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Abstract The supply of phosphorus, the essential ele-
ment for plant growth and development, is often limited in
natural environments. Plants employ multiple physiologi-
cal strategies to minimize the impact of phosphate defi-
ciency. In deciduous trees, phosphorus is remobilized from
senescing leaves in autumn and stored in other tissues for
reuse in the following spring. We previously monitored the
annual changes in leaf phosphate content of white poplar
(Populus alba) growing under natural conditions and found
that about 75 % of inorganic and 60 % of organic leaf
phosphates observed in May were remobilized by
November. In order to analyze this process (such annual
events), we have established a model system, in which an
annual cycle of phosphate re-translocation in trees can be
simulated under laboratory conditions by controlling tem-
perature and photoperiod (=‘shortened annual cycle’).
This system evidently allowed us to monitor the annual
changes in leaf color, phosphate remobilization from
senescent leaves, and bud break in the next spring within
five months. This will greatly facilitate the analysis of
cellular and molecular mechanisms of annual phosphate re-
translocation in deciduous trees.
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Introduction

In woody plants, seasonal remobilization of nutrients has been
studied for a long time since this process is important for plants
to survive in nutrient-limited environments (Chapin and
Kedrowsky 1983; Cherbuy et al. 2001; Keskitalo et al. 2005).
Both deciduous (birch, alder, larch, poplar) and evergreen
(spruce, oak) trees are known to remobilize various nutrients
such as C, N, P, and S from senescing leaves before leaf fall.
Remobilization of nutrients from senescing leaves enables
plants to reuse them immediately. Residual nutrients, which
are not remobilized, can be recycled through litterfall. How-
ever, decomposition and re-mineralization of the litter take
several years before these nutrients become available to plants
(Aerts 1996). It is an advantage for perennial plants to retain
nutrients in core tissues that are least affected by alterations in
the external environments.

Phosphorus is one of the precious nutrients, whose
supply is often limited in natural and agricultural envi-
ronments. Remobilization of phosphorus is therefore quite
important for perennials such as deciduous woody plants.
In Populus tremura, phosphate content in leaves decrease
by about 80 % during autumn (Keskitalo et al. 2005). In
deciduous taiga trees, it was revealed that P was stored in
buds and stems during winter primarily as phospholipids,
non-hydrolyzable esters (it was defined as the ester which
was not hydrolyzed for 10 min in 1 M HCI at 95 °C, and
phosphoryl choline is presumed as one of candidates), and
nucleic acids, and they were converted to inorganic phos-
phpates (Pi) in spring (Chapin and Kedrowsky 1983).
However, the molecular mechanisms that underlie the
remobilization of phosphate in autumn are still unclear.

Recently, the annotated whole genome sequence of
Populus trichocarpa Torr. & Groy, a model perennial
plant, was released (Tuskan et al. 2006), and methods for
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genetic analysis in Populus have been established (Busov
et al. 2010). Sequence and expression profiles of the Pht]
phosphate transporter gene family in Populus trichocarpa
have been revealed. Some of these genes are thought to
play roles in Pi remobilization from source to sink tissues
(Loth-Pereda et al. 2011).

In herbaceous plants, it is known that Pi is re-translocated
from mature lower leaves to young upper leaves, and that
re-translocation is accelerated by phosphate starvation. In
Arabidopsis thaliana, molecular mechanisms of phosphate
allocation in plants have been well studied (Chiou et al.
2006; Fujii et al. 2005; Lin et al. 2009).

Phosphate remobilization has been often reported using
field trees (Chapin and Kedrowsky 1983; Keskitalo et al.
2005). In the field condition, however, seasonal remobili-
zation may be strongly affected by many factors such as the
climate changes and nutritional conditions in soil. To sim-
plify the experimental system, in the present study, we have
established a model system for studying seasonal phosphate
re-translocation in deciduous trees under laboratory condi-
tions (=‘shortened annual cycle’) by controlling tempera-
ture and day length. This system eliminates environmental
disturbances and allows us to analyze seasonal re-translo-
cation of phosphates in a shorter period (about 4-5 months).
Leaf-age dependent phosphate allocation and re-transloca-
tion from mature lower leaves to young upper leaves within
a tree is investigated in this system.

Materials and methods
Plant materials

For the field analysis, leaves of a white poplar (Populus
alba) were collected every month between 13:30 to 14:30
PM from April 2010 to November 2011, from a field at Uji
campus of Kyoto University, Japan (34°91'N, 135°80'E,
elevation 24 m). The tree was 6-year-old in 2010, and
stood solitary. Leaves were randomly collected between 1
and 2.5 m from the ground.

For the laboratory analysis, leaves were collected from
potted Populus alba clones on the last day of each culture
stage (see culture conditions). Leaves were numbered from
apex to the base. Younger leaves smaller than 3 cm in
length were not counted.

In both analyses, the fresh weight of each sample comprising
one leaf was measured, and then samples were frozen in liquid
nitrogen and stored at —20 °C until extraction of phosphates.

Culture conditions

Poplar shoots with five leaves (about 10 cm) were cut
from potted cuttings, which were maintained at stage 1
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Table 1 Culture conditions in shortened annual cycle

Temperature Day/night Incubation period Mimicked
(months) season
Stage 1 25 °C 14h/10h 1 Spring/
summer
Stage 2 15 °C 8 h/16 h 1 Autumn
Stage 3 5 °C 8h/I6h  2-3 Winter

(see Table 1) in laboratory. After rooting with 1/5 MS
medium containing 0.1 mg 17" indole-3-butyric acid
(IBA), cuttings were transferred to pots (diameter 10 cm;
height 8 cm) containing vermiculite, which had been
washed by tap water ten times and by distilled water five
times. Potted cuttings were placed in a culture chamber:
stage 1, LP-1, 5P (NK system Osaka, Japan); stage 2,
LH-350S (NK system, Osaka, Japan); and stage 3, LH-
220S (NK system, Osaka, Japan) under the conditions
listed in Table 1. Light was supplied by fluorescence
tubes: stage 1, FPRO6EX-N/A (Panasonic, Osaka, Japan);
stage 2, FL20SS ENW/18 (Panasonic, Osaka, Japan) and
FL4SS EX-N/37-H (TOSHIBA, Tokyo, Japan); and stage
3, FL20SEX-N-HG, FL40SEX-N-HG, and FL15EX-N-X
(NEC, Tokyo, Japan).

Plants were fertilized with 1/5 MS medium (4.12 mM
NH4NO;, 3.76 mM KNO;, 0.02 mM H3;BOj;, 0.02 mM
MnSOy, 7.4 uM ZnSOy4, 0.2 uM KI, 0.2 pM Nap,MoQOy,
0.02 puM CuSOQy, 0.02 pM CoCl,, 0.6 mM CaCl,, 0.25 mM
KH,PO,, 0.3 mM MgSQ,, and 0.02 mM FeNaEDTA) (in
total 1 1 for six potted cuttings) once a week at stage 1 and
thereafter they were irrigated with distilled water only.

Extraction of Pi and organic phosphates (Po)

Frozen leaves were ground with a mortar and pestle in
liquid nitrogen. A whole leaf including petiole was mea-
sured as one sample. Based on the fresh weight of each
leaf, proper amount of water was added and the samples
were homogenized. The homogenate was centrifuged at
20,400 g for 10 min at 4 °C (MX-301, TOMY, Tokyo,
Japan). The supernatant was boiled for 7 min at 98 °C
(DRY THERMO UNIT TAH-1G, TAITEC, Saitama,
Japan), centrifuged again at 20,400g for 10 min at 4 °C.
The supernatant was filtered through 0.5 pm Ultrafree
centrifuge filter (Millipore, Massachusetts, USA) at
5,000g for 3 min at 4 °C. The extract was stored at —20 °C
until measurement.

Pi and Po measurements
Pi was measured by a modified molybdenum blue

method (Murphy and Riley 1962). Total phosphorus was
measured by molybdenum blue method after degradation
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of Po by potassium persulfate oxidation. Po was then
calculated by subtraction of the Pi value from the total
phosphorus value.

Potassium persulfate oxidation

Samples were diluted as necessary so as to fit within the
concentration range of the molybdenum blue assay
(absorbance 0.05 ~ 0.2). To these diluted solutions,
potassium persulfate solution (50 g 17") was added in a
volume ratio of 1:4, and heated in an autoclave at 120 °C
for 90 min. The resulting solutions were diluted further
twofold with H,O and total phosphate was measured by the
molybdenum blue method.

The molybdenum blue assay method
For assay of the various phosphate fractions, the following

stock solutions were prepared: ammonium molybdate
(30 g 171, 5N sulfuric acid (245 g17"), ascorbic acid
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Fig. 1 Seasonal changes in leaf phosphates and leaf fresh weight in a
field poplar. a Seasonal changes in inorganic and organic phosphate
contents per leaf (Pi, Po). b Seasonal changes in total phosphate
contents per leaf (Pt). ¢ Seasonal changes in inorganic and organic
phosphate levels expressed as per leaf fresh weight. d Seasonal

(54 g 17!, prepared just before use), potassium antimonyl
tartrate (1.36 g 171). Just before the measurement, stock
reagents of ammonium molybdate, sulfuric acid, ascorbic
acid and potassium antimonyl tartrate, were mixed in a
volume ratio of 2:5:2:1. The mixed reagent was added to
inorganic or total phosphate solution in a volume ratio of
1:10. After 60 min, the absorbance was read on a spectro-
photometer (DU 730, BECKMAN COULTER, Brea, CA,
USA) at 855 nm. Potassium dihydrogen phosphate was used
as a phosphate standard.

Results

Annual changes in leaf phosphate contents in the field

To confirm remobilization of phosphates from the autumn
leaves, contents of Pi and Po in field poplar leaves were

measured from April 2010 to November 2011 (Fig. 1a). In
the poplar tree, bud break occurred in April followed by
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indicate measured values in 2010 and 2011, respectively. Inorganic
and organic phosphates are indicated by solid and broken lines,
respectively (mean £+ SE, n = 5 in 2010, n = 3 in 2011)
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Fig. 2 States of poplar trees in a
the shortened annual cycle
system. a Outline of the
shortened annual cycle system.
After 2 months in stage 3, leaf
coloration occurred in upper
leaves. b Fourth leaf (leff) and
tenth leaf (right) in the same
tree at the end of stage 3. Leaves
were numbered from apical to
basal. Immature leaves smaller
than 3 cm were not counted

stage 3 Winter

4

stage 1 Spring/Summer
25°C - 14 h light = one month

> N
47 !

h light * two to three months

stage 2 Autumn
15 °C = 8 h light * one month

stage 1 Spring
(bud break: one week)

/"‘ :

leaf expansion. From October to November, leaves turned
yellow, and fell until December. In 2010, Pi contents in
leaves were nearly constant from May to August (about
3 ~ 3.5 pmol leaf "), whereas in 2011 they generally
increased from April to August. Although the monthly Pi
contents in 2010 and 2011 were different, the maximum
Pi content in August 2011 was nearly equal to that in
August 2010. The decrease in leaf Pi contents commenced
in September, and from August to November, about 75 %
of Pi in leaves was remobilized (71 % in 2010, 78 % in
2011). In 2010, leaf Po content decreased continuously
from May to November, and about 57 % of Po content of
that in May was remobilized. In 2011, Po contents fluc-
tuated throughout the year. From August to November,
about 57 % of Po content of that in August was remobi-
lized. Po content in October 2011 was high, which have
been due to an increase in the fresh weight of sample
leaves in 2011 (Fig. 1d). Po concentrations based on fresh
weight (mmol kg fresh weight (FW)™") showed the sim-
ilar tendency, and did not show such an increase in
October 2011 (Fig. Ic). About 66 and 73 % of total
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phosphate in leaves were remobilized in 2010 and 2011,
respectively (Fig. 1b).

Stage-dependent changes of leaf phosphate contents
in the shortened annual cycle

Popular trees were planted in pots and grown at 25 °C with
14 h light (c.a. 200 pmol m~2 s™') for 1 month to repre-
sent spring and summer conditions (stage 1). In this sys-
tem, phosphate contents in leaves depend on the amount of
fertilized P. To approximate phosphate content in the nat-
ural leaves during growing season (3—4 pmol leaf™ ),
plants were fertilized with 1/5 MS medium once a week at
only this stage (1 I per 6 potted cuttings). Then, to accli-
matize to low temperature, trees were transferred to 15 °C
with 8 h light (c.a. 30-40 pmol m~2 s~ ") and cultured for
1 month to represent autumn conditions (stage 2). Finally,
trees were cultured at 5°C with 8 h light (c.a.
30-40 pmol m~2 s™") for 2-3 months to represent win-
ter conditions (stage 3). Table 1 summarizes these
conditions.
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Fig. 3 Phosphate contents in poplar leaves in the shortened annual
cycle system. a Leaf phosphate contents along shoot axis. Leaves
were numbered from apical to basal. Immature leaves smaller than 3
cm were not counted. b The rate of phosphate remobilization along
shoot axis. The rate was calculated from values at stage 1 and stage 3.
¢ Changes in phosphate contents in sixth leaves during stage 1 to 3.

During stages 1 and 2, trees were growing, and
increased the number of countable leaves. Approximately
12 leaves developed during stage 1 and around four leaves
during stage 2. The first leaf at the end of stage 1 corre-
sponds to the third to fifth leaf at the end of stage 2.
During stage 3, the number of leaves increased by no
more than two. At that time, although the trees seemed to
stop shoot apical growth, the leaf number increased only
by expansion of uncounted small leaves in the preceding
stage. Thus, the total number of leaves in the tree sapling
before leaf fall became about 23, compared to around five
at the beginning of culture. In stage 3, leaf coloration
(beautiful yellow, see Fig. 2) and leaf fall occurred in the

stage1 stage2 stage3 stage1

Inorganic phosphate contents are indicated by white bars or solid
lines. Organic phosphate contents are indicated by black bars or
broken lines (mean = SE, n = 3). At stage 1 of the second cycle,
leaves were collected randomly from trees, because it was difficult to
determine the leaf number

upper leaves, while the lower leaves withered and fell, but
did not show the beautiful yellow color (Fig. 2b). When
defoliated trees were again moved to stage 1 conditions,
new leaves emerged within one or two weeks.

To measure phosphate distribution in poplar trees in
this system, Pi and Po contents in leaves were measured
along the shoot axis (Fig. 3a). In stage 1, except for the
first leaf, Pi and Po contents per leaf were higher in
young upper leaves than in lower leaves. The first leaf
was not mature, and its fresh weight (approximately
137 mg) was smaller than lower leaves (the fifth leaf,
527 mg). However, phosphate levels of the first leaf (Pi
8.3 mmol kg FW~!, Po 7.4 mmol kg FW ') was roughly
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the same value as the third leaf (Pi 8.9 mmol kg FW ™",
Po 5.7 mmol kg FWfl), and higher than that of the fifth
leaves (Pi 6.0 mmol kg FW™', Po 2.6 mmol kg FW ™)
and downward ones. In stage 2, Pi and Po contents were
also higher in young upper leaves than in lower leaves.
However, Pi contents in leaves were lower than in stage
1. In stage 3, Pi and Po contents decreased greatly in the
fifth to the seventh leaves. The rate of phosphate remo-
bilization during stages 1-3 was high in the fifth and the
sixth leaves, and was low in the first, the third and lower
than the sixth leaves (Fig. 3b). This shows that the effi-
ciency of remobilization of phosphate varies according to
the leaf position from apex.

The first leaf at the end of stage 1 became the third to fifth
leaf at the end of stage 2. Phosphate contents in this leaf
increased during stage 2. Phosphate contents in lower leaves
(sixth and seventh at stage 2 that correspond to about third
leaf at stage 1) decreased during stage 2 (Fig. 3a). It was
presumed that changes in phosphate contents in leaves were
due to re-translocation of Pi and Po from lower leaves to
younger upper leaves.

In a leaf, source and sink relationships change
depending on the stage of development. When leaves are
young, they act as sinks and are supplied with P from
older tissues. As they become mature, they progressively
change from sink to source, eventually exporting P to
younger leaves. This decrease of leaf phosphate contents
due to plant growth-dependent re-translocation needs to
be distinguished from the remobilization of leaf phos-
phate, which occurs during autumn senescence. P con-
tents of the sixth leaves were measured in each stage
under the assumption the same position of the leaf has
the same capacity as the source tissue for the sink tissues
(Fig. 3c). It was considered that the influence of phos-
phate re-translocation would be suppressed by using the
same leaf position. When compared to the autumn
remobilization in the field (Fig. 1a), phosphate contents
in the sixth leaves of the laboratory grown plants showed
a similar decrease from stages 1-3 (Pi 88 %, Po 58 %).
At stage 1 of the second cycle, Pi and Po contents in
leaves increased again (Fig. 3c). Bud break occurred at
the terminal bud and most axillary buds at the same time.
Since it was difficult to determine the growth-dependent
leaf number, leaves were collected randomly from trees
at the second stage 1.

Discussion
In field measurements, remobilization of Pi and Po from
senescing leaves occurred in late summer and autumn

(Fig. 1). Phosphate remobilization from senescent leaves is
an important strategy for perennials to conserve
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phosphorus. In nature, seasonal events like leaf fall and bud
break occur only once a year and these events are strongly
influenced by many factors such as temperature, rainfall,
and length of sunshine. This complicates analysis by
molecular means of the processes that contribute to re-
translocation within the plant and remobilization during
senescence. In an attempt to control the phenology, we
have established and tested a controlled environmental
system that mimics the developmental events that occur
under field conditions. The main differences with this
new system are that the phenology is more predictable, and
the annual cycle can be achieved within approximately
five months. This system enabled us to analyze phosphate
re-translocation in a tree in a shorter period without dis-
turbance from variable climatic influences.

In this shortened annual cycle system, by controlling
temperature and day length, we succeeded in reproducing
leaf coloration and phosphate remobilization from leaves
similar to that which occurs under field conditions
(Figs. 2, 3). In the field, phosphate remobilization started
in September before leaf coloration. The precise trigger
for this phosphate remobilization from senescent leaves
is still unclear. In previous studies, it was revealed that
Populus responded to a critically shortened day length
with the cessation of elongation growth and the forma-
tion of terminal buds. These events are reported to be
controlled by the CONSTANS(CO)/FLOWERING
LOCUS T(FT) regulatory module in Populus (Bohlenius
et al. 2006; van der Schoot and Rinne 2011). In the
European aspen (Populus tremula), autumn senescence
starts every year at around the same date, suggesting that
the main trigger is the shortening of day length in the
photoperiod (Keskitalo et al. 2005). In nitrogen recy-
cling, the expression of bark storage protein genes during
autumn is also regulated by the photoperiod, through the
action of phytochrome (Zhu and Coleman 2001). It is
seems likely that phosphate remobilization from senesc-
ing leaves and subsequent winter storage of phosphate
are also regulated by the photoperiod. Further studies
will be required to ensure whether the shortened senes-
cence period and artificial climate control in the present
study affects the in situ mechanisms of phosphate re-
translocation.

In our shortened annual cycle system, trees that under-
went the three developmental stages reverted back to stage
1 when the appropriate conditions were provided, and
within two weeks, bud break occurred and phosphate
contents in new leaves were much higher than in leaves at
stage 3. It was considered that phosphate contents in these
new leaves were mainly supplied from stem and/or buds
because those trees were fertilized only at the previous
stage 1. However, it is also possible that some residual
fertilizer remained in the soil. From the results obtained, it
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was difficult to distinguish between phosphate remobili-
zation from senescing leaves in autumn and phosphate re-
translocation from old mature leaves to young upper leaves
as the tree developed. Also, phosphate remobilization from
leaf may be influenced by changes in physiological con-
ditions of other sink tissues (shoot apex, root, bud, or
stem). We now have a suitable system for investigation of a
range of nutrient-related questions including phosphate
fluxes between different tissues, and the molecular pro-
cesses that underlie changes in phosphate movements
within the plant during its annual cycle. This system will
also be able to be applied to other seasonal events in
deciduous trees, such as re-translocation of other nutrients,
bud break, cambium reactivation, and abscission layer
formation. The present system will be a valuable tool for
analyses of interactive approaches using both field and
laboratory analyses.
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