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In this study, we show that both arginine decarboxylase (ADC) protein and mRNA transcript are present at different phases of
mitosis in Scots pine (Pinus sylvestris) zygotic embryogenesis. We also examined the consistency of polyamine (PA) profiles
with the effective temperature sum, the latter indicating the developmental stage of the embryos. PA metabolism was analyzed
by fitting statistical regression models to the data of free and soluble conjugated PAs, to the enzyme activities of ADC and
ornithine decarboxylase (ODC), as well as to the gene expression of ADC. According to the fitted models, PAs typically had the
tendency to increase at the early stages but decrease at the late stages of embryogenesis. Only the free putrescine fraction
remained stable during embryo development. The PA biosynthesis strongly preferred the ADC pathway. Both ADC gene
expression and ADC enzyme activity were substantially higher than putative ODC gene expression or ODC enzyme activity,
respectively. ADC gene expression and enzyme activity increased during embryogenesis, which suggests the involvement of
transcriptional regulation in the expression of ADC. Both ADC mRNA and ADC protein localized in dividing cells of embryo
meristems and more specifically within the mitotic spindle apparatus and close to the chromosomes, respectively. The results
suggest the essential role of ADC in the mitosis of plant cells.

The polyamines (PAs), found in bacteria, fungi,
animals, and plants, are evolutionary ancient small
polycations that are implicated in various physiologi-
cal and developmental processes. In higher plants,
these processes include stimulation of cell division,
response to environmental stresses and regulation of
rhizogenesis, embryogenesis, senescence, floral devel-
opment, and fruit ripening (Kakkar and Sawhney,
2002). Both in prokaryotes and in eukaryotes, PAs
play important roles in a number of cellular processes,
such as DNA conformation, chromatin condensation,
RNA processing, translation, and protein activation
(Childs et al., 2003), which is reflected in a strict re-
gulatory control of their intracellular levels. The intra-
cellular free-PA pool is affected both by PA synthesis
and degradation, as well as cellular influx, efflux, and
conjugation mechanisms (Tiburcio et al., 1997). In
plants, however, the molecular mechanisms of the
action of PAs are still in most cases unknown, and
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hardly anything is known about the role of PAs at the
cellular level in conifers.

Diamine putrescine (Put) and triamine spermidine
(Spd) are present in most organisms, but tetra-amine
spermine (Spm) is predominantly found in eukaryotes
(Cohen, 1998). The first step in PA biosynthesis is the
formation of Put from Orn and Arg via the rate-
limiting enzymes Arg decarboxylase (ADC; EC 4.1.1.19)
and Orn decarboxylase (ODC; EC 4.1.1.17), respec-
tively. Mammalian and fungal cells utilize mainly
ODC to synthesize Put (Coleman et al., 2004), whereas
an additional indirect route from Arg to Put is prev-
alent in plant and bacterial cells (Bagni and Tassoni,
2001). Put is converted into Spd and Spm by Spd syn-
thase (EC 2.5.1.16) and Spm synthase (EC 2.5.1.22), re-
spectively, which add aminopropyl groups generated
from S-adenosylmethionine by S-adenosylmethionine
decarboxylase (EC 4.1.1.50; Tiburcio et al., 1997). In
plant cells, PAs often occur as free molecules (soluble
PAs), but they can also be conjugated to low-molecular-
mass compounds (conjugated soluble PAs, SH) or
bound to different macromolecules (conjugated insol-
uble PAs, PH; Martin-Tanguy, 1997; Tiburcio et al.,
1997). PAs are catabolized by the action of amino oxi-
dases, which include diamino oxidase, oxidizing the
diamines Put and cadaverine, and PA oxidase, which
oxidizes Spd and Spm (Tiburcio et al., 1997).

Different physiological roles have been proposed for
ADC and ODC because their production in plants is
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often tissue specific and developmentally regulated
(Kumar et al., 1997). It has been suggested that ODC is
involved in the regulation of cell division in actively
growing plant tissues (Cohen et al., 1984; Acosta et al.,
2005). ADC activity has been found in elongating cells,
embryonic cells, and cells exposed to various stress
conditions (Flores, 1991). Bortolotti et al. (2004) showed
that ADC protein is located in the nuclei of non-
photosynthetic tissue of tobacco (Nicotiana tabacum),
whereas ADC in photosynthetic tissues is located in
chloroplasts. Recently, ODC and ADC gene transcripts
were colocalized in developing primary and lateral
roots and hypocotyls of etiolated soybean (Glycine
max) seedlings (Delis et al., 2005).

The importance of PAs in embryogenesis has been
documented in many angiosperm species (Lin et al.,
1984; Yadav and Rajam, 1998), and recently the knock-
out mutants of PA biosynthesis have shown that Spd
synthase (Imai et al., 2004) and S-adenosylmethionine
decarboxylase (Ge et al., 2006) are essential for embryo
development in Arabidopsis (Arabidopsis thaliana).
However, the intracellular localization of PAs and
their function at the molecular level during embryo-
genesis have not been elucidated. The role of PAs has
been under active investigation also in gymnosperms,
but most of the studies have focused on somatic
embryogenesis, while relatively little is known about
PA biosynthesis during zygotic embryo development.
Thus, based on the previous studies on PAs during
somatic embryo development in conifers and during
zygotic embryo development in angiosperms, we hy-
pothesized that PAs also have a role in zygotic embryo
development of gymnosperms. The role of PAs might
be specific depending on the developmental stage of
embryos, which could appear as a variation at metab-
olite, protein, or transcript level. In this work, we were
able to construct the statistical regression models of
the free and conjugated Put, Spd, and Spm concentra-
tions, and show the yearly recurrent PA concentration
profiles during the zygotic embryo development of
Scots pine (Pinus sylvestris). Furthermore, because
ODC activity is commonly connected with cell divi-
sion in plants (Galston and Sawhney, 1990), we also
hypothesized that, in Scots pine developing embryos,
ODC mRNA transcripts or proteins should be found in
dividing cells. It showed up, however, that the ADC
pathway was the prevalent route to form Put in Scots
pine embryos, and instead of ODC both ADC mRNA
transcripts and ADC protein were specifically local-
ized in mitotic cells of primary meristems in embryos.

RESULTS

Zygotic Embryo Development and Effective
Temperature Sum

In gymnosperms including Scots pine, the time of
fertilization and, consequently, embryo development
are known to vary between years in the same locality
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according to the effective temperature sum (d.d.; i.e.
the heat sum unit based on the daily mean temperatures
minus the adapted +5°C base temperature; Sarvas,
1962; Krasowski and Owens, 1993; Sirois et al., 1999;
Owents et al., 2001). Therefore, in this work, the effec-
tive temperature sum rather than the sampling date
was used as the main explanatory variable in the sta-
tistical analyses. The zygotic embryos of the two Scots
pine clones (K818 and K884) were derived from cone
collections started after fertilization and repeated four
times during the period of embryo development in
2001 and 2003. On sampling dates I, II, III, and IV, the
effective temperature sums were 569.7, 667.3, 775.6,
and 876.0 d.d., respectively, in 2001, and 495.1, 594.0,
702.8, and 819.2 d.d. in 2003.

The anatomical preparates of the developing em-
bryos from the year 2003 indicate the following devel-
opmental pattern. On sampling date I, when the effective
temperature sum was approximately 500 d.d., around
50% of the embryos were still at the proembryogeny
stage and 50% at the early embryogeny stage. On
sampling dates II and III, when the effective temper-
ature sum was between 600 and 700 d.d., nearly 100%
of the embryos were at the early embryogeny stage.
On sampling date IV, when the effective temperature
sum was over 800 d.d., approximately 85% of the em-
bryos had reached the late embryogeny stage while
the remaining 15% were still at the early embryogeny
stage. In Figure 1, both early embryos from sampling
dates II (Fig. 1A) and III (Fig. 1F) and late embryos
from sampling date IV (Fig. 1, B-D) have been pre-
sented.

Changes in PA Content during Zygotic
Embryo Development

By presenting PA concentrations as quadratic (second-
order polynomial) functions of the effective temper-
ature sum, we were able to combine results from
different clones, years, and PA fractions to the same
regression model and to show that the PA concentra-
tions followed consistent profiles, at least for Spd and
Spm (Fig. 2; Table I).

The free Put content was not observed to change
during the study period apart from clone K884 in 2001,
when we found a slightly increasing trend (Fig. 2, top,
left side). The latter exception to the rule was sup-
ported by the estimated value [+26.4 nmol g~ ' (100
d.d.)™'] of the interaction term C X V X T, between
clone, year, and the linear term of effective tempera-
ture sum being larger than its error margin [EM; 95%
EM 22.5 nmol g ' (100 d.d.)”; Table I]. The observa-
tion of no trend elsewhere in the free Put was consis-
tent with the estimates and EMs for the main effects of
effective temperature sum T, (slope) and T, (curva-
ture), and with those of the interaction effects C X T;
and C X T, between clone and effective temperature
sum, as well as interactions V X T, and V X T,
between year and effective temperature sum, in which
the estimates were all well within their EMs. In clone
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Figure 1. The localization of ADC and ODC mRNAs and ADC enzyme in developing zygotic embryos of Scots pine. ADC
gene expression was localized by in situ hybridization with DIG-labeled RNA probes (blue signal) and ADC protein by
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K884, the free Put observations on sampling date II
were excluded from statistical analysis due to the wide
scattering of the observations. The soluble conjugated
fraction of the Put appeared in both clones to increase
at the beginning of embryo development and to de-
crease during embryo maturation (Fig. 2, top, right
side). However, the results on relevant interaction
terms F X T, and F X T, were not sufficiently
supportive about this for clone K818, whereas for
clone K884 strong evidence for this observed pattern
was provided by the estimates and EMs of the inter-
action effects F X C X T, and F X C X T,. The
insoluble conjugated Put fraction was considerable
and maximally contained nearly 35% of the total Put in
the sample, but there was no trend in the insoluble
conjugated Put content (data not shown).

Spd was the most abundant PA during Scots pine
zygotic embryogenesis. Both free and soluble conju-
gated Spd increased at the beginning of embryo devel-
opment, reached their maximum when the effective
temperature sum was between 600 and 750 d.d., and
decreased thereafter (Fig. 2, middle). There was some-
what more random fluctuation in 2001 than in 2003 and
more fluctuation in clone K818 than in clone K884. The
main quadratic effect of T, [estimate —35.7, 95% EM
28.0, both in nmol g{1 (100 d.d.)”%; Table I conveyed
strong evidence for the observed downward curvature
in the PA concentrations by the effective temperature
sum together with the “nonsignificance” of the main
linear effect T,. This observation was qualitatively
consistent for both the free and the soluble conjugated
forms over the 2 years and in the two clones, as can be
judged from the result for all the interaction terms
involving T; and T,, the estimates of these being all
within their EMs (Table I). The insoluble conjugated
Spd fraction always contained less than 11% of the total
Spd fraction in the sample (data not shown).

Both the free and the soluble conjugated forms of
Spm fluctuated in a consistent way in the two pine
clones (Fig. 2, bottom). The concentrations appeared to
increase typically when the level of the effective tem-
perature sum was 500 d.d. until it was around 700 d.d.,
after which the concentrations started to go down.
There was convincing evidence for the observed over-
all downward curvature provided by the fitted regres-
sion model, in which the main linear and quadratic
terms of effective temperature sums [T;: estimate 19.6,
95% EM 12.4; T,: estimate —24.4, 95% EM 11.0; all
values in nmol g*1 (100 d.d.)"%; Table I] were well

supporting the observed pattern, and none of the
estimated interaction terms involving T; and T, mod-
ified this appreciably. The content of insoluble conju-
gated Spm was very low or under the HPLC detection
level in most samples.

ADC and ODC Expression at Transcript
and Protein Levels

ADC gene expression and ADC enzyme activity
were clearly preferred compared to putative ODC
gene expression and ODC enzyme activity, respec-
tively. This suggests that the ADC pathway is the main
route to produce Put in developing zygotic embryos.

Relative ADC gene expression showed an increasing
trend over time and by the effective temperature sum
in both of the clones on the double logarithmic scale.
The slope appeared steeper in clone K818 (slope 4.7,
95% EM 0.80) than in K884 (slope 3.3, 95% EM 0.75;
Fig. 3). An ascending trend was also evident in ADC
gene expression during embryo development, when
the gene expression was normalized by another house-
keeping gene, glyceraldehyde-3-phosphate dehydro-
genase (data not shown). The mRNA levels of the
putative ODC gene were very low. The fluorescence
signal showed up after 35 cycles in real-time reverse
transcription (RT)-PCR and therefore could not be
reliably distinguished from spurious background.

ADC enzyme activity seemed to increase in both
clones during early embryo development, when the
effective temperature sum rose from 500 to 600 d.d.
Thereafter, the activity still seemed to increase in clone
K884 but not in K818 (Fig. 4). The evidence for an
increasing trend was weak and for curvature even
weaker, though, as reflected by the estimate to EM ratio
of the linear and quadratic terms T, and T, (Table II).
Also, the results on interaction terms C X T; and C X
T, did not provide sufficient basis to conclude that the
slope and curvature were different for the two clones.

ODC enzyme activity showed a decreasing trend
with downward curvature in clone K818 throughout
the sampling period, as suggested by the estimated
values —0.76 (95% EM 0.25) of the linear term T; and
—0.36 (95% EM 0.27) of the quadratic term T,. In clone
K884, ODC enzyme activity was initially lower and
decreased further during the early developmental
stages of the embryos, when the effective temperature
sum was between 500 and 600 d.d., after which it re-
mained at that level (Fig. 4). The estimated coefficients

Figure 1. (Continued.)

immunolocalization (brown signal). The embryo in A was from sampling date Il and the embryos in E, F, and M were from
sampling date Ill. The embryos in Bto D, Gto L, N to P, and Q were from sampling date IV. A, ADC gene expression was localized
in the cytoplasm of the cells in both dominant and subordinate early embryos. B and C, ADC gene expression localized in the
cells of primary shoot and root meristem of late embryo. D, ADC gene expression in the mitotic cells of shoot meristem in the late
embryo at the cotyledonary stage. E, No label was detected in the sections hybridized with the sense ADC probe. F, No mRNAs of
a putative ODC gene were found in the developing early embryo. G, H, 1, J, and K, ADC mRNA transcripts during the mitotic
stages in the cells of late embryos. L, No label was detected in the mitotic cells in the sections hybridized with the ADC sense
probe. M and N, ADC protein was localized in the nuclei of embryos. O and P, ADC protein was located with the chromosomes
in the mitotic cells. Q, No signal was detected in the control sections incubated with preimmune serum.
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and EMs for the C X T, and C X T, interactions
supported the existence of a less steep overall slope
but an upward curvature for clone K884 than for K818
(Table II). ADC and ODC activities were also mea-
sured in pellets, in which the enzyme activities were
clearly lower than in supernatants but no trend could
be detected (data not shown).

Localization of ADC Gene Expression and ADC Protein
in Dividing Cells

ADC gene expression was localized in the dominant
embryo at the early embryogeny stage and also in two
subordinate embryos (Fig. 1A). In late embryos, ADC
expression was found to be located in the regions
undergoing cell division, especially in the shoot apical
and axillary meristems, but also in the dividing cells of
the root meristem (Fig. 1, B-D). The ADC probe
specificity was confirmed by the absence of signals
in the sections hybridized with the sense ADC probe
(Fig. 1, E and L). The transcripts of a putative ODC
gene were not detected in embryos (Fig. 1F).

ADC gene expression occurred during mitosis and
was found in cells throughout the mitotic stages (Fig.
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ADC and Polyamines in Developing Scots Pine Embryos

1, G-K). In early prophase, when chromatids became
visible in the nucleus, ADC expression was located in
the cytoplasm (Fig. 1G). In late prophase and meta-
phase, ADC transcripts were also in the cytoplasmic
region (Fig. 1, H and I), but in anaphase and telophase
cells ADC transcripts clearly accumulated within the
area of the mitotic spindle apparatus (Fig. 1, ] and K).

The immunocytochemical localization showed the
presence of ADC protein in the nuclei of late embryos
(Fig. 1, M and N). High level of ADC protein was
detected especially in mitotic cells, but, in contrast to
ADC transcripts, ADC protein was found to locate
close to the chromosomes and not within the mitotic
spindle as the mRNA (Fig. 1, O and P). No positive
signal was found in the control sections incubated
with preimmune serum (Fig. 1Q).

DISCUSSION

PA Concentrations Show Consistent Profiles during
Zygotic Embryogenesis

In this study, we found high PA concentrations in
developing zygotic embryos of Scots pine, in accordance

Soluble conjugated K818 Soluble conjugated K884

3 =gl
< o < o
o) o
IS £ 8- oF
« £ ® ° N
Q ° o Q ° o Qi
7 Qe 5 Q1 o o &\\o
o 8 2 o : s
S 3 - 0 54 °
-~ ® s -
o o
o o
T T T T T T T T T T
500 600 700 800 900 500 600 700 800 900
2. ~ g
=1 <
S K IE” uc: e
S 5 O
<+ o g v
s oo £ 3+
=] SRS =g
o £ o
7 0. oe’\ 0:0 E &7
§_ [ * © e % g g—
o D o5
T T T T T T T T T T
500 600 700 800 900 500 600 700 800 900
2 2 1
59 — Q i
S - 's> 84
N o el N
: 8
S 2 8
2 E -
81 g 24
w
o o o

T T T T T
500 600 700 800 900

Effective temperature sum (d.d.)

500 600 700 800 900
Effective temperature sum (d.d.)

Figure 2. The fluctuation of free and soluble conjugated PAs (Put, Spd, and Spm) in developing zygotic embryos of Scots pine.
Immature embryos were collected four times in 2001 and 2003 throughout the period of embryo development from two Scots
pine clones, K818 and K884. The free and soluble conjugated PA concentrations are presented relative to the effective
temperature sum (d.d.) and the year (@ = 2003, O = 2001). The mean values of the four replicates pertaining to the same clone,
year, and sampling date are connected by solid lines for 2003 and dashed lines for 2001.
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Table I. Estimated regression coefficients and their 95% EMs from the
models fitted for the PA concentrations associated with explanatory
variables and with their mutual interactions

The explanatory variables are C (clone; 0 = K818, 1 = K884), F
(fraction; O = free, 1 = soluble conjugated), V (year; 1 = 2001, 0 =
2003), T, (centered and scaled [divided by 100] linear term of the
effective temperature sum [d.d.]), and T, (quadratic term of the effective
temperature sum). The residual degrees of freedom are 102 for Put and
106 for Spd and Spm. Coef., Regression coefficient.

Put Spd Spm

Coef. 95% EM  Coef. 95% EM Coef. 95% EM
Intercept 61.5 23.2 3264 53.7 164.4 21.2
F 36.7 315 —1419 729 —493 287
C —-0.4 315 999 729 625 287
Vv 56.7 31.6 921 729 -—-27.4 287
T —-10.4 13.6 89 316 196 124
T, —4.0 121 —35.7 28.0 —-244 11.0
FX C 136.9 40.8 6.3 93.7 13.8 369
FXV —429 41.2 —4.5 944 1.5 37.2
C XV —53.6 44.6 —94.6 944 —44.7 37.2
FX T -11.0 174 0.0 404 -16.8 159
FXT, 0.4 155 54 357 —1.5 141
CXT, 8.1 174 —-382 404 —-115 159
CXT, 0.3 155 =281 357 —-11.5 14.1
V X T, -0.7 195 —19.6 452 -02 17.8
VX T, 8.5 17.4 8.5 398 124 157
FX CXV 794 465 —81.5 1045 —-43.4 41.2
FX CX T, =373 184 353 425 119 167
FX CXT, =29.0 16.7 -8.6 374 1.2 148
FX VX T =259 225 =342 522 -158 20.6
FX VXT, 4.7 20.5 -0.7 46.0 —-04 18.1

CXVXT 264 225 429 522 -—1.3 206
CX VXT, 108 205 28.7 46.0 20.0 18.1

with the high PA contents reported in tissues under-
going rapid cell division, active metabolism, and so-
matic embryogenesis (Egea-Cortines and Mizrahi,
1991; Kakkar and Sawhney, 2002). Spd, which was
the most abundant PA in this study, also was the main
PA in the zygotic and somatic embryos of Pinus radiata
D. Don. (Minocha and Minocha, 1995; Minocha et al.,
1999b). We found that the individual PA levels differed
between the pine clones within 1 year and between
years when studying the same pine clone. This might
be due to the variation reported in PA metabolism
between genotypes (Sarjala and Savonen, 1994) and/
or due to the environmental factors affecting PA levels
(Bouchereau et al., 1999).

The zygotic embryo development of Scots pine takes
2 years. Generally, wind pollination occurs at the
beginning of the growing season, late May or early
June in Scandinavia, after which the pollen tube ger-
mination gradually ceases to be continued during the
following growing season about 1 year later. Fertiliza-
tion occurs usually at late June or early July, depend-
ing on the effective temperature sum (Sarvas, 1962;
Krasowski and Owens, 1993). When the embryo de-
velopment of Picea mariana Mill. was described by the
effective temperature sum, the developmental stages,
although unequal in duration, succeeded each other
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according to the monotonically increasing sigmoid
function of the effective temperature sum (Sirois et al.,
1999). In this work, anatomical studies also confirmed
that Scots pine embryo development occurred along
with the increasing effective temperature sum. There-
fore, to be able to compare PA metabolism during early
embryo development at two different years, the effec-
tive temperature sum instead of the sampling date was
used as the main explanatory variable in statistical
analyses. In most of the cases, the PA metabolism in
developing embryos followed consistent profiles in
different years, which suggested that PAs have an
important role in embryo development and that indi-
vidual PAs may have different roles at different de-
velopmental stages. The profiles of PAs seemed to
show an increasing trend at the early stages but a
decreasing trend at the late stages of embryo devel-
opment. Only the free Put fraction remained stable
throughout the period of embryo development. In this
study, an increase in the ratio of free Spd and Put as
well as in the ratio of free Spm and Put was found at
the beginning of the zygotic embryo development.
This is in accordance with the reports on somatic
embryogenesis in Picea abies L. Karst. (Santanen and
Simola, 1992), Scots pine (Niemi et al., 2002), and P.
radiata (Minocha et al., 1999b), as well as in the zygotic
embryos of P. radiata (Minocha et al., 1999D).

ADC Pathway Is Preferred during
Zygotic Embryogenesis

In this study, both ADC gene expression at the
mRNA transcript level and the activity of ADC en-
zyme were detected in developing zygotic embryos.
The higher rate of ADC activity compared to ODC was
prominent, which is in agreement with the reports of
somatic embryo development in Picea rubens Sarg.
(Minocha et al., 1996) as well as the zygotic embryo-
genesis of P. abies (Santanen and Simola, 1999). We
found the highest ADC and ODC activities in the
supernatant fraction containing soluble proteins, but
some were also detected in the pellet.

In this work, ADC gene expression and ADC en-
zyme activity showed a steady increase throughout
the embryo development. This might be due to the
increasingly important role of the more developed
embryo in PA metabolism compared to the senescing
megagametophyte. We found that ADC expression
increased during embryo development at both the
mRNA and the enzyme activity levels. This suggests
an involvement of transcriptional regulation in ADC
gene expression but does not rule out posttranscrip-
tional regulation of the gene. ADC mRNA has been
found to accumulate under various stress conditions
in Oryza sativa (Chattopadhyay et al., 1997), G. max L.
Merr. (Nam et al., 1997), Brassica juncea (Mo and Pua,
2002), Arabidopsis (Urano et al., 2003), and Malus
sylvestris L. Mill. (Hao et al., 2005). However, ADC has
been reported to be regulated at the posttranslational
level in Avena sativa (Malmberg and Cellino, 1994;
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Figure 3. The expression of ADC gene in developing
zygotic embryos of Scots pine in 2003. The expres-
sion was quantified by real-time PCR and normalized
by the expression of the ACT gene. Observed relative
ADC gene expression is presented relative to the
effective temperature sum (d.d.) in clones K884 (@)
and K818 (O) with the fitted regression lines (solid for
K884, dashed for K818). There are three replicates
per clone and per sampling date, except the missing
data set of clone K818 on sampling date II.
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Borrell et al., 1996) and also in potassium deficiency-
stressed Arabidopsis (Watson and Malmberg, 1996).
This indicates that different regulation mechanisms
may be involved in ADC expression in different gene
family members, plant species, tissues, and physio-
logical conditions, as well as at different developmen-
tal stages.

The Role of ADC in Cell Division

In this study, we were able to localize ADC gene
expression and ADC protein specifically in the mitotic
cells of developing zygotic embryos. There is evidence
that PAs are involved in the regulation of cell division
in animals (Bello-Fernandez et al., 1993), microorgan-
isms (Theiss et al., 2002), and plants (Kaur-Sawhney
etal., 1980). In mammalian cells, the progression of the
normal cell cycle is dependent on PAs (Oredsson, 2003),
and PA contents have been reported to vary through-
out the cell cycle in Helianthus tuberosus (Serafini-
Fracassini, 1991). However, the exact intracellular
localizations of ADC, ODC, and PAs during mitosis
are hardly known, which has prevented more precise
interpretation of the biological role of PAs in cell
division. In this study, the specific localization of
ADC protein in the cell nuclei and in the chromosomal
area of mitotic cells may indicate that PAs synthesized
via ADC are involved in chromatin condensation
during cell division. Interestingly, in synchronized
human cervix and prostatic carcinoma cell cultures,
ODC protein was localized in perinuclear site at the
beginning of mitosis and in the nucleoplasm sur-
rounding the chromosomes during metaphase, ana-
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phase, and telophase (Schipper et al., 2004). PAs have
been implicated in the formation of higher-order chro-
mosomal fibers in vitro and in vivo (Belmont et al.,
1989). In mammalian cells, PA depletion causes major
chromosomal alterations, such as decondensation and
fragmentation of mitotic chromosomes (Pohjanpelto
and Knuutila, 1982). Pollard et al. (1999) suggested
that in yeasts PAs are repressors of transcription in
vivo and that histone hyperacetylation antagonizes the
ability of PAs to stabilize highly condensed states of
chromosomal fibers.

ADC mRNAs, in this study, were located within the
mitotic spindle apparatus of dividing cells, whereas
ADC protein was close to the chromosomes. This may
suggest that the transport of ADC mRNA during
mitosis is mediated by microtubules and that ADC
mRNA is translationally repressed while en route.
Studies in Drosophila melanogaster Meigen and Xenopus
laevis Daudin embryos, as well as neurons, have im-
plicated microtubules in localizing mRNA (Nasmyth
and Jansen, 1997), but to our knowledge this has
not been reported earlier in higher plants. However,
RNA localization appears to be an ancient cellular
mechanism, while RNA transport and local translation
have been documented in vertebrates, invertebrates,
and unicellular organisms (Kindler et al., 2005). First
evidence for the intracellular localization of specific
mRNAs was discovered with maternal mRNAs within
eggs or oocytes (Jeffery et al, 1983; Gavis and
Lehmann, 1994), but, through improved sensitivity of
in situ hybridization techniques, localized transcripts
have been found in an increasing number of somatic
cell types, including fibroblast, myoblast, neurons,
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Figure 4. ADC and ODC enzyme activities in developing zygotic embryos of Scots pine presented in relation to the effective
temperature sum (d.d.) in the four sampling dates in 2003. Enzyme activities were analyzed by measuring the '*CO, evolution of
decarboxylated radiolabeled Arg and Orn. The black symbols (@ and ®) represent the activity measurements from clone K884
and the open symbols (O, O, A, and V) those from clone K818. At each sampling date, the replicate measurements (two or three)
done from the same protein extraction are marked with the same symbol. Protein extractions per clone and per sampling date
varied from one to four. The locations of the symbols are horizontally jittered about the exact x coordinate to separate
overlapping values. The geometric mean values for each clone at different sampling dates are connected with solid line for K884

and dashed line for K818.

oligodendrocytes, and epithelial cells (St Johnston,
1995).

ADC mRNA and ADC protein seem to take place
particularly at the mitotic phase of the cell cycle, when
most protein synthesis is inhibited. Pyronnet et al.
(2000) found that mammalian ODC mRNA contains a
cap-independent internal ribosome entry site that
functions exclusively at the G,/M phase of the cell
cycle. Commonly, ODC activity is also connected with
cell division in plant cells (Galston and Sawhney,
1990), and recently ODC mRNA was in situ localized
in the dividing cells of shoots and roots in Lycopersicon
esculentum Mill., whereas ADC transcripts were not
found in the dividing cells (Acosta et al., 2005). In
tobacco cv Xanthi, ADC was found to be responsible
for Put synthesis in old hypergenous vascular tissues,
whereas ODC expression coincided with early cell
divisions and ODC catalyzed Put synthesis in hypo-
genous tissues (Paschalidis and Roubelakis-Angelakis,
2005). Because plants are capable of using both the
ODC and the ADC pathways in PA synthesis, it could
be hypothesized that ADC may have taken, at least in
some cells, the functions that belong to ODC in animal
cells. Hanfrey et al. (2001) did not find a genomic
sequence homologous to known ODC genes or ODC
enzyme activity in Arabidopsis. Although conserved
or similar basic mechanisms are operational at the core
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of the cell division cycle of all eukaryotes, plants show
novel features, especially in molecules involved in the
regulation of cell cycle control (Dewitte and Murray,
2003).

CONCLUSION

In this study, we report PA metabolism to follow
yearly consistent profiles during zygotic embryo

Table Il. Estimated regression coefficients and their 95% EMSs from the
models fitted for the natural logarithms of ADC and ODC enzyme
activities associated with the fixed explanatory variable C (clone;
0 = K818, 1 = K884) and the linear and quadratic terms T, and T,
of the effective temperature sum (centered and scaled by 100),
as well as their interactions

The residual degrees of freedom are 12 for ADC and 13 for ODC.
Coef., Regression coefficient.

ADC OoDC
Coef. 95% EM Coef. 95% EM
Intercept 3.90 0.43 0.10 0.53
Cc 0.39 0.85 —1.58 1.03
T, 0.22 0.22 -0.76 0.25
T, —-0.22 0.24 —0.36 0.27
C X T, 0.33 0.36 0.58 0.42
CXT, —-0.13 0.42 0.67 0.50
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development in Scots pine. There is typically an in-
creasing trend in PA concentrations at the early de-
velopmental stages and a decreasing trend during late
embryo development, except in the case of the free Put
fraction, which remains relatively stable throughout
the embryo development. Our results show that the
ADC pathway is the main PA route and that ADC
expression is regulated, at least in part, at the mRNA
level. We also show that ADC gene expression and
ADC protein are present specifically in mitotic cells of
embryo meristems, suggesting the essential role of
ADC in the mitosis of plant cells.

MATERIALS AND METHODS
Collection of Immature Seeds

During the growing seasons 2001 and 2003, 1-year-old immature seed
cones were collected from two open-pollinated elite Scots pine (Pinus
sylvestris) clones, K818 and K884, growing in the Scots pine clone collection
in Punkaharju, Finland (61°48' N; 29°17’ E). In both years, the same grafts, one
per pine clone, were used to collect the cones. The cone collection was
repeated four times in July throughout the period of embryo development. In
2001 cones were collected on July 9 (sampling date I), July 16 (sampling date
10), July 23 (sampling date III), and July 30 (sampling date IV), and in 2003
cones were collected on July 8 (sampling date I), July 15 (sampling date II),
July 22 (sampling date III), and July 29 (sampling date IV). Immature zygotic
embryos surrounded by the immature megagametophyte, called zygotic
embryos, were dissected from the developing cones and fixed immediately for
the microscopic examination as described below. Dissected zygotic embryos
for PA analysis, enzyme analysis, and real-time RT-PCR were stored at —80°C
until use.

Microscopic Observations

Developing embryos were fixed for study of the anatomical features of the
embryos, for in situ hybridization and for immunolocalization. For all these
purposes, the following protocol from fixation to coverslip mounting was
used. The tissues were fixed in 4% (w/v) p-formaldehyde in 1 X phosphate-
buffered saline (PBS) buffer (10 mm phosphate, 150 mm NaCl, pH 7.4). After
dehydration with a graded series of ethanol, ethanol was replaced by tertiary
butanol and then gradually by paraffin. Sections (5 and 7 um) were cut from
the embedded samples with a microtome, mounted on SuperFrostPlus slides
(Menzel-Glaser), and fixed by drying overnight at 40°C.

To study the developmental stage of the embryos, the preparates were
stained with toluidine blue (0.05% toluidine blue in water) and the sections
were examined under a light microscope. In 2003 the developmental stage was
specified from six to 15 embryos per sampling date, totaling 85 embryos. The
sequence of embryo development was divided into three phases according to
Singh (1978). These stages include proembryogeny (i.e. the stages before
suspensor elongation), early embryogeny (i.e. the stages after suspensor
elongation and before the establishment of the root meristem), and late
embryogeny (i.e. the establishment of root and shoot meristems and the
further development of the embryo).

Measurement of PAs by HPLC

In addition to the free PAs, soluble and insoluble conjugated PAs were also
examined. Four samples per sampling date and each sample consisting of
250 mg of embryos were extracted in 5% (w/v) perchloric acid. Crude extract
for free PAs, hydrolyzed supernatant for perchloric acid-soluble conjugated
PAs, and hydrolyzed pellet for perchloric acid-insoluble conjugated PAs were
dansylated and separated by HPLC according to Sarjala and Kaunisto (1993)
and Fornalé et al. (1999). The embryonic PA concentrations were expressed as
nmol g~ initial fresh weight of embryos.

Analysis of ADC and ODC Activities

The proteins of Scots pine zygotic embryos were extracted for enzyme
activity measurements from one to four independent samples per sampling

Plant Physiol. Vol. 142, 2006

ADC and Polyamines in Developing Scots Pine Embryos

date. Embryos (400 mg fresh weight) were homogenized in an ice-cold mortar
with liquid nitrogen and dissolved in 4 mL of extraction buffer containing
50 mm Tris-HCI, pH 8.4, 0.5 mMm pyridoxal-5-phosphate, 0.1 mm EDTA, and
5.0 mm dithiothreitol. The solution was centrifuged at 15,500¢ for 20 min at
+4°C, and the supernatant as well as the pellet resuspended with 4 mL of
extraction buffer were used for both ADC and ODC enzyme assays according
to Minocha et al. (1999a), with some modifications. The ADC and ODC
activity reaction mixtures (300 uL) contained 200 uL of protein extract, 50 uL
of buffer, and 50 uL of either 12 mm Arg containing 9.3 kBq L-[U-"*C]Arg
(specific activity 11.1 GBq/mmol; Amersham) or 12 mm Orn containing 3.7
kBq DL-[1-*C]Orn hydrochloride (specific activity 2.07 GBq/mmol; Amer-
sham). The presence of true ADC activity was confirmed by adding 20 uL of
16 mM unlabeled L-Orn into the reaction mixture according to Tassoni et al.
(2000) to inhibit arginase activity. In the inhibition assay for ODC, 12.5 mm
pL-a-difluoromethylornithine (Sigma) was used. Blank samples were made by
adding 200 uL of perchloric acid. Three activity measurements were per-
formed from each protein sample and the activities were expressed as nmol
CO, h™! (mg protein) . Protein content was measured with the Bradford
method (Quick Start Bradford Protein Assay; Bio-Rad) using bovine serum
albumin (BSA) as a standard.

PCR Primers

The primers 5'-AGAAATTGGGGATGCTGGAT-3’ and 5'-GCCATCAC-
GATTGTATTCACC-3" were designed to amplify a 466-bp fragment of the
Scots pine ADC gene (AF306451). For amplifying a 420-bp fragment of a
putative ODC gene, the primers 5'-AAGCGGTGAAGCCATTAAAA-3’ and
5'-TTGCGTTGCAGACGTATTTC-3" were used. The primers for ODC were
designed using GenBank Pinus taeda EST sequence CO176452. The selection of
a putative ODC sequence was based on similarity at amino acid level with the
ODC genes isolated from other plant species. The designing of the ACT
primers 5'- GCTTGCTTATGTAGCCCTTGA-3" and 5'-GGTCTTGGCAATC-
CACATCT-3" was based on the Pinus contorta Dougl. ex Loud. actin (ACT)
gene sequence M36171. The ACT primers were designed to contain an intron
in the sequence between the primers to reveal possible genomic DNA contam-
ination. The functioning of ACT primers and the primer pair against Scots pine
glyceraldehyde-3-phosphate dehydrogenase sequence (L07501) was shown in
Jaakola et al. (2004). All primers were chosen to have equal annealing
temperatures close to the optimal temperature of 58°C.

RNA Isolation, RT-PCR, and cDNA Cloning

The total RNA of Scots pine zygotic embryos was extracted for the gene
expression studies date as described in our previous paper (Vuosku et al.,
2004), using the automated magnetic-based KingFisher mL method (Thermo
Electron Corporation) and the manufacturer’s KingFisher total RNA purifi-
cation kit. Three independent RNA extractions were done per clone and per
sampling date. However, the extractions from the embryos of clone K818 on
sampling date II were unsuccessful and could not be repeated because of the
shortage of the embryos. cDNA was prepared from 3 ug of total RNA, which
was reverse transcribed by SuperScript II reverse transcriptase (Invitrogen)
from an anchored oligo(dT) primer using standard methods in a reaction
volume of 20 uL. Fragments of the PA biosynthesis genes and the house-
keeping gene ACT were amplified from ¢cDNA by standard PCR using
DyNAzymeEXT polymerase (Finnzymes). PCR fragments were cloned into
the pDrive Cloning Vector of Qiagen PCR Cloning kit (Qiagen). DNA
sequencing was performed using an automated sequencer (model 377; PE
Applied Biosystems) and dye terminator sequencing reagents (PE Applied
Biosystems).

Real-Time PCR Analyses of ADC, ODC, and ACT
mRNA Transcripts

The quantification of mRNA was done with real-time PCR. A first-strand
cDNA template was synthesized from 3 ug of total RNA as described above.
Three independent cDNA preparations were made for every sampling date,
and every PCR reaction was done in duplicate to control for the variability of
PCR amplification. The real-time PCR was performed in 50 uL of reaction
mixture composed of 2 uL of cDNA, Brilliant SYBR Green QPCR Master Mix,
and 150 nm gene-specific primers using the Mx3000P real-time PCR system
(Stratagene). PCR amplification was initiated by incubation at 95°C for 10 min
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followed by 40 cycles: 30 s at 95°C, 1 min at 58°C, and 1 min at 72°C. The PCR
conditions were optimized for high amplification efficiency >95% for all
primer pairs used. ADC and ODC gene expressions were normalized by
nonregulated reference gene expression derived from the housekeeping gene
ACT. Q-Gene software (Muller et al., 2002) was used for the calculation of
mean normalized expressions of the target genes. Mean normalized expres-
sions are the linear expression values of a target gene relative to a reference
gene, calculated from the average CT value, the PCR cycle where the fluo-
rescence intensity of an amplicon crosses a threshold line, of the two replicates
for the target gene and for the reference gene (Simon, 2003).

RNA Probes for in Situ Hybridization

To prepare RNA probes, we used a PCR-based technique, in which a T7
polymerase promoter sequence (TAATACGACTCACTATAGGG) was intro-
duced at the 5’ ends of the gene-specific primers (Young et al., 1991). Plasmid
DNA containing the cDNA in question served as the PCR template. The gene-
specific downstream primer contained an artificially introduced T7 promoter
at its 5’ end, which enabled the synthesis of antisense transcripts. The
upstream primer containing T7 promoters at the 5’ ends was used for the
synthesis of sense transcripts, i.e. as negative control. A PCR fragment
representing the coding region of ADC was produced under standard PCR
conditions using DyNAzymeEXT polymerase (Finnzymes). The PCR frag-
ment was gel purified using the DNA gel extraction kit (Millipore Corpora-
tion), and 250 ng was subsequently used as a template DNA for in vitro
transcription by T7 RNA polymerase (Invitrogen), incorporating dig-UTP via
DIG RNA labeling mix (Roche Molecular Biochemicals). Template DNA was
digested with four units of RNAse-free DNAse (Invitrogen) in a reaction
volume of 20 uL for 10 min at 37°C, and the probe was precipitated and
hydrolyzed in 1 X carbonate buffer (80 mm NaHCO;, 120 mm Na,CO;). The
yield of the DIG-labeled RNA probe was estimated by comparing the intensity
of the sample to the defined controls made with DIG-labeled control RNA
(Roche Molecular Biochemicals).

In Situ Hybridization Analysis

The sections for in situ hybridization were done as described above. In situ
hybridization was done according to Mdhonen et al. (2000) with some
modifications. The sections were dewaxed in xylol, hydrated in an ethanol
dilution series, and treated sequentially with 0.2 m HCI, proteinase K (10 ug
mL™Y), 4% (w/v) p-formaldehyde, and 0.5% acetic anhydride in 0.1 m
triethanolamine. The samples were hybridized in a solution containing 50%
(v/v) formamide, 300 mm NaCl, 10 mm Tris, pH 7.0, 10 mm Na,PO,, pH 7.0,
50 mm EDTA, 10% dextran sulfate, 200 ug mL™! tRNA, 1X Denhardt’s
solution, and 10 units mL™! RNase inhibitor overnight at 55°C in a water
atmosphere. The amount of RNA probe used was about 200 ng per slide. After
hybridization, the slides were washed in 0.2 X SSC buffer (30 mm NaCl, 3 mm
sodium citrate, pH 7.0) at 55°C for 60 min and treated with RNase A (10 ug
mL™") in NTE buffer (500 mm NaCl, 10 mm Tris, pH 8.0, 5 mm EDTA). The
hybridized probe was detected using alkaline phosphatase-conjugated anti-
DIG antibodies and NBT/BCIP as substrates (Roche Molecular Biochemicals).

Immunolocalization

The IgGs obtained against the tobacco (Nicotiana tabacum) ADC protein
(Bortolotti et al., 2004) were used for immunolocalization. The sections were
deparaffinized, rehydrated in an ethanol dilution series, and treated with 3%
H,0,in 1 X PBS to destroy endogenous peroxidase activity. The sections were
washed with PBS followed by a 0.3% Triton X-100/5% BSA in 0.1% phosphate
buffer (PBTBSA), and then they were incubated with anti-ADC antiserum at
concentration 1:250 in PBTBSA for 30 min. After rinsing in PBTBSA, the
avidin-biotin complex method (Vector Labs), using diaminobenzidine as a
substrate for peroxidase, was carried out to detect the antigen-antibody
complex according to the vendor’s instructions.

Statistical Methods

The PA concentrations were analyzed by normal linear regression models
in which T (effective temperature sum) was the main explanatory variable. C
(clone; values 0 = K818, 1 = K884), F (fraction; 0 = free, 1 = soluble
conjugated), and V (year; 1 = 2001, 0 = 2003) were binary covariates. A
second-order polynomial curve for the response was assumed, including both
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T, = the centered and scaled linear term (original values minus the overall
mean value divided by 100) and T, = the quadratic (square of T,) term of the
effective temperature sum. Interactions between both terms of effective
temperature sum with the three binary factors were allowed for by including
appropriate product terms in the model.

The development of ADC gene expression as a function of effective
temperature sum in 2003 was analyzed by fitting a regression line through the
origin for the logarithm of relative expression as a linear function of the
logarithm of effective temperature sum (LET). The slopes were estimated for
both clones separately, and the common slope assumption was evaluated by
the appropriate interaction term C X LET.

ADC and ODC enzyme activities by effective temperature sum in 2003
were analyzed by linear mixed regression models. Here, the natural logarithm
of the enzyme activity measurement was taken as the response variable. As in
the above PA models, the linear and quadratic terms T; and T, of effective
temperature sum were the interesting quantitative covariates, and C = clone
was a binary covariate. The interactions of effective temperature sum terms
with clone were also included in the models. In addition, the variability of the
response over the separate isolation runs performed at each measurement
occasion was allowed for by including an appropriate random effect term.

The PA models and the gene expression models were fitted using function
Im() and the models for the enzyme activities by function Ime() in the R
statistical environment (http://www.r-project.org/). Assessment of the
model assumptions were based on an informal inspection of the four diag-
nostic graphs provided by the default plot methods for the fitted model
objects. The results were tabulated by giving the point estimates and the 95%
EMs for the coefficients in each model, so that estimate = EM provides the
95% confidence interval for the coefficient. The estimate to EM ratio multiplied
by 2 can be used as an approximate ¢ statistic to perform a test of significance
for any coefficient of interest, but, in light of recent recommendations, we
prefer to avoid explicit reporting of P values.
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