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A member of the maize isopentenyl transferase gene family,
Zea mays isopentenyl transferase 2 (ZmIPT?2), encodes a cytokinin
biosynthetic enzyme expressed during kernel development
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Abstract Cytokinins (CKs) are plant hormones that reg-
ulate a large number of processes associated with plant
growth and development such as induction of stomata
opening, delayed senescence, suppression of auxin-induced
apical dominance, signaling of nitrogen availability, dif-
ferentiation of plastids and control of sink strength. In
maize, CKs are thought to play an important role in estab-
lishing seed size and increasing seed set under normal and
unfavorable environmental conditions therefore influencing
yield. In recent years, the discovery of isopentenyl trans-
ferase (IPT) genes in plants has shed light on the CK
biosynthesis pathway in plants. In an effort to increase our
understanding of the role played by CKs in maize devel-
opment and sink-strength, we identified several putative
IPT genes using a bioinformatics approach. We focused our
attention on one gene in particular, ZmIPT2, because of its
strong expression in developing kernels. The expression of
the gene and its product overlays the change in CK levels in
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developing kernels suggesting a major role in CK biosyn-
thesis for kernel development. We demonstrate that at
8-10 days after pollination (DAP) the endosperm and espe-
cially the basal transfer cell layer (BETL) is a major site of
ZmIPT2 expression, and that this expression persists in the
BETL and the developing embryo into later kernel devel-
opment stages. We show that ectopic expression of ZmIPT2
in calli and in planta created phenotypes consistent with CK
overproduction. We also show that ZmIPT2 preferentially
uses ADP and ATP over AMP as the substrates for dimeth-
ylallyl diphosphate (DMAPP) IPT activity. The expression
pattern of ZmIPT2 in the BETL, endosperm and embryo
during kernel development will be discussed with an
emphasis on the suggested role of CKs in determining sink-
strength and grain production in crop plants.
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Abbreviations

BETL Basal endosperm transfer layer

cis-Z cis-zeatin

IPT Isopentenyl transferase

iPAR Isopentenyl adenosine

iPMP Isopentenyl adenosine mono-phosphate
iPTP Isopentenyl adenosine tri-phosphate
PPCBE  Pedicel/placental chalazal/basal endosperm
t-Z trans-zeatin

ZmIPT2 Zea mays isopentenyl transferase 2
ZR Zeatin riboside

Introduction

Cytokinins are plant hormones that play a major role in cell
differentiation and proliferation. They also influence
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different plant growth and developmental processes such as
delayed leaf senescence, leaf expansion, release of apical
dominance, control of shoot/root ratio, chloroplast forma-
tion and signaling of nutrient status (Mok 1994; Sakakibara
2006). From an agronomic perspective, CKs have been
associated with crop productivity in soybean, rice and
maize. In soybean, CKs have been shown to play an
important role during flower and pod development. Exog-
enous benzyladenine (BA) applications to the raceme
decrease abortion of flowers and/or pods (Dyer et al. 1988;
Peterson et al. 1990; Mosjidis et al. 1993; Reese et al.
1995). Likewise, evidence supports a function for CKs in
the regulation of flowering and seed set in soybean (Huff
and Dybing 1980; Ghiasi et al. 1987; Peterson et al. 1990;
Wiebold 1990; Mosjidis et al. 1993; Reese et al. 1995;
Nagel et al. 2001). In rice, reduced expression of a cyto-
kinin oxidase gene (OsCkx2) in some varieties was found to
be associated with a quantitative trait locus (QTL) for grain
production (Ashikari et al. 2005). Similarly, in maize,
exogenous applications of CKs have been found to increase
seed set and yield stability for heat-stressed kernels (Cheikh
and Jones 1994; Dietrich and Morris 1995). Finally, a role
of CKs in the regulation of source-sink relations has been
evidenced (Roitsch and Ehness 2000; Balibrea-Lara et al.
2004). The discovery and characterization of CK metabolic
enzymes such as the degradative enzyme cytokinin oxidase/
dehydrogenase (Ckx) in Arabidopsis and maize (Houba-
Herin et al. 1999; Morris et al. 1999; Werner et al. 2001;
Brugiere et al. 2003; Massonneau et al. 2004) and the
biosynthetic enzyme IPT in Arabidopsis and Petunia
(Kakimoto 2001; Takei et al. 2001; Zubko et al. 2002) have
lead the way to a better understanding of the role played by
CK in plant growth, development and productivity. In
Arabidopsis, CK synthesis is catalyzed by a family of
DMAPP:ADP/ATP isopentenyl transferases with different
or overlapping patterns of expression (Miyawaki et al.
2004). The expression of some AtIPT genes was shown to
be down-regulated by CKs whereas two were up-regulated
in the roots by auxin application and one was up-regulated
by nitrate application (Miyawaki et al. 2004; Takei et al.
2004). The existence of an At/PT gene family and its dif-
ferential regulation by different compounds raise the
potential of a distinct physiological role for each IPT gene
product (Takei et al. 2001; Sakakibara and Takei 2002).
More recently, it was found that some plant IPT genes play
a role in the formation and maintenance of meristems
through their activation by Knotted-like homeobox
(KNOX) proteins (Jasinski et al. 2005; Yanai et al. 2005;
Sakamoto et al. 2006). The study of ATP/ADP and tRNA
IPT mutants indicated that ATP/ADP IPTs are involved in
the synthesis of the bulk of isopentenyladenine and trans-
zeatin (¢-Z) type CK whereas tRNA IPTs are needed for cis-
zeatin (cis-Z) type CK production (Miyawaki et al. 2006).
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In maize kernels, CK levels peak at approximately
10 days after pollination (DAP) (Dietrich and Morris 1995;
Brugiere et al. 2003). DMAPP:AMP IPT activity was
detected in immature kernels extracts, but a CK biosyn-
thetic enzyme was never purified (Blackwell and Horgan
1994). In this report, we demonstrate the existence of a
gene family of isopentenyl transferases in maize. For one
of these, ZmIPT2, we studied its expression pattern in
detail and found that the gene is strongly and specifically
expressed in developing kernels where its expression
overlays changes in zeatin riboside (ZR) levels and coin-
cides with well documented peak of endosperm cell
division. We show that in 8 DAP kernels, the protein is
detectable in the endosperm where it is more abundant in
the BETL. We demonstrate the function of ZmIPT2 as a
CK biosynthetic enzyme both in vivo and in vitro. The role
of ZmIPT genes in CK biosynthesis and more specifically
ZmIPT2 in endosperm cell division, embryo development
and kernel sink strength will be discussed with an emphasis
on possible applications for yield improvement.

Material and methods
Plant materials

Maize (Zea mays) B73 plants were used in this study. Self-
pollinated kernels were harvested from 0 to 42 DAP. For
each time point, duplicate ears were taken from each of
four field replicates. Samples were collected between
10 am and 12 pm. Ovules of developing kernels were
separated from the glumes and from 6 to 42 DAP, the
lower part of the seed (pedicel enriched fraction) was
separated from the rest of the kernel (Brugiére et al. 2003).
Samples from other organs were harvested from field-
grown and stored at —80°C. Whole kernel samples were
harvested every 5 days from O to 25 DAP and dissected by
isolating whole kernels (0 DAP), pedicel, nucellus and
pericarp (5 DAP), pedicel/placental chalazal/basal endo-
sperm region (PPCBE), nucellus, endosperm/embryo sac
and pericarp (10 DAP), or PPCBE region, embryo, endo-
sperm and pericarp (15, 20 and 25 DAP). In each case
tissues corresponding to 3—4 different plants were pooled.
Arabidopsis thaliana ecotype Columbia-0 was used for
Arabidopsis transformation studies.

Sequences identification and phylogenetic tree

The AtIPT1, AtIPT3-AtIPTS protein sequences were used
to identify maize candidate IPT proteins using a bioinfor-
matics strategy. The AtIPT proteins were BLASTed
(Altschul et al. 1997) against the six possible frames gen-
erated by the maize and rice genomic sequences and the
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proprietary EST database of Pioneer Hi-Bred, a DuPont
business. The rice sequences having an E-score of at least
200 were then used for an additional BLAST survey of the
Genome Sequence Survey (GSS) maize database. The
maize genomic sequences obtained which had an E-score
of at least 150 were pooled with the sequences obtained in
the first round of BLAST search. At the time the search was
done, the maize GSS database had not been assembled and
GSS fragments were assembled using Sequencher (Gene
Codes Corporation, Ann Arbor, MI). Identified sequences
are summarized in Table S1.

The phylogenetic tree was calculated using the
Unweighted Pair Group Method with Arithmatic Mean
(UPGMA) method with Phylip (Phylogenetic Inference
Package) Version 3.57c (Felsenstein 1989) based on a
ClustalW alignment using the Blosum matrix. The result-
ing radial tree was displayed using TreeView (Page 1996).

PCR amplification of ZmIPT2

ZmIPT2 coding sequence was PCR amplified from B73
and Mol7 genomic DNA. Primers ZmIPT2-5' (5'-AT
CATCAAGACAATGGAGCACGGTG-3') and ZmIPT2-3’
(5'-CGTCCGCTAGCTACTTATGCATCAG-3') were desig-
ned based on the GSS contig sequence. ZmIPT2 was
re-amplified using Gateway compatible primers (5'-GG
GGACAAGTTTGTACAAAAAAGCAGGCTCAATGGAG
CACGGTGCCGTCGCCG-3') and (5-GGGGACCACTT
TGTACAAGAAAGCTGGGTCTTATGCATCAGCCACG
GCGGTG-3), cloned in pDONR221 and sequenced
(Invitrogen, Carlsbad, CA). In each case, a touchdown PCR
was performed (GeneAmp PCR System 9700, Perkin-
Elmer, Wellesley, MA), using the following cycling
parameters: 94°C for 2 min (one cycle), 94°C for 30 s,
65°C for 45 s and 72°C for 1 min 30 s (5 cycles, annealing
temperature reduced by 1°C per cycle), 94°C for 30 s, 60°C
for 45 s and 72°C for 1 min 30 s (30 cycles), 72°C for
7 min, and termination at 4°C.

Northern blot analysis of ZmIPT2 gene expression

Northern blots for the study of ZmIPT2 expression were
performed as previously described (Brugiére et al. 1999).
Hybridization was carried out at 65°C using ExpressHyb
hybridization buffer (BD Clontech, San Jose, CA) and an
2->?P dCTP labeled probe (Rediprime II, GE Healthcare,
Little Chalfont, UK) corresponding to the ZmIPT2 gene
coding sequence as described above and other probes such
as 18§ RNA and cyclophilin. Successive washes were
performed as follows: three times at 25°C for 10 min each
with 2x SSC; 0.1% (w/v) SDS (1x SSC is 150 mM NaCl
and 15 mM sodium citrate) and twice for 20 min at 65°C
with 0.1x SSC; 0.1% (w/v) SDS. Relative transcript

abundance to cyclophilin (Marivet et al. 1995) or /18S RNA
transcript levels was quantified using a phosphor-imager
(Typhoon, Molecular Dynamics, Sunnyvale, CA) with
imaging software (ImageQuant, Molecular Dynamics).

Calli and plant transformation

Media used for calli transformation were previously
described (Kakimoto 1998). Sterilized A. thaliana seeds
were germinated on GM medium and grown under con-
tinuous light at 23°C. For the above experiment,
hypocotyls from 15-day-old seedlings were cut with a
scalpel and placed on CIM (Callus Inducing Medium) for
10-12 days at 23°C under continuous light. Induced calli
were soaked in a suspension of Agrobacterium tumefaciens
(0.2 ODggp) in AIM (Agrobacterium Infection Medium)
medium for 5 min. The excess liquid was removed on filter
paper, and calli were placed on CIM medium and grown in
continuous light at 23°C for 2 days. Calli were then washed
thoroughly in washing medium (WASHM) and placed on
GM medium plus 100 mg/l cefotaxime, 50 mg/l carbe-
nicilin, 3 mg/l Bialaphos and 0.3 mg/l indolebutyric acid
(IBA), or GM medium plus 100 mg/l cefotaxime, 50 mg/l
carbenicilin, 3 mg/l Bialaphos, 0.3 mg/l IBA and 1 mg/l
trans-zeatin (¢-Z) and cultured for 3—4 weeks.

In vivo transformation was achieved using a simplified
Arabidopsis transformation protocol (Clough and Bent
1998) with an Agrobacterium tumefaciens strain
(LBA4404) containing the 35S-Adhl-ZmIPT2-Pinll con-
struct (PHP24559). Seeds were sown in flats containing soil
and incubated for 2 days at 4°C to optimize germination.
After 10 days, transformants were selected by spraying
the seedlings daily with a 1/1,000 dilution of Finale™
herbicide (Farnam Companies, Inc., Pheonix, AZ) for
5 days.

Protein purification, Western blot and activity assay

The ZmIPT?2 gene was amplified using gene specific primers
with appropriate Ndel and Norl restriction site extensions
(5'-GGCATATGGAGCACGGTGCCGTCGC-3’ and 5'-
CCGCGGCCGCTCATCATGCATCAGCCACGGCGGTGA-
3'). The resulting PCR product was digested using Ndel and
Notl and cloned in pET30b (Novagen) using the same
restriction enzymes. The sequence of the resulting plasmid,
called PHP26978, was verified and transformed in BL21-
Star E. coli competent cells (Invitrogen, Carlsbad, CA).
Induction of ZmIPT?2 protein synthesis was achieved at 16°C
overnight using 1 mM IPTG in 11 of culture (ODgyy =

~0.4). Bacterial cells were disrupted by sonication and
purification of the protein carried out in native condition
using a Talon® column (BD Biosciences, San Jose, CA)
according to the manufacturer’s guidelines.
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Polyclonal antibodies were raised in rabbits by Open
Biosystems (Huntsville, AL) against purified C-terminal
His-tagged recombinant ZmIPT2 protein. Fifteen micro-
grams of protein extracted from leaf, stalk, root and whole
kernels harvested at different DAP were run using SDS-
PAGE and blotted on a PVDF membrane. ZmIPT2 proteins
were detected using anti-ZmIPT2 polyclonal antibodies as
primary antibodies and anti-rabbit IgG antibodies raised in
goat conjugated to an alkaline phosphatase (AP) as sec-
ondary antibodies (Sigma, St-Louis, MO) (Laemmli 1970).
AP activity was detected using BCIP (5-Bromo-4-Chloro-
3’-Indolyphosphate p-toluidine salt) and NBT (Nitro-Blue
Tetrazolium Chloride) as substrate (Roche, Mannheim,
Germany).

Purified protein was used to determine DMAPP:AMP
and DMAPP:ATP isopentenyl transferase activities. Each
purified protein extract was incubated in a reaction mixture
containing 12.5 mM Tris—HCI] (pH 7.5), 37.5 mM KCI,
5 mM MgCl,, 1| mM DMAPP and 1 mM AMP, ADP or
ATP for 2 h at 30°C. The reaction was stopped by boiling
the samples for 5 min. Half of the reaction mixture was
treated with calf intestine alkaline phosphatase (CAIP) by
adding one volume of 2x CAIP reaction buffer (0.45 M
Tris—HCI pH 9, 10 mM MgCl,, 1,000 unit of CAIP/ml) and
incubating for 1 h at 37°C. The reaction products were
separated using reversed phase HPLC (Agilent 1100 sys-
tem with diode-array-detector) using a C18-ODS2 column
(Phenomenex) and a separation protocol using 0.1 M acetic
acid pH 3.3 (Buffer A) and acetonitrile (Buffer B) as fol-
low: 100% buffer A for 15 min, linear gradient of 1 ml/
min. from 100% buffer A and 0% buffer B to 20% buffer A
and 80% buffer B over 35 min. UV absorbance was
monitored at 280 nm. Product retention times were com-
pared to standards obtained from Sigma (St-Louis, MO) or
OlChemIm (Olomouc, Czech Republic).

Immunolocalization of ZmIPT2 in 8 DAP kernels

Eight DAP kernels were embedded in LR White resin
using the following procedure. Kernels were sliced longi-
tudinally in 3-4 mm sections. Sections were fixed in
0.05 M phosphate buffer pH 7.2 containing 4% parafor-
maldehyde, 0.2% glutaraldehyde. Vacuum was applied at
15PSI for 2 h and sections were incubated at 4°C over
night. After three washes of 3 h each in 0.05 M phosphate
buffer at 4°C, sections were dehydrated in 30, 50, 70 and
95% ethanol for 3 h each, followed by three incubations in
100% ethanol for 3 h each. Infiltration was performed at
room temperature using a 3:1 mixture of 100% ethanol and
LR White overnight, followed by 1 day in a 1:1 mixture
and overnight incubation in a 1:3 mixture of the same
ingredients. Finally, sections were transferred to four
changes of pure LR White resin of 8 h each at room
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temperature and cast in Beem capsules at 60°C. The serum
containing ZmIPT2 polyclonal antibodies was purified
against native purified ZmIPT2 protein immobilized on
nitrocellulose. Nitrocellulose was cut in small pieces and
washed 3 times in TBS buffer with 0.5% w/v milk powder
to remove unbound protein. A total of 300 pl of serum was
added to 1.7 ml of TBS/milk buffer containing the nitro-
cellulose pieces and the mixture incubated at room
temperature for 6 h. The nitrocellulose was then washed
three times with TBS and antibodies were released using
Immunopure Elution buffer (Pierce). After 1 min, the
solution was transferred to a microtube containing 1/5 vol
of 1 M Tris pH 8 to restore pH to ~7.5. One-micron
sections were placed on drops of water on coverslips and
dried on a slide warmer overnight. The localization was
performed with the primary antibody at 1:10 and 1:5
dilutions for 2 h at room temperature. The secondary
antibody was Alexa Fluor 488 conjugated goat anti-rabbit
IgG. Imaging was performed on a Zeiss LSM 510 confocal
microscope with a 488 nm laser line.

For quantification, kernels from mid-ear were harvested
at 10 DAP, cut in half and fixed (4% paraformaldehyde,
0.1% glutaraldehyde in PBS, pH 7.4) for 1.5 h at room
temperature under vacuum and then overnight at 4°C.
Samples were rinsed in PBS, dehydrated in an ethanol
series, infiltrated and cured in LR White resin. Sections
were immunogold labeled followed by silver enhancement
and imaged by electron microscopy.

Distribution of materials

Novel materials described in this publication may be
available for non-commercial research purposes upon
acceptance and signing of a material transfer agreement. In
some cases such materials may contain or be derived from
materials obtained from a third party. In such cases, dis-
tribution of material will be subject to the requisite
permission from any third-party owners, licensors or con-
trollers of all or parts of the material. Obtaining any
permission will be the sole responsibility of the requestor.
Transgenic Arabidopsis material will be made available at
the discretion of the owner based on seed availability in
accordance with all applicable governmental regulations.

Results

Identification of putative isopentenyltransferase genes
from maize

We used a computational method to identify putative CK
biosynthetic genes from Zea mays based on similarity with
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Arabidopsis IPT proteins (Kakimoto 2001; Takei et al.
2001). Nine maize contigs encoding putative CK biosyn-
thetic enzymes were identified (ZmIPT1-ZmIPT9) (see
Supplemental Fig. 1S). ZmIPT1 was previously identified
as an EST and the genomic sequence obtained from a
proprietary Bacterial Artificial Chromosome (BAC) clone.
The sequence was later found to have a coding region
containing nine introns that was identical to ZmIPT3. The
numbering of the genes was not changed for practical
reasons. The ZmIPT9 contig did not display an ORF and
therefore was dropped from further analysis. The remain-
ing six contigs (ZmIPT2, 4, 5, 6, 7 and 8) showed an open-
reading frame without introns. Whereas both Arabidopsis
tRNA IPT genes possess several introns in their genomic
coding region, only one cytokinin biosynthetic gene,
AtIPTS8, has an intron (Sun et al. 2003; Miyawaki et al.
2006). The gene structure of ZmIPT2, 4, 5, 6, 7 and 8 is
therefore similar to the gene structure of most Arabidopsis
CK biosynthetic genes. The size of the translated proteins
corresponding to these putative maize genes ranged from
322 to 383 amino acids, which is similar to the reported
size for other plant IPT proteins (Kakimoto 2001; Takei
et al. 2001; Zubko et al. 2002). Accession numbers for the
ZmIPT genes and corresponding MAGI and AZM contigs
are given in Supplemental Table 1S. An alignment of the
corresponding deduced protein sequences with AtIPT
proteins is presented in Fig. 1. All the deduced proteins but
ZmIPT8 contain a consensus pattern similar to the pattern
used by Kakimoto (2001) to identify Arabidopsis IPT
proteins (Fig. 1; asterisks). For ZmIPTS, aa number 14 of
the consensus sequence was an A (another hydrophobic aa)
instead of [VLI]. A putative ATP/GTP binding site (P-loop
motif) was identified in all deduced protein sequences
(Fig. 1; underlined aa). ZmIPT1 showed an additional ~75
to 80 aa sequence in the middle of the alignment compared
to other ZmIPT proteins. This feature had been reported for
AtIPT2, a tRNA IPT (Kakimoto 2001; Takei et al. 2001).
In addition, a typical consensus sequence found in tRNA
IPT proteins (CxxCx(12,18)HxxxxxH) was identified in
ZmlIPT1. Eight putative IPT genes were recently identified
in the rice genome (Sakamoto et al. 2006). The full-length
protein sequences from Arabidopsis and rice IPT were
aligned with ZmIPT proteins in order to generate a phy-
logenetic tree (Fig. 2) which would allow for the
identification of the best Arabidopsis and rice ortholog(s)
of each maize gene. Three major clades could be identified.
One of them consisted of the AtIPT2, AtIPT9 tRNA IPT
proteins and the putative tRNA IPT proteins ZmIPTI,
OsIPT9 and OsIPT10. ZmIPT1 was 69.1% identical to
OsIPT9 (Sakamoto et al. 2006) and the corresponding
genes share a similar genomic structure with nine introns

(Sakamoto et al. 2006) suggesting that it could play a role
in tRNA isoprenylation and the production of cis-zeatin
type CKs in maize (Miyawaki et al. 2006). OsIPT10 and
AtIPT9 clustered separately from the other 3 tRNA IPT
proteins indicating that the corresponding genes might
have evolved independently from a common ancestor
before speciation. Each of the remaining 2 clades consisted
of maize, rice and Arabidopsis proteins with maize and rice
proteins and Arabidopsis proteins clustering independently.
It is unclear if this could represent functional differences
between each group of proteins. The closest rice orthologs
to maize ZmIPT2 were OsIPT1 and OsIPT2.

ZmlIPT?2 is strongly expressed in developing
kernels

Transcript levels of ZmIPT genes were examined in our
Massively Parallel Signature Sequencing (MPSS) Lynx
libraries (Brenner and Corcoran 2000) representative of all
corn tissues and were found to average 20 ppm except for
ZmIPT2 in endosperm tissue (~ 600 ppm) indicating an
overall very low level of expression of ZmIPT genes. The
elevated expression of ZmIPT2 in endosperm tissue of
developing kernels suggested a possible involvement of the
gene in CK biosynthesis, and the expression of this gene
was therefore characterized in more detail.

The identification of proprietary B73 and Mol7 BAC
clones for ZmIPT?2 allowed us to position it on the physical
map of maize. The gene was located on chromosome 2, bin
4. PCR of maize-oat addition lines together with Southern
blot analysis confirmed the presence of only one gene on
chromosome 2 (Supplemental Figs. 1S, 2S). ZmIPT2 was
amplified from B73 genomic DNA and the amplified
product cloned, sequenced and used as a probe for
Northern blot analysis. Figure 3a shows the expression
pattern of ZmIPT2 in root, leaf, stalk and developing
kernels determined by Northern blot. Expression was
quantified by normalizing ZmIPT2 expression to cyclo-
philin levels (Marivet et al. 1995). ZmIPT2 showed low
expression levels in vegetative organs and 0 DAP kernels.
Expression was found to be higher from 5 to 25 DAP with
maximum expression attained at 10 DAP, which coincides
with the peak of CK reported in developing kernels
(Cheikh and Jones 1994; Dietrich and Morris 1995; Bru-
giere et al. 2003). Because detection of IPT activity in
developing kernels was found to be problematic (Black-
well and Horgan 1994), we decided to raise antibodies
against the ZmIPT?2 protein and examine protein levels in
different organs. ZmIPT?2 antibodies were raised in rabbits
against a C-terminal His-tagged recombinant protein (see
below). Results from the Western blot (Fig. 3b) show that
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by asterisks. Putative ATP/GTP-binding sites (P-loop) motif (prosite

Fig. 1 Alignment of maize putative IPT proteins (ZmIPT) with

Arabidopsis IPT proteins (AtIPT). The positions of amino acid

PS00017: consensus [AG]x(4)GK[ST]), are underlined. The tRNA
binding site (CxxCx(12,18)HxxxxxH) of ZmIPT1 is denoted by black
dots. Amino acids highlighted in yellow, blue and green respectively

following the consensus pattern GxTxxGK[ST]xxxxx[ALI]x(7,8)[-

the one

to

similar

described by Kakimoto (2001) for other IPT proteins (where x

VIN[VI]xxDxxQx(60,61)[ VI][VLI]xGG[ST]

represent residues completely conserved, partially conserved and

similar to consensus at a given position

denotes any amino acid residue, [ ] anyone of the amino acids shown
in [ ], and x(m,n) m to n amino acid residues in number) are indicated

leaf, stem and root. Altogether these data suggest that the
ZmIPT?2 protein level is likely controlled at the transcrip-

tional level.

ZmIPT?2 protein levels parallel steady-state transcript lev-

els and are strongest in developing kernels where it peaks
at 10 DAP. Very low but detectable levels were found in
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Fig. 2 Phylogenetic tree
calculated using ZmIPT, OsIPT
and AtIPT full-length proteins.
Results indicate that tRNA IPT
proteins of each species cluster
together and in a separate clade
than CK biosynthetic proteins.
The tree also indicates strong
similarities between ZmIPT1
and the tRNA IPT OsIPT9 and
similarities between ZmIPT2
and OsIPT1 and OsIPT2 both
expressed in rice flowers.

Bar = 0.1 amino acid
substitution per site

AtIPT1

AtIPT8

AtIPT4

ZmIPT2 expression is developmentally regulated
in kernel tissues and coincides with cytokinin
accumulation

To obtain a more precise view of the expression pattern of
ZmlIPT?2 in kernels, steady-state levels of ZmIPT?2 transcripts
were measured in 0- to 5-DAP whole kernels and starting at 6
DAP the lower part of the kernel, consisting of the PPCBE
region, was separated from the rest of the kernel. Analysis of
the separate samples allowed for a comparison of ZmIPT2
expression with ZmCkxI (Zea mays cytokinin oxidase 1)
expression, which was found to be induced by CK in a pre-
vious study (Brugiere et al. 2003). Figure 4 shows ZmIPT2
transcript levels normalized to cyclophylin transcript levels
compared to ZR levels. Low levels of ZmIPT?2 transcripts
were detected in whole kernels between 0 and 5 DAP
(Fig. 4a). In the upper part of the kernels, the expression
gradually increases from 6 to 8 DAP, peaks at 8 DAP, and
decreases gradually until 14 DAP before increasing again at
later stages (15-34 DAP) (Fig. 4a). In the lower part of the
kernel (Fig. 4b), transcript levels increase sharply from 6 to
10DAP, peak at 10 DAP, and slowly decrease until 15 DAP.
In the graph of Fig. 4b, the sample corresponding to the
upper part of the seed at 9 DAP (S-9) was used as an internal
control to allow the comparison with expression in the
lower part of the seed at the same date. The relative
expression of ZmIPT2 at 9 DAP is four times greater in the
latter than in the rest of the seed. This difference is con-
sistent with the fact that CK levels are nearly twice as
abundant in the lower part of the kernel as in the rest of the
seed (Brugiere et al. 2003). When compared to ZR con-
centrations (red lines of Fig. 4) measured in the same
samples used for Northern analysis, ZmIPT2 expression
nicely parallels ZR accumulation in the lower part of the

ZmIPT8 OsIPT7

Os|
ZmIPT5 ZmIPT6

AtIPT2
OsIPT9

ZmIPT1 0sIPT10

kernel (Fig. 4b), whereas in the rest of the kernel (Fig. 4a),
it slightly precedes the peak in ZR concentration and
decreases several days before ZR levels decrease. Alto-
gether these results indicate that ZmIPT2 is expressed
transiently during kernel development both in the lower
part and the rest of the seed, and this expression pattern,
which parallels ZR levels in the kernel, is consistent with
the hypothesis that it is a CK biosynthetic gene.

We decided to further characterize ZmIPT2 by looking
at its expression pattern in dissected kernel samples from 0
to 25 DAP. B73 samples were collected and dissected into
pedicel/placental chalazal/transfer cell region, nucellus,
starchy endosperm/embryo sac, starchy endosperm,
embryo and pericarp depending on the stage considered.
The results shown in Fig. 5 confirm that ZmIPT?2 transcript
levels in the pedicel/placental chalazal/transfer cell region
are more abundant than in the rest of the kernel. This is
especially true at 15, 20 and 25 DAP where low expression
is also detected in embryo samples. Strong ZmiIPT2
expression was observed in the starchy endosperm/embryo
sample at 10 DAP which coincides with the time of max-
imum cell division in the endosperm (Kowles and Phillips
1985). At 10 DAP, embryo cells are difficult to separate
from the starchy endosperm and represent a very small
percentage of the cells in this tissue (Kiesselbach 1949).
Expression of ZmIPT2 in embryo at 10 DAP cannot be
ruled out; however, immuno-localization results described
later in this study, demonstrate the presence of the protein
in the endosperm confirming that ZmIPT2 is expressed in
endosperm tissue at this stage of development. Expression
was absent from the nucellus and was low in the devel-
oping embryo at 15, 20 and 25 DAP compared to the
pedicel/placental chalazal/transfer cell region and the
starchy endosperm/embryo sample at 10 DAP. In
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Fig. 3 Expression of ZmIPT2 detected by Northern and Western blot
analyses. (a) Northern blot and relative expression of ZmIPT2 in
different vegetative organs and in whole kernels at different DAP.
Transcript levels were measured in leaves (L), stalks (S), roots (R),
and in whole kernels at 0, 5, 10, 15, 20 and 25 DAP, and quantified
relative to abundance of cyclophilin transcripts. Thirty micrograms of
total RNA were loaded in each lane (b) Western blot with protein
extracts from vegetative organs and developing kernels. ZmIPT2
(arrow) was detected using anti-ZmIPT2 antibodies. Thirty micro-
grams of protein were loaded in each lane

the pericarp, expression was detectable at 5 and 10 DAP
but undetectable at later stages. These results indicate that
the pedicel/placental chalazal/transfer cell region is most
likely a strong site of CK biosynthesis. The presence of
ZmlIPT?2 transcripts in the endosperm/embryo sample at 10
DAP and in developing embryo at 15, 20 and 25 DAP was
observed at times when cell division is the most active in
these tissues. This again supports a role for ZmIPT2 as a
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Fig. 4 Expression of ZmIPT2 and ZR levels in developing kernels.
(a) Transcript levels were measured in 0—5 DAP whole kernels and in
6-34 DAP kernels without the pedicel/placental chalazal/basal endo-
sperm (PPCBE) region. (b) Transcript levels measured in the PPCBE
region between 6 and 42 DAP. The sample corresponding to the
upper part of the seed at 9 DAP (S-9) was used to allow the
comparison with expression in the lower part of the seed at the same
date. Thirty micrograms of total RNA were loaded for each sample.
Graphs display ZmIPT2 transcript levels relative to cyclophilin
transcript levels. ZR levels (the most abundant CK in corn kernels)
were previously measured in the same samples (Brugiere et al. 2003)
and are displayed as a red line

CK biosynthetic protein, which would catalyze CK syn-
thesis in fast dividing/developing tissues, but is also present
in the pedicel/placental chalazal/transfer cell region where
it could have a different physiological role.
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Fig. 5 Expression of ZmIPT2 in different tissues during kernel
development. Transcript levels were measured in 0-25 DAP dissected
kernels. “Pedicel region” refers to the pedicel/placental chalazal/
transfer cells and “endosperm” refers to the starchy endosperm.
Thirty micrograms of total RNA were loaded for each sample. The
nylon membrane was stripped and re-hybridized with /8S RNA probe
as a loading control

The ZmIPT2 protein is localized in the endosperm
and is more abundant in endosperm transfer cells
at 8—10 DAP

In order to identify the site of ZmIPT2 expression at the
cellular level, we used sections of 8 DAP kernels to detect
ZmIPT2 using immunolocalization with purified poly-
clonal antibodies raised against the protein. At this stage,
the endosperm is quickly expanding (Olsen and Nichols
1999) and elevated CK levels have been detected (Cheikh
and Jones 1994; Dietrich and Morris 1995; Brugiére et al.
2003). Figure 6 shows that the protein can be found in the
cytosol of endosperm cells with a stronger signal detected
in the basal endosperm transfer cells (Fig. 6a, b). This
signal could not be detected in the pedicel per se which is
easily identifiable by the red autofluorescence of its cell
walls. The control with preimmune serum showed weak
cross reactivity localized on endosperm cell membranes
but not in the endosperm cell cytosol (Fig. 6¢) whereas
control without primary antibody showed no signal
(Fig. 6d). After immunogold labeling followed by silver
enhancement, gold particles were found to be 5 times more
abundant in transfer cells relative to starchy endosperm
cells and 10 times greater in transfer cells relative to
pedicel cells. The data indicate that the expression of
ZmIPT2 observed in the pedicel/placental chalazal/transfer
cell region at 10 DAP by Northern analysis is due to strong
expression of the gene in the endosperm transfer cell layer.

ZmIPT?2 over-expression in Arabidopsis calli and plants

To determine if the ZmIPT2 gene product functions as a
CK biosynthetic enzyme, we used a callus transformation
protocol which had been previously used to demonstrate
the function of Arabidopsis IPT proteins (Kakimoto 1998,
2001). A construct was made consisting of the 35S pro-
moter fused to the first intron of the maize alcohol

(E) — 30 -

10 1

Number of particles per ce

Transfer Endosperm Pedicel
cells

Fig. 6 Immunolocalization of ZmIPT2 protein in an 8 DAP kernel.
(a, b) One micron sections of 8 DAP kernels embedded in LR white
resin were used to detect ZmIPT2 (green fluorescence) with purified
polyclonal antibodies raised against the protein as primary antibody.
Cell walls (red autofluorescence) are clearly visible. (¢) Result of
immunolocalization with unpurified preimmune serum as primary
antibody. (d) Result of immunolocalization with omitted primary
antibody. (e) Gold particle counts in each cell type £ standard
deviation (n = 74 for transfer cells, n = 22 for endosperm cells and
n =26 for pedicel cells). en = endosperm, tc = transfer cell,
p = pedicel. Bar is 1 mm in (a) and (c¢) and 0.5 mm in (b) and (d)

dehydrogenase (ADH1) gene, fused to the ZmIPT2 coding
sequence and a terminator. The resulting construct (35S-
ADH-ZmIPT2) was transformed into 10 day-old Arabid-
opsis calli which were transferred onto germination
medium (GM) containing either auxin (IBA) or both auxin
and CK (t-Z), as well as Bialaphos as the selection agent
for transformed calli. A control construct, consisting of the
35S promoter fused to E. coli f-glucuronidase gene (GUS)
followed by a terminator, was used to validate the trans-
formation process (data not shown). Similarly a positive
control construct was prepared consisting of the 35S
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promoter fused to the A. tumefaciens IPT gene followed by
a terminator (35S-IPT). A clear phenotype could be
observed 3 weeks after transformation and images of three
representative regenerating calli per treatment were taken
4 weeks after transformation (Fig. 7). 35S-GUS, 35S-
ADHI-ZmIPT2 and 35S-IPT calli grew identically on GM
medium containing both auxin and CK (Fig. 7a). As
expected, control calli transformed with the 355-GUS
construct were able to regenerate roots on GM medium
containing only auxin (Fig. 7b). In contrast, calli trans-
formed with the 35S-ADHI-ZmIPT2 construct, like calli
transformed with the 35S-IPT construct, did not form any
roots on this medium but were able to regenerate shoots
(Fig. 7b). This implies that these calli are overproducing
CKs due to the expression of the ZmIPT2 gene, which in
turn decreases the auxin/CK ratio, thus preventing root
formation (Kakimoto 2000). Identical results were obtained
with two other putative CK biosynthetic genes, ZmIPT7
and ZmIPTS8 (data not shown). To further prove that
ZmIPT2 encodes a CK biosynthetic enzyme, we trans-
formed the 35S-ADHI-ZmIPT?2 construct into Arabidopsis.
Fifteen days after selection of herbicide resistant transfor-
mants, several 35S-ADHI-ZmIPT2 plants had dark-green
leaves and were strongly delayed in growth (Fig. 8a)
compared to 35S-GUS transgenic controls (Fig. 8b). After
4 weeks, these plants were still delayed in growth and had
shorter rosettes and serrated leaves (Fig. 8c, d) compared
to controls (Fig. 8g). Some transformants showed an
apparent normal growth pattern but displayed decreased
apical dominance (Fig. 8f) compared to control (Fig. 8g).
The most extreme phenotype was a transgenic event with a
rosette of approximately 5 mm in diameter with very small

curly leaves (Fig. 8e) covered by a large density of tric-
homes (Fig. 8h). Overall, over-expression of ZmIPT2 in
Arabidopsis resulted in transgenic plants with phenotypes
indicative of CK over-production.

Determination of ZmIPT?2 isopentenyl transferase
activity in vitro

To further confirm the CK biosynthetic function of the
ZmIPT2 gene product, we created a construct to express
and purify ZmIPT2 as a C-terminal His-tagged recombi-
nant protein. The protein was expressed in E. coli and
purified using a Talon® column (Fig. 9a). The protein was
found to be 95-100% pure based on quantification analysis
of the Coomassie stained gel. A Western blot using anti-
bodies raised against the 6x His tag was used to verify that
the protein was appropriately tagged (data not shown).
DMAPP:AMP and DMAPP:ATP transferase activity were
assayed using purified ZmIPT2 protein. Figure 9b (top
chromatogram) shows the profile obtained from the reac-
tion mixture of ZmIPT2 purified enzyme incubated with
DMAPP and 5'-AMP. The reaction product had the same
retention time as isopentenyl adenosine mono-phosphate
(iPMP)(Fig. 9b, middle chromatogram). Moreover, after
alkaline phosphatase treatment, Ado (coming from the
dephosphorylation of 5-AMP) and isopentenyl adenosine
(iPAR) were obtained confirming the identity of the reac-
tion product as iPMP (Fig. 9b, lower chromatogram). The
results show that the ZmIPT2 gene product is able to
convert 5'-AMP to iPMP but with low efficiency as evi-
denced by the remaining 5’-AMP. The same reaction was
carried out using 5'-ATP (Fig. 9c). After the reaction only

(A) GM + 300 ng/ml IBA and 1000 ng/ml £Z (B) GM + 300 ng/ml IBA
35S-ADH1- 35S-ADH1-
35S-GUS P2 35S-IPT 35S-GUS 35S-IPT

Fig. 7 Phenotypes of calli transformed with 35S-Adh1-ZmIPT2, 35S-
GUS and 35S-IPT after transfer to medium containing (a) 300 ng/ml
of IBA and 1,000 ng/ml of #-Z or (b) 300 ng/ml of IBA. Hypocotyls
were grown on callus inducing medium and transformed with each
construct. After transformation, calli were grown for 4 weeks on GM
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medium containing Bialaphos as the selection agent. Calli trans-
formed with 35S-Adhl-ZmIPT?2 construct, like calli transformed with
the 35S-1IPT construct did not regenerate roots on GM medium with
auxin compared to transgenic controls 355-GUS
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Fig. 8 Phenotypes of
Arabidopsis plants transformed
with 35S-Adhl-ZmIPT2. After
selection of herbicide resistant
transformants, several 35S-
ADH1-ZmIPT2 plants had dark-
green leaves and were strongly
delayed in growth (a, red arrow)
compared to 35S-GUS
transgenic controls (b)

(Bar = 5 mm). After 4 weeks,
these plants were still delayed in
growth and had shorter rosettes
and serrated leaves (c, d)
compared to control (g)

(Bar = 2 cm). Transformants
showing normal growth
displayed decreased apical
dominance (f) compared to
control (g) (Bar = 2 cm). The
most extreme phenotype was a
transgenic event with a rosette
of approximately 5 mm in
diameter with very small curly
leaves (e) (Bar = 2.5 mm)
covered by a large density of
trichomes (h) (Bar = 0.5 mm)

one product was found by chromatography suggesting that
all the 5’-ATP had been converted by the enzyme to iso-
pentenyl adenosine tri-phosphate (iPTP) (Fig. 9c, upper
chromatogram). The dephosphorylation product was found
to have the same retention time as the iPAR standard
(Fig. 9c, middle and lower chromatogram) consistent with
the product of the reaction being iPTP. Similar results were
obtained with 5-ADP as a substrate and 1-Hydroxy-2-
methyl-2-buten-4-yl 4-diphosphate (HDMAPP) was not a
substrate for the enzyme (data not shown). Altogether these
results prove that ZmIPT2 is a maize CK biosynthetic
enzyme that functions as a DMAPP-isopentenyl transferase
preferentially using 5'-ATP/ADP as substrates over
5'-AMP.

Discussion

IPT proteins are encoded by a multigenic family in
Arabidopsis (Kakimoto 2001; Takei et al. 2001) and rice
(Sakamoto et al. 2006). In addition, IPT genes have been
identified in petunia (Zubko et al. 2002), hop (Sakano et al.
2004), soybean (Ye et al. 2006) and pea (Tanaka et al.

2006). Using a computational approach we identified a
multigene IPT family from maize with corresponding
deduced amino acid sequences containing a consensus
sequence (Fig. 1) found in most tRNA IPT and IPT pro-
teins (Takei et al. 2001).

Phylogenetic analysis identified OsIPTI and OsIPT2 as
the closest rice orthologs to ZmIPT2. These two genes have
a specificity of expression towards rice flowers (Sakamoto
et al. 2006) but their expression during rice grain devel-
opment has not yet been documented. Three other ZmIPT
genes, ZmIPT5, 7 and 8 were found to have low expression
in developing kernels (unpublished data) suggesting that
more than one gene may be responsible for CK synthesis in
this organ. The expression pattern of ZmIPT2 in kernels is
similar to the documented expression of A#/PT4 and
AtIPTS in the chalazal endosperm (CZE) of developing
Arabidopsis seeds soon after fertilization (Miyawaki et al.
2004). However, whereas AtIPT4 and AtIPT8 were found
to be addressed to plastids (Kasahara et al. 2004), immu-
nolocalization of ZmIPT2 in 8§ DAP kernels and results of
an analysis using a subcellular localization prediction
program (WoLF PSORT) indicate that the protein is most
likely cytosolic.
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Fig. 9 Purification of ZmIPT2 recombinant protein and determina-
tion of isopentenyl transferase activity. (a) Purification of His-tagged
ZmIPT2 recombinant protein. Cells were lysed and separated into
pellet (1) and supernatant (2) fraction by centrifugation. The
supernatant was loaded on a Talon column and flow through collected
(3). Recombinant protein was eluted using 10 mM imidazole (4),
20 mM imidazole (5), 50 mM imidazole (6) and 100 mM imidazole

ZmIPT2 is transiently expressed during kernel devel-
opment and reaches maximum expression at 10 DAP
(Fig. 4). This expression pattern coincides with the peak in
rate of cell division (Lur and Setter 1993) and the peak of

@ Springer

(7). Fractions 4-7 contained 82-100% pure recombinant ZmIPT2
protein based on Coomassie staining. (b) Determination of DMAP-
P:AMP isopentenyl transferase activity of recombinant ZmIPT2
protein. (c¢) Determination of DMAPP:ATP isopentenyl transferase
activity of recombinant ZmIPT2 protein. iPMP = isopentenyl aden-
osine mono-phosphate, iPAR = isopentenyl adenosine,
Ado = adenosine, iPTP = isopentenyl adenosine tri-phosphate

CK accumulation in the endosperm during kernel devel-
opment (Fig. 4a; Jones et al. 1992; Lur and Setter 1993;
Dietrich and Morris 1995). We believe that ZmIPT2 plays
an important role in controlling endogenous CK levels
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necessary for active endosperm cell division. We hypoth-
esize that the intensity and expression pattern of ZmIPT2,
in conjunction with other hormones such as auxin and
abscisic acid (ABA), could dictate the number of endo-
sperm cells and amyloplasts established in the early phase
of kernel development. These two parameters have previ-
ously been associated with kernel growth and size at
maturity (Brenner and Cheikh 1995) and the manipulation
of ZmIPT?2 expression could increase our understanding of
the role of CKs in the control of yield in cereal crops.

In the pedicel/placental chalazal/basal endosperm
region, CK levels are 2-3 times higher than in the rest of the
seed (Brugiere et al. 2003). The expression of ZmIPT2 in
this tissue not only parallels CK accumulation but com-
parative values of ZmIPT2 transcript levels between this
region and the rest of the seed (Fig. 4b) are in agreement
with CK level differences between the two tissues. Results
of the immunolocalization of ZmIPT2 at 8 DAP indicate
that the protein is below the limit of detection in the pedicel
but is present at a high concentration in the endosperm
transfer cell layer and at lower concentration in the starchy
endosperm (Fig. 6). We demonstrated that ZmIPT2 is
active as a DMAPP:ATP/ADP isopentenyl transferase
which indicates a major role for ZmIPT?2 in CK biosynthesis
in developing kernels. ZmIPT2 most likely plays a role in
endosperm cell division during the peak of mitotic activity
in this tissue. But the presence of the protein in the endo-
sperm transfer cell layer both during this period and at later
stages of kernel development strongly suggests that it could
also play a additional role in kernel sink-strength.

The expression of both maize cytokinin oxidase/dehy-
drogenase (ZmCkx) (Brugiere et al. 2003; Massonneau
et al. 2004; Galuszka et al. 2005) and ZmIPT2 in devel-
oping kernels suggest that regulation of CK levels is
achieved by a balance between CK biosynthesis and deg-
radation. Although other ZmCkx genes have been found to
be expressed in developing kernels (Massonneau et al.
2004; Brugiere et al. unpublished data), purification of a
protein fraction with cytokinin oxidase/dehydroganase
activity and micro-sequencing of the protein only identified
one gene (ZmCkxl) (Houba-Herin et al. 1999; Morris et al.
1999) suggesting that ZmCkx1 is the most abundant
cytokinin oxidase/dehydrogenase in developing seeds. Our
previous analysis of ZmCkxI expression showed that, at
8 DAP, the gene is expressed in the pedicel as well as the
lower portion of the endosperm, and that its expression can
be induced by CKs in 4 DAP kernels (Brugicre et al.
2003). Our current data indicate that ZmCkx1 and ZmIPT2
are most likely the main players in the control of CK
homeostasis in developing kernels. Regulation of the
expression of the corresponding genes by environmental
conditions could represent a means for the plant to regulate
kernel growth under unfavorable growing conditions. For

example, under either drought or heat stress when there is a
reduction in photo-assimilates availability, ZmCkxI
induction in the kernel (Brugiere et al. 2003) would result
in reduced CK levels limiting sink strength and kernel
development. It is possible that different pairs of ZmCkx
and ZmIPT genes act in concert to control CK homeostasis
in different tissues.

Because CKs have been associated with active cell
division, growth and metabolism, a link between levels of
this plant hormone and sink-strength and source-sink
transition through regulation of photo-assimilate partition-
ing has been postulated (Kuiper 1993; Brenner and Cheikh
1995; Roitsch and Ehness 2000). Cytokinins are often
found in high concentration in the endosperm of develop-
ing seeds where active cell division takes place, which
needs to be fueled by an active supply of carbohydrates
(Brenner and Cheikh 1995). In maize, we have found that
stronger levels of CK can be found in both the pedicel/
placental chalazal/transfer cell layer than in the rest of the
seed (Fig. 4; Brugiere et al. 2003), and that CKs are more
abundant in the former tissue than in the latter. In maize,
the pedicel and BETL are strongly associated with photo-
assimilate unloading and sink-strength (Hanft and Jones
1986; Miller and Chourey 1992). Source—sink transitions
are known to be promoted by CK, and recently extra-cel-
lular invertase has been found to be an essential component
of CK-mediated delay of senescence (Balibrea-Lara et al.
2004). In maize, the mnl mutant affects insoluble invertase
INCW2 which was found to suppress the cleavage of
sucrose into fructose and glucose in both the pedicel and
the BETL, resulting in aberrant pedicel and endosperm
development (Miller and Chourey 1992). Cytokinins have
been shown to stimulate unloading of photo-assimilates
from excised bean seed coats (Clifford et al. 1986).
Moreover, in Chenopodium rubrum and tomato, extracel-
lular invertase transcript levels are highly up-regulated by
physiological concentrations of CKs (Roitsch and Ehness
2000), and the similarity in expression timing and locali-
zation of Incw2 (Miller and Chourey 1992) and ZmIPT2 in
the BETL in maize kernels is striking. Altogether these
data suggest that CK synthesis by ZmIPT2 in the endo-
sperm transfer cell layer, the starchy endosperm and in the
developing embryo could not only play a role in cell-
division but could also function in maintaining sink-
strength during kernel development. We are currently
studying a Mutator-tagged mutant of ZmIPT2 which should
help shed light on the importance of CK biosynthesis in
each function as well as its possible role on overall
assimilate partitioning and grain filling capacity.
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