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Abstract We used the polyamine biosynthetic pathway
and rice as a relevant model to understand the genetic
basis of variation in endogenous levels of metabolites
and key enzymes involved in the pathway. Wild-type tis-
sues and also tissues containing a commonly used select-
able marker gene were employed. We detected a wide
variation in levels of arginine decarboxylase activity and
in the three polyamines, putrescine, spermidine and sper-
mine, in different tissues and varieties, but this was not
dependent on the presence of the selectable marker. A
more-extensive profile of enzyme activities (ADC, ODC,
SAMDC, DAO and PAO) and polyamine levelsin differ-
ent tissues was generated in two different varieties. Our
results indicate that genetic background is important in
terms of the basal levels of metabolites and enzyme ac-
tivity, particularly in situations in which we aim to engi-
neer metabolic pathways that are also encoded by ho-
mologous endogenous genes. We did not find any evi-
dence that the presence of a selectable marker in any
way influences enzyme activity or metabolite levels.

Keywords Putrescine - Spermidine - Spermine -
Hygromycin resistance - Oryza sativa

Introduction

Engineering value-added traits and ascertaining the ef-
fects of genetic manipulation in transgenic plants fre-
guently require the accurate determination of the basal
levels of enzyme activities and corresponding metabo-
lites. Such measurements need to be carried out in di-
verse germplasm to ensure the general applicability of

Communicated by G. Wenzel

O. Lepri - L. Bassie - P. Thu-Hang - P. Christou - T. Capell ([])
Molecular Biotechnology Unit, B35, John Innes Centre,
Norwich Research Park, Colney Lane, Norwich, NR4 7UH,
United Kingdom

e-mail: Teresa.Capell @ime.fraunhofer.de

Tel.: +49-2972-302304, Fax: +49-2972-302328

results obtained by manipulating specific cultivars
(Christou 1994). Furthermore, it is important to evaluate
the effects of selectable markers accompanying intro-
duced transgenes of interest into plants, in order to estab-
lish unequivocally that observed changes in biochemical
and physiological parameters are solely a result of ex-
pressing particular genes of interest (Christou 1994). A
sound statistical treatment needs to accompany such an
analysis. These measurements are extremely important
in the manipulation of metabolic pathways.

The antibiotic hygromycin B in conjunction with the
hygromycin phosphotransferase (hpt) gene is the most-
widely used selectable marker system in rice transforma-
tion (Tyagi and Mohanty 2000). Many different genes en-
coding mono- or multi-genic traits have been introduced
into plants such as rice in conjunction with the hpt gene.
These include traits for pest and disease resistance
(Magbool et a. 1998; Vain et a. 1998; Zhang et a. 1998;
Magbool and Christou 1999), resistances to abiotic stresses
(Xu et a. 1996; Cheng and Wu 1997; Tanaka et al. 1999),
value-added traits such as pharmaceutical antibodies
(Torres et a. 1999, Stéger et a. 2000), micronutrient en-
hancement (Gotto et al. 1999; Drakakaki et al. 2000; Lucca
et a. 2001) and metabolic pathways (Ye et al. 2000).

A magjor focus in our laboratory is the study of meta-
bolic pathways using transgenic tools. We have em-
ployed the polyamine pathway as a model to understand
how metabolic networks are controlled and regulated
since the pathway is ubiquitous in plants (Mamberg et
al. 1998). The simplest polyamine, putrescine, is derived
from ornithine by ornithine decarboxylase (ODC, EC
4.1.1.19). Putrescine may then be converted into the lon-
ger aiphatic polyamines spermidine and spermine by
spermidine and spermine synthases, respectively (EC
25.1.16 and EC 2.5.1.22), which add propylamino
groups generated from S-adenosylmethionine (SAM) by
SAMdecarboxylase (SAMDC; EC 4.1.1.50; Malmberg et
al. 1998). In plants, putrescine may be synthesised from
either ornithine or arginine, the former through the ODC
pathway as found in animals, and the latter through the
alternative arginine decarboxylase (ADC, 4.1.1.17) path-



way, involving two intermediates, agmatine and N-car-
bamoylputrescine (Mamberg et al. 1998). Polyamines
are oxidatively deaminated by the action of amine oxi-
dases. Amine oxidases include the copper diamine oxi-
dase (DAO, EC 1.4.3.6); these enzymes are character-
ized by their substrate specificity towards diamines. The
flavoprotein polyamine oxidases (PAO, EC 1.5.3.3), oxi-
dise spermidine and spermine at their secondary amino
groups (Tiburcio et al. 1997).

The cellular content of soluble polyaminesin plantsis
regulated by their biosynthesis, conjugation with phenol-
ics acids, binding to cellular macromolecules, conversion
into secondary metabolites (at least in some plants), and
their degradation by di- and poly-amine oxidases (Smith
1985). Endogenous enzymes and polyamine levels vary
extensively in different plant species (Matilla 1996), and
also within a species for different varieties or cultivars
(Bonneau et al. 1994). Consequently, it is essential to es-
tablish an accurate basal level of enzyme activity and
metabolites, particularly if one isto use exogenous trans-
genes to modulate gene expression. The consequence of
the presence of selectable marker genes, required for
plant transformation, needs also to be evaluated to con-
firm that such moieties do not have any direct or indirect
effect on enzyme activities and levels of polyamines.

The objective of the present study was to investigate
variation of enzyme activities and metabolites in the
polyamine pathway in different rice varieties, and also to
ascertain whether plants engineered with the hpt select-
able marker alone exhibited any different characteristics
from wild-type plants in terms of enzyme activity and
polyamine levels. Furthermore, we wished to establish
basal levels of polyaminesin awide range of tissuesin a
particular rice cultivar in order to investigate spatial dif-
ferences in end-product accumulation. This information
is invaluable if we are to make general statements in
terms of the effects of introduced transgenes in plants ac-
companied by selectable markers, such as the hpt gene,
in arange of diverse cultivars.

Materials and methods
Transformation vector

The 1.341-kb hpt cDNA Hindlll/Smal fragment (Van den Elzen et
al. 1985) was inserted between the 35SCaMV promoter (Gardner et
al. 1981) and the nos transcription terminator site (Depicker et .
1982) in a pUC19 backbone (Yanisch-Perron et a. 1985). The plas-
mid was linearized by digestion with Kpnl, and was named p35Shpt.

Transformation, callus induction and recovery of wild-type
and transgenic plants

Rice varieties used in this particular study were: M12, ITA 212,
ISDA 6, IR64, Bengal and EY1 105. Immature rice embryos (cvs
M12, ITA 212, ISDA6 and IR64) and mature seed-derived callus
(cvs Bengal and EY1 105) were bombarded as described previous-
ly with p35Shpt or with naked gold (Capell et a. 1998; Sudhakar
et a. 1998; Valdez et al. 1998). Callus induction and plant regen-
eration was performed as described elsewhere (Capell et al. 1998;
Sudhakar et al. 1998; Valdez et al. 1998).
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Molecular characterisation of transgenic rice callus, and plants
containing the hpt selectable marker

DNA was isolated from callus and plant tissues according to the
procedure of Creissen and Mullineaux (1995). Genomic PCR am-
plification from callus to detect hpt cDNA was carried out in atotal
volume of 50 ul, comprising 100 ng of genomic DNA, 1 x Roche
PCR buffer (50 mM KCI, 10 mM Tris-HCI pH 9.0, 1.5 mM MgCl,,
0.1% Triton X-100), 400 uM of each deoxynucleoside triphos-
phate, 100 nM of each primer (forward primer, 5-ACT-
CACCGCGACGTCTGTCG-3, Oligo 1; reverse primer, 5'-GA-
TTCTCCAATCTGCGGGATC-3', Oligo 2) and 0.5 units of Taq
DNA polymerase (Roche UK). After an initial denaturation step
for 2 min at 96 °C, 35 amplification cycles were carried out, each
comprising denaturation at 96 °C for 40 s, annealing at 60 °C for
30 s and extension at 72 °C for 2 min. The forward sequence prim-
er started from position 221 in the hpt cDNA open reading frame.
The 1.1-kb final product was visualized on a 1% TAE agarose gel.

DNA from leaf tissue was digested with Kpnl, fractionated by
1% TAE agarose-gel electrophoresis (Sambrook et al. 1989) and
transferred to a positively charged nitrocellulose membrane
(Roche, UK). Nucleic acids were fixed by baking at 80 °C for 2 h.
Filters were washed in 2 x SSC for 30 min and subsequently pre-
hybridized at 42 °C for 1 h using the DIG-easy hybridization solu-
tion (Roche, UK). The 1.3-kb Hindlll/Smal hpt fragment from
p35Shpt was labeled using the PCR DIG probe synthesis kit
(Roche, UK). Alkali-labile DIG-11-dUTP was incorporated into
the probe in a final volume of 50 pl comprising 4 UM of dATP,
4 uM of dCTPR, 4 pM of dGTP, 3.2 uM of dTTPR, 0.8 uM of DIG-
11-dUTPR, 1 x Roche PCR buffer (50 mM KCI, 10 mM Tris-HCl
pH 9.0, 0.1% Triton X-100); 2.5 units of Tag DNA polymerase
(Roche, UK), 0.1 mM each of the forward and reverse sequence
primers (as PCR above) and 100 ng of the 1.3-kb Hindll1/Smal hpt
fragment. After an initial denaturation step for 2 min at 96 °C, 35
amplification cycles were carried out, each comprising denatur-
ation at 96 °C for 10 s, annealing at 60 °C for 10 s, and extension
at 72 °C for 1 min. The 1.1-kb labeled probe was purified using
the QIAquick Gel Extraction Kit (Qiagen, UK) and denatured at
68 °C for 10 min prior to use. Hybridization was performed at
42 °C overnight. The membranes were washed twice for 5 min in
2 x SSC, 0.1% SDS at room temperature, and then twice (15 min)
in 0.5 x SSC, 0.1% SDS at 68 °C. Chemiluminescent detection
was carried out according to the manufacturer's instructions using
the DIG Luminescent Detection Kit. After washing, the mem-
branes were incubated with CSPD Chemiluminescent Substrate
(Roche, UK) and subsequently exposed to X-ray film (Fuji Photo-
film Co., Ltd, Kanawa, Japan) for 20 min at 37 °C.

Total RNA was extracted from the callus using the RNeasy Plant
Mini Kit (Qiagen). Denatured RNA (30 pg) was subjected to electro-
phoresis on a 1.2% agarose-formaldehyde gel using 1 x MOPS buff-
er (Sambrook et al. 1989). The primer sequences for the rice samdc
cDNA probe were as follows: forward primer 5-GGAGATCC-
AGCAAAGCCTGGCC-3 (rsamdc 1) and reverse primer, 5'-CCC-
AGGGGAGAAGATTGCCCAG-3 (rsamdc 2). Rice samdc cDNA
was amplified for 35 cycles: denaturation (94 °C, 40 s), anneding
(65 °C, 30 s) and extension (72 °C, 2 min). The 0.7-kb rice samdc
probe was purified as described earlier. Transfer and hybridization
were carried out as described above for DNA procedures. Mem-
branes were exposed to X-ray film for 30 min at 37 °C.

Arginine decarboxylase, ODC and SAMDC activity
measurements

Callus (samples collected as described in Bassie et a. 2000),
leaves (from 3 month-old plants) and roots (also from 3-month-old
plants) were used for ADC, ODC and SAMDC activity measure-
ments. Tissue was extracted in buffer (1 M Tris pH 7.5, 2 mM
DTT and 1 mM EDTA) at aratio of 300 mg ml-1 of buffer. Polyvi-
nylpyrrolidone (100 mg) was added during grinding. Following
centrifugation at 12,000 g for 20 min, the supernatant was used di-
rectly in enzyme activity assays. Tissue was aways processed im-
mediately after harvest and all assays were performed using fresh
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extracts. Enzyme assays were carried out in 1.5-ml Eppendorff
tubes. A 6-mm-diameter filter paper disc impregnated with 50 pl
of 2N KOH and transfixed with a 3-cm needle was used to trap the
14CO, liberated during the reaction. The reaction mixture for ADC
activity contained 20 ml of extraction buffer (pH 8.0), 160 pl of
crude enzyme and 20 pl of the substrate mix [20 pl of L-(U-14C)
arginine (specific activity 297 mCi mmol-1, Amersham Interna-
tional plc, UK) diluted with 20 pl of non-radioactive arginine
(500 mM) and 60 pl of distilled water] to give a fina concentra-
tion of 10 mM of arginine. The reaction mixture to determine
ODC activity contained 20 pl of extraction buffer (pH 8.0), 160 pl
of crude enzyme and 20 I of the substrate mix [20 ul of DL-(1-
14C) ornithine (specific activity 55 mCi mmol-1, Amersham Inter-
national plc, UK) diluted with 20 il of non-radioactive ornithine
(2.5 M) and 60 pl of distilled water] to give afinal concentration
of 50 mM of ornithine. The reaction mixture to determine SAM-
DC activity contains 20 pl of extraction buffer (pH 7.5), 160 Wl of
crude enzyme and 20 Wl of the substrate, 200 Wl of S-adenosylcar-
boxy[14C]methionine (specific activity 62 mCi mmol-1, Amers-
ham International plc, UK; radioactive concentration 925 kBg/ml)
diluted with 200 pl of non-radioactive SAM (2.5 M) and 600 pl of
distilled water to give afinal concentration of 5 mM of SAM. As-
says were carried out at 37 °C for 45 min. Two hundred microli-
ters of 10% (v/v) perchloric acid were added to stop the reaction.
After a further 45-min incubation, the filter paper was placed in
scintillation minivials with 2 ml of scintillation liquid (OptiPhase
Hisafe I, Fisons Chemicals, UK) and radioactivity was measured
in a Wallac 1219 Rackbeta liquid scintillation counter. One nKat
of ADC, ODC and SAMDC activity was defined as the amount
(pmol) of 14CO, released per min and per g fresh weight (fw).

Determination of DAO and PAQO activities

For DAO and PAO enzyme activity measurements, leaves (from
3-month-old plants) were extracted in buffer (0.1 M K-phosphate
buffer pH 7.5 and 2 mM DTT) at aratio of 1 g per 3 ml of buffer.
Polyvinylpyrrolidone (100 mg) was added during grinding. Fol-
lowing centrifugation at 27,000 g for 20 min, the supernatant was
used directly in enzyme activity assays.

For DAO activity measurements the reaction mixture con-
tained 250 pl of crude enzyme, 12 pl of 0.1 M putrescine and up to
1 ml of 0.1 M K-phosphate buffer (pH 7.5). After incubation at
37 °C for 2 h, the reaction was stopped by adding 0.5 ml of 10%
(w/v) trichloroacetic acid followed by 25 yl (10 mg mi-1) of o-
aminobenzaldehyde in ethanol (Hausman et al. 1997). Absorbance
at 430 nm was measured after removal of proteins by centrifuga-
tion (Ep = 1.86 x 103 mol-1 cmL; Federico et al. 1985). Enzyme
activity was expressed as nKat g fw.

Polyamine oxidase measurements were performed by modifi-
cation of the method described by Storer and Ferrante (1989). Tris
0.5 M (pH 7.5) and horseradish peroxidase (1 mg mi-%; SIGMA)
made up to 700 W with MilliQ water, were added to 300 pl of ex-
tract and incubated at 37 °C for 10 min. Five microliters of homo-
vanillic acid (1 mg ml-1; SIGMA) and 10 pl of a mixture of sper-
midine/spermine, 0.5 M each, made up to 150 ul with MilliQ wa-
ter were subsequently added. After 30-min incubation at 37 °C the
reaction was stopped by adding 100 pl of IN NaOH. The amount
of hydrogen peroxide released was measured in a Kontron SFM
25 spectrofluorophotometer at an excitation wavelength of 350 nm
and an emission wavelength of 495 nm (Storer and Ferrante
1989). Enzyme activity was expressed as nKat g1 fw.

Polyamine analysis

Crude extracts from callus (samples collected as described in
Bassie et al. 2000), leaves (from 1- and 3-month-old plants), roots
(from 1- and 3-month-old plants), husk, immature embryos (20
days after pollination), immature endosperm (20 days after polli-
nation) and dry seeds were recovered, dansylated and run on thin
layer chromatography plates as described (Capell et al. 1998). The
dansyl-polyamine bands were identified on the basis of their Rf

values after visualization under UV light (312 nm) and compari-
son with dansylated polyamine standards. The image of the chro-
matogram was captured and analysed by Quantity One (Quantifi-
cation Software; Bio-Rad). The relative amount of dansyl-polya-
mines in each sample was determined by calculating the integrated
optical density of the bands compared to the integrated optical
density of the appropriate dilution of the dansylated control sam-
ples. Results were expressed as nmol g1 fw.

Statistical analysis

All measurements were based on three replicate samples from six
independent control plants (wild-type, n = 18) and six hpt-trans-
formed transgenic plants (n = 18) for each genotype. Sampling
was carried out by the same individual on the same day. The data
were analyzed by one-way analysis of variance followed by a t-
test using the Residual Mean Square in the ANOVA as the esti-
mate of variability.

Results

Wild-type and hpt-containing callus and plants —
molecular characterisation

We generated rice callus and plants containing the hpt
selectable marker and also wild-type material from six
important diverse cultivars representing indica, japonica
and javanica ecotypes. De-differentiated tissues and
transgenic plants harbouring the hpt gene were recovered
using previously published procedures (Capell et al.
1998; Sudhakar et al. 1998; Valdez et al. 1998). Callus
lines from all genotypes that were resistant to hygromy-
cin were screened by PCR to amplify a 1.1-kb fragment
of the hpt cDNA. We selected six lines from each geno-
type for detailed Southern-blot analysis. Genomic DNA
was extracted from leaves of plants regenerated from
callus. Digestion with Kpnl (a single-cut in plasmid
p35Shpt) and hybridisation with the 1.1-kb DIG-labelled
PCR product (see Materials and methods) confirmed in-
tegration of the gene of interest and the independent ori-
gin of the transgenic lines studied (Fig. 1A). In order to
determine whether the hpt gene product influenced lev-
els of expression of endogenous genes involved in poly-
amine biosynthesis, we analysed mRNA expression of
the rice samdc and spermidine synthase genes in de-dif-
ferentiated tissues. Northern blots hybridised with probes
made with the rice samdc or spermidine synthase
cDNAs, did not show any variation in the expression of
the endogenous rice genes. Figure 1B shows Northern
blots for the rice samdc mRNA in three different geno-
types. Results for spermidine synthase were very similar
(data not shown). This indicates that the expression of
the selectable marker does not affect the expression of
the endogenous rice genes at the mRNA level.

ADC activity in wild-type and hpt-containing tissues

We measured enzyme activity for ADC in de-differentiat-
ed calus from wild-type and hpt-transgenic lines
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Fig. 1 A Southern-blot analysis of wild-type and hpt-containing
plants. Ten micrograms of genomic DNA were digested with Kpnl
(single cut) and probed with a 1.1-kb DIG-labelled PCR product
from p35Shpt. Exposure time was 15 min. Lane 1 molecular size
marker (1-kb DNA Ladder; GIBCOBRL, UK). Lane 2 IR64 wild-
type. Lane 3 to 6 representative IR64 hpt-transformed clones.
Lane 7 to 10 representative M12 hpt-transformed clones. Lane 11
M12 wild-type. Lane 12 to 15 representative ITA 212 hpt-trans-
formed clones. Lane 16 ITA 212 wild-type. B Northern-blot anal-
ysis of total RNA extracted from wild-type and hpt-transformed
callus under selection pressure. Each lane was loaded with 30 g
of RNA and probed with a 0.7-kb DIG-labelled PCR product
from rice samdc cDNA. Exposure time was 30 min. Lane 1, 3
and 5 IR64, M12 and ITA 212 wild-type, respectively. Lane 2
and 4 IR64 and M 12 hpt-transformed clones, respectively. Lane 6
and 7 two different clones of ITA 212 transformed with hpt

(Fig. 2A). We also measured activities of this enzyme in
leaf and root tissues from the corresponding regenerated
plants (Fig. 2B and C). ADC activity was measured in
callus, leaves and roots at the same time as polyamine de-
terminations. No significant variation (P > 0.05) was
found between wild-type and hpt-transformants in ADC
activity from the same genotype, in any of the lines we
analysed. Enzyme activity levelsin the six cultivars var-
ied significantly amongst the population we analysed.
Callus for both hpt and wild-type material exhibited the
highest level of activity. This ranged from approximately
25 nKat g fw in EYI 105 to 1,100 nKat g2 fw in
ISDAG6 (Fig. 2A). Vegetative tissues such as leaves and
roots from 3-month-old plants, showed less variation in
ADC levels compared to callus tissue. M12 and 1R64
showed the highest activity in leaves (50-60 nKat g1 fw)
whereas the four remaining genotypes exhibited lower
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activity, with Bengal showing the lowest level (30 nKat
g1 fw; Fig. 2B). ADC activity in roots from wild-type or
hpt-transformed plants was not significantly different
(P > 0.05) among genotypes (3545 nKat g fw). We
thus infer that even though different genotypes contain
different basal levels of ADC activity, this does not de-
pend on whether the hpt gene is present or not.

Polyamine levels in wild-type and hpt-containing tissues

Large variations in individual polyamine concentrations
were measured it the six different rice cultivars we studied.
Figure 4 shows polyamine levels in wild-type and hpt-con-
taining transgenic tissues. The profile of individual polya
mines varied significantly amongst different tissues and
genotypes, irrespective of whether the hpt selectable mark-
er was present. No significant variation (P > 0.05) was
found between wild-type and hpt-transformants in terms of
polyamine levels in any given genotype in any of the tis-
sues we analyzed (callus, leaf, roots and seeds). Putrescine
was the most-abundant polyamine in callus tissue from all
genotypes (Fig. 3A). Samples were taken 12 days follow-
ing transfer of the callus to proliferation medium (Bassie et
al. 2000). Putrescine levels were between two- to four-fold
higher compared to levels of spermidine and spermine,
ranging from 200 to 2,300 nmol g fw. Spermidine and
spermine levels were very similar for ITA212 and M12,
ranging between 400 and 600 nmol g1 fw. In Bengal, sper-
midine levels (50 nmol g fw) were lower than spermine
(100 nmoal g1 fw). EYI 105 had the maximum concentra-
tion of spermidine (1,200 nmol g fw). ISDA6 had no de-
tectable levels of spermidine and IR64 had no detectable
levels of spermidine or spermine (Fig. 3A).

Polyamine content in leaves from 3-month-old plants
showed two different patterns (Fig. 3B). Spermidine lev-
elsin IR64 and ISDAG6 were higher than putrescine and
spermine, which were present in equal amounts
(120-130 nmol g1 fw for spermidine and 60 nmol g fw
for putrescine and spermine). Putrescine was the predom-
inant polyamine in Bengal, M12, ITA212 and EYI 105
(500 nmoal g fw). Within this second group, Bengal and
M12 had equivaent relative amounts of spermidine and
spermine, with absolute levels differing by 10-fold in the
two cultivars (i.e. 400 nmol g fw of spermidine and
spermine in Bengal, and 40 nmol g1 fw in M12). Putre-
scine was aso the major polyamine in ITA212 and EYI
105; however, spermidine levels were twice those of
spermine (300 nmol g fw and 140-170 nmol g fw, re-
spectively, for the two genotypes; Fig. 3B).

The polyamine pattern in roots was similar to that in
leaves in some of the genotypes, e.g. ITA212 and EYI
105 (Fig. 3B and C). IR64 and ISDA6 had a lower con-
tent of putrescine (30-60 nmol g1 fw). IR64 had no de-
tectable levels of spermidine or spermine while in
ISDAG6 spermidine levels (60 nmol g1 fw) were the
same as putrescine (60 nmol g1 fw). No spermine could
be detected in ISDAG6. Bengal showed the opposite pro-
file; spermidine levels were higher (240 nmol g fw)
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than putrescine (130 nmol g fw) with spermine levels
in the order of 60 nmol g fw (Fig. 3C).

Polyamine measurements in mature seeds were per-
formed after desiccation of the seeds for 3 days. All six
genotypes analysed had detectable levels of putrescine,
spermidine and spermine. The polyamine pattern ob-
served in seeds (Fig. 3D) exhibited the reverse trend to
that observed in leaves (Fig. 3B) and roots (Fig. 3C).
Spermidine and spermine were the two major polya-
mines in seeds in all but the ITA212 variety. EY| 105
had the highest levels of the three polyamines and 1R64
and ISDAG6 had the lowest levels (Fig. 3D).

Polyamine enzyme activities in wild-type and
hpt-containing leaf tissue

We measured the activities of three anabolic and two cat-
abolic enzymes involved in polyamine metabolism. Ar-

Root tissue

ginine decarboxylase activity was in the range of 45 to
55 nKat g1 fw; ODC activity was between 25 and
30 nKat g1 fw and SAMDC activity was between 7.5
and 8.5 nKat g1 fw (Fig. 4A). Activities of enzymes in-
volved in polyamine catabolism were many fold lower to
those of enzymes involved in anabolism. Polyamine oxi-
dase activity was in the order of 0.150 nKat g1 fw and
PAO activity was 0.070 nKat g1 fw (Fig. 4B). No signif-
icant variation (P > 0.05) was found in any of the en-
zyme activities between wild-type and hpt-transformants
for the same genotype.

Polyamine levelsin different tissuesin ISDAG

ISDA6 and IR64 did not contain measurable levels of
particular polyamines in different tissues. We therefore
investigated the distribution of the three main polya-
mines in different tissues in hpt-containing plants from
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the ISDA6 genotype (Fig. 5). We measured polyamine
concentration in seeds at different developmental stag-
es. Putrescine (350 nmol gt fw) and spermidine
(280 nmoal g1 fw) were the mgjor polyamines in imma-
ture endosperm (20 days after pollination), with levels of
spermine being 9-fold lower (30 nmol g1 fw). Putre-
scine was not detectable in immature embryos (20 days
after pollination), while spermidine and spermine were
detectable at similar levels (70 nmol g fw). The con-
centrations of spermidine and spermine were lower in

150 Ai-bgm
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Seeds
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immature embryos compared to endosperm tissue. In
mature seeds, polyamine content was significantly re-
duced (7 nmol g fw of putrescine; 50 nmol g fw of
spermidine and 50 nmol g1 fw of spermine, P < 0.001).
Husk removed from mature seeds had the highest pu-
trescine content (600 nmol g fw). One- and three-
month-old leaves had the same polyamine pattern, i.e. the
total polyamine content remained constant, with changes
only in the relative levels of particular polyamines. No
significant differences in polyamine levels (P > 0.05)
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Fig. 4 Arginine decarboxylase, ODC, SAMDC, DAO and PAO
activities in wild-type and hpt-containing tissues from the EY | 105
genotype. Enzyme activities in hpt-transformants were not signifi-
cantly different from wild-type values for any of the enzymes
(P> 0.05)

were observed in tissues from young or old roots. Putre-
scine was the mgjor polyamine (620 nmol g1 fw), with
levels of spermidine in the order of 60 nmol g1 fw. No
measurable levels of spermine were detected (Fig. 5A).
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No significant variation (P > 0.05) was found in any tis-
sue between polyamine levels from wild-type and hpt-
transformants for the same genotype.

Discussion

As we embark on crop-improvement programs to engi-
neer more-complex traits, such as metabolic pathways, it
becomes apparent that a key prerequisite for the success
of such experiments is the establishment of basal levels
of endogenous enzyme activities and metabolites. Thisis
essential if we are to interpret correctly results from ex-
periments involving over-expression or down-regulation
of homologous or heterologous transgenes introduced in-
to plants already containing homologues of such genes.
It isimportant to ascertain how genetic variation may af-
fect enzyme and metabolite levels, as this may influence
the choice of genetic background for carrying out trans-
formation experiments that have specific targets in terms
of deployment of particular improved varieties in specif-
ic geographical locations under different environmental
conditions. It is likely that certain cultivars within a spe-
cies are more-suitable than others in terms of engineer-
ing complex traits merely because of endogenous levels
of such enzymes and metabolites. This is not trivia be-
cause such experiments may provide an explanation as to
why different investigators often report apparently con-
flicting results from experiments involving the manipu-
lation of metabolic traits in different species and differ-
ent genetic backgrounds.
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Selectable marker genes are required in transforma-
tion experiments in order to facilitate recovery of trans-
genic plants expressing useful genes that do not have an
easily identifiable phenotype (Christou 1994). Normally,
such markers, comprising antibiotic or herbicide resis-
tance genes or metabolic inhibitors, are introduced into
plants with single or multiple genes of interest in a co-
transformation experiment. Usually, selectable markers
and genes of interest co-integrate into the genome of
transgenic plants at the same location, which of courseis
random from plant to plant, and they do not segregate in
subsequent generations (Chen et al. 1998; Kohli et al.
1998; Abranches et al. 2001). Consequently, by selecting
for the marker, one will recover plants containing aso
the gene(s) of interest (Christou 1994). Even though se-
lectable markers are not expected to have any pleiotropic
effects, on occasion this may happen. One such example
involves the use of the bar gene which is the marker of
choice for the transformation of cereals (mostly maize,
wheat and barley). When transgenic plants containing
the bar gene were sprayed with Basta or Bialaphos (the
commercia herbicide containing PPT, which is the com-
pound that the bar gene de-toxifies) these plants per-
formed normally and they were completely resistant in
the laboratory and in the GH. However, transgenic plants
deployed in the field were severely damaged after spray-
ing with the herbicide when the ambient temperature ex-
ceeded a certain threshold (Broer 1996; Neumann 1997).
Results from such experiments suggest that it may be
prudent to re-visit the issue of selectable markers in
terms of the likelihood to confer unexpected properties
to transgenic plants. This assumes extreme importance in
the context of engineering complex pathways, as such
manipulations may result frequently in saddle differ-
ences in enzyme activities and metabolite levels that of-
ten are slightly over background levels. It is important,
therefore, to ascertain whether any biochemical or physi-
ological effects of introduced transgenes are solely a re-
sult of the expression of the introduced transgenes rather
than other factors including the presence of selectable
markers.

In an effort to address the influence of the genetic
background and the effect, if any, of an important select-
able marker commonly used in the creation of transgenic
rice plants, we generated a hpt-expressing population
comprising six diverse rice cultivars representing popu-
lar japonica, indica and javanica ecotypes. The poly-
amine pathway is involved in many essential biochemi-
cal, physiological and developmental processes, and is
ubiquitous in plants (Mamberg et a. 1998). Conse-
quently, all plants have endogenous polyamine enzyme
activities and accumulate the three key metabolites, pu-
trescine, spermidine and spermine. We therefore chose
the polyamine pathway as a relevant model for our stud-
ies. We measured ADC activity and polyamine concen-
tration in callus and vegetative tissues from these differ-
ent genotypes, and we compared statistically all results
from hpt-transformants and wild-type plants. No signifi-
cant variation (P > 0.05) between wild-type and hpt-
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transformants was found in any of the tissues for the
same genotype. ADC activity in callus (Fig. 2A) was
higher than in vegetative tissues (Fig. 2B). Leaves and
roots had similar levels of activity in al genotypes
(Fig. 2B and C). A likely reason for the higher metabolic
rate in de-differentiated tissues might be the rapid cell
division that takes place in such tissues. Polyamine lev-
els reached maximum levels also in de-differentiated tis-
sues, however, we observed an interesting trend which
essentially demonstrated an inverse relationship between
ADC activity levels and polyamine accumulation in spe-
cific cultivars. For example, ADC activity in ISDAG6 cal-
lus (Fig. 2A) was the highest we measured. Levels of
polyaminesin this cultivar were very low (Fig. 3A) com-
pared to varieties such as EY 1105 which exhibited very
low levels of enzyme activity. This cultivar accumulated
polyamines at the highest levels. Such results provide
some evidence supporting a likely feedback-inhibition of
the enzyme by the end-product.

ADC activity in leaves and roots in the six cultivars
we studied were similar (Fig. 2B and C), but significant-
ly lower to the levels we measured in calus (Fig. 2A).
Polyamine levels followed the same trend (Fig. 3B and
C). This hierarchical pattern in polyamine accumulation
was also observed in seeds (Fig. 3D). Thus, the most
metabolically active tissue, i.e. de-differentiated callus,
accumulated the highest levels of polyamines, and the
least metabolically active tissue, i.e. seed, accumulated
the lowest levels. This again, provides evidence of alink
between polyamine levels and the metabolic state of the
cell. It is not surprising that such a trend exists as it is
reasonable to expect that highly specialized tissues and
organs, such as leaves, roots and seeds, contain cells
which are committed to a number of different processes.
It is not surprising that polyamine poolsin highly differ-
entiated tissues and organs will be committed to a vari-
ety of tasks, consistent with the involvement of polya-
mines in a multitude of biochemical, developmental and
physiological processes. This will lead to a rapid and
significant depletion of polyamine pools consistent with
our observations. Chattopadhyay et al. (1997) reported
differential responses of two rice cultivars to salt stress.
They demonstrated that a salt-tolerant and a salt-sensi-
tiverice variety had different basal levels of ADC activi-
ty in shoots and roots in each cultivar. Bonneau et al.
(1994) reported a two-fold difference in the levels of
polyamines in rice seeds exhibiting full germination po-
tential compared to those which were severely compro-
mised in their ability to germinate. These two examples
also indicate that genetic background influences levels of
polyamines and links these to a physiological response
which is genotype dependent.

We also investigated how polyamine pools, in this
case in leaves from EY| 105, are regulated in terms of
enzyme activities. Figure 4 summarizes the activities for
ODC, SAMDC, PAO and DAO in leaf tissue of EYI 105
(wild-type and hpt-containing plants). We chose EY| 105
to carry out measurements for these enzymes because
this variety exhibited the highest levels of polyaminesin
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al tissues we analyzed. We observed that, similarly to
measurements for ADC activity previously, there was no
difference between wild-type and hpt-containing plants.
This analysis indicated that in leaf tissue, activity of the
anabolic component of the pathway was significantly
higher compared to activities of enzymes involved in
polyamine catabolism. ADC is the predominant activity
in leaf tissues, followed by ODC. Only a fraction of pu-
trescine, formed by ADC, is converted to the higher
polyamines spermidine and spermine, as putrescine also
is the precursor of polyamine conjugates and other com-
pounds. This perhaps provides an explanation as to why
SAMDOC activity is lower compared to ADC and ODC.
To the best of our knowledge, there is no prior report de-
scribing the simultaneous measurement of all five activi-
ties in plants. Cohen and Kende (1986) measured ADC,
ODC and SAMDC in deepwater rice internodes. Consis-
tent with our results, they observed that ADC was the
main enzyme involved in the production of putrescine,
while levels of ODC activity were significantly lower.
Levels of SAMDC were significantly higher than ODC
but lower than ADC. The genotype under investigation
in this study was unusually high in spermidine. This is
consistent with the higher levels of SAMDC activity
these authors observed compared to our studies, and sup-
ports the argument that it is important to determine basal
levels of polyamines and enzyme activities in different
genotypes.

We then investigated the spatial distribution of indi-
vidual and total polyaminesin ISDAG6 in a wide range of
tissues and organs (Fig. 5). ISDAG is representative of a
group of genotypes (including IR64) in that particular
tissues/organs do not contain measurable levels of partic-
ular polyamines. These two varieties had similar levels
of polyamines in leaves, roots and seeds, in contrast to
other varieties such as ITA212, Bengal, EYIl 105 and
M12 that exhibited a hierarchical distribution of polya-
mines in different tissues/organs. In ISDAG, we observed
a direct relationship between polyamine levels and the
metabolic state of the tissue, with young leaves, roots
and immature seeds containing significantly higher lev-
els of polyamines compared to tissues/organs sampled at
later stages of development.

Our study confirms that: (1) there are no differences
in enzyme activities and polyamine levels between wild-
type and plants containing the selectable marker hpt, and
(2) polyamine enzyme activities and the profile of polya-
mines is dependent on the genetic background and varies
significantly in different tissues. The genetic basis of
such variation is important in any study involving en-
zyme-activity measurements and the determination of
levels of metabolites.
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