, SacI;  X, Xbal.
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copy of the Car2  gene exists in the maize genome
[ 111. A restriction map (Fig. 2) was constructed
based on a comparison of the Cat2 cDNA  se-
quence with the Cat2 gene sequence (Fig. 3).

In order to map the 5’ end of the Car2 tran-
script, primer extension was performed on total
RNA isolated from 1 mM SA-treated scutella  [7]
28 days after pollination in which the Cat2  tran-
script was increased to high levels. The Cat2
cDNA  contains a short 5’-untranslated  region.
In order to obtain a fair size of extension prod-
uct, a 22-mer oligonucleotide was synthesized
which was complementary to both Cat2 cDNA
and genomic DNA. It covered the portion of 5’-
untranslated region and coding region up to the
first intron. The primer extension product is about
45 bp and the 5’ end is indicated as + 1 in Fig. 3.
Upstream from the transcriptional start site, sev-
eral motifs were found and are depicted in Fig. 4.
A typical TATA box is located at -43. The CAAT
consensus sequence cannot be found between
-80 and -120; however, two sequence motifs
(GCGCCC, GGGCAG), which are homologous
to the consensus sequences for the Spl-binding
site, GGGCGG  (GC box) [ 191  were found
around -114 and -570. The GC box has been
found in promoters of many viral and cellular
genes [20],  and acts as a binding site of a protein,
Spl, which is necessary for transcriptional activ-
ity. A pyrimidine box (CCTTT)  and Box I
(GCAGTG) which are part of the GA response
complex [ 211 were found at -208 and -256.
Two 8 bp sequences (CACGTCGC, CACG-
TAAC) which are similar to an ABA response
element (ABRE, CACGTGGC) [22]  were lo-
cated at -308, -648 relative to the + 1 site. The
core sequence of the ABA response element
(ACGT) is the binding site for basic leucine zip-
per transcriptional factors or common plant regu-
latory factors (CPRFs)  [23].  Promoter elements
with a ACGT core are recognized by both homo-
and heterodimers of leucine zipper transcriptional
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factors. A CEl-like element which was recently
reported to enhance the ABA response [24],  was
located next to the second ABRE at -636
(Fig. 4). A 6 bp inverted repeat sequence (CG-
GCGC,GCGCCG)  was also found. An 11 bp el-
ement (GGTGACCTTGC), which is identical to
the antioxidant response element (ARE, PuGT-
GACNNNGC) of the rat glutathione S-trans-
ferase  Ya subunit [25],  was identified at a posi-
tion close to the + 1 site. The ARE might
represent a &-acting  element which activates
genes that protect eukaryotic cells against oxida-
tive stress. The ARE was also found at -470 of
the maize Cat1  promoter [9].  Two direct ACGT
repeat sequences, which is the core sequence for
leucine zipper protein binding sites, were located
at about 15 bp downstream of the + 1 site. A
DNA motif CAGGTG, which is identical to the
core sequence for a class of transcriptional fac-
tors bHLH  (CANNTG, basic helix-loop-helix
proteins), was located near the + 1 site and over-
lapping with the 5’ portion of the ARE motif.
This transcriptional factor shares similarities with
the basic, leucine zipper family and can form
homo- and heterodimers to exert regulatory func-
tions [26].  Two additional bHLH  binding motifs
(CATCTG, CATTTG) were also found at -245,
and -625 relative to the + 1 site. Both of them
are located down stream of the two leucine zip-
per core sequences ACGT. A DNA sequence
(CGTCCCGGAACG) was located at -480 with
2 bp mismatch to the 12 bp metal responsive el-
ement (MRE, CGNCCCGGNCNC) core se-
quence [27].  This motif can be found in the pro-
moter region of metallothionein proteins that bind
heavy metal ions, and have been functionally im-
plicated in heavy metal detoxification [28].  The
putative regulatory motifs found in the 5’ of the
Cat2  gene are summarized in Fig. 5.

The DNA coding sequence in the coding region
of the Cat2 genomic DNA is identical to the
cDNA.  The map and sequence of the Cat2 gene

Fig. 3. Nucleotide  and deduced amino acid sequence of the maize Cad gene. The Car2  clones were sequenced by the dideoxy-
nucleotide chain termination method. The deduced amino acid sequence is shown in single letter code below the nucleotide se-
quence. lntrons are shown in lower-case letters. The transcriptional start  site was determined by primer extension and is indicated
as + 1. The translational codon  (ATG) and TATA  box are also indicated.
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C~OOO~OOC~~~~OOOAAOOC~COOC~COCCO~AOOCA~O~CA~O~~CA~OOCOCA~C~~~~~:~:~B~~~~~~~CC~Ou ,....,,  i.i:  .___  .-  -
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AtCtOCCCAtOAtttCA CtOCCttCOCtAOOCttAtCCOOCAACAAACAAAACCtOCOCttt
CT*  m.

ttttttCtOOAOOACOOCOCOCOCCOOtOAOCOtOtOOAtOAO CCTACAOCAOAACCCACCCAO
- - TATA  box

tCOAOOOCAAAAAOAOCCtCCtCCCCCOtCACtCOttOCtCCOOC COACCOOCOCtAtCCO
*l

tOtCOCAOCCtCCtCO t COtAOCOOCtCOtCCAOCtCOCtCOCCACCO
T Cd00 AOOT  mc
C

Fig. 4. Nucleotide  sequence of the maize Cat2 genamic  DNA 5’.Ranking  region. This region extends from  -860  (relative to the start of transcription + I) to + 56,  the
translational start codon.  The ATG codon,  5’ end of the cDNA  and f 1 site are indicated. Arrows indicate the direcl  repeat sequence.  Some important motifs for plant
gene regulation are  also  indicated and boxed, including TATA box, two  GC boxes, two ABRE, CEI  like elements, metal responsive element (MRE).  antioxidant-
responsive element (ARE), three BHLH  (basic helix-loop-helix), and part  of the GA response element (pyrimidine box and box I).
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> TATAH  ARENxmBHLH  ac MREAcm  c3c

-a?#3 -453 -aM) -40 +1

F&  5. Schematic representation of the putative motifs located in the promoter region of the Car2 gene. The abbreviations are:
BHLH, basic helix-loop-helix protein binding site; ARE, antioxidant-responsive element: ACGT, ACGT core  or leucine  zipper
protein binding site; GC, GC box or Spl-binding s&e; MRE,  metal-responsive element.

indicated that the coding region contains five
short introns. All introns possess the consensus
5’ GT splice donor site and the 3’ AG splice
acceptor site described in other eukaryotic  genes
[29].  The properties of these five introns are in-
dicated in Fig. 6. Intron sizes are relatively small
ranging from 78 to 113 bp. The sequence at the
5’ and 3’ splice sites of the introns have low
homologies to the consensus sequence (CAG/
GTAAGT and TGCAG/GT) for plant introns
[30].  In addition, all five introns are atypical from
other plant introns in that they are not AT-rich.
All five Cat2 introns are located in exactly the
same positions as five of the six introns in Carl.
The number three intron  in C&Z is missing in the
Car2  gene (Fig. 7). In contrast to the Cat1 introns,
all Cat2 introns are about 50% AT nucleotides
and their sizes are relatively small in comparison
to the Cat1  introns. Introns  1 and 5 of the Cat2
gene are located at the same position as the two
introns in the Cat3 gene. These results indicate
evolutionary linkages among the three maize
catalase  genes.

Fig. 7. Exon,intron structureofthethreemaizecatalasegenes.
Exons (dark boxes) and intrans (gaps) are drawn schemati-
cally to indicate the relative position of the introns. The maize
Cot/  gene [9] possesses 6 introns, the Car2 gene (this study)
has 5 intrans, and Cat3  contains only 2 introns [lo].

The expression of the maize Car2  gene is highly
regulated developmentally and spatially [ 11. The
Cat2 transcript can be detected during the late
stages of seed development. Upon germination,
the Cat2 transcript increases dramatically and
reaches a peak at about 4 days after imbibition.
The responses of Car2  to several environmental
factors have also been examined. C&2  responds
to the fungal toxin cercosporin differently at two
distinct developmental stages: embryogenesis and

Fig. 6. Properties ofthe maize Car2 introns. The  intron/exon junction sequences were located by comparison with the Car2  cDNA
sequence. The size of Ca2  introns varies from 78 to 113 bp.
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Fig. 8. Responses of the maize Car2 gene to GA,, ABA and
SA in mature maize embryos. W64A  embryos were excised
from 5 dpi seeds and treated with 5 mM,  10  mM of  gibberel-
lit acid (GA3),  100 mM ofabscisic acid (ABA); embryos were
also excised from 2 dpi and treated with 1 mM/1.5  mM of
salicylic acid (SA) as described. Scutella  were isolated from
treatted  embryos and examined for Car2 transcript accumula-
tion with Car2  gene-specific probe and reprobed with a 18s
DNA fragment as a loading control. Representative results
from duolicate  blots are shown.

germination [31].  The Cat2 gene also responds to
SA differentially at these two stages [7].  In order
to gain a better understanding ofthe  developmen-
tal stage-dependent responses of Cat2,  we ex-
tended our studies to examine the response of
Cat2 to plant growth regulators at later stages of
germination. Germinating embryos were treated
with GA, ABA at 5 dpi and SA at 2 dpi for 24 h.
Northern blots were then performed with a Cat2
gene-specific fragment. Results indicated that the
Cat2 transcript did not change upon GA treat-
ment; however, the Cat2 transcript from scutella
5 days after imbibition increased dramatically fol-
lowing ABA treatment, and Cat2 transcript in-
creased slightly after 1 mM SA treatment at 2 dpi
(Fig. 8).

Discussion

The maize Cat2 genomic DNA was isolated by
direct cloning and PCR. A 2.3 bp genomic clone
containing the 5’ end of the Cat2 gene was iso-
lated by the direct cloning method. The fragment
includes 1.7 kb of sequence 5’ of the Cat2 gene,
two small introns shortly after the ATG start
codon,  and 600 bp of coding sequence. The small
intro” located 5 amino acids from the amino ter-

minus is located exactly at the same position as
the first introns of the Carl and Cat3  genes. No
sequence similarity was found among the first in-
trons of the three maize Cat genes. The coding
region of the Cat2 gene was cloned and isolated
by PCR with the primer designed from the first
intro”. The resulting PCR product shared about
400 bp identical with the 3’ portion of the 2.3 kb
clone. This indicated that both clones are part of
the same Cnz2  gene. Previous DNA blot data also
suggested that only one copy of the Cd gene
exists in the maize genome [ 111.  In the coding
region of the Cat2 gene, 5 introns were located
and their locations are exactly the same as five of
the maize Cat1  introns. They also share the same
locations with five castor bean introns [32].  The
identical positions of the catalase introns between
the monocot  and dicot  plants imply evolutionary
links among plant catalases.

The Cat2 gene promoter region revealed an ob-
vious TATA  box located 43 bp 5’ from the end
of the cDNA.  No CAAT box was found within
120 bp upstream from the 5’ end Cat2 cDNA;
however, several motifs involved in plant gene
regulation were identified. Two putative ABA re-
sponse elements (CACGTCGC, CACGTAAC)
were identified in the Cat2 promoter region. One
of the elements (CACGTCGC, -308) is almost
identical to the ABA response element
(CACGTGGC) of the wheat Em gene [22].
However, the Cat2 gene responds negatively to
ABA in scutella after pollination and the Cat2
transcript failed to accumulate after 24 h of ABA
treatment [33].  In this report, we found that the
Cat2 transcript increased after 24 h ABA treat-
ment at 5 dpi, suggesting that the response of the
Cat2 gene to ABA is developmental stage spe-
cific. Whether the effect is direct or indirect still
needs to be determined. This ABA response el-
ement contains the core sequence ACGT which
is a c&-acting  element for plant transcription fac-
tors. It is also the core element for response to
light [34,  351,  jasmonic acid [36],  and salicylic
acid [ 371.  The Cat2 gene responds positively to
light [8]  and salicylic acid [7].  It is possible that
the ACGT core sequence in the Cat2 gene also
serves as a light or SA response element. At 1 mM
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of SA concentration, Cat2 transcript increased
dramatically in 28 dpp scutella; however, the Cat2
transcript failed to accumulate at 1 dpi with the
same doses of SA treatment [7].  We extended
our study to examine the effect of SA on Cat2 at
2 dpi. Surprisingly, the Cat2 transcript again in-
creased slightly upon 1 mM SA treatment. The
levels of transcript accumulation are not as dra-
matic as they are during embryogensis. Thus, the
response of Cat2  to the same doses of SA is not
only different at two distinct developmental stages
(i.e., embryogenesis and germination), but also
differ at two time points of the same developmen-
tal stage. A pyrimidine box (CCTTTT) and box
I (GCAGTG) of the GA response complex of a
barley sc-amylase  [21]  were also identified. Re-
cently, new evidence indicated that the Cat2  gene
is induced by a germination related regulator [ 71.
This regulator might be GA or some other plant
hormone. To address this question, maize em-
bryos from 5 dpi were isolated and incubated in
culture plates containing GA, and the Cat2 tran-
script level was examined by northern blots. Re-
sults showed that there are no changes in Cat2
transcript levels between GA treated and non-
treated maize embryos at 5 dpi. This is also the
case with 28 dpp embryos (data not shown).
These results suggest that GA is not the regula-
tory factor which induces Cat2  expression upon
germination.

Several regulatory motifs were found in the area
around the transcription start site and 5’-
untranslated region as well. Two repeat ACGT
core sequences were located down stream of the
+ 1 site. An antioxidant responsive element and
a bHLH  binding site were located around the + 1
site. The function of these putative motifs at the
+ I and 5’-untranslated  region still needs to be

determined. It may be that they are involved in
post-transcriptional mechanisms which regulate
the Cat2  gene. Further upstream in the Car2  pro-
moter, two other bHLH  motifs were also located
near two ACGT core sequences. The same pat-
tern was observed in the 5’ region of the maize
Cat1  gene (two bHLH  located near two ACGT
core sequences) [9].  The role of the sequential
presence of these elements in the two catalase

gene promoters is being investigated. The expres-
sion of the maize Cat2 gene is regulated at several
different levels. The Cat2 gene also responds to
signals at specific developmental stages. Thus,
tissue and stage specific regtilatory  factors might
be involved in the regulation of Cat2 gene. Fur-
ther experiments are underway to identify the cis-
acting elements and the trans-acting  factors re-
sponsible for Cat2 expression.
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RESPONSE OF THE MAIZE CATALASES TO LIGHT

ALEXIS N. POLIDOROS and JOHN G. SCANDALIOS

Department of Genetics, North Carolina State University, Raleigh, NC, USA

Abstract—The three maize catalase genes respond differentially to light signals. Expression of Cat1 is light inde-
pendent while expression of Cat2 and Cat3 is light responsive. Upon exposure to light there is rapid accumulation
of CAT-2 protein in leaves, due to both increased transcript accumulation and increased translation of the Cat2
message. Short UV light pulses also cause a strong transient induction of Cat2 gene expression, while long term
exposure to UV does not affect the rate of Cat2 transcription. The Cat3 gene of maize exhibits a transcriptionally
regulated circadian rhythm. The induction of the Cat3 circadian expression in etiolated leaves is probably regulated
by a very low fluence phytochrome response; the involvement of a blue light /UV-A and a UV-B photoreceptor is
also possible. Regulatory elements located on the Cat3 promoter have recently been identified and their significance
in the complex light response of the gene is being investigated. Possible physiological role(s) of the light responding
maize catalases Cat2 and Cat3 are discussed. q 1997 Elsevier Science Inc.

Keywords—Zea mays , Catalase, Light regulation, UV light, Free radicals, Circadian rhythm

INTRODUCTION

Light is an environmental signal that, in addition to
providing energy for photosynthesis, serves as a trigger
and modulator of complex regulatory mechanisms. The
transition from an etiolated seedling to a fully green
plant is one of the most dramatic events in the plant’s
life cycle.1 During this transition the expression pat-
terns for many genes are affected in various ways.
Among the genes whose expression patterns are repro-
grammed by exposure to light are two of the three cat-
alases in maize.

Catalase ( H2O2 :H2O2 oxidoreductase, EC
1.11.1.6; CAT) is a tetrameric heme containing en-
zyme, that is found in all aerobic organisms, and de-
grades H2O2 at an extremely rapid rate.2 Plants, un-
like animals, have multiple enzymatic forms
( isozymes) of catalase. In maize three unlinked nu-
clear structural catalase genes have been isolated and
characterized.3 – 5 These genes, namely Cat1 , Cat2 ,
and Cat3 encode the three biochemically distinct cat-
alase isozymes CAT-1, CAT-2, and CAT-3 respec-
tively.6 – 9 The function of catalase places the enzyme
in the first line of the antioxidant defense mecha-

Address correspondence to: J. G. Scandalios, Department of Ge-
netics, North Carolina State University, Raleigh, NC 27695-7614. E-
mail: jgs@unity.ncsu.edu

nisms of the cell. Eukaryotic cells continuously pro-
duce reactive oxygen species (ROS) as by-products
of electron transfer reactions. Several major meta-
bolic processes of plants including photosynthesis,
respiration, and b-oxidation of fatty acids are re-
sponsible for the production of ROS during normal
metabolism. Antioxidant enzymatic and non-enzy-
matic mechanisms effectively remove ROS from dif-
ferent cellular compartments, preventing cellular
damage. The antioxidant responses need to be finely
tuned in order to be highly specific and efficient.
Light is the signal that initiates a major transition
from heterotrophic to autotrophic metabolism, and is
also responsible for the initiation of ROS production
during this metabolic process. Thus, it is not surpris-
ing that light also modulates and reprograms anti-
oxidant gene expression in order to coordinate anti-
oxidant defense responses to cope with the ROS
produced during autotrophic metabolism.

The three maize catalase genes respond differen-
tially to light. The expression of the Cat1 gene is light
independent throughout development.2,11 In contrast,
Cat2 appears to be positively regulated by light 10 – 13

and Cat3 exhibits a transcriptionally regulated cir-
cadian rhythm.3,12 – 15 In this review we summarize the
differential responses of maize catalases to light sig-
nals.
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CATALASE PHOTOINACTIVATION AND

PHOTOREGULATED GENE EXPRESSION

Catalase is a light sensitive enzyme.16 Purified cat-
alase from bovine liver and catalase of isolated intact
peroxisomes from rye leaves were shown to be inacti-
vated in vitro by irradiation with visible light.17 In the
presence of isolated chloroplasts, catalase inactivation
is mediated by light absorption in the chloroplasts.
However, photoinactivation of catalase occurs only in
the presence of non-photosynthesizing, but not in the
presence of photosynthesizing, chloroplasts. Substan-
tial and selective photoinactivation of catalase was also
reported in vivo , when leaf sections from various
plants, including maize, were irradiated with light of
high intensity in the presence of translational inhibi-
tors.17 These results were verified in mature rye leaves,
as the catalase polypeptide was shown to be increas-
ingly degraded with increasing irradiance, although the
steady state level of the enzyme remained fairly con-
stant.18 Degraded catalase was replaced by new syn-
thesis that was also increasing with light intensity but
was low in darkness.18

Regulation of catalase genes by light involves both
induction and inhibition of gene expression. Photoreg-
ulated catalase gene expression has been reported in
several plant species including maize,10–15 Arabidop-
sis , 20,21 N. plumbaginifolia , 19,22 cotton,23 and barley.24

The maize CAT-2 catalase protein is synthesized in
leaves only in the presence of light. Cat2 mRNA can
be isolated from both etiolated and light grown leaves.
However, it is rendered translatable only after the
leaves are exposed to white light, leading to a dramatic
induction of the CAT-2 isozyme.2,10 Further studies in
our laboratory indicated that, in addition to this trans-
lational induction, transcriptional induction of Cat2
gene expression also occurs after exposure to light.13

The transcriptional induction of Cat2 expression by
light depends upon the presence of carotenoids. Carot-
enoid deficient maize mutants failed to accumulate de-
tectable Cat2 mRNA after exposure to light.13 Such
transcriptional and translational control mechanisms
driven by light are known to regulate photosynthesis
related genes.1 The functional significance of the pho-
toinduction of the Cat2 gene during leaf development
in maize is not clear. A possible role for CAT-2 is deg-
radation of H2O2 produced in light grown maize leaves
during photorespiration. However, the rate of photo-
respiration is not particularly high in maize, a C4 plant,
and the constitutive expression of Cat1 is likely suffi-
cient to accommodate the H2O2 generated from pho-
torespiration in green leaves as is suggested by the oc-
currence of normally growing CAT-2 null maize
mutants. Thus, CAT-2 may play a significant role in

protecting the plant under conditions that induce pho-
tooxidative stress, such as low temperature in combi-
nation with high light intensity. Such possibilities are
currently under investigation in our laboratory using
maize Cat2 containing transgenic tobacco plants.

EFFECTS OF UV-LIGHT IN THE EXPRESSION OF THE

MAIZE CAT2 GENE

Differential light responses of the three maize cata-
lases are also reflected in their expression pattern dur-
ing photooxidative stress caused by UV-irradiation. We
have recently shown55 that UV light pulses in the range
of 240–400 nm could entrain the Cat3 circadian ex-
pression and cause a strong transient induction of Cat2 .
The most distinct response was obtained with UV-light
in the range of 290 to 400 nm (containing UV-B and
UV-A). This effect was reduced by 60‰ when the
UV-B portion (240–310 nm) was removed.
Expression of the Cat2 gene was also induced by a UV-
A/blue light pulse (310–400 nm). However, the max-
imal transcript level of Cat2 was lower and appeared
earlier than that observed by the full spectrum UV light
pulse. Taken together these results suggest that the UV
light induction of Cat2 gene expression may be regu-
lated by a UV-B and a UV-A/blue light photoreceptor.

A slight induction of Cat2 was also observed after
long term exposure to UV light. However, the level of
Cat2 transcript accumulation was lower than that ob-
tained with UV light pulses, even though the transcript
level remained slightly enhanced over the controls.
Considering the stable circadian expression of Cat3 un-
der UV-light stress (see below), Cat2 may ensure a
basic level of H2O2 scavenging, particularly at the pe-
riod when Cat3 reaches a minimum during its circadian
oscillation.

In N. plumbaginifolia leaves Cat1 and Cat2 (not
similar to the maize Cat1 and Cat2 genes) transcript
levels changed dramatically in response to UV-B
stress; Cat1 was repressed, whereas Cat2 was induced
four-fold after UV-B exposure. In addition, Cat3 (also
not similar to the maize Cat3 gene) was induced by
UV-B.19 These data suggest a distinct role of each cat-
alase in UV-light stressed N. plumbaginifolia leaves.

CIRCADIAN REGULATION OF PLANT CATALASES

Similarities and differences among different plant
species

The Cat3 gene of maize (a monocot C4 plant) was
the first catalase gene reported to exhibit a transcrip-
tionally regulated circadian rhythm.12 Since then, three
additional plant catalases (in dicot C3 plants) , the Ar-
abidopsis Cat2 20 and Cat321 (previously called Cat1) ,
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Table 1. Characteristics of the Circadian Regulation of Oscillating
Catalases from Different Plants

Species Gene
Max.
Exp.

LL
Cycling Role

Zea mays (maize) Cat3 CT 10 NO Mitochondria?
Arabidopsis thaliana CAT2 CT 4 YES Photorespiration?

CAT3 CT 10 NO ?
N. plumbaginifolia Cat1 CT 4 ? Photorespiration?

Maximum expression (Max. exp) is the circadian time (CT) in
hours after the onset of light when the catalase mRNA accumulation
reaches the maximum. The circadian oscillation under constant light
(LL) and the possible functional role of the gene are indicated.

and the Cat1 gene of N. plumbaginifolia22 have been
shown to be transcriptionally regulated by the circadian
clock; the most important characteristics of the circa-
dian expression of catalase genes in different plants are
summarized in Table 1. Among them, two different
patterns of circadian regulation are observed. The
maize Cat3 and the Arabidopsis Cat3 show maximal
expression late in the light period, approximately 10 h
after the light onset (CT-10, circadian time) and min-
imal transcript accumulation late in the dark period at
CT-22. The Arabidopsis Cat2 and the N. plumbagini-
folia Cat1 exhibit a circadian rhythm similar to the typ-
ical rhythm observed for the photosynthetic genes cab
and rbcS with maximal transcript accumulation early
after exposure to light, and minimal at the start of the
dark period.

Additional differences between the opposite cycling
catalases Cat2 of Arabidopsis and Cat3 of maize have
been observed. The Arabidopsis Cat2 mRNA reaches
a peak of abundance 1 day after imbibition in contin-
uous dark (DD) or continuous light (LL) grown seed-
lings.20 A second peak of mRNA abundance appears 6
days after imbibition only in light grown seedlings and
may be associated with the development of photosyn-
thetic competence and induction of photorespiration.
This second peak is regulated by light and is not seen
in etiolated seedlings.20 Cat2 mRNA accumulation is
induced by exposure to high-fluence blue or far-red
light but not by red light. In addition, light induction is
unaffected by mutations that block blue-light mediated
inhibition of hypocotyl elongation (blue1, blue2, blue3,
hy4) , suggesting phytochrome involvement. Upon
transfer of etiolated seedlings to constant white light,
Cat2 mRNA rapidly accumulates and its abundance un-
dergoes robust oscillations with 24 h periodicity, indi-
cating control by an endogenous circadian clock. The
rhythm is also present in plants growing under dark-
light cycles and persists for at least 5 circadian cycles
when plants are transferred either to constant dark or
to constant light, indicating the robustness of the cir-
cadian rhythm.20 In contrast, the maize Cat3 mRNA is
present at constant levels in leaves of either DD or LL
growing seedlings without an apparent oscillation.13

The same is observed with the Arabidopsis Cat3 as its
expression is similar in seedlings germinated and grow-
ing either in continuous dark or in continuous light.21

Physiological role(s) relative to the circadian
rhythms of the catalase genes

Considering that different patterns of circadian ex-
pression of catalase genes are present within the same
(Arabidopsis) as well as between different plant spe-
cies (Arabidopsis , Zea mays , N. plumbaginifolia) , it is

reasonable to assume that each gene fulfills different
metabolic roles. In C3 plants like Arabidopsis and N.
plumbaginifolia, the phase of accumulation of catalase
transcripts early in the light period coincides with that
of photosynthetic genes and is in good agreement with
a potent physiological role of catalase in decomposing
H2O2 generated during the photorespiratory oxidation
of glycolate in the peroxisome.25

Photorespiration in maize, a C4 plant, occurs to a
lesser degree as compared to C3 plants, and the phasing
of Cat3 in maize with maximal expression late in the
light and early in the dark period suggests that the role
of this gene is likely not associated with photorespira-
tion. The existence of a C3 plant catalase (Arabidopsis
Cat3) exhibiting a similar circadian expression phase
as Cat3 of maize (C4) implies a common metabolic
necessity in C3 and C4 plants for catalase during the
dark period. The nature of such a metabolic require-
ment remains obscure. However, there is substantial
evidence that the maize CAT-3 protein is associated
with the maize mesophyll mitochondria.9,26

In C4 plants, malate oxidation in mesophyll mito-
chondria is sensitive to cyanide and shows strong re-
spiratory control, as in mitochondria from leaves of C3
species and etiolated tissues. In bundle sheath mito-
chondria, however, malate oxidation is largely insen-
sitive to cyanide and shows no respiratory control. On
the other hand this oxidation is strongly inhibited by
salicylhydroxamic acid (SHAM), showing that the al-
ternative oxidase is involved.27 Localization of CAT-3
in mesophyll mitochondria is in good agreement with
ROS production during cyanide sensitive respiration.
The need for the circadian oscillation of maize Cat3
may be explained by two different hypotheses that con-
verge to a fluctuation of ROS produced during the dark-
light cycles. First, mitochondrial respiration can be
higher late in the light period and in the early dark
period when metabolites from photosynthesis are am-
ply supplied. Later, during the dark period, the rate of
respiration becomes lower as metabolites are depleted.
That could result in a fluctuation of ROS produced at
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a rate similar to that of respiration. Second, the en-
gagement of the alternative oxidase in the maize mes-
ophyll cells could be light dependent. Actually, differ-
ential engagement of the alternative oxidase during the
dark-light cycle has been reported in plants with CAM
metabolism.28 And light dependent induction of the al-
ternative oxidase pathway (AOP) has been reported in
etiolated soybean cotyledons exposed to light.29 The
physiological role of the AOP is still uncertain (with
the exception of a few cases as in Arum lilies wherein
the AOP is apparently directly related to thermogenic
metabolism). Several lines of evidence lead to the sug-
gestion that the AOP may be related to prevention of
oxidative stress.30 An apparent induction of alternative
oxidase by superoxide in the yeast Hansenula anomala
has been shown.31 It has also been suggested that oxi-
dation of ubisemiquinones by the alternative oxidase
would prevent them from reacting with molecular ox-
ygen to generate superoxide.32 Apparently diversion of
the electron flow from the cytochrome pathway when
this pathway is overloaded and the rate of free radical
generation is high, could result in prevention of ROS
production. If that is true, then CAT-3 and alternative
oxidase could represent synergistic and/or comple-
mentary mitochondrial protective mechanisms for ROS
scavenging.

Thus, our working hypothesis (currently under in-
vestigation in our laboratory) is that a diurnal fluctua-
tion of ROS produced by mesophyll mitochondria, de-
pendent on the metabolite accumulation-consumption
rhythm and/or differential alternative oxidase engage-
ment during the dark-light cycle, could account of the
necessity for the circadian rhythm of Cat3 whose prod-
uct is associated with mitochondria.

Entrainment of the maize Cat3 circadian rhythm

The circadian expression of the maize Cat3 gene
requires the entraining signal of a light-dark cycle. This
is a marked difference from what is observed with the
Arabidopsis Cat2 , or photosynthetic genes like cab , 33

which oscillate under continuous light. An effort was
undertaken in our laboratory in order to define the nec-
essary conditions for the entrainment of the maize Cat3
circadian rhythm.15 Our results demonstrate that the cir-
cadian rhythm of Cat3 is inducible by transferring DD
or LL growing plants to a cycling dark-light regime. A
rhythm is induced by the first dark (D) to light (L) or
L to D transition, but seems to be more stable and syn-
chronized after a second transition to the initial con-
dition. The photoperiod (12h D/12h L or 8h L/ 16h
D) does not affect the appearance of the maximum and
minimum in Cat3 expression which is set at CT-10 and
CT-22 respectively.

A different pattern of circadian induction, concern-
ing the phase of the rhythm and related to the initial
light conditions is observed, when LL or DD growing
plants are transferred to the opposite continuous re-
gime. When DD growing plants are transferred to LL
the induction of the rhythm starts with an increase in
mRNA abundance that reaches a maximum 10 h and a
minimum 22 h after the transition, which represents the
normal phase of an established rhythm in 12h D/12h
L growing plants. The entrainment of the rhythm in
plants transferred from LL to DD begins with a rapid
decrease of Cat3 mRNA accumulation reaching a min-
imum 10 h and a maximum 22 h after the transition. In
this case although the phase of the rhythm is the op-
posite of what is observed in the DD to LL transition,
it still represents the normal phase of an established
rhythm in plants growing under a 12h D/12h L regime.
Thus, the phase in the entrainment of the circadian ex-
pression of Cat3 depends upon the nature of the tran-
sition and is in accordance with the phase of a normal
rhythm that exhibit 12h D/12h L growing plants. These
results indicate that the maize Cat3 gene responds to
light-on signals with induction and to light-off with re-
pression of its expression. A diurnal oscillation in Cat3
mRNA levels also occurs in roots.14 However, the am-
plitude of the oscillation in roots is much less and the
phase of the rhythm appears to lag behind that in leaves.

In a very interesting analysis of the UV light effects
on the induction of the Cat3 circadian expression, Boldt
and Scandalios55 demonstrated that single transitions
of LL or DD growing plants to constant full-spectrum
(240–400 nm) UV-light strongly induces the circadian
expression of the Cat3 gene, and significantly, in a
manner similar to that observed in DD to LL or LL to
DD transitions. Surprisingly, not only did the DD to
UV transition (‘‘dark’’ to ‘‘light’’) induce the circa-
dian Cat3 expression, but in addition, the LL to UV
transition ( ‘‘light’’ to ‘‘light’’) also induced a circa-
dian rhythm similar to the one observed in the transition
from constant light to constant dark. It is therefore
tempting to speculate that the internal ‘‘regulator’’ of
the rhythm reacts not only to light-on and light-off sig-
nals, but also to signals related with the quality of the
light (wavelength) , indicating the complex and sensi-
tive nature of the oscillator.

In addition to dark-light transitions, short 15 min
light pulses of different wavelength monochromatic or
polychromatic light given to 8 days old etiolated seed-
lings can induce the circadian Cat3 expression in a
markedly uniform way, regardless of the wavelength
of the light.15 In doing so, light pulses of white light,
red, far-red, red followed by far-red, UV-light (290–
400 nm) or UV-light from which different portions of
the spectrum (UV-C, UV-C and UV-B, or UV-C and
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Table 2. Regulatory Elements Located on the Cat3 1kb 5* Upstream Region

MOTIF Position Response (signal/factor) Reference

GT-1 0174, 0332, 0556, 0796 light 41,42
l-box 0428, 0721, 0842 light 43
GATA repeat 0196 light, circadian clock 37
ACGT core 0606 leucine zipper factors 43,44
ARE 0148 antioxidants, H2O2 45
AP-1 binding 0217 PMA, UV, H2O2 46
NFkB binding 0423 H2O2, radiation, infection, chemicals, 46,47
XRE 0622 Aryl-hydrocarbons (dioxin) 48
TGACG 0108 auxin, salicyclic acid 43
bHLH core 016, 0136, 0180, 0263, 0328 basic helix-loop-helix proteins 49
RY motif 0386 gene expression in seed development, 50,51
SV40 enhan. 0179, 0260 enhancer 52

Position is relative to the transcription initiation/1. Signals or factors that elicit responses through these elements
are listed. Light responsive elements are in bold.

UV-B and UV-A) have been removed, using appro-
priate filters, can rapidly induce Cat3 mRNA accu-
mulation that reaches a maximum 4–8 hours after the
pulse. The Cat3 mRNA decreases thereafter reaching
a minimum within 12–16 h and then peaks again 24–
28 h after the pulse. Taken together these results sug-
gest a very low fluence phytochrome response in the
induction of the Cat3 circadian expression in etiolated
seedlings, along with the involvement of a blue-light/
UV-A and a UV-B photoreceptor.15

The Cat3 circadian rhythm damps to constant ex-
pression when 12h D/12h L growing plants are trans-
ferred to continuous light or darkness. Damping of the
rhythm occurs rapidly and slight oscillations are de-
tected three days after transfer to constant conditions,14

in contrast to the observed robust oscillations of the
Arabidopsis Cat2 gene which persist for 5 days after
transfer to constant conditions.20 Because the Cat3 gene
is continually transcribed in the absence of a cycling
light regime, the normally observed diurnal variation
of Cat3 expression has been proposed to be the result
of a circadian-regulated transcriptional repressor.13

Regulatory elements of the Cat3 promoter

Studies with other plant genes have fortified the as-
sumption that light and circadian responsive sequences
are located in the 5* flanking regions of structural
genes.33–43 The complete genomic sequence of the
maize Cat3 gene has been isolated and characterized.3

Recent reports and knowledge on light and circadian
regulation of more plant genes has prompted us to re-
examine the Cat3 5* upstream region for the presence
of regulatory motifs.

Several transcription factor binding sites were rec-
ognized (Table 2, Fig. 1) and surprisingly enough, the
presence of a transposable element in the Cat3 pro-
moter was identified. The transposable element located

at 0171 (Fig. 1, Fig. 2) belongs to a large family of
small inverted repeat elements designated ‘‘Tourist’’,53

first described in the wx-B2 mutation of maize. Mem-
bers of this family of elements are highly repetitive in
genomes of some and perhaps all members of the
grasses, are associated with insertion mutations, and are
also found in the introns and flanking sequences of
wild-type genes.54 Of all Tourist elements reported in
5’ flanking sequences of wild-type genes to date, only
the one found in the Cat3 5* flanking region is proximal
to the promoter. Moreover, the sequence (Fig. 2) of
this element, termed Zm13 , 54 revealed very interesting
motifs that are not present in other members of the
Tourist family. The terminal inverted repeats of the el-
ement are two oppositely oriented core motifs of the
SV-40 enhancer,52 located in a perfect palindrome with
sequence CAATCCATwATGGATTG (the vertical axis
denotes the symmetry center) . The two CAAT boxes
of each palindrome are two of the three CCAAT motifs
located on the Cat3 promoter. The third CCAAT motif
is also present within the transposable element over-
lapping a GATA repeat present at 0196.

The ‘‘Tourist’’ region of the maize Cat3 promoter
shares striking sequence similarities with the 0111 to
038 region of the Arabidopsis CAB2 promoter that has
been shown to be sufficient for induction of a luciferase
(luc) reporter gene by red light in etiolated tobacco plants,
as well as, for rhythmic expression in green tissue.37 The
GATA repeat of the Arabidopsis CAB2 promoter lies be-
tween 055 and 074 and serves as a binding site for the
GATA-binding protein CGF-1 that is closely related to
the GT-1 transcriptional factor and can play a role in light
regulation.39 In vivo analysis of CAB2::luc fusion con-
structs in transgenic Arabidopsis demonstrated that a cir-
cadian regulated element lies within a 36bp sequence im-
mediately upstream the GATA repeat that overlaps a
conserved CCAAT box and contains binding sites for
three putative transcription factors.40
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Fig. 1. Schematic representation of the Cat3 promoter structure. Regulatory elements located in the promoter region of the maize
Cat3 and their position relative to the transcription initiation (/1) are shown. The elements are as listed in Table 1. The location
of the Tourist Zm13 transposable element in the Cat3 promoter is also shown.

Fig. 2. The sequence of the Tourist Zm13 transposable element. The duplicated incorporation site TTA, the light responsive GATA
repeat and the three CCAAT boxes are in shaded boxes.

Based on the similarities between the ‘‘Tourist’’ re-
gion of the maize Cat3 promoter and the Arabidopsis
CAB2 promoter, it is likely that the Zm13 transposable
element present in the maize Cat3 promoter is a perfect
candidate regulatory sequence directing the light in-
ducible and circadian expression of the gene. If that is
true, it is possible that we may be able to identify maize
genotypes lacking the transposable element in the pro-
moter of the Cat3 gene and thus, do not exhibit a cir-
cadian rhythm. Alternatively, in genotypes exhibiting
circadian regulation of the Cat3 we should be able to
identify the Zm13 element in the Cat3 promoter. Ac-
tually, limited data (obtained after analysis of three dif-
ferent genotypes) indicated that genetic background
and allelic variation do not directly affect the temporal
pattern of Cat3 accumulation in leaves.13 We have re-
cently expanded this analysis examining several North
and South American maize genotypes. Preliminary re-
sults indicate that Cat3 is cycling in all of them. Inter-
estingly, these results also show that there is variation
in the amount of Cat3 mRNA accumulation in each
time point of the circadian cycle between the different
inbred lines.56 We are currently examining those ge-
notypes for presence of the Zm13 element in the pro-
moter of the Cat3 gene. And certainly the most efficient
way to provide evidence for the regulatory role of the
element is to use transcriptional fusions with a reporter
gene and examine the pattern of the reporter’s expres-
sion in transient assays and/or transgenic plants. Such

approaches are currently being pursued in our labora-
tory in order to obtain thorough insights into the mo-
lecular basis of the maize Cat3 circadian regulation of
expression.

SUMMARY

Light is the environmental signal that triggers a ma-
jor developmental transition in plants, initiating pho-
tosynthesis and autotrophic metabolism. Metabolic
pathways such as photosynthesis and respiration con-
tribute to ROS production and create the need for com-
pensating antioxidant gene expression to balance the
ROS levels. From this point of view, light response of
maize catalases could represent a coordinated regula-
tory mechanism developed to cope with light induced
oxidative stress. Differential response of the maize cat-
alases to light signals implies different physiological
roles for each gene. Two of the maize catalases, namely
Cat1 and Cat2 , encode peroxisomal or cytosolic en-
zymes. Cat1 gene expression in leaves is constitutive
at low levels and is insensitive to light. Cat2 response
to light is positive at both the transcriptional and the
translational levels. In C3 plants catalase induction by
light is suggested to be a response to photorespiration
and the consequent increase of H2O2. Low photores-
piration rate in C4 plants along with the survival of
CAT-2 null maize genotypes under normal environ-
mental conditions denote that the Cat2 gene is probably
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not essential in degrading photorespiration generated
H2O2, and may be important in conditions favoring ox-
idative stress. The CAT-3 catalase isozyme is associ-
ated with the mesophyll mitochondria and Cat3 gene
expression is regulated by a circadian rhythm. Maxi-
mum Cat3 transcript accumulation is observed late in
the light period which suggests that CAT-3 may play
an important role during mitochondrial respiration in
the dark. The need for the Cat3 circadian rhythm could
emerge from differential production of ROS in meso-
phyll mitochondria during the day-light cycle.

Many aspects of the catalase responses to light need
still to be investigated. Recent work with other plants
has shown that catalase genes respond to light in spe-
cific ways comparable with those described in this re-
view for maize. Thus, light responses may represent
evolutionary conserved mechanisms in the regulation
of catalase gene expression in plants. Further studies
are needed for understanding the underlying regulatory
mechanisms from signal perception to specific gene re-
sponse. Such knowledge will enable us to manipulate
catalase gene expression in order to elicit effective an-
tioxidant responses in severe oxidative stress condi-
tions. For these genetic engineering manipulations light
may prove to be a useful and effective switch.
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ABSTRACT
The Cat3 gene of maize exhibits a transcriptionally regulated circadian rhythm. In the present study

we examined the following: (1) the extent of the circadian Cat3 expression between maize genotypes of
diverse origin; (2) the functional significance of a Tourist transposable element located in the Cat3 promoter
of the inbred line W64A, which harbors putative regulatory elements (GATA repeat, CCAAT boxes) shown
to be involved in the light induction and circadian regulation of the Arabidopsis CAB2, as well as other
plant genes; and (3) aspects of the physiological role of CAT-3 in maize metabolism. Results confirm that
the circadian Cat3 expression is a general phenomenon in maize. Regulation of Cat3 gene expression is
not dependent on the presence of the Tourist element in the promoter of the gene nor on the presence
of motifs similar to those found significant in the circadian expression of the Arabidopsis CAB2 gene.
Structural diversity was revealed in the Cat3 promoters of maize genotypes of diverse origins. However,
highly conserved regions with putative regulatory motifs were identified. Relevance of the conserved
regions to the circadian regulation of the gene is discussed. Possible physiological roles of CAT-3 are
suggested.

THE three maize catalase genes respond differen- when inserted in or near genes. The most common
tially to light in developing maize leaves. Cat1 ex- effect is a null mutation when an element interrupts

pression is light-independent (Redinbaugh et al. 1990), the coding region of a gene (McLaughlin and Walbot

Cat2 is positively regulated by light (Skadsen and Scan- 1987; McCarty et al. 1989; Abler and Scandalios

dalios 1987; Acevedo et al. 1991), and Cat3 is regulated 1991). Insertion of an element in an intron may result
by a circadian rhythm (Redinbaugh et al. 1990; Ace- in novel RNA-processing events, as in the maize Adh1-S
vedo et al. 1991). Studies on several aspects of the Cat3 gene (Luehrsen and Walbot 1990). The presence of
circadian expression as well as indications of putative an element in the promoter region can cause a spectrum
physiological role(s) of CAT-3 have been recently re- of altered expression responses, as has been evident
viewed (Scandalios et al. 1997). Because studies with from paradigms in maize as well as in many other organ-
other plant genes have fortified the assumption that isms. Low amounts of the Bz gene product (Schiefel-

light and circadian responsive elements are located in bein et al. 1988), reduced levels of Wx enzymatic activity
the 59 flanking regions of structural genes (Millar and (Weil et al. 1992), and no detectable reporter activity
Kay 1991; Anderson et al. 1994), we examined the of a PGT3 patatin promoter fusion to b-Glucuronidase
Cat3 59 upstream region for the presence of regulatory in transgenic potato or tobacco plants (Koester-

motifs. Several transcription factor binding sites and a
Toepfer et al. 1990) are some examples of negative

transposable element were identified (Polidoros and regulation after incorporation of a transposable ele-
Scandalios 1997). The transposable element located ment in the 59 flanking region of diverse genes. There
at 2171 belongs toa large family of small inverted repeat are also examples where insertion of an element in
elements designated “Tourist,” first described in the wx- the 59 upstream region of the gene does not affect
B2 mutation of maize. Members of this family of ele- transcription. Comparison of the Arabidopsis thaliana
ments are highly repetitive in genomes of some and meiosis-specific gene AtDMC1 isolated from Landsberg
perhaps all members of the grasses, are associated with erecta ecotype to its Columbia allele ArLIM15, revealed
insertion mutations, and are also found in the introns

the presence of a 1874-bp transposon-like element
and flanking sequences of wild-type genes (Bureau and

within the promoter region of ArLIM15, located 219 bp
Wessler 1994a).

upstream of the transcription initiation. Reverse tran-Transposable elements can alter gene expression
scription-polymerase chain reaction (RT-PCR) analysis
showed that the expression levels of AtDMC1 and Ar-
LIM15 are similar (Klimyuk and Jones 1997).
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containers on several layers of germination paper moistenedwhen the element carries regulatory sequences. This has
with distilled water.been described in several examples, including mouse

Zymogram analysis: Seeds were germinated and grown in
(Stavenhagen and Robins 1988), human (Ting et al. plastic containers in darkness at 258 for 10 days. Samples were
1992), and plant genes (White et al. 1994). In plants, prepared from coleoptile tissue inglycylglycine buffer, catalase

activity and protein concentration were determined, and gelcopia-like retrotransposon sequences have been shown
electrophoresis of CAT isozymes was performed according toto contain cis-regulatory elements which, in several
Chandlee and Scandalios (1984).cases, control the expression of the recipient genes Northern analysis: RNA was isolated from soil-grown plants.

(White et al. 1994). Members of the Stowaway family of Germination and subsequent growth was at 258 for 10 days in
plant inverted repeat elements are frequently located 12-hr dark/12-hr light (12D/12L) photoperiod. Leaf material

was harvested the 10th day at circadian times (CT) 2, 6, 10,in 59 upstream regions of several genes and appear
14, 18, and 22, using a green safety light during the darkto contain previously identified cis-regulatory domains
period. All samples were frozen in liquid nitrogen and stored(Bureau and Wessler 1994b). Stowaway elements share at 2808 for analysis. Total RNA from leaf material was ex-

many structural features with the Tourist elements but tracted according to Thompson et al. (1983) and separated
have no significant sequence similarity. on denaturing 1.2 or 1.6% agarose gels. It was then transferred

onto nitrocellulose or nylon membranes and hybridized withCareful examination of the Tourist element located in
a Cat3 gene-specific probe (Redinbaugh et al. 1988). Hybrid-the maize Cat3 promoter (termed Zm13) revealed motifs
ization buffers and conditions were modifications of protocolsthat share striking similarities to a 78-bp cis-acting do- recommended by the manual of the S&S Nytran Plus mem-

main of the Arabidopsis CAB2 promoter (Polidoros brane (Schleicher andSchuell, Keene, NH). Briefly, the prehy-
and Scandalios 1997). This domain is sufficient to bridization solution contained 50% formamide, 63 SSPE, 53

Denhardt’s, 7% sodium dodecyl sulfate (SDS), 200 ug/mlconfer red-light induction of a luciferase (luc) reporter
salmon sperm DNA, and 1% dextran sulfate. After 4-hr prehy-gene in etiolated tobacco plants and rhythmic expres-
bridization at 428, the prehybridization solution was substi-

sion in green tissue (Anderson et al. 1994). Based on tuted with hybridization solution. This was the same as the
these similarities, we hypothesized that the Tourist Zm13 prehybridization solution without 53 Denhardt’s, to which

probe was added. Hybridization proceeded at 428 for 24 –36transposable element present in the Cat3 promoter of
hr, and washes were performed twice for 30 min with 0.13the maize inbred line W64A might represent a cis-regu-
SSC/0.1% SDS at 428.latory sequence directing the light-inducible and cir-

DNA isolation and Southern analysis: Genomic DNA from
cadian expression of the gene (Polidoros and Scan- each maize line was isolated from 10-day-old light-grown leaves
dalios 1997). using the DNeasy Plant Mini Kit (Qiagen, Valencia, CA) ac-

cording to instructions. For W64A and A16, genomic DNA wasConsidering that maize is a highly polymorphic spe-
also isolated from 10-day-old light-grown leaves as describedcies, we set up an experimental scheme to test the above
(Redinbaugh et al. 1988). Genomic DNA (10 mg) was digestedhypothesis and determine whether Cat3 expression is with SstI, electrophoresed through 1% agarose gel, and trans-

under circadian control in other maize lines and ferred onto S&S Nytran membranes using alkaline transfer
whether the circadian expression of the Cat3 gene de- according to the manufacturer. Hybridization and washes

were as described for Northern analyses. A 32P-labeled Cat3pends upon the presence of the Tourist element in the
gene-specific probe (Redinbaugh et al. 1988) was used inCat3 promoter. Results obtained from these studies
order to examine the 39 flanking region of the gene. A 185-could also provide information on the physiological role bp ApaI-XhoI fragment of the Cat3 promoter that includes the

of CAT-3. More specifically, we examined whether 143-bp Tourist Zm13 transposable element was subcloned into
among diverse maize genotypes (1) the circadian regula- pBluescript SK and used to detect the element in the different

lines. The Tourist probe, prepared with PCR using the M13tion of Cat3 is conserved, (2) the structure of Cat3 is
reverse and M13 forward primers, was nonradioactively la-conserved, (3) the Tourist element is present in the Cat3
beled using 13 Fluorescein-N6-dATP and unlabeled nucleo-

promoter, (4) the presence of the Tourist element or tide mix from the Random Primer Fluorescein Labeling Kit
presence of the motifs it harbors are necessary for the with Antifluorescein-AP (DuPont NEN, Wilmington, DE). The

reaction started with 3 min denaturation at 958 followed bycircadian regulation of Cat3, and (5) the circadian regu-
29 cycles of 15-sec denaturation at 958, 15-sec annealing atlation of Cat3 is associated with a specific physiologi-
558, and 30-sec extension at 758. The last extension step wascal role.
for 5 min to ensure completion of the reaction. The Tourist
probe was then hybridized and detected according to the
Random Primer Fluorescein Labeling Kit with Antifluores-
cein-AP (DuPont NEN) instruction manual.MATERIALS AND METHODS

PCR amplification of the Cat3 promoter, Southern analysis,
Plant material: In this study we used the following: the North subcloning, and sequencing: The structure of the promoter

American maize inbred lines W64A, KYS, Tx303, and Oh51A; region of Cat3 in the genotypes examined was analyzed with
A16, a line of Yugoslavian origin that is CAT-2 null; five inbred PCR and sequencing. The primers used in PCR were 59-
lines developed from tropical germplasm of diverse back- GGGCCCGACCATCAGACGAACAAC-39 upper and 59-GTG
ground, namely, NC296, NC298, NC300, NC302, and NC304, GCTGCTGGAACGGACGGAACT-39 lower, amplifying a 556-
kindly provided by M. Goodman (North Carolina State Uni- bp fragment of the Cat3 promoter in W64A (GenBank acces-
versity); and the line Black Mexican Sweet (BMS). Seeds were sion no. L05434), which includes the Zm13 transposon ele-
surface sterilized in 10% hypochlorite, soaked indistilled water ment. The upper primer is located between nt 2172–2196 in

the promoter and the lower at nt 2704–2727 at the junctionovernight, and planted in soil mix or germinated in plastic
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Figure 1.—Schematic of the known sequence of Cat3 in the inbred line W64A showing features relative to this study. The
combined PCR and hybridization strategy followed to detect the Tourist element and to determine the similarity with the Cat3
promoter in the PCR products from the different maize genotypes is illustrated. Positions of the PCR primers and restriction
enzyme borders of the promoter Cat3-specific, the Tourist-specific, and the Cat3 gene-specific probes are shown. The illustration
is not to scale, and the length (bp) of each probe or fragment is indicated.

of the first intron with the second exon of the gene. A second of the Cat3 cycling in all genotypes was confirmed by
upper primer 59-ATTACCGCGACGACAGGGACGATA-39 lo- examining Cat3 expression in a free-running cycle.
cated 54 bp 59 of the first one was used to verify PCR results. An

Plants grown in 12D/12L photoperiod for 10 days wereunrelated set of primers used to amplify the maize alternative
subjected to constant dark for 24 hr, and Cat3 expres-oxidase gene (Polidoros et al. 1998) was also used to examine

the purity of the DNA used as template in the PCR. The sion was examined at the time points corresponding to
reactions started with 3-min denaturation at 958 followed by the expected maximum (10 hr in constant dark) and
35 cycles of 30 sec denaturation at 958, 1-min annealing at minimum (22 hr in constant dark). Transcript levels
588, and 1-min extension at 758. The last extension step was

were identical with those observed at CT 10 and CT 22for 5 min. The PCR products were analyzed on 1.5% agarose
(Figure 2), respectively. The circadian rhythm of Cat3gels, visualized by staining with ethidium bromide, and either

transferred onto nylon membranes or used for subcloning. in the North American lines is markedly similar with
Hybridization of the PCR products was performed with two high levels of expression at CT 10 and lowest expression
probes: the 185-bp ApaI-XhoI fragment of the Cat3 promoter
that includes the 143-bp Tourist Zm13 transposable element
and the immediately upstream 80-bp ApaI fragment (Figure
1). Both probes were nonradioactively labeled and used as
described for the Tourist probe above. To subclone the PCR
products, the amplified band from each line was excised from
the gel, and the DNA was isolated using the QIAquick Gel
Extraction Kit (Qiagen) according to the instructions. It was
then ligated to the PCR-Script SK(1) plasmid vector using
the PCR-Scripte Amp SK(1) Cloning Kit (Stratagene, La
Jolla, CA) according to instructions. Positive clones were iden-
tified with direct colony characterization by PCR (Gussow and
Clackson 1989). PCR conditions were 3-min denaturation at
958 followed by 29 cycles of 15-sec denaturation at 958, 15-sec
annealing at 558, and 30-sec extension at 758, using the M13
reverse andM13 forward set of primers. The last extension step
was 5 min. Plasmid DNA from positive clones was prepared for
sequencing using the QIAprep Spin Miniprep Kit (Qiagen)
according to instructions. Labeling and sequencing of the
PCR-amplified Cat3 promoter region of each genotype were
performed using the ABI PRISMe Dye Terminator Cycle Se-
quencing Ready Reaction Kit (Perkin Elmer, Norwalk, CT)
and the ABI 377 automatic DNA sequencer (Perkin Elmer).

Figure 2.—Northern analysis of the circadian Cat3 geneRESULTS
expression in maize genotypes of diverse origin. The left panel

Extent of Cat3 cycling: Our results indicate that Cat3 represents North American and the right South American
genotypes. Hybridization was performed using the Cat3 gene-diurnal cycling occurs in all genotypes examined (Fig-
specific probe. Note the similar expression pattern among theure 2). The only exception is the BMS line that is null
North American lines and the variant patterns among thefor CAT-3, because no Cat3 message is detectable at any
South American lines. In all the lines Cat3 transcripts increase

time point examined and no CAT-3 activity is detectable during the light period and decrease during dark. No Cat3
in different tissues on zymograms (S. Ruzsa and J. G. transcript can be detected in the CAT-3 null BMS line. Results

are representative of three independent experiments.Scandalios, unpublished data). The circadian nature
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Figure 4.—Differences in transcript size for the Cat3 mRNA
Figure 3.—Southern analysis representing restriction frag-

among three maize lines. Northern hybridization was per-ment length polymorphism (RFLP) at the 39 end of the Cat3
formed using the Cat3 gene-specific probe. The A16 transcriptgene in diverse maize genotypes. Hybridization was performed
is obviously longer than the transcripts of W64A and KYS,using the Cat3 gene-specific probe. An arrow indicates the
which are fairly similar.W64A band, approximately 2 kb in length.

in maize genotypes of diverse origin. In connection withat CT 22. A circadian expression is also present in all
the conserved Cat3 cycling in the same diverse geno-the NC lines, but the level of expression is quite diverse,
types, our results clearly indicate that modifications inresulting in variant patterns. Among the 5 NC lines,
the 39 prime end of Cat3 do not affect the cycling expres-NC298 and NC304 display robust cycling with high levels
sion of the gene in these inbred lines.of expression at CT 10. Lines NC296 and NC300 have a

The promoter region of Cat3 is not conserved amongsimilar expression pattern with an increase in transcript
different maize genotypes: To determine the presencevery early after the onset of light, a maximum at CT 10,
of the Zm13 transposon element, we used a PCR-basedand lower amounts of transcript at the dark period.
approach to identify the structure of the Cat3 promoterHowever, the early induction is much stronger in
in the genotypes examined. Results of the PCR wereNC300. Line NC302 shows high expression at CT 6,
single band products of variable size for 10 out of theslightly lower at CT 10, and constant lower expression
11 lines examined, indicating that the promoter regionduring the dark period. In conclusion, our analysis indi-
of the gene has differences in length among these lines.cates that a circadian expression of Cat3 occurs among
In line Oh51A we failed to amplify any fragment afterall the lines examined. However, differences exist with
several attempts with different DNA isolates as tem-respect to the amplitude of the circadian rhythm, or
plates, indicating strong sequence differences at thethe level of expression at specific times.
primer locations between W64A and Oh51A. Thus weModification of the 39 end does not affect the Cat3
omitted this line from further analyses. Three lines,circadian rhythm: We examined whether the structure
BMS, KYS, and Tx303, had low amounts of PCR productof the Cat3 gene is conserved among genetically diverse
(Figure 6). These results were identical when either ofmaize lines. First we examined the 39 end of the gene
the two upper primers were used in PCR (see materialsusing a Cat3 gene-specific probe in Southern hybridiza-
and methods). To ensure that the faint bands in BMS,tions of genomic DNA digested with SstI. Results indi-
KYS, and Tx303 were not because of template impuri-cate that extensive polymorphism exists at the 39 end
ties, we used the same DNA templates in PCR with aof the Cat3 in the lines we analyzed (Figure 3). The
set of test primers and under the same conditions toreference line W64A gives a strong signal of the ex-
amplify a 500-bp fragment of the maize alternative oxi-pected size at z2 kb. In the rest of the examined lines
dase gene (Polidoros et al. 1998). DNA templates fromthe signal is weaker, indicating possible mismatches in
all the lines were sufficiently pure for successful amplifi-the hybridization, as an equal amount of DNA was
cation of the same fragment in equal quantity (Figureloaded on the gel (determined spectrophotometrically
6). Further analyses showed that these faint bands inand after staining with ethidium bromide). One line,
BMS, KYS, and Tx303 were nonspecifically amplifiedA16, shows a band of higher molecular weight, and the

rest of the lines show variable lower MW bands than that
of W64A. The higher MW of the A16 39 end correlates to
higher transcript size, whereas the lower MW of KYS
does not (Figure 4). However, in all the lines, zymogram
analysis indicated that the same CAT-3 isozyme (CAT-
3A) is present (Figure 5). This strongly suggests that the
modifications at the 39 end are most probably located at
the 39 untranslated (for A16) and untranscribed (for
the other lines) region.

Figure 5.—Zymogram analysis indicating that the same
These results indicate that extensive modifications in Cat3A allele is present in all the lines examined in the present

study. J117-3 is Cat3B control.the gene structure occur at the 39 end of the Cat3 gene
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Figure 6.—Electrophoretic analysis of PCR products. Top:
amplification of a promoter region of Cat3 using DNA tem-

Figure 7.—Detection of similarity with the 59 Cat3 and theplate from maize inbred lines of diverse origin. A single band
Tourist sequences in the PCR products from different lines.of variable size can be detected, indicating that the promoter
Top: hybridization of PCR bands from the different genotypesregion of the gene differs in length among these lines. Inten-
with the 80-bp Cat3-specific probe depicted in Figure 1. Allsity of the band is much lower in BMS, KYS, and Tx303,
NC lines and A16 show a strong hybridization signal. Bottom:indicating that false product amplification likely occurred in
hybridization of PCR bands from the different lines with thethese lines. Bottom: control PCR using a set of test primers
185-bp Tourist-specific probe depicted in Figure 1. Only thethat amplify part of the maize alternative oxidase gene and
W64A band hybridizes with this probe.the same template DNA as in the top panel. A single band of

similar size and intensity can be observed, indicating that the
DNA template used in both PCRs is of sufficient purity to

amplified band hybridized with the Cat3 promoter-spe-allow specific amplification.
cific 80-bp ApaI probe. However, multiple copies of
Tourist-like sequences exist in the genomes of all the

bands bearing no similarity to the Cat3 promoter (see lines, as is evident from the multiple bands seen after
below). hybridization of genomic DNA isolated from these lines

The length of the PCR products in the rest of the with the Tourist probe (Figure 8).
lines was in all cases smaller than that of W64A. The Sequencing and multiple alignment of the PCR-ampli-
difference in length is in the range of 80–100 bp except fied Cat3 genomic fragments: The PCR products of the
for NC296 and Tx303, where a difference of z150 bp different genotypes were cloned and sequenced to de-
was detected. Because the size of the Zm13 element is termine the exact sequence of the Cat3 promoter in
145 bp, further analyses were required to determine the these lines. Sequence analysis (Figure 9) confirmed the
presence of the transposon element in the promoter of
the Cat3 gene in these genotypes. For this purpose we
used a hybridization strategy depicted in Figure 1. Hy-
bridization of the PCR products was performed with
two probes. The 185-bp ApaI-XhoI fragment of the Cat3
promoter that includes the 143-bp Tourist Zm13 trans-
posable element was used to determine the presence
of the element in the different lines. The adjacent up-
stream 80-bp ApaI fragment was used to determine simi-
larity with the Cat3 promoter sequence of W64A. Our
results indicate that, for all NC lines and A16, the ampli-
fied region is similar to the W64A Cat3 promoter be-
cause strong hybridization signals were obtained with
the 80-bp ApaI fragment (Figure 7, top). However, there
was no detectable signal for the lines with weak PCR
bands (BMS, KYS, and Tx303), indicating that possible
modifications at the primer annealing sequences might
cause mispriming and/or amplification of a false prod- Figure 8.—Southern analysis indicating the presence of

multiple copies of Tourist-like sequences in all the maize linesuct. Hybridization of the same blot with the Tourist 185-
of diverse origin examined. Genomic DNA (10 mg) was di-bp ApaI-XhoI fragment of the Cat3 promoter resulted
gested with SstI, electrophoresed through 1% agarose gel, and

in a strong signal only for W64A (Figure 7, bottom). hybridized with the Tourist-specific probe. The position of the
This indicates that the element is missing in the Cat3 expected 1.25-kb hybridization band in W64A is indicated by

an arrow.promoter of the five NC lines and A16, whose PCR-
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conclusions drawn from the PCR hybridization experi- same alignment in the presence and the absence of
the element, the computer programs should have beenments. The complete Tourist sequence is present only

in the W64A maize line. The PCR bands amplified from forced to introduce a very long gap in the other se-
quences, where the element is incorporated in W64A.BMS, KYS, and Tx303 do not resemble the W64A Cat3

promoter sequence and are not presented below. The This is an unfavorable option even after adjusting the
gap penalty parameters of the programs. Thus, we sim-published Cat3 sequence from W64A (Abler and Scan-

dalios 1993) and the amplified sequence from W64A ply used the alignment of the seven lines in which the
sequence of the Tourist element was deleted, then rein-in this report are identical. Multiple alignment of the

amplified sequences of the five NC lines, A16, and W64A serted the element in its position in the W64A sequence,
and aligned with gaps in the other lines (Figure 9).was performed using the MegAlign program, which is

part of the Lasergene Biocomputing Software Package The Cat3 promoter sequences in two lines, NC300 and
NC304, are exactly the same, indicating that the Cat3(DNAStar, Madison, WI) and the PILEUP program, part

of the GCG Wisconsin Package (GCG, Madison, WI). gene in these lines derived from a common ancestor.
Line NC296 is the only one that is missing about 45 bp ofThe resulting alignments using either program showed

that short regions with similarities between the seven the 116-bp region immediately upstream of the Tourist
element location. It is also the only South Americanlines existed within the Tourist element and close to its

59 end (alignments not shown). However, most of the line having exactly the same gaps as A16 and W64A
downstream from the Tourist element. Similarity be-Tourist sequence was present only in W64A. The align-

ment downstream of the Tourist element (located be- tween A16 and W64A is high.
tween nt 2291 and 2434) revealed several gaps, and
the seven sequences regained high similarity at position

DISCUSSION
2465 and thereafter. One possible explanation for these
results could be that a Tourist-like element was present Implications of the presence of a transposable ele-

ment in the Cat3 promoter: In a previous study, wein ancestors of these lines, but sometimes it transposed
and left behind or carried along a few nucleotides after reported the presence of putative circadian- and light-

regulatory motifs (GATA repeat, CCAAT boxes) withinits excision. Such phenomena are not unusual in trans-
position of mobile elements. However, in multiple align- the region of a Tourist transposable element in the Cat3

promoter (Polidoros and Scandalios 1997). Similarments of the sequences in different combinations (each
time omitting one or more lines) we observed that the motifs have been shown to be involved in the light and

circadian regulation of the Arabidopsis CAB2 geneNC lines and A16 were aligned better without the W64A
sequence, or with W64A after deleting the Tourist ele- (Anderson et al. 1994). This raised the possibility that

circadian regulation of Cat3 may be dependent on thement. This alignment indicated that the sequences of
NC298, NC300, NC302, and NC304 were almost identi- presence of the transposable element (or the motifs it

harbors) in the promoter of the gene. Such an assump-cal in a 85-bp long region immediately downstream of
the Tourist incorporation trinucleotide TTA at position tion could have significant implications on the necessity

for circadian Cat3 expression and the physiological role2291. The sequences of W64A, A16, and NC296 were
also identical and differed from the other NC lines as of the CAT-3 isozyme in cellular metabolism. For exam-

ple, if the circadian Cat3 expression is dependent uponthey were interrupted by three short gaps 18 bp, 12 bp,
and 6 bp long. The rest of the alignments upstream the presence of the Tourist element, then it could be a

random feature due to the incorporation of the elementand downstream of the 85-bp region were identical with
the alignments obtained before the Tourist element was rather than to a specific biological necessity. Based on

this assumption, maize genotypes might exist that dodeleted from W64A and were the same using either
computer program. not harbor the Tourist element in their Cat3 promoter

and show no circadian Cat3 expression. Alternatively, ifAlignment of the PCR-amplified Cat3 segments was
different when the Tourist element was retained or ex- the circadian Cat3 expression is because of a specific

biological necessity and is independent of the presencecised from the W64A sequence. In order to give the

Figure 9.—Multiple alignment of part of the Cat3 gene sequences resulting from PCR amplification using DNA from the
maize inbred lines NC296, NC298, NC300, NC302, NC304, A16, and W64A. The genotype is shown at the left of each sequence
and the nucleotide count at the right. The first nucleotide in W64A is number 2172, following the numbering of the sequence
in GenBank (accession number L05934). In the rest of the lines, nucleotide count starts with number one. The length of each
sequence is shown at right except for W64A, which is 655 bp. Nucleotides or sequences in shaded boxes represent disagreement
with the W64A sequence. The ruler on top of the sequences shows the nucleotide count in W64A in increments of 10. Conserved
motifs are shown in open boxes, and their names are in bold below the boxes. The PCR primers are shown as bold arrows below
the sequence of each primer. The two exons of the Cat3 gene in W64A are in bold and underlined. The Tourist incorporation
target site TTA and its end site (duplicated) TTA are in bold, underlined, and indicated underneath. Within the Tourist sequence
the CCAAT boxes and the inverted GATA repeat (which includes one additional CCAAT box) are in bold, in open boxes, and
indicated below.
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of the Tourist element, then genotypes might exist that ensuring the Cat3 circadian expression in these geno-
types, we asked whether it correlates with the presencemaintain circadian Cat3 expression in the absence of

the Tourist element in the Cat3 promoter. It is obvious of the Tourist element in the promoter of the gene.
Combined results from PCR amplification of a Cat3that proving either of the above possibilities would have

significant implications on the evolutionary origin of the promoter region that includes the Tourist element in
W64A and hybridization of the PCR products with Cat3-Cat3 circadian expression, as well as for the biological

significance of this regulation. specific and Tourist-specific probes (Figures 6 and 7)
proved that none of the South American lines nor A16Examination for a circadian expression of Cat3 in

maize genotypes of diverse origin in relation to the harbored the Tourist element in the Cat3 promoter.
Thus, we could safely conclude that the presence of thepresence/absence of the Tourist element in the Cat3

promoter: To study the functional significance of the Tourist element was not necessary for regulating the Cat3
circadian expression. We also observed PCR-productTourist element in the Cat3 promoter we sought to take

advantage of the highly polymorphic maize genome and length variability, which could not be explained solely
by the absence of the Tourist element in all the lines.the availability of diverse maize genotypes. Among these

we could likely identify genotypes that harbor no Tourist Along with our inability to amplify a promoter region
in some of the lines, this was strong evidence that theelement in the Cat3 promoter and/or genotypes in

which the expression of Cat3 is not circadian. In fact, Cat3 promoter had extensive differences in the geno-
types examined. The conclusion from this analysis isafter examining three additional maize inbreds, Ace-

vedo et al. (1991) concluded that neither Cat3 allelic that incorporation of the Tourist element in the Cat3
promoter of W64A does not appear to affect the circa-variation nor genetic background alters the circadian

pattern of Cat3 mRNA accumulation in the leaves of dian regulation of the gene. However, we cannot rule
out the possibility that motifs similar to those presentthese lines. However, at the time this study was con-

ducted, it was not known that a transposable element, in the Tourist element (GATA repeat, CCAAT boxes) in
W64A are also present and important for the circadianharboring putative circadian- and light-regulatory mo-

tifs, is present in the Cat3 promoter of W64A. Accord- regulation of Cat3 gene expression, but located else-
where in the promoter of the Cat3 in the rest of theingly, it was suggested that the circadian regulation of

Cat3 transcription in W64A (Redinbaugh et al. 1990) lines. To examine this possibility, as well as to determine
the exact Cat3 promoter structure, we sequenced theis likely a general phenomenon in maize. This situation

was questioned when the Tourist element was discovered PCR-amplified Cat3 promoter region in the South
American lines, A16, and W64A.in the Cat3 promoter and the putative circadian- and

light-regulatory motifs were identified on the element Sequence analysis and Cat3 promoter structure: The
sequences of the Cat3 promoter from each of the seven(Polidoros and Scandalios 1997).

To further investigate the general nature of the Cat3 genotypes, derived by sequencing of the PCR fragments,
were aligned as described in results and analyzed forcircadian expression we expanded the analysis in 10

additional maize inbreds of diverse origin (see materi- the presence of regulatory motifs. The alignment (Fig-
ure 9) confirmed the following: The sequence of theals and methods). Northern hybridization analysis

confirmed that the circadian Cat3 expression is con- Cat3 promoter has highly conserved and highly variable
regions among the seven diverse lines examined. Rela-served and has the same pattern among all these diverse

genotypes (Figure 2). Differences were present regard- tive to the differences among these lines is the absence
of a Tourist transposable element in lines other thaning the amplitude of the rhythm and the expression

level at different time points, especially between the W64A. Significantly, no motifs similar to those present
in the Tourist element, and presumed to play a role inSouth American genotypes, but this could be the result

of modifications at the 39 end of the gene, where the the circadian regulation of Cat3 (GATA repeat, CCAAT
boxes), were present in the promoter of any other line.Cat3 gene-specific probe used in this study hybridized.

However, the same general expression pattern with the This suggests that other regulatory elements are respon-
sible for the circadian regulation of the maize Cat3 genetranscript increasing during the light period, and de-

creasing during the dark, was obvious in all the lines. and indicates that differences might exist between mo-
nocot (maize) and dicot (Arabidopsis) circadian regula-Significantly, we also demonstrated that modifications

of the 39 end of the gene in these genotypes (Figure 3) tory components.
The first translatable ATG triplet in W64A (Redin-did not affect the circadian expression of the gene.

These modifications did not result in CAT-3 allelic varia- baugh et al. 1988) is not conserved in the rest of the
lines. Instead, the ATG of the third amino acid in thetion because the same Cat-3A allele was present in all

the lines (Figure 5). However, the transcript size was first Cat3 exon of W64A seems to be the first translatable
ATG in all the other lines, as it is in 14 of the 15 otheraffected in A16 (Figure 4). Taken together, the above

results suggest that the circadian regulation of Cat3 tran- plant catalase transcripts reported (Guan and Scan-

dalios 1996). There is a 24-bp sequence with CTT re-scription is a general phenomenon in maize, validating
our previous assumptions (Acevedo et al. 1991). After peats and a 4-bp stretch absent in W64A in the first



413Circadian Cat3 Expression in Maize

intron and present in all other lines. Some single base of the RY motif in transcription are controlled by the
presence of enhancers or silencer-like elements up-mismatches can be observed sporadically and at very

low frequency in pairwise alignments between W64A stream of the motif (Baumlein et al. 1992; Fiedler et
al. 1993). In addition, the hypothesis is supported byand the rest of the lines. The region upstream of the

element is identical between W64A and A16. Most diver- a number of reported unsuccessful attempts to dem-
onstrate binding of nuclear proteins to the RY motifgent is NC296 that is missing z45 bp of the 116 bp of

the region. The rest of the NC lines have a few random (Riggs et al. 1989; Meakin and Gatehouse 1991). A
role of the RY motif in repression of Cat3 transcriptionsingle base mismatches.

Among the similarities between the lines are several could place it as a component of the circadian regula-
tory apparatus of the gene as the circadian Cat3 expres-highly conserved regions and putative regulatory motifs

in the Cat3 promoter sequence (Figure 9). The region sion has been proposed to be the result of a cyclic
repression superimposed on a quasi-constitutive modebetween the TATA-box and the first exon is almost

identical in all the lines. Upstream of the TATA-box in of expression in maize leaves (Acevedo et al. 1991).
Downstream of the RY motif there is a sequence be-a short 40-bp region, the following are conserved: a

TGACG motif that is a component of the promoters of tween nt 2241 and 2276 that is present in the rice CatA
gene promoter (CatA is a homologue to the maize Cat3)many plant, animal, and viral genes (Bouchez et al.

1989; Inoue et al. 1991), serving as a binding site for and proposed to be specific to the promoter of the gene
encoding the CAT-3 type catalase of monocots (Higobasic-leucine-zipper (bZIP) transcription factors and

mediating responses to auxin and salicylic acid (SA) and Higo 1996). This region of unknown function is
almost totally missing from NC296 and is highly con-(Miao and Lam 1995; Rouster et al. 1997); the light-

responsive element AGCTCACC of the rice Cab1 gene served in the rest of the lines.
Unraveling the structural variability of the Cat3 pro-(Luan and Bogorad 1992); and a basic helix-loop-helix

(bHLH) transcription factor binding site (Pabo and moter might have important implications. Even if the
circadian expression of the gene is conserved amongSauer 1992). This is the only conserved region, between

the genotypes examined, that harbors a light-responsive these genotypes with structurally different promoters,
other aspects of the regulation of the gene remain un-element and may be important in the circadian regula-

tion of Cat3. Upstream of the Tourist location there is known. The W64A Cat3 gene has been shown to respond
to diverse stress conditions and challenges like the fun-one motif resembling the TCA element (TCATCTT

CTT), which is the binding site of the salicylic acid- gal toxin cercosporin (Williamson and Scandalios

1992), salycilic acid (Guan and Scandalios 1995), di-inducible TCA-1 regulatory protein (Goldsbrough et
al. 1993). In moderate concentrations, SA can induce verse antioxidants, H2O2, and mitochondrial respiration

pathway-specific inhibitors (A. N. Polidoros and J. G.catalase genes, and a developmental stage-specific Cat3
induction has been observed during germination of im- Scandalios, unpublished results). It is currently un-

known whether Cat3 responds similarly in other geno-mature developing maize embryos treated with SA
(Guan and Scandalios 1995). The TCA motif at nt types.

Aspects of the physiological role of CAT-3: The exis-2270 has a conserved TCATC part and a variable (C/T)
(C/G)TTGTCTT part and may mediate the SA re- tence of CAT-3 null maize lines with no major discern-

ible physiological defects under normal growth condi-sponses in Cat3 transcription. Further upstream (nt
2198) there is a conserved RY motif (CATGCATG) tions (Scandalios et al. 1997) suggests that CAT-3 is a

dispensable catalase isozyme. However, this does not(Baumlein et al. 1992; Lelievre et al. 1992). This motif
merits special attention. The RY motif CATGCATG is imply that it has no specific physiological role in cellular

metabolism, or that it may not be critical under adversepresent in the 59 upstream region of a large number of
plant genes mostly expressed during seed development environments. Results presented in this study make ap-

parent that circadian Cat3 expression is the rule in(Baumlein et al. 1992). It is also present as the SphI
element in the SV40 enhancer (Zenke et al. 1986) and maize. The pattern of the Cat3 circadian rhythm in all

the lines examined, with maximal mRNA accumulationat the promoter of the rice CatA catalase gene, a rice
homologue of the maize Cat3 (Higo and Higo 1996). late in the light period and minimal mRNA accumula-

tion late in the dark, suggests that there might be aDestruction of this motif by short internal deletions
nearly abolishes the function of a C1 maize gene (Hat- high demand for CAT-3 during the early dark period

of the plant’s metabolism. This distinguishes maize Cat3tori et al. 1992) and the legumin B4 gene of Vicia faba
(Baumlein et al. 1992). Strong positive effects have also from the Arabidopsis thaliana CAT2 (Zhong et al. 1994)

and Nicotiana plumbaginifolia Cat1 (Willekens et al.been reported for glycinin (Lelievre et al. 1992) and
b-conglycinin (Chamberland et al. 1992) expression in 1994), in which the phase of accumulation of catalase

transcripts early in the light period coincides with thatsoybean. In contrast, in Vicia faba the RY motif of the
usp gene promoter exerts a silencing effect because its of photosynthetic gene transcripts and is in good

agreement with a potent physiological role of catalasedestruction increases transcription (Fiedler et al. 1993).
It has been hypothesized that positive or negative effects in decomposing H2O2 generated during the photorespi-
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Abler, M. L., and J. G. Scandalios, 1993 Isolation and characteriza-ratory oxidation of glycolate in the peroxisome. The
tion of a genomic sequence encoding the maize Cat3 catalase

presence of a catalase in a C3 dicot plant (A. thaliana gene. Plant Mol. Biol. 22: 1031–1038.
Abler, M. L., and J. G. Scandalios, 1994 Regulation of the cyclicCAT3) exhibiting a circadian expression phase similar

repression of the Cat3 catalase gene in maize leaves and rootsto Cat3 of maize (a C4 monocot plant) (Zhong and
occurs via the dark/light transition. Maydica 39: 83–88.

McClung 1996) might imply a common metabolic ne-
Acevedo, A., and J. G. Scandalios, 1991 Catalase and superoxide

dismutase gene expression and distribution during stem develop-cessity in C3 and C4 as well as in monocot and dicot
ment in maize. Dev. Genet. 12: 423–430.plants for catalase during the late light and early dark

Acevedo, A., J. D. Williamson and J. G. Scandalios, 1991 Photo-
period. However, Arabidopsis CAT3 has a consensus regulation of the Cat2 and Cat3 catalase genes in pigmented

and pigment-deficient maize: the circadian regulation of Cat3 isperoxisomal targeting signal and is expected to be local-
superimposed on its quasi-constitutive expression in maize leaves.ized in peroxisomes (Frugoli et al. 1996), whereas
Genetics 127: 601–608.

maize CAT-3 is mitochondrial (Scandalios et al. 1980).
Anderson, S. L., G. R. Teakle, S. J. Martino-Catt and S. A. Kay,

1994 Circadian clock- and phytochrome-regulated transcrip-Thus, the nature of such a common metabolic require-
tion is conferred by a 78 bp cis-acting domain of the Arabidopsisment remains speculative.
CAB2 promoter. Plant J. 6: 457–470.

Basically, two hypotheses have been proposed to ex-
Baumlein, H., I. Nagy, R. Villarroel, D. Inze and U. Wobus, 1992

Cis-analysis of a seed protein gene promoter: the conservativeplain the physiological role of CAT-3. One considers the
RY repeat CATGCATG within the legumin box is essential forhigh peroxidatic activity of CAT-3 and the overlapping
tissue-specific expression of a legumin gene. Plant J. 2: 233–239.

histological patterns of lignification and catalase distri-
Bouchez, D., J. G. Tokuhisa, D. J. Llewellyn, E. S. Dennis and

J. G. Ellis, 1989 The ocs-element is a component of the promot-bution in maize stem cells (Acevedo and Scandalios

ers of several T-DNA and plant viral genes. EMBO J. 8: 4197–4204.1991). This suggests that CAT-3 may play a role in the
Bureau, T. E., and S. R. Wessler, 1994a Mobile inverted-repeat

lignification process providing the required peroxidatic elements of the Tourist family are associated with the genes of
many cereal grasses. Proc. Natl. Acad. Sci. USA 91: 1411–1415.activity. Several enzymes of the general phenylpropa-

Bureau, T. E., and S. R. Wessler, 1994b Stowaway: A new familynoid pathway, which is part of the lignin biosynthetic
of inverted repeat elements associated with the genes of both

pathway, are light-inducible, both at the mRNA (Ohl monocotyledonous and dicotyledonous plants. Plant Cell 6: 907–
916.et al. 1990; Feinbaum et al. 1991; Kubasek et al. 1992;

Chamberland, S., N. Daigle and F. Bernier, 1992 The legumin
Ohl et al. 1990) and the enzyme activity levels (Wilkin-

boxes and the 39 part of a soybean beta-conglycinin promoter
son and Butt 1992). The activity of these enzymes are involved in seed gene expression in transgenic tobacco plants.

Plant Mol. Biol. 19: 937–949.reportedly showed a 1–5-hr lag before increasing after
Chandlee, J. M., and J. G. Scandalios, 1984 Analysis of variantsillumination in etiolated pea epicotyls, reaching a maxi-

affecting the catalase (EC 1.11.1.6) developmental program in
mum over a 12-hr period when lignification was more maize (Zea mays) scutellum. Theor. Appl. Genet. 69: 71–77.

Feinbaum, R. L., G. Storz and F. M. Ausubel, 1991 High intensityrapid and declining thereafter. This time frame is in
and blue light regulated expression ofchimeric chalcone synthasegood agreement with the increase of Cat3 expression
genes in transgenic Arabidopsis thaliana plants. Mol. Gen. Genet.

4–6 hr after the onset of light reaching a maximum 226: 449–456.
Fiedler, U., R. Filistein, U. Wobus and H. Baumlein, 1993 Aafter 10 hr and declining thereafter.

complex ensemble of cis-regulatory elements controls the expres-The second hypothesis suggests that there might be
sion of a Vicia faba non-storage seed protein gene. Plant Mol.

increased demand for catalase late in the light period Biol. 22: 669–679.
and early in the dark period, because of an excessive Frugoli, J. A., H. H. Zhong, M. L. Nuccio, P. McCourt, M. A.

McPeek et al. 1996 Catalase is encoded by a multigene familyH2O2 buildup during this period of the plant’s metabo-
in Arabidopsis thaliana (L.) Heynh. Plant Physiol. 112: 327–336.

lism. The excessive H2O2 can be attributed to decreased
Goldsbrough, A. P., H. Albrecht and R. Stratford, 1993 Sali-

ascorbate peroxidase activity (Abler and Scandalios cylic acid-inducible binding of a tobacco nuclear protein to a 10
bp sequence which is highly conserved amongst stress-inducible1994), or to a diurnal fluctuation in the production of
genes. Plant J. 3: 563–571.reactive oxygen species in the mitochondria of meso-

Guan, L., and J. G. Scandalios, 1995 Developmentally related re-
phyll cells (Polidoros and Scandalios 1997). The cir- sponses of maize catalase genes to salicylic acid. Proc. Natl. Acad.

Sci. USA 92: 5930–5934.cadian regulation of Cat3 expression fits a model of
Guan, L., and J. G. Scandalios, 1996 Molecular evolution of maizeexcessive H2O2 formation during the late light-early dark

catalases and their relationship to other eukaryotic and prokary-
period, but this has to be examined. Further investiga- otic catalases. J. Mol. Evol. 42: 570–579.

Gussow, D., and T. Clackson, 1989 Direct clone characterizationtions are underway to examine the above hypotheses
from plaques and colonies by the polymerase chain reaction.on the physiological role of maize CAT-3, the necessity
Nucleic Acids Res. 17: 4000.

of which has been implied by the results presented in
Hattori, T., V. Vasil, L. Rosenkrans, L. C.Hannah, D. R. McCarty

et al. 1992 The Viviparous-1 gene and abscisic acid activate thethis study.
C1 regulatory gene for anthocyanin biosynthesis during seed

We thank Stephanie Ruzsa and Sheri Kernodle for expert techni- maturation in maize. Genes Dev. 6: 609–618.
cal assistance and B. Wiegmann and B. Cassel for help with sequenc-

Higo, K., and H. Higo, 1996 Cloning and characterization of the
ing. This work was supported by National Science Foundation research rice CatA catalase gene, a homologue of the maize Cat3 gene.
grant No. DCB-9101238 to J.G.S. Plant Mol. Biol. 30: 505–521.

Inoue, H., N. Watanabe, Y. Higashi and Y. Fujii-Kuriyama, 1991
Structures of regulatory regions in the human cytochrome
P-450scc (desmolase) gene. Eur. J. Biochem. 195: 563–569.LITERATURE CITED

Klimyuk, V. I., and J. D. G. Jones, 1997 AtDMC1, the Arabidopsis
homologue of the yeast DMC1 gene: characterization, transposon-Abler, M. L., and J. G. Scandalios, 1991 The CAT-2 null phenotype
induced allelic variation and meiosis-associated expression. Plantin maize is likely due to a DNA insertion into the Cat2 gene.

Theor. Appl. Genet. 81: 635–640. J. 11: 1–14.



415Circadian Cat3 Expression in Maize

Koester-Toepfer, M., W. B. Frommer, M. Rocha Sosa and L. Will- Scandalios, J. G., W. F. Tong and D. G. Roupakias, 1980 Cat3, a
3rd gene locus coding for a tissue-specific catalase in maize (Zeamitzer, 1990 Presence of a transposon-like element in the pro-

moter region of an inactive patatin gene in Solanum tuberosum L. mays): genetics, intracellular location and some biochemical
properties. Mol. Gen. Genet. 179: 33–42.Plant Mol. Biol. 14: 239–248.

Kubasek, W. L., B. W. Shirley, A. McKillop, H. M. Goodman, W. Scandalios, J. G., L. Guan and A. N. Polidoros, 1997 Catalases
in plants: gene structure, properties, regulation, and expression,Briggs et al. 1992 Regulation of flavonoid biosynthetic genes

in germinating Arabidopsis seedlings. Plant Cell 4: 1229–1236. pp. 343–406 in Oxidative Stress and the Molecular Biology of Antioxi-
dant Defenses, edited by J. G. Scandalios. Cold Spring HarborLelievre, J. M., L. O. Oliveira and N. C. Nielsen, 1992 59-CATG

CAT-39 elements modulate the expression of glycinin genes. Plant Laboratory Press, New York.
Schiefelbein, J. W., D. B. Furtek, H. K. Dooner and O. E. J. Nelson,Physiol. 98: 387–391.

Luan, S., and L. Bogorad, 1992 A rice cab gene promoter contains 1988 Two mutations in a maize bronze-1 allele caused by trans-
posable elements of the Ac-Ds family alter the quantity and qualityseparate cis-acting elements that regulate expression in dicot and

monocot plants. Plant Cell 4: 971–981. of the gene product. Genetics 120: 767–778.
Skadsen, R. W., and J. G. Scandalios, 1987 Translational controlLuehrsen, K. R., and V. Walbot, 1990 Insertion of Mu1 elements

in the first intron of the Adh1-S gene of maize results in novel of photo-induced expression of the Cat2 catalase gene during leaf
development in maize. Proc. Natl. Acad. Sci. USA 84: 2785–2789.RNA processing events. Plant Cell 2: 1225–1238.

McCarty, D. R., C. B. Carson, M. Lazar and S. C. Simonds, 1989 Stavenhagen, J. B., and D. M. Robins, 1988 An ancient provirus
has imposed androgen regulation on the adjacent mouse sex-Transposable element-induced mutations of the viviparous-1 gene

in maize. Dev. Genet. 10: 473–481. limited protein gene. Cell 55: 247–254.
Thompson, W. F., M. Everett, N. O. Polans, R. A. Jorgensen andMcLaughlin, M., and V. Walbot, 1987 Cloning of a mutable bz2

allele of maize by transposon tagging and differential hybridiza- J. D. Palmer, 1983 Phytochrome control of RNA levels in devel-
oping pea and mung bean leaves [Pisum sativum, Vigna radiata].tion. Genetics 117: 771–776.

Meakin, P. J., and J. A. Gatehouse, 1991 Interaction of seed nuclear Planta 158: 487–500.
Ting, C. N., M. P. Rosenberg, C. M. Snow, L. C. Samuelson andproteins with transcriptionally-enhancing regions of the pea (Pi-

sum sativum L.) legA gene promoter. Planta 183: 471–477. M. H. Meisler, 1992 Endogenous retroviral sequences are re-
quired for tissue-specific expression of a human salivary amylaseMiao, Z. H., and E. Lam, 1995 Construction of a trans-dominant

inhibitor for members of the TGA family of transcription factors gene. Genes Dev. 6: 1457–1465.
Weil, C. F., S. Marillonnet, B. Burr and S. R. Wessler, 1992conserved in higher plants. Plant J. 7: 887–896.

Millar, A. J., and S. A. Kay, 1991 Circadian control of cab gene Changes in state of the Wx-m5 allele of maize are due to intragenic
transposition of Ds. Genetics 130: 175–186.transcription and messenger RNA accumulation in Arabidopsis.

Plant Cell 3: 541–550. White, S. E., L. F. Habera and S. R. Wessler, 1994 Retrotranspo-
sons in the flanking regions of normal plant genes: a role forOhl, S., S. A. Hedrick, J. Chory and C. J. Lamb, 1990 Functional

properties of a phenylalanine ammonia-lyase promoter from Ara- copia-like elements in the evolution of gene structure and expres-
sion. Proc. Natl. Acad. Sci. USA 91: 11792–11796.bidopsis. Plant Cell 2: 837–848.

Pabo, C. O., and R. T. Sauer, 1992 Transcription factors: structural Wilkinson, E. M., and V. S. Butt, 1992 Enzyme changes during
lignogenesis in pea shoots induced by illumination. J. Exp. Bot.families and principles of DNA recognition. Annu. Rev. Biochem.

61: 1053–1095. 43: 1259–1265.
Willekens, H., C. Langebartels, C. Tire, M. V. Montagu, D. InzePolidoros, A., and J. G. Scandalios, 1997 Response of the maize

catalases to light. Free Radic. Biol. Med. 23: 497–504. et al. 1994 Differential expression of catalase genes in Nicotiana
plumbaginifolia (L.). Proc. Natl. Acad. Sci. USA 91: 10450–10454.Polidoros, A. N., P. V. Mylona and J. G. Scandalios, 1998 Partial

isolation and characterization of the maize alternative oxidase Williamson, J. D., and J. G. Scandalios, 1992 Differential response
of maize catalases and superoxide dismutases to the photoacti-gene. Maize Gen. Cooper. Newsl. 72 (in press).

Redinbaugh, M. G., G. J. Wadsworth and J. G. Scandalios, 1988 vated fungal toxin cercosporin. Plant J. 2: 351–358.
Zenke, M., T. Grundstrom,H. Matthes, M. Wintzerith, C. SchatzCharacterization of catalase transcripts and their differential ex-

pression in maize. Biochim. Biophys. Acta 951: 104–116. et al. 1986 Multiple sequence motifs are involved in SV40 en-
Redinbaugh, M. G., M. Sabre and J. G. Scandalios, 1990 Expres- hancer function. EMBO J. 5: 387–398.

sion of the maize Cat3 catalase gene is under the influence of a Zhong, H. H., and C. R. McClung, 1996 The circadian clock gates
circadian rhythm. Proc. Natl. Acad. Sci. USA 87: 6853–6857. expression of two Arabidopsis catalase genes to distinct and oppo-

Riggs, C. D., T. A. Voelker and M. J. Chrispeels, 1989 Cotyledon site circadian phases. Mol. Gen. Genet. 251: 196–203.
nuclear proteins bind to DNA fragments harboring regulatory Zhong, H. H., J. C. Young, E. A. Pease, R. P. Hangarter and C. R.

elements of phytohemagglutinin genes. Plant Cell 1: 609–621. McClung, 1994 Interactions between light and the circadian
Rouster, J., R. Leah, J. Mundy and V. Cameron Mills, 1997 Identi- clock in the regulation of CAT2 expression in Arabidopsis. Plant

fication of a methyl jasmonate-responsive region in the promoter Physiol. 104: 889–898.
of a lipoxygenase 1 gene expressed in barley grain. Plant J. 11:
513–523. Communicating editor: S. L. Allen



Original Contribution

MODULATION OF ANTIOXIDANT RESPONSES BY ARSENIC IN MAIZE

PHOTINI V. MYLONA, ALEXIOS N. POLIDOROS, and JOHN G. SCANDALIOS

Department of Genetics, North Carolina State University, Raleigh, NC, USA

(Received19 November1997;Revised6 April 1998;Accepted8 April 1998)

Abstract—The effects of arsenic on the expression of the antioxidant genes encoding superoxide dismutase, catalase,
and glutathioneS-transferase, as well as the activity of SOD and CAT enzymes, were examined at different
developmental stages and in different tissues. Both CAT and SOD activities increased in response to low concentrations
(0.01-0.1 mM) of arsenic in developing maize embryos. In germinating embryos both CAT and SOD activities increased
in response to a wide range of arsenic concentrations (0.01-10 mM).Cat1 transcript increased in response to arsenic in
developing and germinating embryos and in young leaves. Conversely,Cat2 increased at low concentrations of arsenic
only in germinating embryos.Cat3 transcript levels increased in response to low concentrations of arsenic only in
developing embryos.Sod3transcript increased at low concentrations of arsenic in developing, germinating embryos and
in leaves. The cytosolicSod4and Sod4Aincreased in response to arsenic in germinating embryos, while onlySod4
transcript increased in response to arsenic in leaves. Expression ofGst1 was similar to that ofCat1 in all tissues
examined. These results indicate that arsenic triggers tissue and developmental stage specific defense responses of
antioxidant and detoxification related genes in maize. © 1998 Elsevier Science Inc.

Keywords—Arsenite, Arsenate, Catalase, Superoxide dismutase, GlutathioneS-transferase, Reactive oxygen species,
Free radicals

INTRODUCTION

Arsenic compounds are naturally present in the environ-
ment, and are also used in agriculture and forestry as
pesticide or insecticide components. The major anthro-
pogenic sources of environmental pollution with arsenic
are the burning of coal and industrial metal smelting, and
more recently the semiconductor industry. According to
epidemiological studies and clinical observations, ar-
senic is associated with increased risk of certain types of
human cancer, including epidermoid carcinomas of skin,
lung cancer and possibly liver cancer.

Arsenic is a toxic metalloid, whose trivalent arsenite,
As(III), and pentavalent arsenate, As(V), ions can inhibit
many biochemical processes.1–4The solubility of As(III)
oxide in water is fairly low, but high in either acid or
alkali. In water, arsenic is usually in the form of arsenate
or arsenite. As(III) is systemically more poisonous than
the As(V), and As(V) is reduced to the As(III) form

without exerting any toxic effects. Organic arsenicals
also exert their toxic effects in vivo in animals by first
metabolizing to the trivalent arsenoxide form. Overall, it
seems that in most organisms arsenic is more toxic in the
trivalent form, as arsenite, than in the pentavalent form,
as arsenate. Numerous reports describe the higher toxic-
ity of arsenite to that of arsenate in plants.5,6 In plants the
toxicity of arsenate is known to be competitively affected
by phosphate, whereas such a relation seems to be ob-
scure between arsenite and phosphate.6

At present, the mechanisms for the effects of arsenic
toxicity are unclear. It is known that low concentrations
of arsenicals may initiate gene transcription by altering
the phosphorylation state of signal transduction proteins.
Arsenic affects phosphorylation by activating specific
phosphatases, by inhibiting thiol-dependent phospha-
tases, or by interfering with phosphotransferase reac-
tions.3,4,7 The protective effects of thiols, such as gluta-
thione and cysteine, against the toxic effects of arsenic,
suggests that arsenic toxicity results from forming re-
versible bonds with thiol groups of regulatory proteins.

Recently, evidence suggesting that oxygen radicals
can be produced during arsenic metabolism has been
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provided.8,9 The reactive oxygen scavenging enzymes
catalase (CAT) and /or superoxide dismutase (SOD)
were shown to effectively reduce the frequency of arsen-
ite-induced sister chromatid exchanges in human periph-
eral lymphocytes and X-ray sensitive cells.10 It was also
shown that hemolysis induced by gaseous arsine in mice
mimics induction by oxidative damage.11 These results
clearly suggest that some of the damaging effects of
arsenic may be mediated by oxygen radicals.

Generation of reactive oxygen species (ROS) is a
common phenomenon in all aerobic organisms. Overpro-
duction or accumulation of ROS in cells (i.e., oxidative
stress) can damage DNA, proteins, lipids, and other
biomolecules.12 DNA damage induced by ROS has been
hypothesized to play a key role in initiation, promotion,
and progression of malignancies.13 Recent studies have
indicated that metal-induced mutagenesis is closely as-
sociated with the generation of ROS.14,15In this study we
have examined the expression of theCat, Sod, andGst1
(glutathioneS-transferase) genes. Previous studies have
shown that glutathione levels increase in response to
arsenic in various cell systems.8,9,16,17 It was demon-
strated that glutathione plays a major role in protecting
cells from arsenic. Specifically it was shown8 that expo-
sure of animal cells to low levels of electrophilic com-
pounds, such as trivalent arsenic, oxidizable diphenols,
quinones, and Michael reaction acceptors,8 result in the
elevation of glutathione levels and induction of Phase II
detoxification enzymes such as glutathioneS-trans-
ferases (GSTs), NAD(P)H oxidoreductase, epoxide hy-
drolase, and UDP-glucoronosyltransferase. Detoxifica-
tion of xenobiotics in plants proceeds in two phases,
Phase I and Phase II. In Phase I, xenobiotics are detox-
ified through a series of redox reactions catalyzed by
cytochrome P450 monooxygenases.18 Phase II detoxifi-
cation proceeds through the conjugation of xenobiotics
with glutathione (GSH) catalyzed by the enzyme gluta-
thione S-transferase (GST). GSTs are a family of en-
zymes that catalyze the conjugation of glutathione via
the sulfhydryl group to a variety of electrophilic centers
of hydrophobic compounds.19 This reaction renders the
compound more soluble to H2O and facilitates its trans-
port to vacuole or apoplast (the continuous network of
intracellular spaces in plants).

We hypothesize that arsenic induces the Phase II
detoxification enzymes. This occurs because the arsenic
exposure rapidly depletes the pool of reduced glutathi-
one, leading to a rise in the steady state concentrations of
ROS. The latter is enforced by the intraconversion of
arsenic molecules from one ionic form to the other, and
by inhibition of the mitochondrial electron transport
chain. This results in changes in the equilibrium of ROS
and antioxidant enzymes that lead to induction of the
antioxidant defense system including a rise in total glu-

tathione levels.16 To date, the maize superoxide dis-
mutase/catalase gene-enzyme systems and the glutathi-
oneS-transferase enzymes have been well characterized.
In maize, three catalase isozymes are encoded by three
unlinked structural genesCat1, Cat2, andCat3.20 The
expression of each catalase gene is tissue and develop-
mental stage dependent.20 In maize, superoxide dis-
mutase exists as nine distinct isozymes encoded by the
unlinked nuclear genesSod1, Sod2, Sod3.1, Sod3.2,
Sod3.3, Sod3.4, Sod4,Sod4A, andSod5.SOD-2, SOD-4,
SOD4A and SOD-5 are cytosolic enzymes; SOD-1 is a
chloroplast-associated enzyme, while SOD-3.1, -3.2,
-3.3 and -3.4 are mitochondria-associated.21 Glutathione
S-transferases exist as four distinct enzymes, GST I, GST
II, GST III, and GST IV that are members of the Type I
GSTs. Type I GSTs appear to function as defense genes
or cellular protectant genes, producing proteins in re-
sponse to pathogen attack, wounding, senescence, and
the resulting lipid peroxidation which accompanies these
processes.1 Thus, we chose to investigate the responses
of Cat,Sod, andGstto arsenic, in this well-characterized
defense system in maize.

MATERIALS AND METHODS

Plant materials and treatment conditions

Zea maysL. inbred line W64A, maintained by our lab-
oratory, was used in these studies. For immature em-
bryos maize ears were harvested in the morning from
greenhouse-grown plants and whole embryos were ex-
cised from kernels on the same day. Embryos were
dissected from kernels at 28 days postpollination (dpp).
For germinating embryos, seeds were surface sterilized
with 1% sodium hypochlorite for 10 min, and rinsed with
deionized water. The seeds were then soaked with deion-
ized water for 24 h and placed in germination trays at
25°C for 4 days postimbibition (dpi). Germinating em-
bryos were then excised and treated with the appropriate
concentrations of arsenic. With the term arsenic we refer
to both forms of arsenic, the trivalent form, arsenite, and
the pentavalent form, arsenate. Excised embryos were
placed on Murashige-Skoog (MS) basic medium supple-
mented with sodium arsenate or sodium arsenite at 0.01,
0.1, 1, and 10 mM. Plates were incubated at 25°C for
24 h. At the end of each treatment, scutella were isolated
and half the samples were used for catalase and super-
oxide dismutase activity assays and gel electrophoresis.
The remaining samples were frozen in liquid nitrogen
and stored at270°C for RNA analyses. Ten-day-old,
greenhouse-grown seedlings were treated by hydroponic
uptake with different concentrations of sodium arsenate
or sodium arsenite for 24 h in the light and total RNA
was isolated from leaves for RNA analysis. In all exper-
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iments controls were included. All experiments were
repeated at least twice and representative results are
shown.

Chemicals

All reagents were purchased from Sigma (St. Louis,
MO). Purity of sodium arsenite was 92.5% (highest
purity available). Sodium arsenate and the other reagents
were ACS reagents of the highest available grade.

Catalase enzyme assay, zymogram analysis, and
protein determination

Five to ten scutella from each arsenic treatment were
selected for uniformity in size. Scutella from each treat-
ment were homogenized in a mortar and pestle in 25 mM
glycylglycine buffer, pH 7.4. The crude supernatant was
used directly for protein and enzyme assay or zymogram
analysis. Total catalase activity (treatment) was deter-
mined.22 Catalase activity is expressed as the change in
absorbance per min (unit) per mg of protein. Protein
concentration was determined.23 Zymogram analysis
was performed with equal protein samples and the Tris/
citrate buffer system for catalase analyses.24 Western
blot analysis was performed with monospecific maize
catalase polyclonal antibodies.25

Superoxide dismutase enzyme assay

Total superoxide dismutase activity in equal protein sam-
ples pooled from each arsenic treatment was determined
using the xanthine oxidase-cytochromec method26 at pH
10.0. Enzyme activity (Units/mg protein) was propor-
tional to (V/v-1)/mg protein, where V equals the change
in absorbance (550 nm) per minute in the absence of
SOD and v equals the change in absorbance per minute
(Unit) in the presence of SOD. Addition of KCN, to a
final concentration 1 mM to the assay conditions, was
used to inhibit Cu/Zn SOD and assay for mitochondrial,
MnSOD-3 activity26 at pH 7.8. Gel electrophoresis was
performed using a previously described method.27

Statistical analysis

Means6 SD were derived from three independent ex-
periments (two assays in each experiment). Results were
analyzed using one-way analysis of variance (ANOVA)
and statistically significant differences between treat-
ments were determined with theF-test. Multiple range
analysis of means was performed with 95% LSD inter-
vals.

RNA analyses

Total RNA was isolated from control and arsenic treated
samples as described.28 For Northern analysis, total RNA
(20 mg) from each sample was separated in denaturing
1.6% agarose gel and transferred onto Nylon mem-
branes. The blots were sequentially hybridized with32P-
labeled gene-specific probes (gsp) forCat1,Cat2,Cat3,
Sod3,Sod4, andSod4A29–32in modified Church buffer33

containing 7% SDS, 0.5 M EDTA, 0.5 M NaH2PO4
, and

1% BSA. The full lengthSod3gsp detects all fourSod3
transcripts (i.e.,Sod3.1, 3.2, 3.3, and 3.4). After each
analysis, probes were removed from the filters by re-
peated washes in boiling 0.1% SDS/0.1X SSC (0.15M
NaCl, 0.0015 M sodium citrate, pH 7.0) and reprobed
with a DNA fragment from clone pHA2 containing an
18Sribosomal sequence.34

PCR amplification and cloning of theGst1 fragment
used as probe

The Gst1 probe was prepared with PCR. The set of
primers used in PCR were phi080 forward 59-CAC-
CCGATGCAACTTGCGTAGA-39 and phi080 reverse
59-TCGTCACGTTCCACGACATCAC-39 amplifying a
155 bp fragment of theGst1 first exon in W64A.35

Genomic DNA (1mg) isolated from leaves of 10-day
old, light-grown seedlings was used as a template. The
reaction started with 3 min denaturation at 95°C fol-
lowed by 35 cycles of 30 s denaturation at 95°C, 1 min
annealing at 58°C, and 1 min extension at 75°C. The last
extension step was for 5 min to ensure completion of the
reaction. The PCR product was analyzed on 1.5% aga-
rose gel, visualized by staining with ethidium bromide,
excised from the gel using a razor blade, and the DNA
was isolated using the QIAquick Gel Extraction Kit
(Qiagen, CA) according to the instructions. It was then
ligated to the PCR-ScriptTM Amp SK(1) Cloning Kit
(Stratagene, CA) according to the instructions. Positive
clones were identified with a direct clone characteriza-
tion method from colonies by PCR.36

RESULTS

Effects of increasing arsenic concentrations on
catalase gene expression in developing embryos

The effect of arsenic on catalase andGst1expression in
developing embryos was examined. Two forms of ar-
senic ions were used, sodium arsenite, a trivalent form,
and sodium arsenate, a pentavalent form. The former is
considered to be more toxic than the latter, and it was of
interest to examine whether this property has any effect
on the expression and activity pattern of the genes ex-
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amined. In 28 dpp scutella, total CAT activity increased
at low doses of both arsenate and arsenite (0.01–0.1
mM) with the maximum of CAT activity observed at 0.1
mM and rebound at 10 mM (Fig. 1A). Zymogram anal-
ysis (Fig. 1B) indicated that with both treatments the
observed increase of CAT activity at low concentrations
was due to both CAT-1 and CAT-2 isozymes, while the
increase of CAT activity at 10 mM was solely due to
CAT-1. However, on comparing treatments with 0.1 mM
of both forms of arsenic the contribution of CAT-2 in the
observed increase of total CAT activity seems to be
higher in the arsenite treatment.

The effects of arsenic on the accumulation of the three
Cat and theGst1 transcripts in scutella of developing
maize embryos were investigated. As is evident (Fig.

1C), all three maizeCat genes are induced when the
embryo is excised from the scutellum and placed on an
agar plate for 24 h. Comparing in planta control and the
24 h control we observed a high induction ofCat1 and
Cat2, a lower induction ofCat3, while Gst1 transcript
did not change. It is conceivable that the observed in-
crease inCat transcript levels is due to wounding and/or
changes in endogenous hormone levels (Guan, L.; Scan-
dalios, J. G., unpublished results). Differential responses
of these genes were observed after treatment of the
excised embryos with increasing concentrations of ar-
senic.Cat1 transcript increased to high expression levels
up to 1 mM of arsenic. This increase was followed by a
sharp decrease at 10 mM arsenite while a lower decrease
was observed at 10 mM arsenate.Cat2 transcript re-
mained high and/or increased slightly after treatment
with arsenic up to 0.1 mM, andCat2 expression was
totally inhibited at higher concentrations. TheCat3 ex-
pression pattern was very similar to that ofCat2with an
increase after treatment with up to 0.1 mM, and a drastic
decrease at 1 mM and total inhibition at 10 mM arsenic.
Gst1expression was higher than the control in all con-
centrations examined. The highest expression was ob-
served at 1 mM arsenic (Fig. 1C).

Effects of arsenic on catalase gene expression in
germinating embryos

The effects of arsenic on catalase andGst1 expression
were also studied in mature germinating 5 dpi maize
embryos. Total catalase activity increased with increas-
ing arsenic concentrations, reaching a maximum at 10
mM arsenic (Fig. 2A). Zymogram analysis showed that
the increase in total CAT activity is due to an increase in
the activity of the CAT-2 isozyme after treatment with
both forms of arsenic (Fig. 2B). However, western blot
analyses using the CAT-2 antibody indicated that accu-
mulation of CAT-2 protein increased only as the concen-
trations of arsenate increased from 1–10 mM (Fig. 2C).
In arsenite-treated embryos CAT-2 protein appeared to
increase at 0.01 to 0.1 mM concentration of arsenite,
while it decreased to control levels at high doses of 1 mM
and 10 mM arsenite (Fig. 2C).

Transcription of the three maizeCat and theGst1
genes was also examined. Upon excision of the germi-
nating embryo and placement on an agar plate for 24 h,
a slight induction ofCat1, Cat3, andGst1,and a slight
repression ofCat2,were observed (Fig. 2D).Cat1 tran-
script increased in arsenate-treated embryos as the doses
of arsenate increased from 0.01 mM to 1 mM, while it
dropped to control levels at 10 mM arsenate. In arsenite-
treated embryosCat1 transcript gradually increased with
increasing doses of arsenite up to 0.1 mM, while it
decreased at 1 mM and totally repressed at 10 mM (Fig.

Fig. 1. Changes in catalase activity, isozyme protein, and transcripts of
28 dpp developing embryos in the presence of arsenate or arsenite.
Embryos were isolated from 28 dpp kernels of greenhouse-grown
W64A plants and incubated on MS medium supplemented with in-
creasing concentrations of arsenate for 24 h in light. Scutella were
isolated from treated embryos and equal amounts of protein were used.
The in planta control is designated as ip. (A) Changes in total CAT
activity in response to various concentrations of arsenate or arsenite.
Total CAT activity is represented as changes in absorbance of 240 nm
(Unit or U) per mg of protein after treatment. Values are the mean6
SD of three independent experiments. Asterisks indicate statistically
significant differences between control and sodium arsenate (F 5
29.039;p , 0.001) or sodium arsenite (F 5 48.814,p , 0.001) treated
embryos. (B) Zymogram pattern of 28 dpp scutella treated with arsenic.
The two catalase homotetramers are indicated by arrows. The rest of
the bands are CAT-1/CAT-2 heterotetramers. (C) Accumulation ofCat
transcripts in scutella treated with arsenate or arsenite. Total RNA (20
mg) was separated by electrophoresis on denaturing 1.6% agarose gels
and transferred onto nylon membranes. The same blot was sequentially
hybridized with gene specific probe (gsp) of the maizeCat1, Cat2,
Cat3, andGst1. The 18S rRNA was used as a control to demonstrate
equal RNA loading and transfer. Results are representative of at least
three independent experiments.
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2D).Cat2gene expression was highly induced by arsenic
at 0.01 and 0.1 mM (Fig. 2D). However, at 1 mM it was
slightly decreased by arsenate while it was totally re-
pressed by arsenite. At 10 mM a dramatic decrease was
observed with arsenate, while with arsenite theCat2
transcript rebounds to a level comparable to that ob-
served in planta.Cat3 transcription was repressed to the
in planta level by arsenic up to 1 mM, while it was totally
inhibited at 10 mM. A high induction of theGst1gene
was observed after treatment with 0.01 mM arsenic fol-
lowed by a gradual decrease in arsenate treatments,
reaching the control levels at 10 mM, while with arsenite
it remained unchanged at 0.1 mM and disappeared there-
after (Fig. 2D).

To further understand the accumulation pattern of
Cat1 and Cat2 genes in response to low and high con-
centrations of arsenic, we conducted time course exper-
iments using 0.1 and 10 mM of arsenate or arsenite.Cat1
transcript increased in response to 0.1 mM arsenate or

arsenite within 4 h, reaching highest levels by 24 h (Fig.
3A). In contrast, theCat2 transcript increased in re-
sponse to 0.1 mM arsenate or arsenite starting at 6 h and
reached highest levels by 12 h (Fig. 3B). Time course
experiments with 10 mM arsenate showed that accumu-
lation of Cat1 transcript appears to be inhibited in re-
sponse to this concentration of arsenate (Fig. 3A). Ki-
netics studies using 10 mM arsenite showed that
accumulation ofCat1transcript initially increased at 2 h,
and then at 8 h started to decrease gradually, reaching the
lowest level at 24 h (Fig. 3A). A similar pattern was
observed with theCat2 transcripts at 10 mM arsenate or
arsenite (Fig. 3B).

Accumulation ofCat transcripts in response to arsenic
in young leaves

Ten-day-old light-grown W64A seedlings were treated
hydroponically with increasing concentrations of arsenic
(see Materials and Methods). After treatment, leaves
were collected and total RNA was isolated for Northern
blot analysis. We observed that the arsenic-treated seed-
lings looked normal at low concentrations of 0.01–0.1
mM; however, as the concentrations increased from 1-10
mM, treated leaves showed signs of dehydration and
wilting. Normal leaves showed a dramatic increase in
Cat1transcript, reaching highest levels at 1 mM arsenate
or arsenite (Fig. 4). At 10 mM arsenate or arseniteCat1

Fig. 2. Postgermination changes in catalase activity, isozymes, and
transcripts in the presence of arsenate or arsenite. Embryos were
excised from 5 dpi germinating W64A seeds and treated with increas-
ing concentrations of sodium arsenate or sodium arsenite. Scutella were
isolated from treated embryos and equal amounts of protein for each
dose treatment were used for catalase activity assays, zymograms and
Western blot analysis, using CAT-2 antibody. Changes in catalase
activity (A). Values are the mean6 SD of three independent experi-
ments. Asterisks indicate statistically significant differences between
control and sodium arsenate (F 5 19.976, p , 0.001) or sodium
arsenite (F 5 105.681,p , 0.001) treated embryos. Zymogram pat-
terns (B), protein (C), and transcripts (D) in the presence of sodium
arsenate or sodium arsenite. Total RNA (20mg) was used for Northern
blot and probed with each of the threeCat and Gst1 gsps. The 18S
rRNA was used as a loading control.

Fig. 3. Kinetics of changes in catalase transcripts in response to
arsenate (A) or arsenite (I). Embryos were dissected from 5 dpi ger-
minating seeds of W64A. (A) Excised embryos were incubated on MS
medium in light for 2, 4, 6, 8, 12, and 24 h on MS medium supple-
mented with (1) and without (2) 0.1 mM arsenate (A) or arsenite (I).
(B) Excised embryos were incubated on MS medium in light for 2, 4,
6, 8, 12, and 24 h with (1) and without (2) 10 mM arsenate (A) or
arsenite (I). Embryos were collected and total RNA was isolated from
each treated sample. Total RNA (15mg) from each (1) and (2) treated
time point was used for Northern blot analysis withCat1(Panel A) and
Cat2 probes (Panel B). Results are representative of two independent
experiments.
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transcript decreased dramatically. TheCat2 mRNA was
not significantly affected by the presence of arsenic at
0.01–0.1 mM; however,Cat2 mRNA decreased signifi-
cantly at arsenic concentrations of 1 and 10 mM (Fig. 4).
The Cat3 transcript appeared to accumulate at control
levels at low concentrations of 0.01–0.1 mM arsenate or
arsenite, while it was undetectable at high concentrations
of 1 and 10 mM arsenic (Fig. 4). Accumulation ofGst1
transcript was at the control level at low concentrations
of arsenic, and increased dramatically at 1 mM arsenic.
Gst1transcript levels remained at the control level at 10
mM arsenate and decreased to nearly undetectable level
with arsenite (Fig. 4).

Effects of arsenic on SOD gene expression in
developing embryos

The effects of arsenate and arsenite on superoxide dis-
mutase were investigated in developing embryos. Imma-
ture embryos (28 dpp) were isolated from W64A kernels
and incubated on MS medium containing 0.01, 0.1, 1,
and 10 mM arsenate or arsenite. After treatment, total
protein was analyzed for changes in total superoxide
dismutase (SOD) activity, and specific SOD-3 activity.
In 28 dpp scutella, total SOD increased at low concen-
trations of arsenic, with a maximum of SOD activity
observed at 0.01 mM (Fig. 5A). As the dose of arsenic
increased, induction of total SOD activity gradually de-
creased to below control levels at 10 mM (Fig. 5A). A
similar pattern of changes is observed for the specific
SOD-3 activity in response to arsenate or arsenite (Fig.
5B).

The effects of arsenic on the accumulation of various
Sodtranscripts in scutella of developing maize embryos

were also investigated.Sod3transcript levels appear to
be upregulated in response to arsenic.Sod3transcripts
increased from 0 to 0.01 mM arsenate and from 0 to 0.1
mM arsenite (Fig. 5C). At 1 mM concentration of arsen-
ate, Sod3 transcript levels decreased, while at 10 mM
arsenate they were undetectable. On the other hand, at 1
mM arsenite concentrationSod3 transcript levels were
barely detectable, while at 10 mM concentration they
were very low (Fig. 5C).

A high induction ofSod4/4Aexpression was observed
in the excised embryos. Accumulation ofSod4transcript
in response to arsenate appeared to be at control levels as
the dose of arsenate increased to 0.01 and 0.1 mM, while
it decreased slightly as the concentrations further in-
creased (Fig. 5C). On the other hand, accumulation of
Sod4transcript in response to arsenite appeared to accu-
mulate at control levels as the concentrations of arsenite
increased from 0.01 to 1 mM, while a slight decrease was

Fig. 4. Responses of catalase and glutathione-S-transferase genes to
arsenate or arsenite in young seedlings. Ten-day-old light grown W64A
seedlings were treated hydroponically with different concentrations of
sodium arsenate or sodium arsenite. Leaves were collected and total
RNA (20 mg) was separated on 1.6% denatured agarose gels and
transferred onto nylon membranes. Blots were probed with maizeCat
and Gst gsps. The 18S rRNA was used as a loading and transfer
control. Results are representative of two independent experiments.

Fig. 5. Changes in SOD activity and transcripts in response to arsenate
or arsenite in 28 dpp developing embryos. Embryos were isolated from
28 dpp kernels and treated with increasing concentrations of sodium
arsenate, or sodium arsenite. (A) Changes in total SOD activity in
response to arsenic. Values are the mean6 SD of three independent
experiments. Asterisks indicate statistically significant differences be-
tween control and sodium arsenate (F5 9.942,p 5 0.0016) or sodium
arsenite (F5 2.866, p 5 0.0806) treated embryos. SOD activity
(Units/mg protein) was proportional to (V/v2 1)/mg protein, where V
equals the change in absorbance (550 nm) per min in the absence of
SOD and v equals the change in absorbance in the presence of SOD.
(B) Changes in specific SOD-3 activity in response to arsenic. Values
are the mean6 SD of three independent experiments. Asterisks indi-
cate statistically significant differences between control and sodium
arsenate (F5 45.746,p , 0.001) or sodium arsenite (F 5 42.287,p ,
0.001) treated embryos. (C) Total RNA (20mg) was used for Northern
blot and probed with each of the threeSodgsps. The 18S rRNA was
used as a loading control. Results are representative of two independent
experiments.
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observed at 10 mM arsenite (Fig. 5C). Accumulation of
Sod4Atranscript appeared to be at control levels at 0.01
mM arsenic while it decreased at 0.1 mM arsenate and
increased at the same concentration of arsenite. How-
ever, with 1 mM of either arsenic formsSod4Atranscript
decreased, while at 10 mM it increased in comparison to
1 mM, but was lower than the control (Fig. 5C).

Accumulation of SOD transcripts and isozyme activity
in germinating embryos

The effects of arsenic on SOD expression were also
studied in mature 5dpi germinating maize embryos. Total
SOD activity increased with increasing doses of arsenic,
with the maximum SOD activity observed at 10 mM
arsenic (Fig. 6A). SOD-3 specific activity also increased
with increasing concentrations of arsenate or arsenite
(Fig. 6B). A very similar pattern ofSodgene responses
to arsenic was observed withSod3,Sod4,and Sod4A.
Transcript levels increased as the dose of arsenate in-

creased up to 1 mM, and arsenite up to 0.1 mM, while
they decreased at higher concentrations of arsenic (Fig.
6C).

Accumulation ofSod transcripts in response to arsenic
in young leaves

To further understand the mechanisms ofSodgene re-
sponses to arsenic, we examined the effect of arsenate
and arsenite onSod expression in young leaves. Ten-
day-old light-grown W64A seedlings were harvested and
treated with arsenate or arsenite as described above.
Northern blot analysis indicated that theSod3transcripts
increased in response to low doses of 0.01–0.1 mM
arsenic and they decreased as the dose further increased
(Fig. 7).Sod4transcript levels gradually increased at low
concentrations of 0.01 and 0.1 mM arsenic, followed by
an increase at 1 mM arsenic, and then decreased to
control levels at 10 mM arsenic (Fig. 7). Slight variations
from the control levels were observed inSod4A re-
sponses to arsenate up to 0.1 mM and arsenite up to 1
mM, while no transcript could be observed at higher
concentrations (Fig. 7).

DISCUSSION

Expression ofCat genes in response to arsenic

In this study we have demonstrated that total catalase
activity increased in response to arsenic. Plants are par-
ticularly sensitive to arsenates in their avid quest for
acquiring phosphate.37 Growth of arsenate- or arsenite-
treated maize embryos did not noticeably affect viability
or germination. We have demonstrated that the increase
in total catalase activity in developing embryos treated
with arsenic was due to CAT-1 and CAT-2 at low
concentrations (Fig. 1B). It is interesting to observe that

Fig. 6. Postgermination changes in SOD activity and transcripts in the
presence of arsenate or arsenite. Embryos were excised from 5 dpi
germinating W64A seeds and treated with increasing doses of sodium
arsenate or sodium arsenite. (A) Changes in SOD activity. Values are
the mean6 SD of three independent experiments. Asterisks indicate
statistically significant differences between control and sodium arsen-
ate (F 5 2.401, p 5 0.1191) or sodium arsenite (F 5 1.949, p 5
0.1787) treated embryos. (B) changes in specific SOD-3 activity. Val-
ues are the mean6 SD of three independent experiments. Asterisks
indicate statistically significant differences between control and sodium
arsenate (F5 7.472,p 5 0.0047) or sodium arsenite (F 5 21.624,p ,
0.001) treated embryos. (C) transcripts in the presence of arsenate or
arsenite. Total RNA (20mg) was separated by electrophoresis on
denaturing 1.6% agarose gels and transferred onto nylon membranes.
The same blot was sequentially hybridized with each of the three maize
Sodgsps. The 18S rRNA was used as a loading control.

Fig. 7. Responses of SOD genes to arsenic in young seedlings. Ten-
day-old light-grown W64A seedlings were treated hydroponically with
different concentrations of sodium arsenate or sodium arsenite. Leaves
were collected and total RNA (20mg) was separated on 1.6% denatured
agarose gels and transferred onto nylon membranes. Blots were probed
with maizeSodgsps. The 18S rRNA was used as a loading and transfer
control. Results are representative of two independent experiments.
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the increase in total CAT activity at 0.1 mM arsenite
treatment was due primarily to CAT-2 and secondarily to
CAT-1 (Fig. 1B). At this developmental stage both
CAT-1 and CAT-2 isozymes are detected20; however, it
is evident that the two ionic forms of arsenic have a
distinct effect on induction of activity of specific CAT
isozymes. The increase in CAT-1 and CAT-2 activities
was paralleled with an increase ofCat1andCat2mRNA
levels (Fig. 1C). At this developmental stageCat3
mRNA or CAT-3 activity are not normally expressed20;
however, arsenic induced accumulation ofCat3 mRNA
at low concentrations.

In germinating embryos total catalase activity is in-
creased within a wide range of arsenic concentrations
(from 0.01 to 10 mM). The observed increase in CAT
activity is due to specific increase of CAT-2 activity (Fig.
2B). However, this increase in enzyme activity is accom-
panied with an increase of CAT-2 protein only in the
arsenate treatments. Conversely, in treatments with ar-
senite the increase in enzyme activity is concurrent with
decrease of the amount of CAT-2 (Fig. 2C). The appar-
ent antithesis is probably due to differential posttran-
scriptional and/or posttranslational mechanisms affecting
CAT-2 in arsenic-treated plants. The nature of these
mechanisms is obscure. Treatment of germinating em-
bryos of the CAT-2 null line (WA8B) with arsenic,
showed that neither CAT-1 or CAT-3 isozymes compen-
sated for the absence of CAT-2, suggesting the involve-
ment of molecular mechanisms specific to the induction
of the CAT-2 isozyme at this particular developmental
stage (data not shown). Time-course experiments
showed that at 10 mM arsenate, accumulation ofCat1
and/orCat2 mRNA is inhibited after 2 h of treatment,
while in arsenite treatment accumulation ofCat1 and/or
Cat2 mRNA is decreased as a factor of time (Fig. 3B).
Based on this observation, it is clear that at 10 mM
concentration arsenate has a more severe effect on the
accumulation ofCat1 andCat2 transcript than arsenite.
However, it is not clear whether the observed differences
in mRNA levels are due to changes in mRNA turnover
rate or to inhibition of gene transcription. In leaves, as
with developing and germinating embryos,Cat1 tran-
script levels increased in response to arsenate or arsenite.
Cat2 andCat3 mRNA levels were at steady-state levels
at low concentrations of arsenic, while at high concen-
trations they were suppressed.

Overall, the data presented in this study suggest that
the Cat genes in maize are regulated in a multilayered
fashion in response to arsenic. Treatment with arsenic
induces expression of theCat1 gene irrespective of the
developmental stage of the tissue or tissue type. This
suggests that theCat1gene may represent a more direct
response to stress induced by metal toxicity, than do
Cat2andCat3. It was reported that induction of Phase II

detoxification enzymes is mediated by activation of an
upstream electrophilic responsive element/antioxidant-
responsive element (EpRE/ARE).8 Studies in our labo-
ratory20 have shown the presence of an 11-bp element
located at2470 in the promoter region of theCat1gene.
This element was identified to be homologous to the
ARE element (59-puGTGACNNNGC-39) of the rat glu-
tathione-S-transferase Ya subunit and the rat NAD(P)H
quinone reductase gene.38,39 The ARE of the rat gluta-
thione S-transferase Ya subunit is highly activated by
diverse inducers, including sodium arsenite and pheny-
larsine oxide.8 It was concluded that activation of the
EpRE/ARE by electrophile and antioxidant inducers is
mediated by EpRE/ARE specific proteins. To date such
protein complexes have not been identified. ARE ele-
ments have also been identified in the promoter region of
theCat2andCat3genes.20 In addition to the ARE motif,
an MRE (metal responsive element) was identified at
2480 in theCat2 promoter region. MRE motifs can be
found in the promoter region of metalothionine proteins
that bind heavy metal ions and has been functionally
implicated in heavy metal detoxification.40 Thus, the
catalase gene enzyme system of maize provides us with
an excellent opportunity to identify the EpRE/ARE spe-
cific proteins as well as other protein-complexes impli-
cated in the regulation of these important defense genes
(Cat1,Cat2,andCat3) and their relationship with metal-
mediated oxidative stress. Deletion analysis and gel-
retardation studies onCat gene promoter fragments are
currently underway, and should enable us to identifycis-
and trans-acting elements involved in metal-mediated
stress.

Expression ofGst1 in response to arsenic

Previous studies8,17 have shown that detoxification
(Phase II) enzymes such as GSTs and NAD(P)H:(qui-
none acceptor)oxidoreductase are induced in animal cell
systems in response to a variety of electrophilic com-
pounds, including arsenic. Plants, like animals, possess a
two-phase detoxification process that enables them to
detoxify xenobiotics. In this study we have demonstrated
that arsenic induces expression ofGst1 in all tissues
examined, and that its expression pattern appears to be
identical to that ofCat1. This observation indicates a
correlation in the function ofGst1with that ofCatgenes.
It is possible that both genes respond to the same regu-
latory mechanisms. The most likely possibility is that
during detoxification of arsenic, expression ofGst1 is
induced to catalyze the conjugation of arsenic to gluta-
thione (GSH). Previous reports10,17 have shown that in-
creased levels of glutathione correlated with arsenic re-
sistance in animal systems. In addition, it is known that
arsenic ions interact highly with sulfhydryl groups of
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amino acids; therefore, it is likely that the conjugation of
arsenic to GSH is promoted to prevent its interaction
with other proteins or enzymes. Depletion of GSTI could
lead to oxidative stress, resulting in the induction of
antioxidant enzymes such as catalase.

Differential responses of cytosolic and mitochondrial
SODs to arsenic

An equally important outcome of this study is the dem-
onstration of changes in SOD activity and gene expres-
sion in response to arsenic. Total SOD activity and
specific SOD-3 activity increased in response to low
concentrations of arsenic in developing embryos. Previ-
ous studies have shown that arsenic uncouples the oxi-
dative phosphorylation pathway in mitochondria by in-
hibiting the FB factor of the H1-ATPase1, thus
promoting generation of superoxide radicals. It has also
been shown that treatment with arsenite can produce
extensive oxidation of intramitochondrial NAD(P)H
transhydrogenase.41 NAD(P)H shortages may result in
accumulation of oxidized glutathione and ROS.41 Fur-
thermore, it is known that arsenate is reduced rapidly to
arsenite via cytochrome and cytochrome oxidase, using
oxygen as a final electron acceptor,37 a reaction that is
catalyzed rapidly in plants such as corn, peas, melons,
and tomatoes. During this reduction generation of super-
oxide radicals is possible through reduction of oxygen.
Several reports (ref. 42 and references therein) indicate
that superoxide radicals can be generated during the
reaction of cytochrome oxidase with oxygen. Thus the
observed increase in mitochondrial SOD-3 activity could
be justified by the need for the removal of increased
levels of superoxide radicals. Under such conditions, the
observed increase in mitochondrial SOD activity is cou-
pled with an increase inSod3mRNA levels. Cytosolic
Sod4andSod4AmRNA are at steady-state levels while
an increase in total SOD activity is evident, which could
be largely attributed to the increase in specific SOD-3
activity.

In germinating embryos total SOD activity and spe-
cific SOD-3 activity increased gradually in response to
arsenic. At this developmental stage,Sod3,Sod4,and
Sod4AmRNA levels are upregulated in response to a
wide range of arsenate concentrations (from 0.01 to 1
mM). A similar increase inSod transcript levels is ob-
served in arsenite treatment. However, at 1 and 10 mM
concentrations of arsenite, transcripts are barely detect-
able. It appears that high concentrations of arsenite have
an inhibitory effect on the accumulation ofCat, andSod
mRNAs, while this is observed only with 10 mM con-
centration of arsenate. It is known that the toxic effect of
arsenic on various cellular processes is accomplished via
its conversion to arsenite. Therefore, it is possible that

higher concentrations of arsenate are required to estab-
lish a toxic intracellular level. The decreased mRNA
levels of Sod3,Sod4,and Sod4Aat 10 mM arsenate, 1
mM, and 10 mM arsenite do not mimic the increase of
total SOD or SOD-3 activity. Likely, there is a posttran-
scriptional event that regulates the translational output,
or possibly the turnover rate of the enzyme.

Expression ofSods was also examined in leaves of
light-grown seedlings. Induction ofSod3appears to be
consistent in all tissues examined. Meanwhile in leaves,
cytosolic Sods respond differentially to arsenic, which
appears to be tissue specific. Previous studies21 showed
that althoughSod4and Sod4Ashare a high degree of
homology in the coding region, they are different at the
promoter regions. Accumulation ofSod4mRNA in re-
sponse to arsenic in leaves followed a similar pattern to
that ofCat1andGst1. It is conceivable that induction of
Sod4correlates with an increase in intracellular super-
oxide levels, a result of detoxification process.

Further experiments are designed to characterize the
underlying mechanisms regulating induction of antioxi-
dant genes in response to arsenic in maize.
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gene/compound/concentration combination examined. The re-The role of hydrogen peroxide (H2O2) and various antioxi-
dants in the regulation of expression of the three Cat and Gst1 sponse of each gene to each antioxidant compound tested was

unique, suggesting that the ability of these compounds togenes of maize (Zea mays L.) has been investigated. Low
concentrations of H2O2 appeared to inhibit Cat1, Cat3, and affect expression of the maize Cat and Gst1 genes may not be
Gst1 gene expression, while higher doses strongly induced the result of a common (antioxidant) mode of action. A
these genes. Time course experiments indicated that high putative regulatory ARE motif involved in the regulation of

antioxidant and oxidative stress gene responses in mammalianconcentrations of H2O2 induced Cat1, Cat2, and Gst1 gene
systems is present in the promoter of all three maize catalaseexpression to higher levels, and in less time, than lower H2O2

concentrations. Induction of Cat3 was superimposed on the genes and we tested its ability to interact with nuclear extracts
circadian regulation of the gene. These results demonstrate a prepared from 10 days post-imbibition senescing scutella.
direct signaling action of H2O2 in the regulation of antioxi- Protein-DNA interactions in the ARE motif and the U2

snRNA homologous regions of the Cat1 promoter were ob-dant gene responses in maize.
The effects of the antioxidant compounds N-acetylcysteine, served, suggesting that ARE may play a role in the high

induction of Cat1 in a tissue which, due to senescence, is underpyrrolidine dithiocarbamate, hydroquinone, and the elec-
trophile antioxidant responsive element (ARE)-inducer b- oxidative stress.
naphthoflavone were quite different and specific for each

a number of transcriptional factors that regulate the expres-
sion of antioxidant genes, or genes whose activities are
modulated by oxidation and reduction, are known. In Es-
cherichia coli and other prokaryotes the transcription factor
OxyR activates a battery of genes inducible by H2O2, while
the transcription factors SoxR/SoxS mediate responses to
O2

�−. Similarly, in the yeast Saccharomyces cere6isiae, a
lower eukaryote, there are two distinct adaptive stress re-
sponses, one towards H2O2 and one towards O2

�−
(Jamieson and Storz 1997).

In higher eukaryotes, oxidative stress responses are more
complex and modulated by several different regulators.
There is increasing evidence suggesting that eukaryotic re-

Introduction

Aerobic organisms depend on oxygen (O2) as the electron
acceptor in controlled electron transfer reactions. However,
during the stepwise one-electron reduction of O2, cells con-
tinuously produce the stable O2 intermediates superoxide
radical (O2

�−), hydrogen peroxide (H2O2), and hydroxyl
radical (�OH), commonly known as reactive oxygen species
(ROS), and can cause damage to the cell (Scandalios 1993).
To minimize the adverse effects of ROS, aerobic organisms
evolved numerous antioxidant defenses, including catalases
(CAT) and glutathione S-transferases (GST). Antioxidant
defenses are activated in response to unbalanced increases of
ROS that cause oxidative stress. The mechanisms by which
cells sense H2O2 and O2

�− are not very well understood, but

Abbre6iations – AP-1: activator protein-1; ARE: antioxidant responsive element; b-NF: b-naphthoflavone; Cat/CAT: catalase gene/enzyme;
Gst/GST: glutathione S-transferase gene/enzyme; HQ: hydroquinone; NAC: N-aceltylcysteine; NF-kB: nuclear factor-kB; PDTC: pyrro-
lidine dithiocarbamate; ROS: reactive oxygen species.
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sponses to different kinds of stress, including starvation,
heat shock, osmotic stress, and heavy metal intoxication,
overlap oxidative stress responses. In mammalian systems,
many studies point to the significance of two classes of
transcription factors, nuclear factor kB (NF-kb) and activa-
tor protein-1 (AP-1), in the regulation of oxidative stress
response (Angel and Karin 1991, Schreck et al. 1991, Meyer
et al. 1993). However, AP-1 responds strongly to the antiox-
idants N-acetylcysteine (NAC) and pyrrolidine dithiocarba-
mate (PDTC), and only weakly to H2O2. This led to the
suggestion that AP-1 is a secondary antioxidant-responsive
factor (Meyer et al. 1993). Antioxidant-specific gene induc-
tion has also been reported for a number of enzymes
involved in phase II xenobiotic metabolism, which is medi-
ated by a regulatory motif common in the promoter region
of these genes. This motif, named ‘antioxidant responsive
element’ (ARE), ‘electrophile responsive element’ (EpRE),
or GPE1, is present in the promoter of mammalian GST,
NADPH-quinone oxidoreductase (NQOR), g-glutamylcys-
teine synthetase, metalothioneine-I (MT-1), and manganese
superoxide dismutase (MnSOD) genes (Kahl 1997). The
signal transduction pathway leading to gene induction
through the ARE has not yet been elucidated. The signifi-
cance of the antioxidant properties of many of the inducers
has been questioned, as compounds with no antioxidant
activity are also potent inducers. In contrast, many of the
inducers are Michael reaction acceptors (electrophilic), and
their potency parallels their efficiency in Michael reactions
(Talalay et al. 1988). ROS can also activate the ARE, as
H2O2 itself is a capable inducer (Rushmore et al. 1991). An
ARE motif has not yet been identified in any plant Gst gene
(Marrs 1996). However, ARE-like motifs are present in the
promoter region of the three maize Cat genes (Scandalios et
al. 1997), but the effects of antioxidants on the expression of
these plant genes are unknown.

In plants, ROS have been implicated in damaging effects
of various environmental stress conditions including UV
light and other forms of radiation, xenobiotics (herbicides),
ozone, temperature extremes, especially in relation with high
light, drought, and pathogen attack (Scandalios 1993).
Many plant defense genes are activated in response to these
conditions. H2O2 appears to be a signaling intermediate in
plant defense, activating gene expression (Bi et al. 1995,
Levine et al. 1994, Neuenschwander et al. 1995), hypersensi-
tive cell death (Levine et al. 1994), and promoting programs
leading to immunity (Wu et al. 1995). H2O2 scavengers like
catalase can modulate H2O2 homeostasis and consequently
its signaling capacity. However, information on the effects
of H2O2 on the expression of catalase genes is limited.
Similarly, there are a few reports on H2O2-induced Gst gene
expression (Levine et al. 1994, Tenhaken et al. 1995). The
maize Cat and Gst antioxidant defense genes provide an
excellent system for investigation of antioxidant gene re-
sponses to antioxidants and oxidants. Catalases catalyze the
dismutation of H2O2 into O2 and H2O, preventing the
damaging effects of H2O2 accumulation and protecting cells
from oxidative stress. Presence of ARE-like motifs in the
maize Cat genes renders them suitable tools for characteri-
zation of their potential regulatory roles in plants (Scan-
dalios et al. 1997). Glutathione S-transferases are a family of

enzymes that catalyze the conjugation of glutathione via the
sulfhydryl group to a variety of electrophilic centers of
hydrophobic compounds. This reaction renders the com-
pound more soluble to H2O and facilitates its transport to
vacuole or apoplast. Among the substrates of GSTs are
many plant secondary metabolites like phenolic antioxidants
and anthocyanins (Marrs et al. 1995), and many xenobiotics
(Kreuz et al. 1996). Importantly, GSTs are also responsible
for detoxification of the strongly electrophilic and highly
cytotoxic lipid peroxidation products such as 4-hydrox-
yalkenals, which are generated when lipid membranes are
damaged by oxidative stress (Marrs 1996).

In the present study, we examined the responses of the
Cat and Gst1 genes of maize to different classes of antioxi-
dants and to H2O2-induced oxidative stress. We also exam-
ined potential involvement of promoter regions of Cat1,
including a sequence harboring an ARE-like motif, in the
regulation of Cat1 expression in scutella at 10 days post-im-
bibition (dpi), when the tissue is under senescence-induced
oxidative stress.

Materials and methods

Plant material

The maize inbred line W64A was used in this study. Seeds
were surface sterilized by soaking in 1% hypochlorite for 10
min and then washed 5–6 times with deionized water. Seeds
were then soaked in distilled water for 24 h and planted in
soil mix. Germination occurred in controlled environment
with 12 h/12 h D/L photoperiod and constant 25°C
temperature.

Treatments

After 9 days dpi, seedlings were removed from the soil with
the root, the root was rinsed in tap water and placed in open
50-ml tubes (four plants per tube) containing 20 ml of each
compound’s solution. The compounds NAC, PDTC, and
hydroquinone (HQ) were applied to study antioxidant re-
sponses, b-naphthoflavone (b-NF) to study response to an
electrophile ARE-inducer, and H2O2 to study responses
under oxidative stress. Control plants were placed in tubes
containing water or the appropriate concentration of the
compound’s solvent in water. The plants were then placed in
the growth chamber for 24 h.

Northern analysis

Leaf material was harvested after a 24-h treatment with each
compound. All samples were frozen in liquid nitrogen and
stored at −80°C for analysis. Total RNA from leaf mate-
rial was extracted (Thompson et al. 1983), separated on
denaturing 1.2 or 1.6% agarose gels, and stained with ethid-
ium bromide to ensure equal loading. It was then trans-
ferred onto nylon membranes and hybridized with
32P-labeled Cat (Bethards et al. 1990, Redinbaugh et al.
1988) or Gst1 gene-specific probes. The Gst1 gene-specific
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probe was prepared with polymerase chain reaction (PCR)
using the phi080 set of primers (Senior et al. 1996). Hy-
bridization buffers and conditions were as follows: the pre-
hybridization solution contained 6× SSPE, 5× Den-
hardt’s, 7% SDS, 200 mg ml−1 salmon sperm DNA, and 1%
dextran sulfate. After 4 h pre-hybridization at 65°C, the
pre-hybridization solution was substituted with hybridiza-
tion solution that was the same as the pre-hybridization
solution without 5× Denhardt’s, and probe was added.
Hybridization proceeded at 65°C for 24–36 h, and washes
were twice for 30 min with 0.1× SSC/0.1% SDS at 65°C.

Isolation of nuclei and preparation of nuclear extracts

Nuclei were isolated from post-germination scutella (Hall
and Spiker 1994). Scutella were ground to a fine powder with
mortar and pestle using liquid nitrogen, and transferred to a
beaker sitting on ice. All subsequent manipulations were
carried out at 4°C. Nuclei isolation buffer 1 (NIB1: 0.5 M
hexylene glycol, 0.5% Triton X-100, 20 mM HEPES pH 7.4,
20 mM Thiodiglycol, 1 mM PMSF, 0.5 mM EDTA pH 7.4,
2 mg ml−1 aprotinin, 50 mM spermine, 125 mM spermidine)
was added in a volume of 10 ml g−1 of scutella. The slurry
was homogenized with a Polytron homogenizer at low set-
ting for 30 s. Nuclei were filtered away from cell debris
through a tiered setup of 300, 200, 100, 50, and 30 mm nylon
mesh screens. Aliquots of 25-ml filtrate were layered above
a 30–50% Percoll/NIB1 gradient and centrifuged at 900 g for
20 min. The supernatant above the Percoll cushion was
removed by aspiration. The nuclei were extracted from the
30–50% Percoll interface using a glass pipette and pelleted
by centrifugation at 3000 g for 15 min. The pellet was
resuspended and washed twice with 20 ml cold NIB2 (NIB2:
as NIB1 without Triton X-100). The final pellet was resus-
pended in 1 ml nuclei suspension buffer (NSB: 50% glycerol,
50% 2× NIB2) and stored at −80°C until use.

Nuclear protein preparation was essentially as described in
Holdsworth and Laties (1989), with minor modifications.
Nuclei were recovered from NSB with a brief centrifugation,
and resuspended in nuclear protein isolation buffer (NPIB:
40 mM KCl, 20 mM HEPES pH 7.7, 0.5 mM EDTA pH 7.7,
5 mM MgCl2, 2 mM dithiothreitol, 1mM PMSF, and 2 mg
ml−1 aprotinin). Nuclei were lysed with the addition of 1/10
vol saturated ammonium sulfate pH 7.6 on ice for 30 min.
Debris was removed by centrifugation at 15000 g for 15 min.
Nuclear proteins were precipitated from the supernatant
with the addition of solid powdered ammonium sulfate to a
65% saturation (337 mg ml−1 in the 10% saturated solution),
and collected by centrifugation at 15000 g for 15 min.
Pelleted nuclear proteins were resuspended in dialysis buffer
(NPDB: 40 mM KCl, 20 mM HEPES pH 7.7, 0.5 mM
EDTA pH 7.7, 2 mM dithiothreitol, 1 mM PMSF, 20%
glycerol) containing 2 mg ml−1 aprotinin and dialyzed
against two changes of 1000 ml dialysis buffer for 2 h, using
Spectapore membrane tubing (Amicon, Beverly, MA, USA)
with 3500 MW cutoff. The dialysate was aliquoted, frozen in
liquid nitrogen, and stored at −80°C. Protein concentration
was determined using the Bio-Rad protein assay kit and BSA
as a standard.

Electrophoretic mobility shift assays

Probes for electrophoretic mobilibty shift assay probes (EM-
SAs) (Fig. 5) were prepared as follows: a 0.8 kb XbaI
fragment from the Cat1 promoter (Guan and Scandalios
1993) was digested with Sau3A, generating a 90 bp XbaI-
Sau3A fragment containing the U2 snRNA homologous
region, which was subcloned into an XbaI-BamHI digested
pBluescript vector, and a 158 bp Sau3A fragment contain-
ing the ARE motif, which was subcloned into the BamHI
site of the pBluescript. The two probes were labeled by fill-in
5% overhangs with a-32P-dCTP using Klenow polymerase.
Binding reactions were performed using the Bandshift kit
(Pharmacia, Piscataway, NJ) according to instructions.
Briefly, the reaction mixture contained 10000–40000 cpm-
labeled target DNA (0.1–1 ng DNA) in 10 mM Tris-HCl
pH 7.5, 50 mM NaCl, 0.5 mM dithiothreitol, 10% glycerol,
0.05% NP-40, and 0.25 mg poly(dI-dC). Nuclear proteins in
a range of 0.1–0.25 mg were added and the mixture incu-
bated at room temperature for 20 min. DNA-protein com-
plexes were separated from unbound DNA probe by
electrophoresis on native 4% polyacrylamide gels in Tris-ac-
etate-EDTA buffer (7 mM Tris-HCl pH 7.5, 3 mM sodium
acetate, 1 mM EDTA). Gels were vacuum dried and autora-
diographed at −70°C for 0.5–2 h.

Results

Responses of the maize Cat and Gst1 genes to antioxidants,
electrophilic compounds, and H2O2

Specific responses of the maize Cat and Gst1 genes were
observed upon treatment with antioxidants, electrophilic
compounds, and H2O2. The responses were not uniform
with the different compounds used. Thus, each gene-com-
pound combination resulted in a different response.

Responses of Cat1
In young maize leaves, Cat1 is normally expressed at a
constant low level and is not affected by light (Scandalios et
al. 1997). Cat1 expression was decreased in response to low
concentrations of NAC up to 5 mM (Fig. 1A), and in-
creased at 10 mM. Treatment with PDTC did not affect
Cat1 expression, while treatment with HQ resulted in gradu-
ally increasing Cat1 expression with increasing (1–10 mM)
HQ concentrations (Fig. 1A). Cat1 expression was not
affected by ethanol, which was used as solvent for b-NF
(Fig. 1B). b-NF resulted in a slight decrease at 0.25 mM,
followed by an increase at 1 mM, and the expression was
similar to the control at higher concentrations (Fig. 1B).
Treatment with low (0.5 mM) concentration of H2O2 de-
creased transcript level. At 1 mM H2O2, Cat1 expression
was slightly lower than the control, while it was comparable
with the control at higher concentrations (Fig. 1C). It is
known that in other tissues like scutellum, Cat1 is induced
when the scutellum is excised from the kernel and incubated
in control agar plates for 24 h (L. Guan and J. G. Scan-
dalios, unpublished results). This induction was explained as
a result of wounding and/or hormone imbalance. In this
experiment, Cat1 expression in leaves is significantly induced
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Fig. 1. Response of the maize Cat1 gene to
antioxidants, electrophiles, and H2O2. Seedlings (10
dpi) were treated hydroponically with increasing
concentrations of the indicated compounds, and
Cat1 transcript in leaves was detected after
hybridization with 32P-labeled Cat1 gene-specific
probe. Equal loading of the gels was confirmed by
ethidium bromide staining prior to transfer. A.
Responses to 24-h treatments with the antioxidants
NAC, PDTC, and HQ. B. Responses to 24-h
treatments with the electrophile ARE-inducer
b-NF. The 0+E lane is control with the b-NF
solvent ethanol. C. Responses to 24-h treatments
with H2O2. D. Time course responses to 10 and
150 mM H2O2. Abbreviations are: NAC,
N-acetylcysteine; PDTC, pyrrolidine
dithiocarbamate; HQ, hydroquinone; b-NF,
beta-naphthoflavone; E, ethanol; H2O2, hydrogen
peroxide.

within 1 h after submersion of the roots in water, and
gradually increases during the next 5 h (Fig. 1D). Induction
continues for 24 h, as is evident comparing the 5-h control
(0 mM) in Fig. 1D with the 24-h control (0 mM) in Fig. 1C.
The observed induction is enhanced by H2O2. Addition of
10 mM H2O2 in the solution results in enhanced induction
after 3–5 h. Addition of 150 mM H2O2 enhances Cat1
induction after 1 h of treatment and results in higher
induction after 5 h. However, enhancement of the induction
by H2O2 is not observed after 24 h of treatment, indicating
that elevated Cat1 expression due to submersion of the roots
in water is reaching a maximum that is not affected by
addition of H2O2.

Responses of Cat2
Expression of Cat2 in young maize leaves is constant at low
levels (Scandalios et al. 1997). Thus, we investigated Cat2
responses examining a sample of antioxidant and H2O2

treatments. There was no significant induction upon sub-
mersion of the roots in water as is evident by comparison of
the 24-h control in Fig. 2A with the 0-h control in Fig. 2B.
NAC caused a decrease of Cat2 transcript at 0.25–2.5 mM,
followed by an increase at 5 mM (Fig. 2A). A similar
response was observed for HQ, but the decrease was at
0.1–0.25 mM and the level of Cat2 transcript was similar to
the control at 0.5–1 mM. A high induction was evident at
2.5–5 mM HQ (Fig. 2A). Cat2 was induced by H2O2

(60–150 mM) within 1 h after submersion of the roots in
H2O2 solution, and was even stronger 24 h later (Fig. 2B). It
was also evident that 150 mM H2O2 induced Cat2 to higher
expression levels than 60 mM H2O2 at both 1 and 24 h.

Responses of Cat3
Expression of Cat3 in young maize leaves is regulated by a
circadian rhythm (Scandalios et al. 1997). Thus, analyses
regarding Cat3 responses should be in the context of the
circadian expression of the gene. In the present experiments
a normal circadian Cat3 expression was observed in
seedlings with roots submerged in water for 24 h, as long as
the light regime was maintained at 12 h/12 h L/D photope-
riod. NAC increased the Cat3 transcript in all the concen-
trations applied (Fig. 3A). PDTC caused a strong induction
at 0.25 mM that declined at higher concentrations, and

expression was inhibited at 10 mM (Fig. 3A). HQ caused a
high induction between 0.25–5 mM, while at 10 mM induc-
tion was lower (Fig. 3A). With b-NF, a high induction was
observed at 0.25–1 mM and complete inhibition at higher
concentrations (Fig. 3B). Ethanol also inhibited Cat3 gene
expression (Fig. 3B). The effects of H2O2 on Cat3 transcrip-
tion were examined at two different time points: circadian
time 10 (CT-10: 10 h after the onset of light), which repre-
sents the time point of the highest Cat3 expression, and
CT-4, which represents a time point with low and increasing
Cat3 transcription. Results were similar and those obtained
at CT-4 are shown in Fig. 3C. Low doses (0.1–0.5 mM) of
H2O2 caused a significant decrease on Cat3 transcript levels.
Transcription was similar with the control at 1 mM H2O2

and significantly increased at 5–60 mM. The transcript at
150 mM was lower than that of 60 mM, but still higher than
that of the control.

Responses of Gst1
Expression of Gst1 in maize is constitutive in young seedling
roots, but can be enhanced by herbicide safeners (Jepson et

Fig. 2. Response of the maize Cat2 gene to antioxidants and H2O2.
Transcripts in leaves of 10 dpi seedlings treated hydroponicaly were
detected after hybridization with 32P-labeled Cat2 gene-specific
probe. Equal loading of the gels was confirmed by ethidium bro-
mide staining prior to transfer. A. Responses to 24-h treatments
with NAC and HQ. B. Responses to treatments with 60 and 150
mM H2O2 for 1 and 24 h. Abbreviations are as in Fig. 1.
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Fig. 3. Response of the maize Cat3 gene to
antioxidants, electrophiles, and H2O2. Seedlings (10
dpi) were treated hydroponically for 24 h with
increasing concentrations of the indicated compounds,
and Cat3 transcript in leaves was detected after
hybridization with 32P-labeled Cat3 gene-specific probe.
Equal loading of the gels was confirmed by ethidium
bromide staining prior to transfer. Treatment began 4
h after the onset (CT-4) of light and the plants were
maintained at 12 h/12 h L/D photoperiod in order to
examine the effects of the compounds in the context of
the Cat3 circadian rhythm. A. Responses to the
antioxidants NAC, PDTC, and HQ. B. Responses to
the electrophile ARE-inducer b-NF. The 0+E lane is
control with the b-NF solvent ethanol. C. Responses
to H2O2. Abbreviations are as in Fig. 1.

al. 1994). Gst1 responses (Fig. 4) were very similar with
those of Cat3 (Fig. 3). NAC increased the Gst1 transcript,
and the highest induction was observed at 10 mM (Fig. 4A).
PDTC caused a strong Gst1 induction at 0.25 mM that
declined at higher concentrations (Fig. 4A). HQ caused a
stronger induction at 0.25, 5, and 10 mM, while at 1 mM
the response was weaker (Fig. 4A). b-NF caused a high
induction between 0.25 and 1 mM and expression was at the
levels of the control at 10 mM (Fig. 4B). Ethanol also
repressed Gst1 gene expression (Fig. 4B). With H2O2 treat-
ments, the Gst1 transcript decreased at low (0.1 mM) con-
centrations and was comparable with that of the control at
0.5–1 mM (Fig. 4C). Significantly higher transcription was
evident at higher (5–150 mM) H2O2 concentrations (Fig.
4C). Gst1 expression is not affected by submersion of the
roots in water, as no difference in transcript was observed
between the 24 h control in Fig. 4C and the controls at
different time points in Fig. 4D. However, H2O2 treatments
induced Gst1 expression within 3–5 h at 10 mM and as
early as 1 h at 150 mM (Fig. 4D).

Protein-DNA interactions in specific Cat1 promoter regions

Interactions of nuclear proteins, isolated from 10-day-old
germinating scutella, with promoter regions of Cat1 have
been examined by electrophoretic mobility shift assays. Re-
sults indicated that a 158-bp fragment containing the ARE
core sequence as well as a 90-bp fragment highly ho-
mologous with the U2 snRNA gene of maize (Guan and
Scandalios 1993), located 5% and in continuous sequence
with the 158-bp fragment (Fig. 5), were strongly interacting
with nuclear proteins. A very strong interaction was ob-
served for the ARE-harboring fragment as almost the total
amount of the probe was shifted on the gel (Fig. 6). Specifi-
city of the observed binding was further analyzed with the
addition of 30× cold probe in a binding reaction. Results
(Fig. 6) suggest that the observed binding is highly specific,
as with the addition of cold probe the shifted band disap-
pears. A similar strong and specific interaction was observed
with the U2 snRNA homologous fragment (Fig. 7). In both
experiments, specificity was also examined with the addition
of salmon sperm DNA as non-specific competitor in the
binding reaction and the binding was maintained (data not
shown).

Discussion

Regulatory role of antioxidants in the expression of
antioxidant genes

The effects of antioxidants on Cat and Gst1 gene expression
were different and specific for each compound and concen-
tration examined. Even compounds whose antioxidant ac-
tivity is the result of similar chemical properties, like the
–SH-containing compounds NAC and PDTC, affected the
same genes in different ways. Thus, the responses do not
seem to be due solely to the antioxidant properties of the
compounds.

There are studies indicating that compounds that exhibit
antioxidant activity in vitro can be metabolically trans-
formed, or act as oxidants in vivo (Pinkus et al. 1996). The
possibility exists that the observed responses might, in part,
result from such conversions. Consistent with this hypothe-
sis, NAC can produce thiyl and other sulfur-containing
radicals (Aruoma et al. 1989), which can oxidize glutathione
and weaken the antioxidant defenses of the cell. In our
experiments, 10 mM NAC induced all the genes examined.
This concentration is much lower than the 30 mM reported
to be effective in inhibition of NF-kB in mammalian cell
cultures (Meyer et al. 1993). However, 100 mM NAC in
hydroponic treatments resulted in severe stress of the plants
from which they could not recover, high induction of Cat1,
and complete inhibition of Cat3 (data not shown). These
results suggest that a mechanism of NAC-induced stress
could be responsible for the observed responses. PDTC, due
to its metal-chelating properties, can inhibit Cu/Zn superox-
ide dismutase activity, potentiate oxygen toxicity in animal
tissues, and cause a decrease in glutathione peroxidase activ-
ity and thiol levels (Goldstein et al. 1979). In the present
study, PDTC was a very potent inducer of Cat3 and Gst1 at
low concentrations (0.25 mM), while it exhibited inhibitory
effects at higher concentrations. However, it did not affect
Cat1 expression. In this study, HQ, which can undergo
reversible oxidation-reduction generating ROS, was a potent
inducer of all genes examined. Cat3 exhibited a strong
induction at low concentrations, which was gradually de-
creased as the concentration increased. The other genes
examined (Cat1, Cat2, and Gst1) exhibited weaker but
persistent induction at the higher concentrations.

The data presented suggest that diverse antioxidants are
potent inducers of antioxidant gene expression in maize.
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This apparently paradoxical situation is not unique, as both
antioxidants and H2O2 have been reported to serve as
signals inducing oxidative stress responsive factors in animal
cells (Bergelson et al. 1994, Meyer et al. 1993). However, the
possibility exists that oxidative mechanisms are responsible
for the apparent effects of antioxidants in Cat and Gst1 gene
expression in maize.

Regulatory role of H2O2 in the expression of antioxidant
genes

Plants, like other living organisms, sense increased levels of
ROS and react with antioxidant mechanisms, finely coordi-
nated and expressed, to effectively protect the organism
from oxidative stress. In the progress of these events, H2O2,
a well-established second messenger in animal systems (Ra-
masarma 1982), appears to be a significant signaling inter-
mediate in plants as well (Alvarez and Lamb 1997). In the
present study, we investigated the role of H2O2 in the
expression of the Cat and Gst1 genes of maize. Catalases are
among the primary H2O2 scavenger enzymes and could play
a central role in the control of H2O2 homeostasis and
consequently in the H2O2-dependent signaling pathway.
This has been indirectly established in several experimental
systems by addition of catalase, or the catalase inhibitor
aminotriazole, demonstrating differential effects on H2O2-
induced gene expression (Alvarez and Lamb 1997, Chen et
al. 1993, Levine et al. 1994). However, the role of H2O2 in
the regulation of Cat gene expression has not yet been
thoroughly investigated. Thus, we examined the effects of
exogenously applied H2O2 in the regulation of Cat and Gst1
gene expression in maize. We used a wide range of H2O2

concentrations (100 mM–150 mM) in hydroponic treat-
ments of whole plants, and examined the transcript level of
each gene in leaves 24 h later. With this experimental
scheme, the actual concentration of H2O2 was changing
throughout the treatment period. Developing roots of young
maize seedling are known to secrete catalase in the incuba-
tion medium as well as in the root apoplast (Salguero and
Boettger 1995). As soon as the seedling roots were sub-
merged in the H2O2 solution, bubbles appeared on the
surface of the roots, indicating very active H2O2 decomposi-
tion. Depletion of H2O2 from the culture medium has also
been reported in rat hepatocyte cultures with H2O2 half-life
between 2.5 and 8 min, depending on the initial H2O2

concentration (1–2.5 mM) and the age of the culture
(Rohrdanz and Kahl 1998). This rapid decomposition prob-
ably caused an early depletion of H2O2 at low concentra-
tions, while it decreased the actual concentration of H2O2 at
the higher concentrations applied.

Low doses of H2O2 appeared to reduce Cat1, Cat3, and
Gst1 steady-state mRNA levels, while higher doses enhanced
the amount of the Cat2, Cat3, and Gst1 mRNA. Induction
of Cat2 and Gst1 increased as the concentration of H2O2

increased up to 150 mM (the highest concentration used),
while the induction of Cat3 reached a maximum at 60 mM
and declined at 150 mM. Time course experiments indicated
that a high concentration of H2O2 induced Cat1, Cat2, and
Gst1 gene expression at higher levels and in less time than a
lower concentration. Cat1 expression was affected by the
control treatment as it was induced by submersion of the
roots into water. However, addition of H2O2 enhanced Cat1
induction within 1 h of treatment, and increased expression
over the control level could be observed for the next 5 h. At
24 h, the level of Cat1 expression in samples treated with
high H2O2 concentrations (5–150 mM) was similar with the
control, indicating that there is a time point where high
H2O2 concentrations can no longer enhance Cat1 expres-
sion. Taken together, these results demonstrate that re-
sponses of the Cat and Gst1 genes are specific for the
concentration and the duration of treatment, suggesting a
regulatory role for H2O2 in the expression of these antioxi-
dant genes.

As mentioned above, very rapid decomposition of H2O2

near the roots of the seedlings occurred immediately after
submersion in the H2O2-containing solution. This could lead
to a rapid depletion of the lower concentrations of H2O2

used. Thus, treatment with low H2O2 concentrations could
represent a short transient oxidative burst. The effects of
this transient exposure to H2O2 could be distinct from those
observed for prolonged exposures to higher concentrations.
The transient exposure to increased concentrations of H2O2

is reminiscent of the oxidative burst in the hypersensitive
response of plants to pathogen attack. This localized oxida-
tive burst at the root caused systemic inhibition of Cat gene
expression observable 24 h later in the leaf. Thus, systemic
H2O2 accumulation could be accomplished by inhibition of
Cat gene expression. It has been suggested that H2O2 accu-
mulation and initiation of the signaling pathway leading to
systemic acquired resistance (SAR) are due to specific inhi-

Fig. 4. Response of the maize Gst1 gene to antioxidants,
electrophiles, and H2O2. Seedlings (10 dpi) were treated
hydroponically with increasing concentrations of the
indicated compounds, and Gst1 transcript in leaves was
detected after hybridization with 32P-labeled Gst1
gene-specific probe. Equal loading of the gels was
confirmed by ethidium bromide staining prior to transfer.
A. Responses to 24-h treatments with the antioxidants
NAC, PDTC, and HQ. B. Responses to 24-h treatments
with the electrophile ARE-inducer b-NF. The 0+E lane
is control with the b-NF solvent ethanol. C. Responses to
24-h treatments with H2O2. D. Time course responses to
10 and 150 mM H2O2. Abbreviations are as in Fig. 1.
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Fig. 5. Schematic of the XbaI fragment of the Cat1 promoter that was used in preparation of electrophoretic mobility shift assay probes.
The restriction enzyme sites and their distance from the initiation of transcription +1 are shown. Transcript is represented as an arrow. The
putative regulatory motifs are boxed. ARE is the antioxidant responsive element, and G-box is the ABA responsive element. The U2 snRNA
homologous region is also shown.

bition of catalase activity by salicylic acid (SA) (Chen et al.
1993), which allows accumulation of systemic H2O2. How-
ever, there is also evidence that the H2O2 signal does not act
downstream of SA in the development of SAR, as NahG
transgenic plants that cannot accumulate SA do not induce
PR-1 expression upon treatment with H2O2 and do not
develop SAR (Bi et al. 1995, Neuenschwander et al. 1995).
Involvement of H2O2 in disease resistance has been demon-
strated in transgenic plants expressing the H2O2-generating
glucose oxidase enzyme, and increased resistance of the
transgenics could be counteracted with addition of catalase
(Wu et al. 1995). Our results, in addition to the reported
ability of H2O2 to induce SA accumulation (Bi et al. 1995,
Neuenschwander et al. 1995), could provide a mechanism
for H2O2 signaling in the induction of SAR, in which
catalase inhibition and H2O2 act before SA accumulation
(upstream of SA).

High concentrations of H2O2 rapidly induced Cat and
Gst1 gene expression, indicating that oxidative stress directly
induces antioxidant responses. Particularly for Cat3, which
is regulated by a circadian rhythm (Redinbaugh et al. 1990),
its induction overrode the default circadian expression. Our
data demonstrate that at CT-4, when Cat3 transcript is very
low, H2O2 treatment overrides the circadian regulation and
induces high expression with high H2O2 concentration (Fig.
3C). Induction over the normal levels was also observed at
CT-10, when the Cat3 transcript reaches maximal expres-
sion (data not shown). This suggests that H2O2 can induce
Cat3 expression at different time points of the circadian
cycle. However, the two time points we examined represent
times in the circadian cycle where Cat3 expression is increas-
ing (CT-4) or is at its maximum (CT-10). Whether induction
can also be observed at time points of declining expression,
and whether the induced expression is still circadian, re-
mains to be investigated.

Regulatory sequences in the Cat1 promoter

The maize Cat genes harbor the ARE regulatory motif,
which has a well-characterized role in induction of mam-
malian gene expression in response to oxidative stress. In
order to investigate the role of ARE in maize Cat gene
expression, we examined protein-DNA interactions in the
ARE region of the Cat1 promoter. The Cat1 promoter has
been sequenced revealing several regulatory elements, and
has been used for the construction of promoter-reporter
gene fusions that can drive the expression of the reporter
gene GUS in transgenic tobacco plants (Guan and Scan-

dalios 1993). A minimal 800 bp promoter fragment is suffi-
cient for the regulation of GUS expression with a pattern
similar to the Cat1 expression observed in maize (Guan and
Scandalios 1993). An ABA response element, located −110
relative to the transcription start site, displays differential
binding of nuclear proteins isolated from germinated and
developing embryos, as well as from embryos grown in the
presence and absence of absisic acid; this indicates that ABA
up-regulates Cat1 transcript accumulation in the scutellum
during embryogenesis, but not during germination
(Williamson and Scandalios 1994). However, Cat1 transcript
accumulates to high levels in the scutellum of germinating
maize seeds. The promoter regions responsible for the con-
trol of Cat1 expression during germination were not iden-
tified. The increase of Cat1 transcript in the scutellum
during germination could be an antioxidant response to
oxidative stress. Active oxidative metabolism is well charac-
terized in germinating seeds. During germination of oilseeds,

Fig. 6. Protein-DNA interactions in the Cat1 promoter region
harboring the ARE motif. Electrophoretic mobility shift assay was
probed with a 158 bp Sau3A Cat1 promoter fragment containing
the ARE motif. The probe (0.1 ng 32P-labeled DNA) in binding
buffer containing 100 ng poly(dI-dC) non-specific competitor was
incubated with 0.1 mg nuclear extract prepared from 10 dpi germi-
nating scutella of maize. The free and bound probes were separated
on 4% native acrylamide gel, vacuum dried, and autoradiographed.
Specificity of the interaction was determined by addition of 30×
cold probe as specific competitor in the assay. Lanes are: Probe
alone control (− ,− ), probe with nuclear extract and no specific
competitor (+ ,− ), and probe with nuclear extract and 30× cold
probe as specific competitor (+ ,+ ). Arrowheads indicate the
bands of free and bound probe. Note the very strong interaction
(+ ,− ) revealed by the retardation of the whole amount of probe
used in the assay.
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Fig. 7. Protein-DNA interactions in the U2 snRNA homologous
region of the Cat1 promoter. Electrophoretic mobility shift assay
was probed with a 90 bp XbaI-Sau3A Cat1 promoter fragment
containing the U2 snRNA homologous region. The probe (1 ng
32P-labeled DNA) in binding buffer containing 100 ng poly(dI-dC)
non-specific competitor was incubated with 0.1 mg nuclear extract
prepared from 10 dpi germinating scutella of maize. The free and
bound probes were separated on 4% native acrylamide gel, vacuum
dried, and autoradiographed. Specificity of the interaction was
determined by addition of 30× cold probe as specific competitor in
the assay. Lanes are: probe alone control (− ,− ), probe with
nuclear extract and no specific competitor (+ ,− ), and probe with
nuclear extract and 30× cold probe as specific competitor (+ ,+ ).
Arrowheads indicate the bands of free and bound probe.

demonstrate its role in oxidative stress-induced gene expres-
sion.

Interestingly, the 90 bp Cat1 promoter fragment upstream
of the ARE motif also interacts with nuclear proteins pre-
pared from 10 dpi scutella in a specific manner. Sequence
comparisons of this fragment with published regulatory
motifs show that no known regulatory element is present.
However, most of the fragment contains a region 80%
homologous to the first 100 bp of the coding region of the
U2 snRNA gene of maize and other organisms. The major
function reported for U2 products is in the formation of a
ribonucleoprotein complex for intron splicing (Steitz et al.
1988). Thus, interaction of U2 snRNA homologous frag-
ments with nuclear extracts could be expected. Our results
raise the possibility that this fragment could also have a
regulatory function in Cat1 expression.
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Abstract

Transgenic tobacco genotypes expressing the maize Cat2 gene were developed with altered catalase (CAT) levels
that resulted in a moderate increase of CAT activity in two transgenic lines. Bacterial infection, with a pathogen that
does not share homology with the transgene, caused local and systemic down-regulation of the steady state mRNA
levels of the 35S-driven transgene in a manner resembling post-transcriptional gene silencing (PTGS). Phenotypic
symptoms of hypersensitive response (HR) and systemic acquired resistance (SAR) were similar in control SR1
and the transgenic genotypes. Induction of hin1, used as a molecular marker of plant responses to invading bacteria,
displayed a similar pattern between control and transgenic lines, but some variation in the levels of expression was
observed. The major difference was recorded in the ability of the plants to restrict bacterial growth during HR. All
transgenic lines were more sensitive than control SR1, with two lines exhibiting a significantly reduced capacity
to inhibit bacterial growth. This is consistent with the putative enhanced capacity of transgenic lines containing
the maize Cat2 gene to more effectively remove H2O2, which may act as a direct antimicrobial agent. Steady
state mRNA levels of PR-1 and PR-5 varied among the genotypes, possibly indicating differences in strength of
the SAR signal. Transgenic line 2, which was the most sensitive during HR, was most effective in restricting
bacterial growth during SAR. This indicates that a reverse correlation might exist between the severity of infection
during HR and the ability to inhibit bacterial growth during SAR. Growth under high light conditions affected
plant-pathogen interactions in control SR1, as well as in transgenic line 8. Early induction and higher expression
of PR-1 and PR-5 was detected in both SR1 and line 8 in high light-grown plants as compared with their low light-
grown counterparts. Our data indicate that growth under high light conditions can predispose plants to better resist
pathogen attack, and may amplify local and systemic defense signals. Finally, one transgenic line, which exhibited
1.3-fold higher average CAT activity in comparison with the untransformed SR1 control, suffered significantly less
methyl viologen (MV) damage than untransformed control plants at moderate and high MV concentrations.

Abbreviations: PTGS–post-transcriptional gene silencing; HR–hypersensitive response; SAR–systemic acquired
resistance; MV–methyl viologen; ROS–reactive oxygen species; SA–salicylic acid; SOD–superoxide dismutase;
CAT–catalase protein/isozyme; Cat–catalase gene/transcript; HDGS–homology-dependent gene silencing.

Introduction

Aerobic organisms gain significant energetic advant-
age by using molecular oxygen as the terminal oxidant
in respiration. However, they can be severely dam-

∗ Author for correspondence: E-mail: jgs@unity.ncsu.edu

aged by partially reduced oxygen species, which are
produced through normal or aberrant metabolic pro-
cesses, as well as a consequence of various environ-
mental stresses. The toxic effects of reactive oxygen
species (ROS), termed oxidative stress, are circumven-
ted by a combination of enzymatic and non-enzymatic
mechanisms that can reduce oxidative stress by con-
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verting ROS to harmless compounds. Among the en-
zymes involved in the defense against oxidative stress,
catalase plays a key role by converting H2O2, at an
extremely rapid rate, to oxygen and water (Scandalios,
1993).

Many plants subjected to a variety of environ-
mental stresses respond by increasing the levels of
mRNA and/or enzyme activity of antioxidant defense
enzymes including catalase (Scandalios et al., 1997).
Effective antioxidant defenses are crucial for survival,
and understanding how they function is of great im-
portance. Several recent studies have been aimed at
enhancing protection by the constitutive overexpres-
sion of antioxidant defense enzymes in transgenic
plants, including superoxide dismutases (SOD), which
catalyze the dismutation of superoxide anion radicals
to H2O2 and molecular oxygen, as well as glutathione
reductase, which regenerates the antioxidant peptide
glutathione, and ascorbate peroxidase, which scav-
enges H2O2 in chloroplasts and cytosol (Allen, 1995).
Results from such studies confirm the important role
antioxidant defense enzymes play in protecting plants
from oxidative stress and point to the significance of
transgenic plants as tools for the study of oxidative
stress protective mechanisms in vivo.

The role of catalase has also been investigated
using transgenic plants. Photosynthesis of transgenic
plants expressing a bacterial catalase in the chloro-
plasts was found to be tolerant to high irradiance under
drought conditions (Shikanai et al., 1998). Altered
photosynthesis was also reported in transgenic tobacco
plants expressing sense and antisense constructs of
tobacco and cotton catalase (Brisson et al., 1998).
Most studies focused on inhibition of specific catalase
alleles using antisense constructs, or co-suppression
mechanisms involved in transgene and endogenous
homologous gene(s) inactivation by using sense con-
structs for transformation. Transgenic tobacco with
reduced CAT activity developed necrotic lesions, and
induced pathogenesis-related gene expression when
grown under high light (Chamnongpol et al., 1996;
Takahashi et al., 1997). Ion leakage from Cat1-
deficient transgenic tobacco leaf disks was increased
after 3 h of methyl viologen (MV; paraquat) treat-
ment and was twice the levels of the control after 6 h
(Willekens et al., 1997). A significant temperature-
dependent increase of the CO2 compensation point
was observed in catalase-deficient transgenics, while
the opposite was detected for overexpressing geno-
types (Brisson et al., 1998). These studies point to the
significance of catalase as a sink for photorespiratory

H2O2, and its indispensable role for stress defense in
C3 plants.

Transgenic plants with altered catalase levels can
be useful in examining the roles of catalase and H2O2
in HR and SAR. Microbial elicitors or attempted in-
fection with avirulent strains of a pathogen cause
the sudden rapid production of ROS (i.e., ‘oxidative
burst’), leading to the induction of HR, a rapid col-
lapse of the challenged host cells, and the deployment
of a battery of inducible defenses in both the chal-
lenged and the surrounding cells (Lamb et al., 1989).
The result of hypersensitive cell death is the formation
of necrotic lesions and the restriction of the patho-
gen to a small zone around the site of infection. An
important consequence of HR is that the remaining
uninfected tissues of the plant develop enhanced res-
istance against a second attack of the same, or even an
unrelated pathogen, that can be long-lasting (‘systemic
acquired resistance’; SAR).

During the HR oxidative burst, a rapid accumu-
lation of H2O2 at the plant cell surface is observed
(Mehdy, 1994). In soybean cells, H2O2 accumulates
within 2–3 min after delivery of the elicitor. The oxid-
ative burst is transient, and begins to decline after 40–
50 min. A dual role for the H2O2 burst in HR has been
proposed (Levine et al., 1994): as a localized trigger of
cell death, and as a diffusible signal for the induction
of cellular protectant genes that function in block-
ing oxidant-mediated programmed cell death. The
catalase inhibitor 3-amino-1, 2, 4 triazole enhanced
cell death in soybean cells inoculated with an aviru-
lent strain, but not in uninoculated cells, or in cells
inoculated with the isogenic compatible strain of the
pathogen Pseudomonas syringae. Transgenic tobacco
plants constitutively expressing an antisense cDNA
copy of the Cat gene exhibited reduced CAT levels and
constitutively synthesized one class of pathogenesis-
related proteins (Dempsey & Klessig, 1994). Thus,
H2O2 has been proposed to serve as second messenger
inducing plant defense gene expression.

A mechanism based on catalase inhibition by sali-
cylic acid (SA) has been proposed as the cause for
elevated H2O2 levels during HR and SAR, (Chen
et al., 1993). However, it is unlikely that SA in-
hibition of catalase is responsible for all defense re-
sponses, since H2O2 accumulation is a rapid process,
while SA accumulates within 8–24 h after inocula-
tion (Dempsey & Klessig, 1994). SA involvement in
the SAR response has been shown in transgenic to-
bacco expressing the bacterial salicylate hydroxylase
(nahG) gene. These plants cannot accumulate SA; the
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consequence is an inability to acquire SAR (Delaney
et al., 1994). However, an untransformed top, grafted
to a transformed rootstock expressing the nahG gene
(unable to accumulate SA), did develop SAR when the
rootstock was infected with TMV, even though it could
not accumulate SA (Vernooij et al., 1994). Therefore,
a mobile signal, other than SA, is required to act as
second messenger for SAR development. Recent data
show that H2O2-induction of SAR genes is dependent
on SA accumulation (Neuenschwander et al., 1995)
and that H2O2 does not function downstream of SA
in the induction of PR protein expression (Bi et al.,
1995). These data do not support a role for H2O2 in
SAR signaling. The interplay of catalase and salycylic
acid has also been investigated in crosses of transgenic
plants that are catalase-deficient, with nahG transgenic
plants that do not accumulate salicylic acid. In con-
trast with the parental catalase-deficient plants, the
progeny do not constitutively express the PR-1 gene or
develop enhanced resistance, indicating that salicylic
acid is required for the induction of defense responses
in the catalase-deficient plants (Du & Klessig, 1997).
However, SA-independent spontaneous lesion forma-
tion could be observed in several progeny genotypes
under high light. These investigators conclude that
there seems to be an SA-independent pathway for the
formation of necrosis which is related to catalase defi-
ciency and strong light, and an SA-dependent pathway
leading to the induction of PR genes and enhanced
resistance.

In order to further investigate the possible involve-
ment and role of catalase in such important physiolo-
gical phenomena as HR and SAR, as well as in protec-
tion against oxidative stress, we examined the effects
of catalase over-expression in relation to HR and SAR.
Accordingly, we developed transgenic tobacco geno-
types, expressing the maize Cat2 gene, with altered
catalase levels. Cat2 is not inhibited by SA, and is
induced in SA-treated maize scutella (Guan & Scan-
dalios, 1995). Herein we report results from experi-
ments conducted to provide information on the effects
of the additional catalase copies in transgenic geno-
types in plant-pathogen interactions and in oxidative
stress.

Materials and methods

Gene constructs

Cat2 cDNA was excised from the plasmid clone
poCat2.1c (GenBank accession J02976) as a 1570-bp

EcoRI-SstI fragment, containing part of the 5′ and
the 3′ untranslated regions, and including the whole
coding sequence of the Cat2 cDNA. The 5′ EcoRI
site was first filled in by Klenow polymerase, and
the fragment then isolated by agarose gel electro-
phoresis.

The plasmid vector pBI.121 (Clontech) was re-
constructed to transfer the Cat2 cDNA into tobacco.
pBI.121 derived from the binary vector pBIN19
(Bevan, 1984), contains an 800-bp CaMV 35S pro-
moter fused to a 1.87-kb gusA gene with a 260-bp
SstI-EcoRI fragment containing the nopaline syn-
thase (NOS) polyadenylation signal from the Agrobac-
terium tumefaciens Ti plasmid. The gusA gene was
excised from pBI.121 as a SmaI-SstI fragment, and
the linear plasmid was isolated by agarose gel elec-
trophoresis. The Cat2 cDNA was then ligated into
the plasmid vector in 5′-3′ orientation. The SmaI
site of the vector was ligated to the EcoRI filled-
in site of the Cat2 cDNA and the SstI site of the
vector with the SstI site of the Cat2 cDNA. As a
result, Cat2 cDNA was properly inserted into the
vector for the CaMV 35S promoter to drive its expres-
sion and NOS-terminator to add the polyadenylation
signal. Orientation of the insert was confirmed by se-
quencing. The reconstructed vector was designated
pBI.Cat2.

Tobacco leaf disk transformation

pBI.Cat2 DNA was used to transform competent
E. coli DH5αF’ cells. The construct was then mo-
bilized into Agrobacterium strain LBA4404 by the
method of triparental mating (Bevan, 1984). Leaf
disks of Nicotiana tabacum cv. SR1 were transformed
as described (Horsch et al., 1985), except that a
higher BAP/NAA ratio was used in the shoot regen-
eration medium. Transformed plants were selected
on MS medium (Murashige & Skoog, 1962) con-
taining 100 µg/ml kanamycin and 500 µg/ml carben-
icillin. After rooting, plants were transferred to soil
and grown in the greenhouse. Primary transgenics
(R0) were self-fertilized to produce R1 seeds. R1
seeds were germinated on kanamycin-containing agar
plates and resistant plants grown to maturity in the
greenhouse. R1 plants were self-fertilized to produce
R2 seeds. Kanamycin resistant R2 plants were se-
lected on agar plates, transferred to soil, and grown
under controlled conditions in the NCSU Phyto-
tron. These plants served as the material for this
study.
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DNA isolation and Southern analysis

Genomic DNA from primary transformed tobacco
plants and control, untransformed, SR1 plants was
isolated (Dellaporta et al., 1983), digested with the
appropriate enzymes, electrophoresed through 1%
agarose gels and transferred onto nylon membranes.
Presence of the transgene was detected by hybrid-
ization with a 32P-labeled maize Cat2 cDNA probe
in Church buffer (Church & Gilbert, 1984), at 65◦C
overnight, and two washes for 30 min with 0.1X
SSC/0.1% SDS at 65◦C.

RNA isolation and analysis

Leaf material was harvested at the indicated stages,
frozen in liquid nitrogen, and stored at − 80◦C for
analysis. Total RNA from leaf material was extracted
(Thompson et al., 1983), and separated on denaturing
1.6% agarose gels. Equal loading was confirmed by
ethidium bromide staining. RNA was then transferred
to nylon membranes and hybridized with 32P-labeled
probes. Probes used were the maize Cat2 full length
cDNA, hin1 (Gopalan et al., 1996), PR-1 and PR-5
(Ward et al., 1991), and pHA2 (Jorgensen et al., 1987),
containing an 18S ribosomal sequence as loading
control. Hybridization was done in modified Church
buffer (Church & Gilbert, 1984), containing 7% SDS,
0.5 M EDTA, 0.5 M NaH2PO4, and 1% BSA, at 65◦C
for 24–36 h. Filters were washed twice for 30 min with
0.1X SSC/0.1% SDS at 65◦C. Duplicate northerns for
each probe were prepared.

Catalase activity, protein determination, and western
blot analysis

Leaf samples were homogenized in cold 25 mM gly-
cylglycine buffer, pH 7.4. The crude supernatant
was used for protein determination (Lowry et al.,
1951) and catalase activity assay (Beers & Sizer,
1952). Catalase activity (reduction in absorbance at
240 nm/min/mg protein) was determined spectropho-
tometricaly. Western blotting was performed using
maize CAT-2 specific polyclonal antibodies (Skadsen
& Scandalios, 1987).

Plant material and growth conditions

The primary transformed lines (R0) and the first trans-
genic generation (R1) were grown to maturity in a
greenhouse. R2 plants were germinated and selected
for 3–4 weeks on kanamycin plates, transferred to soil

and grown in a controlled environment at the NCSU-
Phytotron. The growing conditions were 12 h dark
/ 12 h light photoperiod at 25◦C, 100 mol m−2 s−1

photosynthetic photon fluence rate, and 70% relative
humidity. High light conditions were 500 mol m−2 s−1

photosynthetic photon fluence rate. Standard Phyto-
tron nutrient solution was provided daily. Plants had
5–7 true leaves 30 days after transfer to soil. All treat-
ments and analyses were at this stage, unless otherwise
stated.

Pathogen infection and analysis

All experiments were conducted in two repetitions
with five plants per genotype in each repetition. Bac-
teria used were Pseudomonas syringae pv. syringae
isolate B728a and P. syringae pv. tabaci (ATCC
11528). Bacteria were grown in King’s B medium
(pH 7.0, 10 mg/ml protease peptone, 15 mg/ml gly-
cerol, 1.5 mg/ml K2HPO4, and 4 mM MgSO4). P.
syringae pv. syringae was grown overnight in nutrient
broth, centrifuged, and resuspended to an approxim-
ate concentration of 1 × 108 cfu/ml in distilled water.
Leaves were infected with P. syringae pv. syringae
by injection of leaf intracellular spaces using a 1 ml
syringe without the needle. Each infiltration covered
an area approximately 2 cm2 and typically resulted
in the application of approximately 100 µl bacterial
suspension.

At 72 h after bacterial infiltration, the leaves were
surface sterilized with 20% NaOCl, 0.1% Tween 20
for 1 min, and washed three times in sterile, distilled
water. Leaf discs of 12 mm diameter were taken from
the infection site, homogenized and plated. Two re-
petitions consisting of three plants per repetition (six
leaf disks per genotype) were examined. Results were
expressed as average number of colonies per leaf
disk area at the appropriate dilution. Statistical sig-
nificance of differences was examined by analysis of
variance. No bacterial growth was observed on leaf
discs obtained from mock-inoculated plants that were
infiltrated with sterile water.

Seven days after initial treatment, SAR was in-
duced by infecting the upper leaves of tobacco plants
with P. syringae pv tabaci (ATCC 11528). Seventy-
two hours after infiltration of leaves, bacterial growth
was assessed as described above.

MV treatment and cell leakage analysis

MV belongs to the bipyridilium herbicide family. MV,
as well as other amphiphilic viologens, can bind to
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the thylakoid and mitochondrial membranes by hydro-
phobic interactions, and serve as an artificial electron
carrier. During illumination, MV preferentially ac-
cepts electrons from photosystem I and donates them
to molecular oxygen, generating the superoxide rad-
ical within the chloroplasts (Halliwell, 1984). Leaf
disks (1.5 cm2 each) were collected from transgenic
and untransformed tobacco plants. Six leaf disks from
each genotype were transferred to 35 mm Petri dishes
containing 3 ml of MV solution of the following con-
centrations: 0.6, 1.2 or 2.4 µM. Control dishes con-
tained distilled water. Each treatment was conducted
in triplicate for each MV concentration and each gen-
otype. Samples were vacuum infiltrated for 5 min and
incubated at 21◦C for 16 h in darkness. Leaf disks
were then illuminated (500 µmol m−2 s−1) for 2 h,
and incubated in darkness at 30◦C for an additional
16 h.

For cell leakage analysis, the solution on which the
leaf disks had been floating was collected, made up
to 3 ml (to correct for evaporation) and conductance
was measured with a Markson model 1096 conduct-
ivity meter. The leaf disks were again floated on the
MV solution, and incubated for 1 h at 65◦C to release
all solutes and the conductivity of the solution was
measured again. The electrolyte leakage attributable
to control and MV treatment was determined by di-
viding the conductivity value of the test sample by the
conductivity of the sample after 1 h at 65◦C.

Results

Introduction and expression of the maize Cat2 gene in
tobacco

Transgenic tobacco plants expressing the maize Cat2
gene were produced by introduction of a catalase
cassette from the reconstructed vector pBI.Cat2 (Fig-
ure 1A). Eight primary transformed kanamycin-
resistant lines were analyzed for copy number of the
transgene and found to contain 1–5 copies; one line
(# 5) had no signal, indicating that the transferred
Cat2 gene was lost (Figure 1B). Expression of the
maize Cat2 in three transgenic lines was confirmed
by slot-blot hybridization (Figure 1C). The RNA level
produced in transgenic leaves under the control of 35S
was comparable with that of maize leaves and epi-
cotyls, but much lower than that of maize scutella at
4 d post-imbibition, when the highest level of Cat2
transcript can be detected. No transcript was detected

in the untransformed control, indicating that, un-
der the hybridization conditions employed, no cross-
hybridization of the maize Cat2 cDNA with tobacco
catalase transcripts occurred. Post-transcriptional pro-
cessing of the maize Cat2 transcript in tobacco leaves
was confirmed by western blotting with the CAT-2-
specific Ab. Immunodetection of CAT-2 protein in the
transgenic lines indicated that six of the lines had sim-
ilar CAT-2 content, which was slightly lower than that
normally found in line W64A (Figure 1D). Line # 4
had significantly lower CAT-2 protein and line # 5,
in which the introduced gene could not be detected,
produced no CAT-2 protein. Line 5 was excluded from
further experiments. No signal was detected in the un-
transformed control (SR1), confirming the specificity
of the assay.

Variable levels of CAT activity were present in
the transgenic lines depending on the generation
(Table 1). CAT activity was determined from leaves
of greenhouse-grown plants, and represents the mean
of two experiments. The 5th leaf from the top of the
plant, 30 days after transfer to the greenhouse (just
before anthesis), was used for CAT activity. In the
R0 plants, lines 1 and 7 had higher CAT activity than
that of the untransformed SR1, while the rest of the
transgenics had lower CAT activity. The next trans-
genic generation (R1) had significantly elevated CAT
activity, and only one line (line 4) had lower activ-
ity than the control. This line had significantly lower
CAT-2 protein in the primary transformants, as well.
However, the generally higher CAT activity in the R1
plants was not stable in the next generation (R2), as
only lines 7 and 8 had significantly higher CAT activ-
ity than the control SR1. Extended analysis of CAT
activity in transgenic and wild type tobacco indicated
that activity can vary widely depending on the age,
type of tissue, light conditions, and nutrient supply
(data not shown).

Plant-pathogen interaction relative to the expression
of the maize Cat2 in transgenic tobacco

Physiological and molecular parameters of plant-
pathogen interactions were examined in order to de-
termine the role of the introduced Cat allele in the
hypersensitive response (HR) and in systemic acquired
resistance (SAR).

Hypersensitive response
Catalase transgenics and control SR1 plants were in-
fected with P. syringae pv. syringae and progress of
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Figure 1. Transformation and expression of the maize Cat2 cDNA in transgenic tobacco lines. A. The transformation vector pBI.Cat2. Arrows
show the direction of transcription B. Southern hybridization with the maize Cat2 cDNA probe of DNA isolated from control and transformed
tobacco lines. Restriction only with EcoRI produced multiple bands in all but one line (#8), indicating incorporation of multiple copies of the
transgene. Line #8 has a single copy. Double digestion with HindIII and EcoRI produced one band of the expected size in all lines. Line #5 did
not produce a signal, indicating that it may have been a false positive and was excluded from further analysis. No signal is present in the control
untransformed SR1. C. Slot-blot hybridization with the maize Cat2 cDNA probe of total RNA from various maize (M) tissues grown under
constant dark (D) or constant light (L) conditions, transgenic tobacco (T) lines, and untransformed control SR1. D. Immunodetection of the
maize CAT-2 protein in the transgenic lines. No signal was observed in line #5, which did not hybridize with the Cat2 cDNA in the Southern
analysis, nor in the untransformed control line SR1. The maize band is included for comparisons.

Table 1. Leaf catalase (CAT) specific activity in transgenic tobacco lines transformed with the maize Cat2 gene

R0 R1 R2

Genotype CAT activity Samples CAT activity Plants CAT activity Plants

SR1 0.61 ± 0.24 4 0.58 ± 0.26 4 0.51 ± 0.23 11

1 0.94 ± 0.17 4 1.83 ± 0.31 4 0.58 ± 0.28 11

2 0.42 ± 0.16 4 1.38 ± 0.24 4 0.43 ± 0.13 11

3 0.18 ± 0.09 4 1.57 ± 0.12 4 0.46 ± 0.12 11

4 0.02 ± 0.00 4 0.42 ± 0.04 4 0.54 ± 0.21 11

6 0.32 ± 0.11 4 1.17 ± 0.19 4 0.54 ± 0.22 11

7 1.06 ± 0.32 4 1.51 ± 0.25 4 0.71 ± 0.23∗ 11

8 0.41 ± 0.15 4 1.36 ± 0.11 4 0.68 ± 0.32∗ 11

CAT specific activities (± SD), expressed as units per milligram soluble protein, in three consecutive generations
of seven families of transgenic tobacco plants and the untransformed control line, SR1. R0, primary transform-
ants; 4 samples per plant, grown in the greenhouse, were assayed just before anthesis, in duplicate experiments.
In the selfed primary transformants (R1) selected for kanamycin resistance, CAT activity was significantly higher,
ranging from 2- to 3-fold that of SR1 in 6 lines; only line 4 was lower. Assays (with duplicate measurements)
were performed in 4 greenhouse-grown plants (2 samples per plant) just before anthesis. In the next transgenic
generation (R2), derived from selfing of R1 plants, CAT activity was determined in a wide range of developmental
stages and conditions. Samples were taken from leaves of 45 days post-transplantation seedlings (2 plants @ 2
samples per plant), greenhouse-grown plants before anthesis (3 plants @ 2 samples per plant), and plants grown
in controlled conditions (Phytotron) under low light (100 mol m−2 s−1) (3 plants @ 2 samples per plant), or
high light (500 mol m−2 s−1) before anthesis (3 plants @ 2 samples per plant). CAT activity was determined in
duplicate measurements as an average of 11 plants and 22 samples per genotype. Asterisks indicate statistically
significant LSD from SR1 (F = 1.98, p = 0.067).
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Figure 2. Expression of hin1 in leaves of transgenic lines and in the
untransformed control SR1 infected with the incompatible strain P.
syringae pv. syringae at different time points during the progression
of HR. Hybridization of the same filters with the pHA2 probe con-
taining an 18S ribosomal sequence was performed to ensure equal
loading.

the HR was observed visually. Formation of necrotic
lesions started ∼8 h after infection; symptoms were
indistinguishable between untransformed control and
transgenic plants throughout the progression of HR.
To determine if differences were present in the mo-
lecular events of HR, we monitored the induction of
hin1, a plant gene activated rapidly by harpins and
avrPto gene-mediated signals (Gopalan et al., 1996).
The hin1 transcript was not present in uninfected
plants. Rapid induction of hin1 was noted upon infec-
tion in wild type SR1, as well as in all the transgenic
lines examined (Figure 2). The transcript was present
at variable levels in all genotypes between 2–24 h after
infection. The untransformed SR1 control displayed a
typical hin1 induction during the time course of the ex-
periment, while the transformed genotypes displayed
altered hin1 expression, but with no unique pattern.
Expression of the gene in line 1 was higher than the
control SR1 at all time points and was the highest
among all genotypes at 2 and 8 h post-infection. In
line 2, expression was similar to the control SR1 at 2 h,
slightly lower at 6 h, similar again at 8 h, and slightly
higher at 24 h. In line 3 the hin1 transcript was similar
to the control SR1 at 2 h, higher at 6 h, significantly
lower at 8 h, and similar at 24 h. Line 4 had similar
transcript levels to the control SR1 at 2 h and 24 h, and
lower at 6 h and 8 h. Line 6 had less transcript at 2 h,
6 h, 8 h, and slightly higher than the control at 24 h.
Line 7 had a slightly higher transcript level at 2 h, sim-
ilar at 6 h, and slightly higher than the control SR1 at

Figure 3. Expression of the introduced Cat2 gene in transgenic to-
bacco lines during the progression of HR. Samples at time points 0
and 96 h are from uninfected leaves, while the rest of the samples are
from infected leaves. No transcript is present in the untransformed
SR1. The same set of filters was used also for hybridization with
the hin1 probe (time points 0–24 h) shown in Figure 2, and the PR-1
probe (time point 96 h) shown in Figure 4 (PR-1 d6). Equal loading
was shown in Figure 2.

8 and 24 h. Line 8 had similar transcript levels to the
control SR1 at 2 h, and higher thereafter.

In order to determine if expression of the intro-
duced gene was affected, we monitored Cat2 expres-
sion during the time course of HR using the same
filter, after stripping off the hin1 probe. We used the
maize Cat2 cDNA as probe, which specifically de-
tected this transcript and detected nothing in the SR1
control (Figure 3). Expression of the gene was detec-
ted in uninfected plants in lines 2, 4, 7, and 8. In lines
1, 3, and 6 no transcript could be detected. Upon infec-
tion (2 h), the result was induction of the gene in lines
1 and 6, and in marked contrast, inhibition in line 4.
At 4 h, the induction in line 1 was enhanced while in
line 6 it was repressed. Expression in line 7 was also
repressed, while in line 8 it declined slightly. Thus, 4 h
after infection, only lines 1 and 8 were expressing the
transgene. A significant reduction of transcript in lines
1 and 8 was evident at 8 h; this time point represents
a stage in the progression of HR where the overall
lowest level of expression of the introduced gene is de-
tected. Very low transgene transcripts can be detected
in genotypes 1, 7 and 8 at 24 h post-infection. We also
examined the expression of the transgene in uninfected
upper leaves 96 h post-infection. The expression pat-
tern is similar to the one observed in uninfected plants,
but at significantly lower level.
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To determine if any relationship could be observed
between this pattern of transgenic expression and bac-
terial survival in the infected tissue, we examined the
number of bacterial-infected areas 72 h after infection.
The lowest bacterial number was observed in the un-
transformed control SR1 (Table 2). Lines 1, 3, 6,
and 8 had higher numbers of viable bacteria but the
difference with the control was not statistically signi-
ficant. Lines 2 and 7 had the highest numbers of viable
bacteria, and differed significantly from the control
SR1, but not from the other transgenic lines. These
data indicate that killing of bacteria is more effect-
ive in the wild type SR1 plants than in the transgenic
lines.

Table 2. Inhibition of bacterial growth during hyper-
sensitive response (HR)

Genotype Number Average Standard

of plates colonies error

SR1 5 56.8 13.5

3 6 97.3 11.1

8 5 97.4 12.5

6 6 97.6 24.3

4 6 103.8 26.4

1 3 112.3 31.5

7 6 144.3∗ 10.8

2 5 168.6∗ 26.1

The average number of colonies of the incompatible
strain P. syringae pv. syringae from leaf disk extracts
of infected tissues 72 h after infection for each trans-
genic line and the untransformed control SR1. Aster-
isks indicate statistically significant differences from
the control genotype SR1 (F = 2.772, p = 0.0216).
Extracts were plated in a dilution of 10−6 on replicate
plates.

Systemic acquired resistance

The ability of catalase transgenic plants to exhibit
systemic acquired resistance was examined by mon-
itoring the expression of PR genes in uninfected tissue
at 4 days and 6 days after the primary infection with
P. syringae. Results indicate that there are significant
differences in the expression of PR-1 and PR-5 among
all the genotypes examined (Figure 4). Expression of
both PR genes is typical in the control SR1, with in-
creasing transcript levels between day 4 and day 6
post-infection in systemic tissue. Transgenic lines dis-
play differences that are maximized at day 6, when
lines 1 2, 4, and 7 have transcript levels lower than
the control and lines 6 and 8 accumulate very high

Figure 4. Expression of pathogenesis-related genes PR-1 (A) and
PR-5 (B), four (D4) and six (D6) days post-infection with P. syr-
ingae pv. syringae used to induce HR, in transgenic lines and
untransformed SR1. Samples were prepared from upper uninfected
leaves. Equal loading was confirmed by hybridization of the same
filters with the pHA2 probe containing an 18S ribosomal sequence,
with results similar to those displayed in Figure 2.

PR-1 and PR-5 transcript, significantly higher than the
control. Line 3 is at the level of the control.

The ability of the transgenic genotypes to ex-
press SAR as resistance to a second infection by
a compatible pathogen was also estimated. Upper
healthy leaves of plants previously infected with P.
syringae pv. syringae were infected with the patho-
genic strain of P. syringae pv. tabaci 7 days after
the first infection. All genotypes were able to re-
strict the infection to the infiltrated area, exhibiting
resistance to the pathogen. Symptoms were visually
indistinguishable between control SR1 and transgenic
plants. Bacterial survival was examined in the infected
tissue 72 h post-infection (Table 3). The lowest bac-
terial count was observed in line 2 which had very
high bacterial survival in HR. Lines 3, and 8 had
the highest number of viable bacteria, and differed
significantly from line 2. The other lines were in-
termediate and none differed significantly from the
control.

Effect of light on pathogenesis-related gene
expression in catalase transgenic plants

Catalase deficiency was shown to induce PR-1 pro-
tein accumulation without pathogenic challenge in
tobacco, but only after exposure to high light intensit-
ies (250–1000 mol m−2 s−1) which was accompanied
by visible damage (Chamnongpol et al., 1996). To
determine whether light has any effect on molecular
events associated with SAR in our system, we ex-
amined hin1 and PR gene expression in control SR1
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Table 3. Inhibition of bacterial growth during sys-
temic acquired resistance (SAR)

Genotype Number Average Standard

of plates colonies error

2 6 22.6 4.1

1 6 59.0 13.6

7 6 63.1 14.5

4 6 68.3 5.2

SR1 6 69.8 17.9

6 6 73.1 13.3

3 6 88.5∗ 21.1

8 6 99.3∗ 19.5

The second infection with the compatible strain
P. syringae pv. tabacci was done 7 days after the
primary infection with the incompatible P. syringae
pv. syringae. The average number of colonies formed
from leaf disk extract of infected tissue 72 h after
the second infection for each transgenic line and
the untransformed control SR1. Asterisks indicate
statistically significant differences from genotype 2
(F = 2.098, p = 0.0661). Extracts were plated in a
dilution of 10−5 on replicate plates.

plants and transgenic line 8, which contains a single
copy of the Cat2 transgene, and showed the highest
number of viable bacteria during SAR (Table 3).
Plants grown under low (100 mol m−2 s−1) or high
(500 mol m−2 s−1) light were infected with P. syringae
pv. syringae, transferred to low light. The expression
of hin1 was examined in infected leaves 24 h later,
while expression of PR-1 and PR-5 was examined
in upper, uninfected leaves, 4 days and 6 days post-
infection. In plants initially grown under low light,
PR-1 was detectable at low levels in both SR1 and
line 8, at 4 days post-infection. At day 6 steady-state
mRNA of PR-1 increased in SR1, and greatly en-
hanced in line 8. The same pattern was observed for
expression of PR-5 in line 8. However, the difference
in PR-5 expression between day 4 and day 6 in SR1
was not significant (Figure 5A).

A different pattern was observed for plants grown
under high light prior to infection. PR-1 levels in both
SR1 and line 8 were much higher than those observed
under low light at day 4. Steady-state mRNA increased
in SR1, while it slightly decreased in line 8 at day 6.
This was in marked contrast with the PR-1 expression
observed under low light. At day 4, PR-5 expression
was no different in high light-grown plants than in
their low light-grown counterparts. An increase in PR-
5 mRNA was detected under high light in SR1 at day
6, while there was no difference in line 8.

Figure 5. Effects of low and high light in expression of PR-1, PR-5,
and hin1 in SR1 and transgenic line #8, and Cat2 in transgenic line
#8 A. Effect of light on the expression of pathogenesis-related genes
PR-1 and PR-5 four (D4) and six (D6) days post-infection with P.
syringae pv. syringae, and the HR-specific hin1 24 h post-infection,
in transgenic line #8 and untransformed SR1. B. Expression of the
Cat2 transgene in line #8 under low and high light conditions, four
and six days post-infection. Equal loading was confirmed by hy-
bridization of the same filters with the pHA2 probe containing an
18S ribosomal sequence, with results similar to those displayed in
Figure 2.

We also examined hin1 expression in infected
leaves 24 h post-infection. In plants grown under low
light, hin1 mRNA in SR1 was lower than that of
line 8, while in plants grown under high light the re-
verse was true. In contrast, hin1 mRNA in SR1 was
much higher in plants grown under high light, while
in line 8 it was higher in plants grown under low
light.

In order to determine whether the patterns of PR-
1, PR-5, and hin1 expression in line 8, under low
and high light, were related with any change in the
Cat2 transgene expression, we examined Cat2 mRNA
levels under the respective conditions. The Cat2 trans-
gene expression in line 8 was slightly higher under
high than that under low light in the same upper unin-
fected leaves examined for PR-1 and PR-5 expression
4 and 6 days post-infection (Figure 5B).

The differences observed in molecular events in
transgenic line 8 under low and high light were re-
flected in the ability of the plants to restrict bacterial
growth after a second infection with the pathogenic
P. syringae pv. tabaci. While this transgenic line har-
bored the highest number of viable bacteria under low
light (average colonies 99.3, SE ± 19.5, Table 3), the
number of surviving bacteria was significantly lower
under high light (average colonies 49.5, SE ± 12.8).
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MV resistance in catalase-overexpressing transgenic
tobacco

Resistance of transgenic line 7 (exhibiting enhanced
CAT activity in all experiments) to MV was determ-
ined by estimating electrolyte leakage as a meas-
ure of membrane damage. Leaf discs from the un-
transformed control SR1 showed increased sensitivity
to the herbicide at 0–1.2 M, when membranes were
almost completely disrupted. Leaf disks from the
transgenic plants were significantly more resistant to
the herbicide (Figure 6), showing 30% less dam-
age than SR1 at 0.6 M, 45% less damage at 1.2 M
and 25% less damage at 2.4 M. Similar experiments
with the remaining transgenic lines revealed that in-
creased resistance could be detected only at 1.2 M
MV, and was of lower magnitude (20–30%) in com-
parison with 45% less damage in line 7 (data not
shown).

Figure 6. Percent electrolyte leakage (± SE) in leaf disks from
the untransformed control SR1 and the transformed line #7 after
treatment with the indicated concentration of MV. Six leaf disks of
1.5 cm2 area from each genotype were assayed in triplicate experi-
ments for each MV concentration. Samples were vacuum-infiltrated
for 5 min and incubated at 21◦C for 16 h in darkness. Leaf disks
were then illuminated (500 µmol m−2 s−1) for 2 h, and incubated
in darkness for an additional 16 h at 30◦C. The electrolyte leakage
attributable to control and MV treatment was determined by divid-
ing the conductivity value of the test sample by the conductivity of
the sample after 1 h at 65◦C. Double asterisks indicate statistically
significant differences from the untransformed control (F = 9.979,
p = 0.0009).

Discussion

Catalase expression in transgenic plants and their
progeny

Catalase activity was enhanced in two primary trans-
formed lines (1 and 7) and severely reduced in lines
3 and 4. In the remainder of the R0 lines a moder-
ate reduction in CAT activity was observed. Similar
results have been reported in cotton (Chamnongpol et
al., 1996), and tobacco (Brisson et al., 1998). These
results might be explained by the action of a co-
suppression mechanism (Matzke & Matzke, 1995).
In R1 six out of the seven transgenic lines exhibited
CAT activity that was 2-3 fold higher than the untrans-
formed control. Line 4, which had the most severe
repression in R0, was still lower in activity, but not
as low as in the parental plants. In R2 plants, CAT
activity was comparable to that of the control SR1
and was higher in only two lines (7 and 8). This un-
stable inheritance of CAT activity in the transgenic
lines strongly indicates the involvement of transgene
inactivation, which is supported by the fact that most
of the transgenic lines contained multiple copies of
the transgene, while line 8 contained a single copy.
It has been suggested that inactivation of gene expres-
sion in plants can result as a consequence of sequence
duplications (Flavel, 1994). Northern analysis (Fig-
ure 3, time 0 h) revealed that there was no steady
state Cat2 mRNA in lines 1, 3, and 6, though it
could be induced in lines 1 and 6, by pathogen attack.
Thus, only line 3 showed no detectable steady state
mRNA level of the Cat2 transgene in our experiments,
indicating a permanent inactivation of the transgene
in this line. Lines 7 and 8 exhibited transgene ex-
pression and elevated CAT activity in the transgenic
generation of our experiments (Table 1, R2) and were
considered as overexpressing lines. However, it must
be noted that catalase activity and steady state mRNA
levels are not always correlated. There are examples in
maize (Redinbaugh et al., 1990) and cotton (Ni & Tre-
lease, 1991) development where steady state mRNA
levels do not reflect CAT activity or protein levels of
different subunits, implying that post-transcriptional
regulation is occuring. Our data are in accordance
with previous results (Brisson et al., 1998) report-
ing a 1.3 to 1.5-fold increase in CAT activity over
untransformed controls in transgenic tobacco trans-
formed with a 35S-driven cotton and tobacco catalase
cassettes, respectively. They also observed a lack of
correlation between levels of RNA transcripts and



565

CAT specific activities in transformants overexpress-
ing CAT.

Pathogen attack affects expression of the Cat2
transgene

In the course of our infection experiments we ob-
served that in three transgenic R2 lines (1, 3, and
6), a steady state Cat2 mRNA could not be detec-
ted (Figure 3, time 0 h). However, while in line 3
transgene inactivation was permanent, in lines 1 and
6 there was an immediate induction of Cat2 mRNA
upon P. syringae infection, which declined during HR
in infected leaves, and could not be observed 4 days
post-infection in uninfected systemic leaves. The op-
posite pattern was observed in lines 2 and 4 where an
immediate inactivation was detected upon infection,
but a low level steady state Cat2 mRNA was then
present in systemic leaves 4 days post-infection. A
similar but delayed inactivation was detected in lines
7 and 8, where very low steady state Cat2 mRNA was
observed 4 h post-infection in infected leaves, and 4
days post-infection in uninfected leaves. The above
data derived from examination of four infected leaves
in the same plants for the different time points, exclud-
ing random variation of transgene expression. Thus,
we can identify at least four different transgene expres-
sion responses to invading bacteria among the seven
transgenic genotypes examined:

(a) Immediate induction of steady state mRNA in si-
lenced transgenes, followed by gradual silencing
during the first 8 h post-infection (lines 1, 6);

(b) immediate silencing of previously active trans-
genes (lines 2, 4);

(c) gradual silencing of previously active transgenes
during the first 8 h post-infection (lines 7, 8);

(d) no response of a silenced transgene (line 3). Cat2
mRNA transcript could be detected 4 days post-
infection in systemic uninfected leaves only in the
genotypes that accumulated this transcript prior to
infection, but at significantly reduced levels. These
data indicate that transgene expression is affected
by bacterial infection and its transcript is reduced
8–24 h post-infection.

Viral infection can cause stimulatory effects on
a NOS promoter-regulated transgene and suppres-
sion on a 35S promoter-regulated transgene (Al-Kaff
et al., 2000), suggesting that host responses to patho-
gen invasion may both up- and down-regulate trans-
genes. In transgenic plants where a transgene construct

shares homology with the pathogen, the transgene can
be silenced via a post-transcriptional gene silencing
(PTGS) mechanism (Covey et al., 1997; Al-Kaff et al.,
1998; Al-Kaff et al., 2000).

Although PTGS is a well-documented defense re-
sponse to viral pathogens (Matzke & Matzke, 1995;
Covey et al., 1997; Al-Kaff et al., 1998; Kooter et al.,
1999) this is the first report providing evidence that
bacterial infection (with a pathogen that does not share
homologies with the transgene) causes local and sys-
temic down-regulation of the steady state mRNA level
of a 35S-driven transgene in a manner resembling
PTGS.

Effects of altered catalase activity in plant-pathogen
interactions

Catalase inactivation has been suggested as a primary
step in SAR signaling during plant-pathogen inter-
actions. The model suggests that CAT inactivation
by SA enables the elevation of H2O2 levels and/or
H2O2-derived ROS, which then serve as second mes-
sengers in the SAR signal transduction pathway (Chen
et al., 1993). Thus, catalase should play a central
role, serving as both receptor and transducer of the SA
signal during plant-pathogen interactions. Consistent
with this model are results from several studies indic-
ating that H2O2 acts as a signal in PR gene induction
(Conrath et al., 1995; Wu et al., 1995, 1997). However,
this model has been questioned as results obtained by
other investigators indicated that H2O2 acts upstream
of SA in PR signaling (Bi et al., 1995; Leon et al.,
1995; Neunschwander et al., 1995).

If catalase inactivation by SA is involved in HR
induction, our transgenic plants expressing an SA-
resistant CAT isoform should have shown altered HR
responses. However, the phenotypic progression of
HR was indistinguishable in untransformed control
and transgenic lines. The induction of hin1, which
is used as a molecular marker of plant responses to
invading bacteria, displayed some variation between
control and transgenic lines, but a similar pattern
was observed. The major difference observed was in
the ability of the plants to restrict bacterial growth.
All transgenic lines were more sensitive than control
SR1, with two lines (2 and 7) exhibiting a signific-
antly reduced capacity to inhibit bacterial growth. This
is consistent with the putative enhanced capacity of
transgenic lines containing the maize Cat2 gene to
more effectively remove H2O2, which may act as a dir-
ect antimicrobial agent (Peng & Kuc, 1992), although
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this finding is not consistent with the average CAT
activity levels of these lines. Our findings are in agree-
ment with the report that transgenic tobacco plants
transformed with an antisense tobacco Cat1 construct
had significantly lower CAT activity, and were more
effective in preventing growth of the incompatible P.
syringae pv. syringae than the untransformed controls
(Chamnongpol et al., 1996).

Regarding the effects of altered catalase expression
in SAR signaling, we examined younger, uninfected
tissue from inoculated plants for PR-1 and PR-5 ex-
pression. Detectable PR transcripts are produced in
the younger uninfected leaves of tobacco between 3
and 6 days post-inoculation with TMV (Ward et al.,
1991). PR activation was detected in control as well
as in catalase transgenic plants in our study, indicat-
ing that the SAR signal transduction pathway was not
disrupted by the expression of the Cat2 transgene.

Steady state mRNA levels of PR-1 and PR-5 were
variable among the different genotypes, possibly in-
dicating differences in the strength of the SAR signal.
It has been suggested that HR induces secondary oxid-
ative bursts in discrete cells in distant tissues, leading
to low-frequency systemic micro-HRs required for
systemic immunity. In this way, H2O2 mediates a
reiterative signaling network underlying systemic, as
well as local, resistance responses (Alvarez et al.,
1998). If the strength of the H2O2 signaling capa-
city is analogous to the H2O2 accumulation during the
micro-HR oxidative burst, it is possible that even mod-
erate changes in catalase activity might compromise
the progression of SAR. This could explain the vari-
able PR gene expression in the transgenic lines. Our
data support a role of H2O2 in the signal cascade lead-
ing to SAR, as altered catalase gene expression, and
consequent induction or suppression of CAT activity
in the various transgenic lines, leads to variable PR
gene expression.

Phenotypic expression of SAR involving the abil-
ity of plants inoculated with an incompatible pathogen
to restrict a second infection with a compatible patho-
gen was also examined. Control SR1, as well as
the seven transgenic lines, exhibited similar symp-
toms and ability to restrict the compatible pathogen
Pseudomonas syringae pv. tabaci, at the inoculated
area of upper leaves 7 days after the first infection
with Pseudomonas syringae pv. syringae. However,
bacterial growth estimated 72 h post-infection was sig-
nificantly variable among the genotypes. The most
effective in restricting bacterial growth was line 2,
which was the most sensitive line during HR. This

result indicates that a reverse correlation might exist
between severity of infection during HR and bacterial
growth inhibition during SAR. In support of this view
is the fact that at the low end of bacterial growth were
lines 2, 1, 7, and 4, which displayed lower steady state
PR-gene transcript accumulation, and higher levels of
bacterial growth during HR. At the high end were lines
SR1, 6, 3, and 8, which displayed higher PR-gene
mRNA levels, and lower levels of bacterial growth
during HR. These data point to a possible relationship
between severity of the primary infection and early
induction of systemic responses.

In several studies light has been proven as a sig-
nal capable of inducing defense responses, as well as
PR-1 gene expression in CAT-deficient transgenic to-
bacco plants (Chamnongpol et al., 1996; Takahashi
et al., 1997). We sought to examine the effects of
light in our system, as well. Growth under high light
conditions affected plant-pathogen interactions in con-
trol SR1, as well as in transgenic line 8 plants. At
24 h after inoculation with Pseudomonas syringae pv.
syringae, the HR marker gene hin1 was expressed at
higher levels in control SR1, and lower levels in line
8, plants grown in high light, as compared to plants
grown under low light. Early induction and higher ex-
pression of PR-1 was detected in both SR1 and line
8 in high light-grown plants as compared with their
low light-grown counterparts. Higher expression con-
tinued for SR1 at day 6, but for line 8 was lower than
in the low light plants. The effects of light in PR-
5 expression were similar, but less pronounced, than
those observed for PR-1. It should be noted that the
effects concern plants grown first under high light and
then transferred to low light for inoculation and fur-
ther growth. Thus, our data indicate that growth under
high light conditions can predispose plants to better
resist pathogen attack, and may amplify the local and
systemic defense signals. This is supported by the
finding that the number of viable bacteria in transgenic
line 8 plants grown under low light were significantly
greater (average colonies 99.3, SE ± 19.5), than the
number of surviving bacteria in plants grown under
high light (average colonies 49.5, SE ± 12.8), during
SAR inoculation with P. syringae pv. tabaci.

The inhibitory effect of pathogen inoculation on
the 35S-driven Cat2 transgene expression detected un-
der low light can also be observed under high light.
Steady state Cat2 mRNA is lower at day 6 than that
detected at day 4 under both light conditions. How-
ever, in plants grown under high light mRNA levels
are slightly higher.
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Resistance to oxidative stress

The ability of maize Cat2-expressing transgenic to-
bacco plants to resist oxidative stress was assessed
in treatments with the redox-cycling herbicide MV,
which intercepts electrons from various electron trans-
port chains and transfers them to oxygen-generating
superoxide. Most of this superoxide is subsequently
converted to oxygen and H2O2 by the enzymatic ac-
tion of superoxide dismutases. Attempts have been
made to enhance MV tolerance by generating trans-
genic plants that overexpress different forms of SODs,
and targeting them to various cellular compartments
(Bowler et al., 1991; Sen Gupta et al., 1993; Slooten
et al., 1995). However, these efforts have not al-
ways been successful (Tepperman & Dunsmuir, 1990).
Also, efforts have been targeted at overexpression and
elevation of levels of antioxidant enzymes responsible
for reduction of H2O2. Again results have not been
consistent, and have depend upon the gene used and
the subcellular compartment to which the enzyme is
targeted (Aono et al., 1991; Broadbent et al., 1995).

After examining the effects of MV on transgenic
tobacco expressing the maize Cat2 gene, our data
are consistent with the hypothesis that this highly ef-
fective enzyme confers increased resistance to MV
induced oxidative stress. Transgenic line 7 suffered
significantly lower MV damage than untransformed
control plants at moderate and high MV concentra-
tions. This finding is consistent with results reporting
enhanced MV-resistance in transgenic tobacco plants
expressing the E. coli katE catalase gene, under con-
trol of the tomato rbcS3C promoter, targeted to the
chloroplast (Shikanai et al., 1998). The rest of the
transgenic lines were resistant only at low MV con-
centrations (data not shown). This was attributed to
weak enhancement of catalase activity and/or trans-
gene inactivation in several of these lines. Enhanced
MV resistance of line 7 was detected with moderate
elevation of mean CAT activity, supporting the signi-
ficance of CAT as a cellular sink for H2O2 (Willekens
et al., 1997). Catalase activity is likely regulated in
multiple steps, one of which is the rate of transcription,
but several post-transcriptional steps are also involved
(Skadsen & Scandalios 1987; Scandalios et al., 1997).
Increasing the rate of transcription is likely to speed up
protein accumulation and to elevate CAT activity. Use
of transgenes driven by the 35S promoter resulted in
a small enhancement of CAT activity, as observed in
this study and by others (Brisson et al., 1998). Perhaps
the use of even stronger promoters will be necessary

to attain high and stable CAT activity, in order to de-
termine the magnitude of protection conferred by this
enzyme under oxidative stress.
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Abstract

We have cloned and characterized the expression of three homologous Apetala1-like (AP1-like) genes from a crocus variety (Crocus sativus
L) cultivated exclusively in Kozani, at northern Greece. The three different homologous genes were designatedCsAP1(C.sativus APETALA1)
and each one was namedCsAP1a,CsAP1b, andCsAP1c. They are the first reported MADS-box genes isolated from this important monocot
species cultivated for its flowers.

The deduced amino acid sequence of the three genes indicated high homology with members of the MADS-box family of transcription
factors, and particularly with other members of the AP1-like family of MADS-box proteins that control floral-meristem and floral-organ
identity. All the isolated sequences lack the typical CaaX-motif that is present in dicot AP1 functional proteins but absent in the monocot
homologues thus far examined. CsAP1a and CsAP1b are more similar having 88.2% identical amino acids while CsAP1c is more divergent
having 70.9% similarity with CsAP1a, and 64.5% similarity with CsAP1b. Phylogenetic analysis of the isolated genes at the amino acid level
indicated that they form a clade with other monocot AP1-like genes from maize (ZmM28), barley (BM3), and rice (OsMADS18). Southern
experiments indicated the presence of additional AP1-like homologues in crocus.

Expression analysis indicated the presence of different amount of steady-state mRNAs for all the three homologous genes in leaves, as well
as, in the three mature flower parts, namely: tepals, stamen and carpels. Similar expression pattern display many monocot AP1-like MADS-box
genes, which comprise a distinct phylogenetic clade of monocot class A MADS-box genes and may reflect a novel, yet unidentified role of
their corresponding proteins in these species.
© 2004 Elsevier Ireland Ltd. All rights reserved.

Keywords:MADS-box genes;Crocus sativusL.; Floral-organ; AP1-like

1. Introduction

Crocus (C.SativusL.), a monocot triploid species belong-
ing to the Iridaceae family, is cultivated for its red stigmatic
lobes that constitute saffron, mainly in southern Europe,
Iran, and India. It is popular because of its delicate aroma
and attractive color and can be used as a food additive, as
well as in medicine and the coloring industry. Saffron has
three main chemical components that confer the bright yel-
low color (crocein), a bitter taste (picrocrocein), and a spicy
aroma (saffronal). The flowers of crocus are bisexual. Peri-
anth has no distinct sepals and it only consists of six petaloid

∗ Corresponding author. Tel.:+30-2310-498271;
fax: +30-2310-498270.

E-mail address:tsaft@certh.gr (A.S. Tsaftaris).

tepals in two whorls. Androecium consists of three distinct
stamens and the gynoecium consists of a single compound
pistil of three carpels, a single three-branched style, and an
inferior ovary. The flower is sterile.

Crocus blooms only once a year and its collection period
in southern Europe is very short (3–4 weeks in October–
November). The method of crocus cultivation contributes
greatly to its high price.C. Sativusrequires a strict agrocli-
matic condition for growth, which has an influence on its
quality. To produce high quality saffron, each flower is har-
vested by hand, and after mechanical separation of tepals,
the stigmas are separated by hand from stamens, sorted, and
dried. The size of individual stigmas and the amount of style
collected from each flower influence total yield and quality
of saffron. Between 70,000 and 200,000 flowers are needed
to produce 1 kg of dried saffron threads, which equates to

0168-9452/$ – see front matter © 2004 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.plantsci.2003.12.037
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around 370–470 h of work. Consequently, the cultivation
of this crop for its flowers and particularly the separation
of its stigmas is very labor intensive leading to very high
costs.

Among a number of genes controlling flower devel-
opment, the floral-organ identity genes, including the so
called A, B, and C class homeotic genes, determine the
fate of floral-organ primordia. In arabidopsis and other an-
giosperms, the class A genes lead to the formation of sepals
in whorl 1, class A and B genes together lead to the forma-
tion of petals in whorl two, the class B and C genes specify
the formation of stamens in whorl three, and the class C
genes are required for the formation of carpels[1–3]. In
this ABC model, A and C genes interact in a mutually
antagonistic manner.

Many of the A, B, and C class homeotic genes are mem-
bers of the MADS-box multigene family encoding putative
transcription factors which are characterized by a conserved
DNA-binding/dimerization domain. Most of plant MADS
proteins initially described, consist of a stereotypic organi-
zation of conserved domains. The highly conserved MADS
domain is located at the amino-terminal end of the pro-
tein spanning 60 amino acids, and is involved in promoter
DNA-binding and protein–protein interactions. A second
conserved domain of about 70 amino acids, the K-box, is
located in the central region of the protein and is able to
form coiled-coil structures that may promote dimerization
[4]. Two other domains, the I and C-domains are less con-
served. Evidence suggests that the C-domain is necessary for
the formation of higher order MADS multimers[5]. Recent
phylogenetic analysis inArabidospishas led to the proposal
of two evolutionary lineages represented by type I and type
II MADS-box genes, which differ both in the amino acid se-
quence of the MADS-box as well as in the domain structure
of the predicted protein (for review see[6]). Type I factors
lack the K-box, conforming a structure with a MADS-box
followed by a rather undefined and length-variable domain,
while most of type II factors exhibit the typical MIKC struc-
ture [6]. Further fine analysis of phylogenetic relationships
among the members of theArabidospisMADS-box tran-
scription factors suggested the presence of five subfamilies
one of which is the MIKC (type II) subfamily and the others
named M�(type II) and M�, M�, M� (type I) subfamilies
[7].

In angiosperm plants, most of the MADS genes are
expressed in reproductive tissue, where they control
floral-meristem and floral-organ development, but are
also important regulators of flowering time and cell-type
specificity in floral organs[8]. Some MADS genes, par-
ticularly in monocot species, are expressed in non-floral
tissues, suggesting that their role may not only be re-
stricted to the control of flower development[9–13]. Until
now MADS genes have been cloned fromArabidopsis,
which contain 107 genes encoding MADS-box proteins,
84% of which are of unknown function[7], and a va-
riety of mostly dicot plant species, few monocots, as

well as, non-flowering plants such as gymnosperms and
ferns.

Understanding flower development in crocus could re-
veal ways to increase yield and lower production costs since
flower and more specifically isolated stigmas comprise the
valuable commercial part of the plant. Despite the high in-
dustrial and medicinal importance and value of crocus flow-
ers, there are no reports on MADS genes and their control
in flower development in this plant. Therefore, in order to
uncover and understand the molecular mechanisms that con-
trol flower development and possible homeotic changes in
crocus, we made an effort to clone and characterize crocus
MADS-box genes. Here, we describe the cloning and char-
acterization of three different homologousCsAP1genes,
namely CsAP1a,CsAP1b, andCsAP1c, the first reported
MADS-box genes isolated from flowers and leaves of culti-
vated crocus.

2. Materials and methods

2.1. Plant material

C. sativusvar. Kozani field growing plants were collected
from Kozani, Greece. Sampling was during the late flower-
ing season in October, and samples were flowers and leaves.
As the flower of crocus has not distinct sepals and petals,
we treated separately the three tepals of the outer whorl and
designated them as sepals, while the three tepals of the inner
whorl were designated petals. Tissues were separated and
immediately frozen in liquid nitrogen and stored at−80◦C
until used.

2.2. DNA Isolation, PCR amplification, and sequencing

Genomic DNA was isolated from leaves using the DNeasy
Plant Mini Kit (Qiagen) according to the manufacturer’s
protocol. For amplification of the MADS-box sequences,
two degenerate primers were used. Primer MADS-F,
5′-ATCSAGATMAARAGRATHGARAA-3′, corresponding
to the MADS-box conserved amino acid sequence: I(E/Q)
IKRIE(N/K) and primer MADS-R, 5′-CATCTTGCCAGW-
RYTAGMRAARAT-3′ corresponding to the conserved
amino acid sequence: IF(A/S)(N/S)(S/T)GKM of the MADS
genes[14].

PCR was performed as previously described[15]. A
150 bp PCR product was subcloned into the pGEM T easy
Vector (Promega) according to the manufacturer’s protocol.
Sequencing was performed using a LiCor 4200 sequencer.
Using the cloned MADS-box fragment as template a digox-
igenin labeled DNA probe was synthesized (MADS-probe)
using the PCR DIG Probe Synthesis Kit (Roche). This probe
was used to monitor the specificity of the PCR products
obtained by different primer combinations and to screen
individual clones in Southern blots after hybridization using
standard techniques.
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2.3. Inverse PCR

We used inverse PCR to amplify the flanking sequences
of the isolated MADS-box clone. One microgram genomic
DNA was digested withEcoRI, HindIII, and a combina-
tion of BamHI andBglII in a total volume of 25�l. The
reactions were incubated at 80◦C for 10 min to inactivate
the restriction enzymes, diluted to 500�l with 1 × ligation
buffer and supplemented with two Weiss units T4 DNA
ligase (NEB). After 2 h incubation at 25◦C the DNA was
precipitated with ethanol, resuspended in 10�l sterile water
and used as template in PCR experiments. Two sequence
specific primers based on the sequence of the previously
isolated MADS clone were designed for PCR. These were:
Inv1: 5′-GCGCTTCGAGAAGGTGACCTG-3′ and Inv2:
5′-GGCGGCCTCCTCAAGAAAGC-3′. The PCR was per-
formed using 2�l of the digested and ligated genomic
DNA as template, 0.2�M of the primers Inv1 and Inv2,
0.2 mM dNTPs and 1.25 U Platinum Taq Polymerase (In-
vitrogen). The thermocycler program was: 2 min at 94◦C,
35 cycles of 1 min at 94◦C, 30 s at 59◦C, 3.5 min and 10 s
per cycle at 72◦C and a final extension step of 10 min at
72◦C.

The PCR products were separated on an agarose gel, but
were not visible after EtBr staining. Therefore, the gel was
blotted on Nylon membrane and hybridized with the digox-
igenin labeled MADS-box probe. After development, one
hybridized band of about 500 bp derived from theHind III
digest could be identified. In order to obtain sufficient DNA
for cloning, a reamplification experiment was performed us-
ing 1�l of the initial PCR as template. The rest of the con-
ditions were the same except that the annealing was at 57◦C
and the DyNAzyme II DNA polymerase (Finnzymes) was
used. Several strong bands could be observed. A Southern
blot was performed as described above and only the 500 bp
band of theHind III digest gave a strong hybridization signal
with the MADS-probe. This band was cut out from the gel,
purified with the Qiaex Purification Kit (Qiagen), cloned in
the pGEM T easy vector and sequenced.

2.4. RNA Isolation, cDNA synthesis, and cloning

Total RNA from leaves, closed flowers (3 cm in length),
sepals, petals, stamens, and carpels was extracted using
the RNeasy Plant Mini Kit (Qiagen). On-column diges-
tion of DNA during RNA purification was performed
using the RNase-Free DNase Set (Qiagen). The 3′ end
of the cloned fragments was isolated by 3′ RACE. First
strand cDNA synthesis was performed using 2�g to-
tal RNA, 1�g 3′ RACE Adapter Primer 5-GGCCAC-
GCGTCGACTAGTAC(T)17-3, (Gibco-BRL), 1 mM dNTPs
and 200 U M-MuLV reverse transcriptase (NEB) in 50�l
total volume. Specific forward primers were MADS-A:
5′-CCTTACTGCACACAGCGAATC-3′ (designed from the
sequence of the PCR product obtained by the Inv1–Inv2
primer pair) forCsAP1a, Inv2 for CsAP1b, and MADS-F

for CsAP1c. Ten percent of the synthesized cDNA from
closed flowers (CsAP1a) or leaves (CsAP1band CsAP1c)
was used as template in a PCR reaction with 0.2 pmol
forward primer, 0.2 pmol Abridged Universal Amplifica-
tion primer (AUA) 5′-GGCCACGCGTCGACTAGTAC-3′
(Gibco-BRL), 0.2 mM dNTPs and 1 U DyNAzyme II DNA
polymerase (Finnzymes). The thermocycler program was:
1 min at 94◦C, 35 cycles of 30 s at 94◦C, 30 s at 56◦C,
1.5 min at 72◦C and a final extension step of 10 min at
72◦C. PCR products were subcloned into a pGEM T easy
vector according to the manufacturer’s protocol.

To obtain the cDNA’s 5′ end, an RNA ligase-mediated
rapid amplification reaction was performed, starting with
3.5�g total RNA pooled from leaves and closed flowers,
using the GeneRacer Kit (Invitrogen) according to the
manufacturer’s instructions. PCR was then performed using
the specific primersCsAP1aR (5′-AGTCCGAAATGCCA-
TACAACG-3′) for CsAP1a,CsAP1bR (5′-CATCAGAAGC-
TTAGCAGATGTA-3′) for CsAP1b, andCsAP1cR (5′-GA-
TAGAAATCCCCAAGTACACT-3′) for CsAP1c. Amplified
fragments were then cloned into pCR 4-TOPO vector using
the TOPO TA cloning Kit (Invitrogen).

2.5. Southern hybridization

Ten microgram genomic DNA was digested withEcoRI,
Hind III, and BamHI, (enzymes from NEB) and transferred
to a positive charged Nylon membrane. The filter was hy-
bridized with the MADS-box probe described inSection 2.2,
stripped with 0.2 M NaOH/0.1% SDS for 10 min at 37◦C
(twice), and reprobed with aCsAP1agene-specific 401 bp
fragment (708–1109 bp). The digoxigenin labeledCsAP1a
gene-specific probe was prepared with PCR using the
clonedCsAP1acDNA as template with the primersCsAP1a
F (5′-AATGGCACAGCAGGGACACTG-3′) and CsAP1a
R, and the PCR DIG Probe Synthesis Kit. Hybridization
was performed with DIG Easy Hyb buffer at 42◦C accord-
ing to the manufacturer and stringent washes at 68◦C in
0.5 × SSC/0.1% SDS (twice). Detection was performed
using the DIG Luminescent Detection Kit according the
instructions and chemiluminescense was detected using the
GeneGnome Bio Imaging System (Syngene).

2.6. Comparison and phylogenetic analysis

The nucleotide and deduced amino acid sequence of
the CsAP1a,CsAP1b, andCsAP1ccDNAs were used for
BLAST searches on the GenBank/EMBL/DDBJ databases,
and among the best BLAST hits, 19 class A floral iden-
tity genes for which there are published reports, were
selected for comparison. Sequence names were changed to
include initials of the species where needed. The sequences
were:Betula pendulaBpMADS5 (X99655) and BpMADS3
(X99653) [16]; Eucalyptus globulusEgAP1 (AF305076)
[17]; Capsicum annuumCanMADS6 (AF130118)[18];
Pisum sativumPsPEAM4 (AJ279089)[19]; Arabidopsis
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lyrata AlAP1 (AF143379) [20]; Arabidopsis thaliana
AtAP1 (Z16421)[21]; Sinapis albaSaAP1 (X81480)[22];
Brassica oleraceaBoAP1 (Z37968)[23]; Lolium temulen-
tum LtMADS1 (AF035378) and LtMADS2 (AF035379)
[13]; Oryza sativaOsAP1-L (AB041020)[24], OsMADS14
(AF058697) [25], OsMADS15 (AF058698) [25], Os-
MADS28 (CAB56800) and OsMADS18 (AAF04972)[25];
Hordeum vulgareHvMADS3 (originally BM3, CAB97351)
[26]; Zea maysZmM28 (AJ430695)[27] and ZmMADS3
(AF112150) [27,28]. The deduced amino acid sequences
of the genes together with CsAP1 were aligned using the
multiple sequence alignment program Clustal W[29]. Phy-
logenetic relationships of the sequences were performed
using the Neighbor-Joining Method with p-distance correc-
tion [30]. The tree was constructed using the MEGA 2.1
software[31].

2.7. Expression analysis

Total RNA (1�g) extracted from sepals, petals, sta-
mens, and carpels was used in a reverse transcription
reaction as previously described. PCR was performed in
1 × PCR buffer, 0.2 mM dNTPs, 0.4 pmol forward primer,
0.4 pmol reverse primer, and 1 U of the DyNAzyme II
DNA polymerase (Finnzymes) having as template 1/10
of the synthesized cDNA. Primers wereCsAP1aF and
CsAP1aR for CsAP1a,CsAP1bF (5′-GAATTATTTGAG-
CAGCATCATAT-3′) andCsAP1bR for CsAP1b,CsAP1cF
(5′-CGCTCTGTTAATGGATAGTATCC-3′) andCsAP1cR
for CsAP1c, and: actin2-F (5′-CCGGTGTCATGGTTGGT-
AT-3′) and actin2-R (5′-GCAGGCACATTGAAGGTCT-3′)
amplifying a fragment of the actin-beta gene as a control.
The cycling parameters were incubation at 94◦C for 1 min,
followed by 35 cycles of incubation at 94◦C for 30 s, 50◦C
(CsAP1band CsAP1c) or 54◦C (CsAP1aand actin-beta)
for 30 s, 72◦C for 30 s and a final extension step of 5 min
at 72◦C. A control RT-PCR was included for each sample
using as template total RNA without reverse transcriptase at
the same dilution as the cDNA template. The PCR products
were separated on a 1.8% agarose gel and amplification
products of the expected size could be observed.

Quantitative expression analysis of the isolatedCsAP1a
gene was performed with real-time RT-PCR using an Op-
ticon (MJ Research) real-time PCR system. PCR was per-
formed in 1×PCR buffer, 0.2 mM dNTPs, 0.4 pmolCsAP1a
F primer, 0.4 pmolCsAP1aR primer, 0.2 × Sybr-Green
(Sigma) and 1 U of the DyNAzyme II DNA polymerase
(Finnzymes) having as template 1/10 of cDNA synthesized
from 2.5�g of total RNA extracted from leaves and closed
flowers. Actin-beta was used as a control for relative gene
expression quantification. The cycling parameters were in-
cubation at 95◦C for 1 min, followed by 33 cycles of in-
cubation at 95◦C for 15 s, 52◦C for 30 s, 72◦C for 30 s,
plate read at 80◦C and a final extension step of 5 min at
72◦C. For identification of the PCR products a melting
curve was performed from 65 to 95◦C with read every

0.2◦C and 10 s hold between reads. A control RT-PCR
was included for each sample using as template total RNA
without reverse transcriptase at the same dilution as the
cDNA template. The reactions were performed in triplicate.
Relative quantification was performed using the Q-Gene
software for estimation of the normalized gene expression
[32].

3. Results

3.1. Cloning of three MADS-box Apetala1-like cDNAs
from C. sativus

Three homologous MADS-box Apetala1-like cDNAs
designatedCsAP1a,CsAP1b, andCsAP1c, were isolated
from C. sativususing a combination of PCR techniques.
CsAP1a(1281 bp, GenBank accession number AY337928)
was isolated from flowers and contain a 750 bp ORF, which
encodes for a 250 amino acid predicted polypeptide.CsAP1b
(1164 bp, GenBank accession number AY337929) and
CsAP1c(1257 bp, GenBank accession number AY337930)
were isolated from leaves and contain a 735 bp ORF, which
encodes for a 244 amino acid predicted polypeptide, and
a 741 bp ORF, which encodes for a 246 amino acid pre-
dicted polypeptide, respectively. The sequences of the three
CsAP1cDNAs were more homologous in the coding region
spanning the MADS, I and K domains while were more
divergent at the C terminal domain and the 5′ and 3′ un-
translated regions. A microsatellite locus was revealed at the
5′ untranslated region ofCsAP1aand CsAP1bconsisting
of a (GA)5 and a (GA)19 repeat, respectively.

3.2. Amino acid sequence comparisons, phylogenetic
analysis, and copy number of AP1-like genes in crocus

Based on the amino acid sequence similarity of the entire
coding region, the three CsAP1 homologous deduced pro-
tein sequences can be grouped into Apetala1-like family of
proteins[33]. Published genes that belong to the Apetala1
family of proteins and showed high degree of homology to
the three CsAP1 were selected for the multiple alignment
process (Fig. 1). The MADS domain of the aligned pro-
teins is highly conserved and conserved regions are also
observed in the I and K domains, while the C terminal do-
main is more divergent. In this comparison the three CsAP1
homologues -a, -b, and -c present 87, 82, and 84% iden-
tity, 92, 92, and 91% similarity to the consensus AP1-like
proteins MADS-box domain and 64, 59, 51% identity, 79,
77, 76% similarity to the consensus K-box of the AP1-like
proteins, respectively. The three CsAP1 proteins lack at the
C-terminus the CFAA motif, a typical CaaX box recognition
motif for farnesyltransferase (FTase). CaaX-boxes (where
C is Cys, a is an aliphatic amino acid, and X is Cys, Met,
Ser, Ala or Glu) are present in many AP1-like dicot proteins
(Fig. 1).
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Fig. 1. Alignment of the predicted amino acid sequences of the three CsAP1 proteins and members of the AP1 family in other plants. The CaaX box
motif at the C-terminus of BpMADS3, AtAP1, and SaAP1 that is conserved between AP1 and functional homologues from distantly related plant species
is boxed, and the substituted cysteine of this box in BoAP1 is boxed separately. Identical amino acids in all proteins are in white letters highlighted by
black background, while identical amino acids in more than 75% of the sequences are highlighted by grey background. Dashes indicate gaps to maximize
alignment. The MADS-box, I , K, and C-domains are shown by boxes on top of the alignment. The alignments were generated using ClustalW.

The higher BLAST similarity scores between each of
the three homologues CsAP1 crocus proteins and sequences
in the GenBank were recorded for MADS-box proteins of
plants belonging to the class of Liliopsida (monocots). The
highest score was for a monocot orchid hybrid (Dendrobium
grex Madame Thong-In) MADS-box protein DOMADS2
(AAF13261.1)[34] with 61% identity and 74% similarity for
CsAP1a, 57% identity and 71% similarity for CsAP1b, and
58% identity and 72% similarity for CsAP1c. Next higher
scores for CsAP1a and CsAP1b were for the maize ZmM28
(CAD23441) and the rice OsMADS28 (CAB56800) and Os-
MADS18 (AAF04972) proteins. For CsAP1c next higher
scores were for the chrysanthemum MADS-box transcrip-
tion factor CDM8 (AAO22981), theB. pendulaBpMADS3
(CAA67967), and a carrot MADS-box transcription factor
(CAC81068).

A phylogenetic tree was calculated for the full length
amino acid sequence of the three CsAP1 proteins and the
selected Apetala1-like proteins using the Neighbor-Joining
Method (Fig. 2). The three CsAP1 proteins fall in a group
with the maize ZmM28 MADS-box protein, the barley BM3
(HvMADS3), and the rice OsMADS18 and OsMADS28.

Southern blot experiments revealed the presence of ad-
ditional putative AP1-like orthologs in crocus (Fig. 3).
Multiple bands were observed with the MADS-box probe

indicating the large number of MADS-box genes in crocus
many of which may beAP1-like homologues. TheCsAP1a
gene-specific probe revealed three high molecular weight
bands afterBamHI digestion (there is noBamHI restric-
tion site within the threeCsAP1 mRNA sequences), six
after Hind III digestion (in CsAP1aandCsAP1bthere is a
Hind III internal site) and six bands afterEcoRI digestion
(in CsAP1a-cno EcoRI site exist within the mRNA of the
genes, however, there is anEcoRI site within an intron of the
CsAP1agene (data not shown)). Since no further genomic
information is currently available we concluded, based on
the results from theBamHI digest, that three homologous
genes were hybridized to our probe. WithCsAP1a,b,cbeing
homologous to each other it is reasonable to predict that
these three genes were detected on the membrane.

3.3. Expression analysis

Initial experiments on cDNAs derived from leaves and
closed flowers revealed the presence of theCsAP1atran-
script in both tissues. A real-time PCR experiment was
performed to provide quantitative estimation ofCsAP1a
expression. The results indicated that the normalized ex-
pression level of theCsAP1atranscript is almost double in
leaves than that in flowers (Fig. 4).
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Fig. 2. Phylogenetic relationships of the protein sequences aligned in figure 1. The tree was generated by the Neighbor-Joining method using the
p-distance correction. Dicot genes are highlighted in gray. The three CsAP1 sequences are grouped with the maize ZmM28, the barley HvMADS3, and
the rice OsMADS18, and OsMADS28.

Fig. 3. Southern blot revealing the presence of additional putative AP1 orthologs in crocus. Ten microgram crocus genomic DNA digested withEcoRI
(E), Hind III (H) and BamHI (B), was hybridized with the MADS-box probe described inSection 2.2, stripped and reprobed with a CsAP1a gene-specific
401 bp fragment (708–1109 bp). Multiple bands were observed with the MADS-box probe indicating the large number of MADS-box genes in crocus many
of which may be AP1-like homologues. The CsAP1a gene-specific probe hybridized with three high molecular weight bands after BamHI digestion, six
after Hind III digestion and six bands afterEcoRI digestion. Since no further genomic information is currently available theBamHI digestion hybridization
pattern suggests that three homologous genes were hybridized to our probe. WithCsAP1a,b,cbeing homologous to each other it is reasonable to predict
that these three genes were detected on the membrane.
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Fig. 4. The mean normalized CsAP1a expression in crocus leaves and
flowers as determined by real-time PCR and analyzed using the Q-Gene
software.

The expression pattern of all the three homologous genes
in leaves and flowers was compared by RT-PCR (Fig. 5).
Results show that transcripts of each gene are present in
leaves, as well as, in flowers of crocus. The expression pat-
tern of the three genes was also examined in different flower
tissues (Fig. 5A). The RT-PCR experiment performed with
cDNA synthesized from sepals, petals, stamens, and carpels
resulted in the identification of theCsAP1a,CsAP1b, and
CsAP1ctranscripts in all tissues examined (Fig. 5B). In all
the expression experiments the actin-beta gene (Fig. 5C)
was used as an RT-PCR positive control. In addition, all

Fig. 5. (A) RT-PCR analysis of the three homologous genesCsAP1a,CsAP1b,CsAP1c, expression in crocus leaves and flowers, (B) different crocus
flower tissues and (C) the actin control. Lanes are: MW, 100 bp size marker; L, Leaves; F, Flower; S, Sepals (the three tepals of the outer whorl); P,
Petals (the three tepals of the inner whorl); St, Stamens; Ca, Carpels. Amplicons of the expected size are observed. The PCR bands forCsAP1bare
faint due to the small size of the product and possibly to low target amount or efficiency of amplification.

the experiments included a negative RT-PCR control using
a template that was prepared in a similar manner except
that reverse transcriptase was omitted in cDNA synthesis.
No amplification could be observed in the negative controls
(data not shown).

4. Discussion

In our effort to isolate MADS-box transcription factor
genes and assess their involvement in flower development
in C. sativus, we followed a PCR-based approach and we
were able to isolate and examine the expression of three
homologous MIKC-type (type II) Apetala1-like MADS-box
cDNAs.

AP1 of Arabidopsis and its homologueSQUAMOSA
(SQUA) in Antirrhinumare MADS-box genes belonging
to the SQUA subfamily (also termed AP1/AGL9 clade)
which includes MADS-box genes from many other plant
species[35]. AP1 and SQUA are key regulatory genes
specifying floral-meristem identity in bothArabidopsisand
Antirrhinum. Despite many similarities in their sequence,
expression, and functions, onlyAP1 appears to have the
additional role of class A floral identity gene specifying
sepal and petal identity inArabidopsis. There is scarce
evidence regarding how the different functions ofAP1-like
genes are conserved between different species. Analysis of
the PEAM4 peaAP1 functional homologue, from a plant
with different floral morphology and inflorescence architec-
ture than that ofArabidopsisand Antirrhinum, suggested
that the AP1-like gene dual role in the control of both
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floral-meristem and floral-organ identity is not restricted to
Arabidopsis, but can be conserved in species with diverse
floral morphologies, such as pea[36]. TheCsAP1sequence
similarity with AP1-like genes is not adequate to infer a
functional role of these genes in crocus. There are several
differences betweenAP1 and the threeCsAP1genes that
have to be considered. InArabidopsis, expression ofAP1
occurs specifically in the tissues and at the developmental
stage in which floral fate is assumed. In the flower, expres-
sion of AP1 is restricted to petals and sepals. In contrast,
RT-PCR experiments revealed that the threeCsAP1genes
are expressed in leaves, as well as in all the flower organs
examined. The amino acid sequence ofAP1 and many of
its dicot homologues terminates in CFAA (Fig. 1), a typical
CaaX box recognition motif for farnesyltransferase (FTase).
AP1 is a target of FTase and farnesylation alters the func-
tion and perhaps specificity of the transcription factor[37].
The threeCsAP1genes lack a CaaX-box at the C-terminus,
and this, additional to the above mentioned differences,
probably suggest divergence from the typical arabidopsis
AP1-function. Other genes with structural similarity toAP1
have different expression patterns and function, as for exam-
ple theFRUITFULL (FUL) gene (previously calledAGL8)
that is weakly expressed in rosette leaves during vegetative
development and is subsequently strongly upregulated in
the shoot apex upon the transition to flowering. Experimen-
tal evidence suggests thatFUL regulates the transcription
of genes required for cellular differentiation during fruit
and leaf development[38].

The three isolatedCsAP1genes from crocus, areAP1-like
MADS-box genes expressed in vegetative as well as in all
floral tissues of the plant. There are also several examples of
MADS-box genes belonging to different homeotic classes
that are expressed in vegetative tissues and have different
functional roles[9–13]. It is conceivable that despite the high
level of sequence similarity betweenAP1-like MADS-box
genes their expression profile can be quite different. Func-
tional analysis will have to show whether these genes have
AP1 function in inflorescence development.

Sequence similarities between the threeCsAP1 genes
were higher in the MADS, I and K domains, while the
C-domain was more divergent. This is consistent with other
studies reporting similar results. Experimental data based
on southern hybridization after digestion with different re-
striction enzymes indicated that multiple MADS-box genes
(and possibly moreAP1-homologues) were present in this
species. However, the three isolated homologousAP1-like
crocus genes were the only with enough similarities at the
C-terminus domain to be detected after hybridization with
a probe specific for one of them (Fig. 3). Phylogenetic
analyses along with 19 class A floral identity genes showed
that the three CsAP1 proteins fell in a group with ZmM28,
a typical apetala1-like MADS-box representative of maize.
This clade also comprise OSMADS18 from rice and BM3
from barley[27]. There are no published data on the expres-
sion pattern of ZMM28. OsMADS18 (previously known

as FDRMADS 7) is expressed in all rice plant tissues with
higher level in the inflorescence. Initially, it is detected in the
spikelet apical meristem, and at a later stage, when flower
organ primordia differentiate, it is abundantly detectable
throughout the organ primordia. When the spikelet reaches
maturity its expression is not detected in the lodicules (which
are considered as a reduced perianth in rice) or the sterile
glumes. OsMADS18 shares considerable sequence simi-
larity with OsMADS14 (previously known as FDRMADS
6) but its expression pattern is quite distinct. OsMADS14
expression is detectable only in flowers and when all organ
primordia have developed, its expression appear to be specif-
ically localized in developing stamens and pistil[39]. BM3
is abundantly expressed in all organ primordia and the vas-
cular tissue of the barley floret throughout inflorescence de-
velopment. Its expression can also be detected in vegetative
tissues (nodes and leaves)[26]. The similarities in expres-
sion pattern of many monocotAP1-like MADS-box genes,
including the riceOsMADS18, the barleyBM3, the three iso-
lated in this study crocusCsAP1genes, as well as other such
genes with floral and vegetative expression may indicate a
novel class of MADS-box genes in monocots, and possibly
reflect a novel, yet unidentified role of the corresponding
proteins as transcriptional regulators in these species.

The three isolated class A crocus MADS-box genes con-
stitute a start point for our studies of flower development in
crocus. We have recently isolated several class B and class
C MADS-box genes of crocus and characterized their ex-
pression (manuscripts in preparation). Experiments are un-
derway to further characterize the possible specific role(s)
of each gene in crocus that will enable us to infer a flower
development model of this plant, to understand the forma-
tion of a number of mutant flowers observed in the field, and
define ways to enhance its productivity exploiting molecular
genetic techniques.
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INTRODUCTION

Plant mitochondria are different from those of animals as
their electron transport chain contains a number of com-
ponents that enable non-coupled respiration. Among
them, the best characterized is the cyanide-resistant
alternative terminal oxidase (AOX), a homodimeric di-
iron protein, which transfers electrons via an alternative

pathway from the ubiquinone pool directly to oxygen.1

Because the alternative pathway branches in electron
transport at the ubiquinone pool, its contribution to
energy balance is one-third that of the cytochrome path-
way. The physiological role of such a ‘wasteful’ respira-
tory pathway has been linked to thermogenesis during
anthesis in arum lilies,2 and has been suggested to oper-
ate as a passive overflow mechanism under conditions
where the cytochrome chain is restricted,3 or function to
prevent reactive oxygen species (ROS) formation pro-
duced as a result of impaired or restricted respiratory
activity.3,4
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The alternative oxidase protein is found in every plant
species examined thus far, and in almost every plant
organ. It is encoded by a small gene family that exhibits
highly conserved regions.5–8 This family is divided in
two discrete gene subfamilies. Aox1 is most widely
known for its induction by stress stimuli in many tissues
and is present in both monocot and dicot plant species.
Aox2, on the other hand, is usually constitutive or devel-
opmentally expressed in eudicot species but is absent
from the genomes of all monocot species examined to
date.9 Differential tissue and developmental regulation
of Aox genes has been reported in Arabidopsis,10 soy-
bean9,11,12 and rice.13

Aox genes also respond differentially to various biotic
and abiotic stresses,7,14,15 pathway-specific mitochondrial
electron transport chain inhibitors,8,12,15 hormones and
signaling molecules, particularly ROS,3,14,15 salicylic
acid2,12 and nitric oxide.16,17 Overall, the above studies
are in good agreement with the proposed AOX function
as a means to prevent ROS formation during aberrant or
restricted respiratory activity.3,4,15

In maize, limited data are available on the Aox gene
family, gene structure, role, and regulation of expres-
sion. Preliminary studies suggested that a maize Aox
sequence (GenBank accession no: AF040566) could be
induced in maize seedlings by salicylic acid (SA) treat-
ment.18 Three full-length maize Aox cDNAs were then
detected that were specifically expressed at high levels
in maize mitochondrial mutants.19 Data on the gene
structure and regulation of expression of the Aox gene
family of maize are largely missing.

To study the maize Aox gene family further, we iso-
lated and investigated structural and regulatory aspects
of the maize Aox1a gene. We examined the Aox1a
responses after treatment with mitochondrial inhibitors,
and the signaling molecules NO, SA and H2O2. The
responses were compared with those of GstI, a typical
oxidative stress inducible maize gene and a hypothesis
for the role of oxidative signaling in Aox1a expression is
suggested.

MATERIALS AND METHODS

Plant material and treatments

The maize inbred line B73 was used in this study. Seeds
were surface sterilized, planted in soil mix, and grown in
a chamber under a 16-h light/8-h dark cycle at 22°C and
70% relative humidity for 2 weeks. Fifteen days post
imbibition (15 dpi) seedlings were derooted and the
shoot was submerged in 50-ml tubes containing the
mitochondrial respiratory inhibitors KCN and SHAM,
the NO releasing compound SNP, or SA at the concen-
trations indicated in each experiment. Control plants
were placed in tubes containing water. The plants were
then placed back in the growth chamber for the indicated
duration in each experiment. Treatments with H2O2 were
on detached leaves submerged in the appropriate con-
centration of H2O2 in water, vacuum infiltrated for 2.5
min and incubated for the indicated duration in the
growth chamber. Controls were prepared from leaves
submerged in water.

Primers

The primers used in this study are presented in Table 1.

RNA isolation, cDNA synthesis and 3′-RACE

Total RNA was extracted using the RNeasy plant mini kit
(Qiagen, Hilden, Germany) with on-column digestion of
DNA with the RNase-Free DNase Set (Qiagen). First strand
cDNA synthesis was performed using 2 µg total RNA, 1 µg
3′-RAP primer, 1 mM dNTPs and 200 units M-MuLV reverse
transcriptase (NEB, Beverly, USA) in 50 µl total volume.

An Aox1a-specific probe was synthesized by PCR
using cDNA template with the SAoxF and SAoxR
primer pair and subcloned into a pGEM T easy vector
(Promega, Madison, WI, USA).
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Table 1. The primers used in this study

Abbreviation Description Sequence Synthesis

3RAP 3′-RACE adapter primer 5′-GGCCACGCGTCGACTAGTAC(T)17-3′ Gibco-BRL
SAoxF Short AoxF 5′-GCTGCGGTGCCGGGAATGGT-3 ′ Custom
SAoxR Short AoxR 5′-CGGCGCGGACGACGGTGACTA-3 ′ Custom
AUP Abridged universal amplification primer 5′-GGCCACGCGTCGACTAGTAC-3′ Gibco-BRL
LAoxF Long AoxF 5′-GATCGGAATTCGCAACTT-3 ′ Custom
LAoxR long AoxR 5′-AGCACCTCTCGCACTTAG-3′ Custom
InvF Inverse forward 5′-CGAGTGGAAGTGGACTTGCT-3 ′ Custom
InvR Inverse reverse 5′-TGGACATAAGCCGTAGCATG-3 ′ Custom



The 3′-end of the transcript was isolated by 3 ′-RACE
using either SAoxF or LAoxF as forward and the AUP
reverse primer and the DyNAzyme II DNA polymerase
(Finnzymes, Espoo, Finland). PCR products were sub-
cloned into a pGEM T easy vector (Promega) according
to the manufacturer’s protocol.

DNA isolation, PCR amplification and sequencing

Genomic DNA was isolated from leaves using the
DNeasy plant mini kit (Qiagen) according to the manu-
facturer’s protocol. PCR was performed with the LAoxF
and LaoxR primer pair, and the products were subcloned
and sequenced. Inverse PCR20 was used to amplify the
5′-flanking sequence of the isolated Aox1a fragment.
Genomic DNA (1 µg) was digested with NcoI, PstI,
SpeI, and SphI, the enzymes were heat inactivated, the
DNA fragments were self-ligated with 2 Weiss units T4
DNA Ligase (NEB) for 2 h at 25°C and used as template
in PCR with the primers InvF and InvR. The PCR prod-
ucts were separated on an agarose gel, blotted on Nylon
membrane and hybridized with a 190-bp digoxigenin
labeled probe prepared using the LAoxF and InvR
primer pair and the PCR DIG Probe Synthesis Kit
(Roche, Mannheim, Germany). A band derived from the
NcoI digest could be identified and was re-amplified, cut
out from the gel, purified with the Qiaex purification kit
(Qiagen), cloned in the pGEM T easy vector and
sequenced.

Expression analysis

Leaf material was harvested after treatment with each
compound. All samples were frozen in liquid nitrogen
and stored at –80°C for analysis. Total RNA from leaf
material was extracted as previously described,21 separated
on denaturing 1.6% agarose gels, stained with ethidium
bromide to ensure equal loading, and transferred to nylon
membranes. Digoxigenin-labeled DNA probes were syn-
thesized using the PCR DIG Probe Synthesis Kit (Roche).

An Aox probe was prepared using the SAoxF–SAoxR
primer pair and a GstI probe was prepared as previously
described.21 Hybridization was performed with DIG
Easy Hyb buffer (Roche) at 50°C according to the man-
ufacturer and washes were at 68°C in 0.5x SSC/0.1%
SDS. Detection was performed using the DIG Lumines-
cent Detection Kit (Roche) according the instructions
and chemiluminescence was detected using the GeneG-
nome Bio Imaging System (Syngene, Cambridge, UK).
Duplicate expression analysis experiments were per-
formed and representative results are presented.

RESULTS

The Aox1a transcript has alternative polyadenylation
sites

The 3′-end of the Aox1a cDNA was isolated by 3′-
RACE using the SAoxF primer. This fragment was
almost identical to an EST sequence (GenBank acces-
sion no. AY059647) which encoded a full-length maize
alternative oxidase open reading frame19 and probably
represented the Aox1a mRNA. To confirm this, we per-
formed 3′-RACE with a new primer (LAoxF) that was
designed from the AY059647 sequence and located
upstream of the transcription start codon. Eight clones
derived from the LAoxF and 5 clones from the SAoxF
primers were sequenced. The sequence of these clones
was identical to the AY059647 for the overlapping
regions as expected, because in both cases the same
maize inbred line B73 was used as nucleic acid source.
Sequencing revealed alternate polyadenylation in the
Aox1a mRNA. The length of the 3-untranslated region in
bases, the number and the percentage of clones detected
for each UTR size are shown in Table 2. A majority of
the clones (40%) had the same UTR length with the pre-
viously deposited AY059647 sequence, but several
clones were shorter and one clone was 31 nucleotides
longer. The sequence of the 31 additional bases can be
found at the 3′-end of the genomic Aox1a sequence
(GenBank accession no. AY485264).

Isolation of the Aox1a gene

In order to isolate a genomic Aox1a clone, we designed
an LAoxR primer based on the sequence of the 3′-UTR
of the cDNA and used it in combination with the LAoxF
primer in PCR having genomic maize DNA as template.
The reaction amplified a 2500-bp gene fragment encom-
passing 1219-bp coding sequence and suggesting that it
was interrupted by 1281-bp intron(s). Complete
sequencing of the fragment revealed that the maize
Aox1a gene consists of 4 exons interrupted by 3 introns
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Fig. 1. Schematic representation of the Aox1a genomic sequence. The
filled boxes indicate coding regions. The translation start ATG and the stop
positions, as well as the restriction sites for NcoI (N) and SpeI (S) are
indicated above the scheme. The positions and the labels of the PCR
primers used to isolate the gene are indicated below the scheme.



(Fig. 1). The exact intron insertion positions were pre-
dicted using the Spidey software at NCBI (<http://
www.ncbi.nlm.nih.gov/IEB/Research/Ostell/Spidey/>).
All introns are typical in structural characteristics of
plant introns, being A+T rich (50% for intron 1, 60% for
intron 2, and 55% for intron 3) and containing 5′-splice
donor GT and 3′-splice acceptor AG signals.22 The rela-
tive intron–exon positions are conserved between the
maize Aox1a gene and its rice homologue.

A 653-bp promoter sequence of the Aox1a gene was
isolated using an inverse PCR approach20 and was
searched for plant-specific cis-acting regulatory ele-
ments that serve as binding sites for transcription factor
using the PLACE23 and the PlantCARE24 databases.
Numerous motifs were recognized indicating the com-
plex nature of Aox1a regulation in maize, and the most
relevant are highlighted in Figure 2. These include a per-
fect TATA box at –34 relative to the transcription start
site (+1), and the motifs TGACG, ACGT core sequence,
W-box (TTGAC), CCAACC (MYB-Zm), which are pre-
sent in numerous stress-activated plant gene promoters.25–27

The maize Aox1a promoter was compared with its rice
counterpart and several highly homologous regions were
observed (identical regions are shown in boxes in Fig. 2).
Particularly, the immediate upstream the TATA-box region

between –40 and –130 was 73.4% homologous, and the
TGACG-motif (as inverse repeat) within this region was
conserved between the two promoters. The TGACG
motif is conserved in the promoters of soybean
GmAox2b and Arabidopsis AtAox1a and AtAox1b genes,
and in addition a wGAAGAwG motif is conserved in
soybean GmAox2a and Arabidopsis AtAox1c.28

With the sequences of all the cloned fragments we
compiled the Aox1a gene contig. All clones were
sequenced from both ends and no ambiguities remained
after the compilation of the contig. The sequence of the
Aox1a gene can be found at the GenBank under the
accession number AY485264.

Expression analysis

Expression analysis demonstrated different patterns of
early and late responses of Aox1a and GstI in hydropon-
ically treated seedlings to mitochondrial respiration
inhibitors (KCN, SHAM) and signaling molecules (SA,
NO). In short (1–5 h) treatments, Aox1a was effectively
induced only by KCN (after 2.5 h) and declined there-
after (Fig. 3A). All other compounds caused negligible
effects. In contrast, GstI transcript could be detected in
each treatment within 1 h, and increased with SA, KCN,
and SHAM after 2.5 h. The highest accumulation was
observed at 5 mM SA followed by 0.5 mM KCN and 5
mM SHAM, while NO had no effect. GstI transcript was
still higher than the control for the above-mentioned
treatments at 5 h, although at lower magnitude than that
observed at 2.5 h. Prolonged (28 h) exposure to the
tested compounds caused a high increase of Aox1a tran-
script at 7.5 mM SNP and a moderate increase at 5 mM
SA and 5 mM SHAM, while KCN had no effect (Fig. 3B).
In contrast, GstI transcript accumulation was slightly
higher than the control level at the higher concentration
of each compound tested.

Finally, the effect of H2O2, a ROS, metabolic by-prod-
uct, and signaling molecule in plants29 was examined in
vacuum infiltrated leaves (Fig. 4). Our results revealed
that Aox1a responded rapidly to H2O2 and the steady-
state mRNA level of the gene increased as soon as
within 30 min exposure at all the applied concentrations.
Increased accumulation of Aox1a transcript was detected
thereafter only at high (100 mM) H2O2 concentration,
reaching a maximum at 5 h. Interestingly, the H2O2 con-
centration-dependent Aox1a transcript accumulation did
not display a linear increase as 10 mM H2O2 solution
was not as effective as 1 and 100 mM H2O2 between 1
and 2.5 h of exposure, something that has also been
observed with other genes in maize.21 GstI mRNA accu-
mulation followed a similar induction pattern with the
sharp difference that it was barely detectable after 5 h at
100 mM H2O2, when the highest induction of Aox1a
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Fig. 2. Nucleotide sequence of the maize Aox1a promoter. The promoter
spans 641 nucleotides upstream of the transcription initiation +1 (white
letter over black background). Promoter motifs are shaded gray and
positions of G-box, T-box, W-box, MYC, RY, MYB-Zm, the inverse
repeat, the TGACG motif, and the Aox-specific wGAAGAwG motif, are
shown. The ACGT-core sequence is bold and underlined. The TATA-box
is shown in bold italics. Sequences identical between rice and maize
Aox1a genes are boxed. Translated sequence is shown with white letters
over black background for orientation.



occurred. Another important observation was made
comparing the 0 mM H2O2 controls at the four consecu-
tive time points. Results showed that Aox1a as well as
GstI transcript levels increased within 1 h after submer-
sion of the leaf tissue in distilled water, which reportedly
induces hypoxia. Aox1a transcript declined thereafter
while GstI transcript continued to increase at 2.5 h and
declined thereafter.

DISCUSSION

The maize Aox1a gene consists of four exons and three
introns (Fig. 1) like other plant Aox genes6,8,11 pointing to
an evolutionary conservation of Aox gene structure in
diverse plant species. Numerous putative transcription
factor-binding sites were detected in the Aox1a promoter
(Fig. 2). Most of these are stress responsive factor bind-
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Fig. 3. Effects of mitochondrial pathway-specific inhibitors and signaling molecules on the Aox1a and GstI gene expression in maize. The cytochrome c
pathway inhibitor KCN, the AOX inhibitor SHAM, and the signaling molecules NO (released from SNP) and SA were applied in two concentrations (low
and high) and their effects on Aox1a and GstI gene expression were tested at different time points after short 1–5 h (A) or prolonged 28 h (B) treatment of
derooted 2-week old maize seedlings. Northern hybridization was performed with Aox1a and GstI digoxigenin-labeled gene-specific probes and chemilumin-
escence was detected using the GeneGnome Bio Imaging System (Syngene). The ethidium bromide stained gel is included as loading control.



ing sites and show significant over-representation in the
promoters of stress and defense inducible Arabidopsis
genes.25–27 The TGACG motif and a wGAAGAwG motif
present in the maize Aox1a are conserved in the promot-
ers of soybean and Arabidopsis Aox genes28 and may be
critical for specific Aox responses in different plant
species. The presence of stress-related promoter motifs
suggests that the gene is at least partly regulated by
stress signals, and its expression is involved in the
plant’s stress defense responses.

Transcription of Aox1a resulted in transcripts with
variable length due to alternate polyadenylation that
affects a large number of higher eukaryote mRNAs, pro-
ducing mature transcripts with 3′-ends of variable
length. The role of alternate polyadenylation is not very
well understood, although it has been suggested to be
regulated in a tissue- or disease-specific manner in
humans and mouse.30 The Aox1a mRNA used as
reverse-transcriptase template derived from 100 mM

H2O2 treated tissue, and this may indicate stress-specific
regulation of polyadenylation. However, preliminary
experiments (unpublished results) indicated that both,
control and H2O2 treated tissues contained the two major
mRNA classes shown in Table 2.

Regulation of Aox gene expression seems to involve
the same signals in different species. However, different
Aox orthologs may respond variously to these signals. In
maize, specific induction of the Aox1b transcript was
observed in roots of 10 mM KCN-treated seedlings,
while Aox1a did not respond between 4 and 24 h.19 Nev-
ertheless, our results clearly showed a transient Aox1a
transcript induction after KCN application within 2.5 h.
The difference between the two studies could be due to
the different tissue, and/or different time-points of sam-
pling. It is also possible that Aox1a represents an early and
Aox1b a late response to KCN-induced inhibition of mito-
chondrial electron transport. Induction of GstI transcript
accumulation by KCN was very similar with the pattern
of Aox1a, suggesting that a common mechanism may be
underlying.

SHAM is an inhibitor of alternative respiration as it
inhibits specifically the alternative and not the
cytochrome respiratory pathway.1 Our data show that
SHAM caused an increase in Aox1a transcript only after
prolonged treatment. We are not aware of other studies
examining SHAM effects on Aox gene expression. How-
ever, SHAM effects may be indirect as it may inhibit
other enzymes and also stimulate H2O2 production,31

which could in turn induce Aox1a transcription. Unlike
the similar effects of KCN on Aox1a and GstI expres-
sion, SHAM caused a rapid induction of GstI expres-
sion, which may be due to participation of GstI in
SHAM detoxification processes in plant cells. The rest
of the compounds examined, H2O2, SA, and NO, are
well-characterized signaling molecules that can induce
Aox responses,3,17,32 and effectively induced Aox1a after
short (H2O2) or prolonged (SA, NO) exposure. This
induction is presumably correlated with increase of the
AOX1a protein level since previous reports in several
plant species show that increased Aox gene expression is
correlated with elevated AOX protein.7,12,33 Particularly
in non-chromosomal stripe (NCS) mutant lines of maize,
overexpression of Aox1a is accompanied with high lev-
els of AOX1a protein in the examined tissues.19

Differences between the Aox1a hybridization signals
with those of GstI were observed. Although ROS signal-
ing is involved in the regulation of both genes, different
ROS can induce different gene-specific responses. Addi-
tionally, there are probably other signaling events that
contribute to gene-specific induction. The rapid
response of GstI to SA could be due to a SA-dependent
pathway, as could be the NO response of Aox1a due to a
NO-dependent pathway. Individual Gst genes have been
shown to be SA-inducible in Arabidopsis as well as in
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Fig. 4. Effects of H2O2 on the Aox1a and GstI gene expression in maize.
Transcript accumulation was determined after 30 min, 1 h, 2.5 h, and 5 h
incubation of vacuum-infiltrated leaves with different concentrations of
H2O2. Northern hybridization was performed with Aox1a and GstI
digoxigenin-labeled gene-specific probes and chemiluminescence was
detected using the GeneGnome Bio Imaging System (Syngene). The
ethidium bromide stained gel is included as loading control.

Table 2. Alternative polyadenylation of the Aox1a transcripts
detected by 3′-RACE experiments. The length of the 3-
untranslated region in bases, the number, and the percentage
of clones detected for each UTR size are shown

3′-UTR size (bp) Number of clones %

313 1 6.6
277 6 40.0
252 1 6.6
228 1 6.6

195–201 2 26.6
160 1 6.6
111 1 6.6



other plants.36 Also, Aox1a is a NO-inducible gene in
Arabidopsis.17 In addition, the observed responses could
be due to synergistic effects of different signaling path-
ways on specific gene induction, which have been fre-
quently reported.29 Particularly, accumulation of ROS
after prolonged treatments with NO and SA could lead
to multiplication of the effects of the initial stressor and
enhanced responses as observed with both compounds in
Aox1a expression.

It has been reported that a potent increase of intracellular
ROS, possibly of mitochondrial origin, may occur after
exposure of the plant to the examined compounds KCN,1

NO,16 and SA,33–35 due to restriction of the electron transport
chain, which can be at least partially offset by high levels of
AOX.15 SHAM also can stimulate H2O2 production.31

These data suggest that direct ROS signaling may be
involved in Aox1a induction after treatment with the com-
pounds examined in this study. In addition, SA-dependent
signaling during plant pathogen interactions involves indi-
rect redox regulation since the transcription factor NPR1
(non-expressor of pathogenesis related 1) undergoes activa-
tion from an inactive oligomer to the active monomer as a
result of cellular redox changes induced by SA.37 NPR1
interacts with members of the TGA class of transcription

factors that recognize and bind to the TGACG motif (that is
also present in many plant Aox genes including Aox1a of
maize), and regulates their DNA binding activity in a
redox-dependent manner. NO also affects the ROS-antioxi-
dant balance of the cell and can act either by enhancing or
suppressing the damaging effects of ROS depending on
their respective concentrations.38 Based on these data, we
present a testable model (Fig. 5) suggesting that changes in
redox balance of the cells induced after exposure to the
examined compounds may represent a common signal in
Aox1a induction in maize, which in turn may protect mito-
chondria from oxidative stress.
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Abstract 
 
We have cloned and characterized the expression of Crocus sativus AGAMOUS1 (CsAG1), a putative C-type MADS-
box gene homologous to AGAMOUS (AG) from a triploid monocot species crocus (Crocus sativus L.). The typical 
domain structure of MIKC-type plant MADS proteins was identified. Phylogenetic analysis of the deduced amino acid 
sequence indicated that the isolated gene forms a clade with the AGAMOUS homologs from the monocots Hyacinthus 
orientalis and Phalaenopsis equestris. A differential splicing event altering the amino acid sequence at the C terminus 
was identified, leading to the formation of two mRNAs differing ten nucleotides in size. The presence of both 
differentially spliced transcripts was restricted only to mature crocus flowers and particularly to stamens and carpels. 
Additional key words: AGAMOUS, monocot, saffron, phylogeny. 
 
 
Introduction 
 
MADS-box genes encode transcription factors present in 
several eukaryotic organisms and contain a highly 
conserved sequence encoding the MADS-domain that is 
responsible for nuclear localization, DNA binding, 
dimerization and accessory factor binding (Theissen et al. 
2000, Immink et al. 2002). The first isolated plant 
MADS-box genes were DEFICIENS (DEF) from 
Antirrhinum and AGAMOUS (AG) from Arabidopsis. 
Although initially found in floral tissues where they 
regulate floral organ identity, it was later established that 
MADS-box genes also act as regulators of various other 
aspects of plant development (Rounsley et al. 1995, Kim 
et al. 2002). It has been proposed that there are at least 
two lineages (type I and type II) of MADS-box genes in 
plants, animals and fungi (Alvarez-Buylla et al. 2000). 
Most of the plant MADS-box genes belong to type II and 
encode proteins with a stereotypic organization of four 
domains: the conserved ~55 amino acid (aa) MADS-
domain (M), followed by the intervening (I) domain  
(~30 aa), the keratin-like coiled-coil (K) domain (~70 aa) 
and the variable C-terminal (C) domain that provides 
functional specificity. Therefore genes displaying this 
organization are called MIKC-type and are plant-specific  
 

transcriptional regulators. Subsequent work revealed in 
plants the existence of a large family with at least nine 
classes of MADS-box genes based on function and 
expression patterns (Nam et al. 2003). In angiosperms, at 
least five classes of MADS-box genes are involved in 
control of flower development. Particularly, the ABC 
model of flower development (Weigel and Meyerowitz 
1994) predicts that three classes of floral MADS-box 
genes, encoding the A, B and C functions, act alone or in 
combination to specify floral organ identity. Since its 
initial proposal, the ABC model has been refined to 
include D- and E-class genes (Ferrario et al. 2004) and 
has been followed by the ‘quartet model’, which predicts 
that the identity of the different floral organs − sepals, 
petals, stamens and carpels − is determined by four 
combinations of floral homeotic MADS-box proteins 
(Theissen 2001). Regardless the model, AG-homologous 
genes are required for stamen, and carpel development 
and are known as the C-function genes. The class C 
function of floral organ development has been conserved 
during the 300 million years of evolution after the 
divergence of gymnosperms and angiosperms (Zhang  
et al. 2004).  
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We are interested in characterizing the expression of 
genes involved in flower development in crocus, a 
monocot triploid species belonging to the Iridaceae 
family, since its stigmas constitute the expensive food 
additive saffron. The flowers of crocus are bisexual. The 
outer two whorls (the perianth) consists of 6 tepals. The 
next two whorls form sequentially stamens and carpels. 
Removal of stamens and separation of stigmas by hand is 
very labour intensive leading to high costs (see also 
Tsaftaris et al. 2004). It would be desirable to have 
mutants without stamen formation in crocus flowers or 
even to transform stamens to carpels, which should 

double saffron production in a single flower while 
lowering the cost of production and improving saffron 
quality. In order to understand and exploit the molecular 
mechanisms that control flower development in crocus, 
we started to clone and characterize the expression of 
MADS-box genes in crocus flowers (Tsaftaris et al. 
2004). As C-class MADS-box gene function is essential 
for both stamen and carpel formation we report here the 
isolation and characterization of CsAG1, a C-class  
AG-like gene that is differentially spliced in two products 
and its expression is restricted to flowers and particularly 
in stamens and carpels. 

 
 

Materials and methods 
 
Plants: Crocus sativus L. cv. Kozani field growing plants 
were collected during the late flowering season in 
October from Kozani, Greece. As the crocus perianth has 
not distinct sepals and petals we treated separately the 
three tepals of the outer whorl and the three tepals of the 
inner whorl. Tissues were separated and immediately 
frozen in liquid nitrogen and stored at -80 °C until used.   
 
RNA isolation, cDNA synthesis and gene expression 
analysis: Total RNA from flowers was extracted using 
the RNeasy plant mini kit (Qiagen, Hilden, Germany). 
On-column digestion of DNA during RNA purification 
was performed using the RNase-Free DNase Set 
(Qiagen). Isolation of CsAG1 was accomplished by  
RT-PCR using standard protocols, essentially as 
described previously (Tsaftaris et al. 2004). First strand 
cDNA synthesis was performed using 0.5 μg total RNA 
from closed flowers, 0.25 μg 3΄RACE Adapter Primer  
5΄-GGCCACGCGTCGACTAGTAC(T)17-3΄ (Gibco-BRL, 
Paisley, UK), 1 mM dNTPs and 200 units M-MuLV 
reverse transcriptase (NEB, Beverly, USA) in 0.05 cm3 
total volume. MADS-box cDNAs were amplified in PCR 
using the degenerate MADS-F primer  
5΄-ATCSAGATMAARAGRATHGARAA-3΄ and the 
Abridged Universal Amplification primer (AUA)  
5΄-GGCCACGCGTCGACTAGTAC-3΄ (Gibco-BRL). 
Nested PCR on the amplification products was performed 
using the primer MADS-2F, 
5΄-GTKCTYTGYGAYGCYGAGGT-3΄ (Van der Linden 
et al. 2002) and the primer AUA. PCR reactions were 
performed using 0.2 pmoles of each primer, 0.2 mM 
dNTPs and 1 unit DyNAzyme II DNA polymerase 
(Finnzymes, Espoo, Finland). The thermocycler’s 
program was: 1 min at 94 °C, 30 cycles of 30 s at 94 °C, 
30 s at 50 °C, 90 s at 72 °C and a final extension step of 
10 min at 72 °C. Several products between 300 and 
1100 bp were cloned into the pGEM T easy vector 
(Promega, Madison, USA). Sequencing was performed 
using a LiCor 4200 sequencer. BLAST searches 
identified one clone of 806 bp with homology to 
AGAMOUS genes from other plant species. Based on this 
sequence, the gene specific primer AGAM-R  

(5΄-ATAGCAATAAGGTACCCAGTCAC-3΄) was de-
signed from the 3-UTR and used to isolate the cDNA’s 
5΄end, using the GeneRacer kit (Invitrogen, Paisley, UK) 
according the instructions. A PCR fragment of 1100 bp 
was purified from the gel and cloned into the pGEM T 
easy vector (Promega) according to the manufacturer’s 
protocol. 

Gene expression analysis was performed with  
RT-PCR. Total RNA (1 μg) extracted from leaves, 
flowers, tepals, stamens and carpels was used in a reverse 
transcription reaction as previously described. PCR was 
performed using primer AGAM-R and primer AG1F  
(5΄-AAGCTTCCTTCAAGCGAACTTG-3΄) on 1/50 of 
the synthesized cDNA as template. The primers were 
designed to amplify a 263 bp fragment containing the 
deletion observed in the isolated genes. Primers actin 2-F 
(5΄-CCGGTGTCATGGTTGGTAT-3΄) and actin 2-R  
(5΄-GCAGGCACATTGAAGGTCT-3΄), amplifying a 
fragment of the actin-beta gene, were used as control for 
successful cDNA syntesis. A control RT-PCR was 
included for each sample using as template total RNA 
without reverse transcriptase at the same dilution as the 
cDNA template.  The PCR products were separated on a 
1.8 % agarose gel and amplification products of the 
expected size could be observed. 

 
DNA isolation and Southern hybridization: Genomic 
DNA was isolated from leaves using the DNeasy plant 
mini kit (Qiagen) according to the manufacturer’s 
protocol. 10 μg genomic DNA was digested with EcoRI, 
HindIII and BamHI, restriction enzymes (NEB), 
transferred onto a nylon membrane (Roche, Mannheim, 
Germany) and hybridized with an AG-specific 
digoxigenin labeled probe prepared with the PCR DIG 
Probe Synthesis Kit (Roche) using the primers AG1F and 
AGAM-R. Hybridization was performed in DIG Easy Hyb 
buffer (Roche) at 42 °C according to the manufacturer and 
stringent washes were at 68 °C in 0.5 X SSC / 0.1 % SDS 
(twice). Detection was performed using the DIG Lumi-
nescent Detection Kit (Roche) according the instructions 
and chemiluminescense was detected using the Gene-
Gnome Bio Imaging System (Syngene, Cambridge, UK).  
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Fig. 1. A - Alignment of the deduced amino acid (aa) sequences of CsAG1a and CsAG1b and other homologous plant AG-like 
proteins using Clustal W (Thompson et al. 1994). Identical aa in all the sequences are highlighted in black and in 70 % of the 
sequences in gray. The 2 aa difference of the alternatively spliced products of CsAG1is boxed and indicated by an arrow. Highlighted 
on top of the alignment are the four domains of the MIKC-type proteins. B - Partial alignment of cDNA fragments from CsAG1a, 
CsAG1b, and the corresponding genomic fragment, showing the position of the intron. In bold and highlighted are the 5-splice donor 
element GT and the two alternative 3 splice acceptor elements AG of the intron. Underlined are the stop codons TAA for CsAG1a and 
TAG for CsAG1b.  
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Comparison and phylogenetic analysis: The deduced 
CsAG1 amino acid sequences were used in BLAST 
searches and the best hits were for AG-like genes from 
Hyacinthus orientalis (HoAG1, AAD19360), 
Phalaenopsis equestris (PeMADS1, AAL76415), and 
Magnolia praecocissima (MpMADS2, BAB70737). 
These, and 16 additional AGAMOUS genes were selected 
for phylogenetic analysis. The sequences were from: 
Nicotiana tabacum (NtAG1, Q43585) (Kempin et al. 
1993); Lycopersicon esculentum (LeAG1, Q40168) 
(Pnueli et al. 1994); Petunia hybrida (PhMADS3, 
Q40885) (Tsuchimoto et al. 1993) and (Ph-fbp6, 
CAA48635) (Angenent et al. 1993); Panax ginseng 
(PgAG2, Q40872); Gerbera hybrida (GhGAGA1, 
CAA08800 and GhGAGA2, CAA08801) (Yu et al. 
1999), Corylus avellana (CaMADS1, AAD03486) 
(Rigola et al. 1998); Arabidopsis thaliana (AtAG1, 

P17839) (Yanofsky et al. 1990); Brassica napus 
(BnAG1, Q01540) (Mandel et al. 1992); Rosa rugosa 
(RrMASAKO-D1, BAA90743) (Kitahara and Matsumoto 
2000); Zea mays (ZmAG1, JQ2289) (Schmidt et al. 
1993) and (ZmM2, CAA57074) (Theissen et al. 1995); 
Helianthus annuus (HaMADS59, AAO18229); Oryza 
sativa (OsMADS3, S59480) (Kang et al. 1995) and Vitis 
vinifera (VvMADS1, AAK58564) (Boss et al. 2001). The 
deduced amino acid sequences of the above genes 
together with CsAG1a and CsAG1b were aligned using 
the multiple sequence alignment program Clustal W 
(Thompson et al. 1994). Phylogenetic relationships of the 
sequences were examined using the Neighbor-Joining 
method with p-distance correction (Saitou and Nei 1987). 
The tree was constructed using the MEGA 2.1 software 
(Kumar et al. 2001). 

 
 
Results and discussion 
 
Isolation and characterization of CsAG1: In this study 
we describe the isolation of CsAG1 a putative C-type 
MADS-box gene homologous to AGAMOUS (AG) from 
crocus. Sequencing revealed the presence of two 
transcripts designated CsAG1a (GenBank accession 
number AY555579) and CsAG1b (GenBank accession 
number AY555580), which are different since CsAG1a is 
missing 10 bp from 890 to 899 in comparison with 
CsAG1b. This deletion alters the coding ORF of CsAG1 
in such a way that the deduced protein sequence of 
CsAG1a is two aa shorter at the C terminus from the 
deduced protein sequence of CsAG1b (Fig. 1A). To 
investigate if the phenomenon is due to differential 
splicing, we amplified the corresponding genomic DNA 
fragment by PCR using the primers AGAM-R and AG1F. 
PCR yielded only one distinct 360 bp band as determined 
by 5 % polyacrylamide electrophoresis (data not shown). 
Further, this genomic DNA fragment was sequenced 
(GenBank accession number AY555581) and revealed 
the presence of an 100-110 bp intron beginning with the 
typical plant intron 5' splice donor GT and ending at two 
nearby 3' splice acceptor AG signals (Lorkovic et al. 
2000) being 10 bp apart and matching the observed 
deletion in the two isolated transcripts (Fig. 1B). This 
intron in crocus is located exactly at the conserved 
position of the 8th intron in plant AGAMOUS genes 
(Zhang et al. 2004). Southern hybridization analysis 
using a probe prepared by PCR with the primers AG1F 
and AGAM-R revealed that three copies of the 
AGAMOUS gene are present in the genome of crocus 
(Fig. 2) that is in agreement with the triploid nature of the 
crop.  
 
Phylogenetic analysis of CsAG1: The deduced amino 
acid sequences were used in BLAST searches and the best  
 

hits were for AG-like genes from Hyacinthus orientalis 
(HoAG1, AAD19360), Phalaenopsis equestris 
(PeMADS1, AAL76415), and Magnolia praecocissima 
(MpMADS2, BAB70737). These, and several additional 
AGAMOUS genes for which there are published reports 
were aligned using Clustal W (Fig. 1A), and their 
phylogenetic relationships were examined using the 
Neighbor-Joining method with p-distance correction 
(Saitou and Nei 1987). The tree was constructed using the 
MEGA 2.1 software (Kumar et al. 2001). The crocus 
sequences fall in a group with the AGAMOUS genes from 
a hyacinth (Hyacinthus orientalis) and an orchid plant 
(Phalaenopsis equestris), which both similarly to crocus 
have tepals in the perianth (Fig. 3).  
 

 
Fig. 2. Southern blot of genomic DNA from Crocus digested 
with: EcoRI (E), BamHI (B) and HindIII (H) using as probe a 
PCR fragment of the cloned CsAG1 genomic DNA. The profile 
of the HindIII digestion indicates that 3 copies of the gene are 
present in the crocus genome. 
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Fig. 3. Phylogenetic relationships of amino acid AGAMOUS sequences (alignment in Fig. 1A) estimated using the Neighbor-Joining 
method with p-distance correction. The tree was constructed using the MEGA 2.1 software. Bootstrap values (1000 replications) are 
shown at the cross of clades and sequence distances are shown at the bottom of the tree. The crocus sequences are grouped with 
AGAMOUS genes from a hyacinth (Hyacinthus orientalis) and an orchid plant (Phalaenopsis equestris). White bar - eudicot plants, 
black bar - Magnoliids, stripped bar - monocot plants. 
 
 
Expression analysis of CsAG1 in crocus tissues: 
Expression analysis of CsAG1 was performed with RT-
PCR using the primer pair AGAM-R and AG1F. Primers 
actin2-F and actin2-R (Tsaftaris et al. 2004) amplifying a 
fragment of the actin-beta gene were used as a cDNA 
syntesis control, and all the experiments included a 
negative RT-PCR control. No amplification could be 
observed in the negative controls (data not shown).  
 

 
Fig. 4. CsAG1 expression in leaves and flowers of crocus 
detected with RT-PCR. cDNA from leaves (L) , flowers (F), 
tepals of the outer whorl that forms sepals in other plants (TS),  
tepals of the inner whorl that forms petals in other plants (TP), 
stamens (St) and carpels (Ca) was amplified using: A - CsAG1 
gene specific primers, B - actin primers, C - fine resolution of 
PCR products from Fig. 3A on 5 % native PAGE. 
 

Experiments revealed the presence of the transcript only 
in flowers and more specifically restricted in stamens and 
carpels (Fig. 4A). This expression pattern is in agreement 
with the expected according the ABC model of floral 
organ development and provides the basis for 
classification of CsAG1 in the C-class MADS-box genes. 
A 5 % nondenaturing polyacrylamide gel was loaded 
with the same PCR products to investigate whether both 
isolated transcripts were expressed. The fine resolution 
through native PAGE revealed that both transcripts were 
present in stamens as well as in carpels (Fig. 4C).   

Experiments are underway to isolate the complete set 
of flower-specific MADS-box genes in crocus. Towards 
this goal we have identified the APETALA 3 (AP3) and 
SEPALLATA (SEP) homologs, which we are currently 
characterizing. Expression of the B-class AP3 gene 
normally restricted to the second and third whorl is 
extended to the first whorl in crocus (data not shown). 
This could explain the homeotic transformation of sepals 
to petals in crocus flowers. Isolation and functional 
analysis of all the classes of MADS-box flower-specific 
genes will enable us not only to understand homeotic 
transformations in crocus flowers, but will also help to 
characterize and possibly exploit the numerous flower 
mutants (multiple flower organs, lack of stamens, etc.) 
frequently observed in fields cultivated with this 
asexually propagated crop.   
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ABSTRACT - Hybrid vigor or heterosis refers to the supe-
riority in one or more characters of crossbred organisms
relative to their inbred parents. This superiority can be re-
lated to increase in size or growth rate and increase in
yield. While the biological basis of heterosis remains un-
known, accumulated data clearly suggest the significance
of quantitative regulation of gene expression in heterotic
phenomena. DNA methylation is an epigenetic, genome-
wide general regulatory mechanism that affects the ex-
pression of many genes important for the manifestation of
heterosis. According to previous studies DNA methylation
in maize varies among different genotypes (parental in-
bred lines and hybrids) and developmental stages. Our
recent studies indicate that growth conditions affect the
level and pattern of DNA methylation. Parental inbred
lines and hybrids were grown under two different plant
densities: 1.5m (spread) and 0.25m (dense) distance be-
tween individual plants with a density of 0.513 plants/m2

and 18.5 plants/m2, respectively. The effect of density-in-
duced stress on the pattern of methylation in certain sites
of DNA was examined using the Coupled Restriction En-
zyme Digestion and Random Amplification (CRED-RA)
technique. The results suggested that hybrids are more re-
sistant to density-related methylation alterations in com-
parison to their parental inbreds.

KEY WORDS: Heterosis; Methylation; Stress; CRED-RA.

INTRODUCTION

Heterosis is a genetic phenomenon, in which
hybrids manifest superiority over the inbred
parental genotypes for several quantitative charac-
ters including yield. While plant breeders and
agronomists achieved an impressive increase in
maize yield utilizing heterosis, the biological basis

of the phenomenon remains unknown. Previous at-
tempts to understand physiological and biochemical
aspects of heterosis demonstrated that maize hy-
brids possess superior physiological and biochemi-
cal properties than those of the parental lines (for
review see TSAFTARIS, 1995). Farmers prefer F1 hy-
brids for their high and stable yield while growing
in different fields and in different years. Genetic sta-
bility (homeostasis) refers to reduced genotype X
environment interaction, particularly under stress
conditions. The selection of adapted single crosses
with high yield and high stability in high planting
density has been responsible for the consistent in-
crease in maize yields in USA since their introduc-
tion in the early 1960s (DUVICK, 1997; FASOULA and
FASOULA, 1997; JANICK, 1998; TSAFTARIS and POLIDOROS,
2000). High planting density is considered as a
stress condition and it is worthy to examine the pa-
rameters involved in hybrid resistance to density-in-
duced stress.

Research performed in different laboratories
clearly suggests the significance of regulation of
gene expression in manifestation of complicated
phenomena such as heterosis (TSAFTARIS and POLI-
DOROS, 1993; DE VIENNE et al., 1996; TSAFTARIS and
KAFKA, 1998; SONG and MESSING, 2003; WU et al.,
2003). One mechanism involved in regulation of
gene expression is DNA methylation. Nuclear DNA
is associated with histone proteins in a highly orga-
nized chromatin structure that can be divided into
active euchromatin and heterochromatin, which is
largely transcriptionally inert. Both forms of chro-
matin have distinct structural and biochemical prop-
erties that are thought to provide epigenetic marks
for the formation of higher order structure and for
maintaining gene activity and/or gene silencing.
DNA methylation, along with diverse covalent mod-
ifications of histones and specific associations with
non-histone proteins are the major determinants of
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chromatin states. The recent discovery of small
RNAs able to direct DNA methylation and histone
modification has provided a model for regulation of
gene activity where RNA molecules play a central
role (for review see TARIQ and PASZKOWSKI, 2004).
Methylation in plants occurs in cytosine residues
within the dinucleotide sequence CpG and the trin-
ucleotide CpNpG (N is equal to any nucleotide ex-
cept G). The extent and distribution of genomic
DNA methylation is correlated with the rate of ex-
pression of many genes examined not only in
plants but in all higher organisms (MATZKE et al.,
1989; BIRD, 2002).

Recently, it has been recognized that DNA
methylation has significant implications in plant
breeding, too (TSAFTARIS and POLIDOROS, 2000). In
the past, genetic variation was considered only as a
result of alterations in the primary nucleotide se-
quences due to mutations and/or gene recombina-
tion. However, it is now established that epigenetic
systems like DNA methylation could generate epige-
netic variation that had never been considered in
plant breeding as a source of phenotypic variation
(SHAKED et al., 2001; HAN et al., 2003). DNA methy-
lation in maize was found to be genotype, tissue
and developmental stage specific (TSAFTARIS et al.,
1999). In addition to endogenous (genetic) mecha-
nisms affecting the level of DNA methylation in dif-
ferent tissues and developmental stages, external
(environmental) signals also affect the extent of
DNA methylation by their interaction with the plant
(SHERMAN and TALBERT, 2002; STEWARD et al., 2002).
Moreover, stressful growth conditions result in more
methylated DNA (less expressed) and, in general,
vigorous hybrids are more resistant to such density
induced methylation and suppression of genome
activity in their genomic DNA (TSAFTARIS and POLI-
DOROS, 2000). Thus, at least to some extent methyla-
tion may underlie some heterotic phenomena.

The aim of this study was to estimate how differ-
ent planting densities could affect DNA methylation
in maize inbred lines and their offspring hybrids, as
this could have significant implications in under-
standing heterosis and stability of hybrid perfor-
mance. Taking advantage of the honeycomb design
of planting (FASOULAS and FASOULA, 1995), and using
different sets of inbreds and hybrids we estimated
the effects of growth conditions (spread / dense
planting) on site-specific DNA methylation with the
coupled restriction enzyme digestion and random
amplification (CRED-RA) of genomic DNA (CAI et
al., 1996). This technique allows amplification of a

DNA fragment containing a cut site of a methylation
sensitive restriction enzyme, only when the cytosine
residue within the site is methylated and protected
from digestion. Thus, presence of a PCR band re-
veals a methylated site(s). Unmethylated site(s) lead
to absence of the amplicon (that would be present
in uncut DNA) due to a digestion event(s). We re-
port here our results indicating significant methyla-
tion differences between inbreds and hybrids, re-
vealing that hybrids are more stable in comparison
to their parents.

MATERIALS AND METHODS

Plant material
Plant material consisted of 6 sets of genotypes (Table 1).

Each set included two inbred lines bred from the F2 population
of the commercial hybrid PR 3183, (Pioneer Hi-Bred, Des
Moines, IA) along with their respective hybrid (TOKATLIDIS et al.,
1998). In order to study the impact of planting density on DNA
methylation, we estimated DNA methylation in 2 month old
plants. This developmental stage was selected for two reasons:
first because plants have grown enough to undergo density stress
in dense planting; and second, in previous studies, we have
shown that the highest differentiation in total methylation be-
tween different genotypes occurs at this time point (TSAFTARIS et
al., 1997). Plants were grown in the field under two different
densities: 1.5m (spread) and 0.25m (dense) distance between in-
dividual plants with a density of 0.513 plants/m2 and 18.5
plants/m2 respectively, using the honeycomb design (FASOULAS

and FASOULA, 1995). All the necessary cultivation treatments for
plant growth under optimal conditions were performed. Sam-
pling in the field was performed in two consecutive experiments
in two years.

CRED-RA assay
Genomic DNA was isolated from the three upper leaves of

each genotype according to DELLAPORTA et. al. (1983). DNA quan-
tity was estimated spectrophotometrically and its quality was ex-
amined in 1.2% agarose electrophoresis. DNA (1 µg) was used
for HpaII digestion. After digestion the sample was phenol/chlo-
roform extracted and DNA was ethanol precipitated and resus-
pended in autoclaved distilled water. An estimated 25-50 ng of
digested DNA was added as PCR template. Each set of plant ma-
terial was tested with 20 random 10mer primers (AB-0320-kit 9
and10, Advanced Biotechnologies, Surrey, UK). Positive control
of uncut DNA from one of the materials and negative control
with no DNA was tested for each of the primers. PCR was per-
formed according to the following conditions: denaturation at
94°C for 5 min, followed by 45 cycles of denaturation at 94°C for
1 min, annealing at 35°C for 1 min, and extension at 72°C for 2
min. The final extension step was 7 min to ensure completion of
PCR in every synthesized product. In order to simplify compar-
isons and avoid complications due to genotype polymorphisms,
PCR products were run on 1.2% agarose gels in sets of two
parental inbreds and their respective hybrid, in spread and dense
conditions, for each primer tested. Appearance of a PCR band in
a genotype in one condition, which is not present in the other
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condition, implies that HpaII did not cleave the respective recog-
nition site in the former condition. Consequently, the cytosine
residues of the HpaII recognition site were considered to be
methylated. Random repetition of a subset of the reactions re-
vealed 100% reproducibility of the results.

Statistical analysis
Analysis of data was performed using the z criterion for com-

paring the percentages of new methylated sites in inbred lines
and hybrids under different planting conditions.

RESULTS AND DISCUSSION

The aim of this study was to record, evaluate,
and compare methylation alterations in inbred lines
and their hybrids when planted under spread and
dense planting conditions. A representative example
of recording HpaII site methylation alterations in a
set of materials (1st set, Table 1) with one primer is
shown in Fig. 1. A 630 bp amplicon absent in spread
planting in the inbred B11-19, appeared under
dense planting, demonstrating that one (or more)
HpaII site(s) was unmethylated (thus cleaved) in
spread planting while it was methylated (not
cleaved) in dense planting. The inbred A11-7 and
the hybrid did not show any changes in the band
pattern under both planting densities. Table 2 sum-
marizes the occurrence of methylated sites in both
spread and dense planting regarding all the geno-
type and primer combinations tested. This table
summarizes the results of 720 different PCRs (18
genotypes X 20 primers X 2 planting densities). Cor-
rections of the observed numbers in inbreds were
made to take into account that they resulted after
testing twice as many genotypes than hybrids.

Statistical comparisons of genotypes under the
two different planting conditions are shown in
Table 3. Overall, the data show that hybrids experi-
ence significantly less methylation alterations in
comparison to their parental inbred lines
(z=2,87>P0.01). Comparing the two planting condi-
tions in inbreds, it was found that the percentage of
methylated sites was significantly higher under
dense than under spread planting (z=4,81>P0.01),
while in hybrids the difference was not significant
(z=1,67<P0.05). Comparing inbreds and hybrids in
each planting condition, it was estimated that signif-
icantly higher percentage of methylated sites oc-
curred in dense planting conditions in the inbreds
(z=2,95>P0.01), while in spaced planting the differ-
ence between inbreds and hybrids was not signifi-
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FIGURE 1 - An example of the CRED-RA analysis using one set
of genotypes (two inbred lines A11-7 and B11-19 and their hy-
brid A11-7XB11-19), grown under spread and dense conditions.
The B11-19 inbred line showed a new band at 630bp (denoting
presence of one or more methylated HpaII sites). The inbred
A11-7 and the hybrid maintained the same pattern in both
spread and dense planting.

TABLE 1 - Sets of plant material involving inbreds and their hy-
brid used for CRED-RA analysis.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Set Parental Inbreds Hybrid
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

1st A11-7 B11-19 A11-7 X B11-19

2nd A5-8 B4-12 A5-8 X B4-12

3rd A9-6 B10-19 A9-6X B10-19

4th A3-10 B11-1 A3-10 X B11-1

5th A7-14 B12-13 A7-14X B12-13

6th A9-6 B5-19 A9-6X B5-19
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

TABLE 2 - Occurrence of methylated sites only in spread, only in
dense planting, and as total, in inbred lines and their hybrids.
Observed is the number of bands recorded in each condition. For
inbreds this number was divided by 2 and is shown in the cor-
rected column, to take into account that it resulted after testing
twice as many genotypes in comparison to hybrids. The percent-
age (%) column displays percentage of bands in each category in
relation to the total number of bands recorded in this study. Per-
centages were estimated from the corrected value in inbreds and
the observed in hybrids to the corrected total which is 45 (29 in-
breds + 16 hybrids).
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Inbreds Hybrids
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Observed Corrected % Observed %
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Dense 48 24 53.4 11 24.4

Spread 10 5 11.1 5 11.1

Total 58 29 64.5 16 35.5
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



cant (z=0<P0.05). Consequently, when comparing
the percentage of methylation changes in dense or
spread planting with the total methylation changes
in inbreds or hybrids, it was obvious that most of
the total methylation alteration was due to increased
methylation under dense planting (Table 3). In con-
clusion, inbred lines experience high percentage of
induced methylation under dense planting, while
hybrids are more stable under both planting condi-
tions. Additionally, hybrids tend to inherit the
methylation condition from the parent that shows
the lower level of methylation as shown, for exam-
ple, in Fig 1.

These data are in agreement with results from
other studies revealing an impact of the environ-
mental conditions on DNA methylation. Tempera-
ture changes, for instance, altered the activity and
methylation state of the transposon Tam3 in Antir-
rhinum (HASHIDA et al., 2003). Planting density also
affected the methylation state of the Ac element in
maize (TSAFTARIS and KAFKA, 1998). Results obtained
for three consecutive years revealed that demethyla-
tion (activation) of a methylated Ac element was
significantly more frequent in plants grown under
spread than dense planting. In addition, total DNA
methylation measured by High Pressure Liquid
Chromatography (HPLC) increased in inbred lines
but remained stable in hybrids when compared in
plants grown under spread and dense planting con-
ditions (TSAFTARIS et al., 1998).

Resistance of hybrids in induced genome methy-
lation alterations under different stresses could be at
the core of high and, maybe more importantly, F1
stable yield, especially if critical cytosine residues
(e.g. regulatory genes, promoter regions of protein-
coding genes) are preferably involved. Evidence has
been provided that developmental changes of DNA
methylation and chromatin structure at, or close to,
the promoter region of a gene are responsible for
epigenetic regulation of expression (HOEKENGA et.
al., 2000). Other regions of the genome, (e.g. hete-
rochromatic DNA), remain highly methylated perma-
nently, throughout plant growth. This could explain
why slight changes of total methylation are con-
comitant with significant changes in gene expres-
sion. Results from this study support the hypothesis
that hybrids perform better than inbred lines as they
resist alterations in methylation under stress.

Obviously, experimental validation of this hy-
pothesis requires analysis of higher number of possi-
bly methylated sites than those examined. In subse-
quent studies we have used Restriction Landmark
Genomic Scanning (RLGS) that is a method capable
of screening in a single assay the methylation status
of more than a thousand genes. The RLGS analysis
agreed with this study demonstrating that a stable
hybrid had a stable methylation pattern, that did not
change significantly under stress (Kovacevic, Poli-
doros and Tsaftaris, unpublished results). Further ex-
periments are underway to identify genomic regions
and critical genes whose methylation is differentially
affected by planting density in inbred lines and hy-
brids, and examine their role in the manifestation of
heterosis and stability of hybrid performance.
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