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Abstract
Background and aims Phosphorus (P) nutrition is
very important during early maize seedling growth.
Remobilization of endogenous seed P and uptake of
exogenous P are therefore of prime importance during
this period. Our objectives were to study the effect of
the availability of endogenous and exogenous P on i)
remobilization of endogenous seed P, ii) the beginning
of exogenous P uptake and its intensity, iii) their
interaction and effect on seedling development.
Methods Seeds with high and low reserves of endog-
enous seed P were cultivated at three rates of avail-
ability of exogenous P (0, 100, 1,000 μM) over a
growth period of 530 cumulated degree days after
sowing. Exogenous P was labeled with radioactive P
(32P) to distinguish the two fluxes of P in seedlings,
one due to remobilization of seed P and the other to
uptake of exogenous P.

Results Initially, 86% of endogenous seed P was local-
ized in the scutellum, mainly in the form of phytate,
regardless of initial endogenous seed P. At 89 cumulated
degree days after sowing (base temperature: 10°C), 98%
of seed phytate was hydrolyzed in all treatments. In
treatments with available exogenous P, significant up-
take of exogenous P started at 71 cumulated degree days
after sowing. Efficient uptake of exogenous P depended
on its availability, but was independent of phytate hy-
drolysis and seedling P status. Significant loss of P from
germinating seeds due to efflux was observed and was
also independent of the availability of exogenous P.
Conclusions Our results show that hydrolysis of seed
P was not influenced by the availability of exogenous
P, and conversely, that uptake of exogenous P was not
influenced by endogenous P in the seed. This suggests
that remobilization of endogenous seed P and uptake
of exogenous P by seedling roots are controlled
independently.
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HP High exogenous P availability
DW Dry weight
Endo-P Endogenous seed P
Exo-P Exogenous P uptake

Introduction

As a component of key molecules like nucleic acid,
phospholipids, or ATP, phosphorus nutrition is one of
the most significant factors in the plant life cycle,
particularly during germination and early growth
stages (Grant et al. 2001; Assuero et al. 2004;
Pellerin et al. 2000; Plénet et al. 2000; Colomb et al.
2000; Mollier and Pellerin 1999). Although crops
absorb only small quantities of P during the first 2–
3 weeks of growth, this early accumulation of P is
extremely important for the final crop yield (Römer
and Schilling 1986; Barry and Miller 1989; Gavito
and Miller 1998; Römer et al. 1988).

The main metabolic events associated with seed
germination are the remobilization of nutrients stored
in seeds and their subsequent translocation and utili-
zation in different seedling compartments. In the seed,
phosphorus is stored primarily in the form of phytate
(Park et al. 2006; Lott et al. 1995). The phytate content
of cereal seed is highly correlated with total phospho-
rus (Lockhart and Hurt 1986). In maize, 86% of total
endogenous seed P is localized in the scutellum and
the remaining 14% in the endosperm (Nadeem et al.
2011).

Previous studies showed that the phytate stored in
the scutellum started to hydrolyze from the 1st day
after sowing and reached a plateau between the 5th
and 7th day; phytate was converted into organic phos-
phorus and mineral cations that become available for
the young maize seedlings (Nadeem et al. 2011;
Laboure et al. 1993). It was also shown that 4-day-
old maize seedlings contained only P originating from
the seed and that significant uptake of exogenous P by
roots only started after the 5th day after sowing.
During the first 2–3 weeks of growth, seedling P
requirements were largely met by remobilization of
endogenous seed P with a little uptake of exogenous
P (Nadeem et al. 2011). Consequently, during the first
2–3 weeks after germination, the remobilization of
endogenous seed P is of prime importance along with
uptake of exogenous P.

As the remobilization of endogenous seed P and the
uptake of exogenous P overlap in time (Nadeem et al.

2011), the question arises whether these processes
have an effect on each other or if they are indepen-
dently controlled. Our objectives were to study the
effect of the availability of endogenous and exogenous
P on i) the remobilization of endogenous seed phos-
phorus, ii) the beginning of uptake of exogenous P and
its intensity, iii) their interaction and its effect on the
development of young maize seedlings during germi-
nation and early growth. Exogenous P was labeled
with 32P to distinguish the two fluxes of P, (one
remobilized from endogenous seed reserves and the
other being the uptake of exogenous P) in young
maize seedlings and their effect on each other accord-
ing to their origin.

Materials and methods

Seed treatment and seedling establishment

The study was conducted in a growth chamber in
November and December 2010, at INRA Bordeaux,
France. The homogenous maize seeds (cv. DKC-
5783) with low (LS) and high (HS) reserves of endog-
enous seed P were harvested as part of a long term P
fertilization experiment with irrigated maize at the
experimental site of Pierroton in southwest France
(lat. 44° 44′ 30″; long. 0° 46′ 59″; alt. 55 m).
Homogenous seeds from LS and HS treatments with
the same initial seed weight (0.33 g±0.001) were used
for this study. The initial seed endogenous P was
determined by an adaptation of malachite green color-
imetric technique after P mineralization with HNO3

(Van Veldhoven and Mannaerts 1987). The initial
endogenous seed P was 506 μg P seed−1 and 952 μg
P seed−1 for LS and HS seeds, respectively. The LS
and HS seeds were sown in opaque polypropylene
pots (10*10*14 cm width, length and height, respec-
tively) with three rates of availability of exogenous P:
0, 100 and 1,000 μM for the no P treatment (0P), low
(LP) and high (HP) exogenous P availability, respec-
tively. The exogenous P was labeled with radioactive
P (32P) to quantify uptake of exogenous P and to
monitor the remobilization kinetics of endogenous
seed P and the partitioning of seedling P in different
seedling compartments during germination and early
growth stages. Out of a total 183 pots i) 180 pots with
32P labeling were used to monitor the kinetics of
remobilization of the reserves of endogenous P in the
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seed and of the uptake of exogenous P and ii) three
pots without 32P labeling sown with HS and HP to
measure radioactivity induced background noise at
final seedling harvest.

Composition of the exogenous nutrient solution
of P and labeling with 32P

Three complete nutrient solutions containing P and all
the necessary micro and macro nutrients were used to
grow the maize seedlings (Bhadoria et al. 2004) with
three concentrations of exogenous P. The nutrient so-
lution consisted of 1 mM NO3 as Ca(NO3)2.4H2O,
0.2 mM K as KCl, 0.1 mM Mg as MgSO4.7H2O,
46 μM B as H3BO3, 9.1 μM Mn as MnCl2.4H2O,
0.8 μM Zn as ZnSO4.7H2O, 0.3 μM Cu as
CuSO4.5H2O, 0.5 μM Mo as (NH4)6Mo7O24.4H2O,
2 mg L−1 Fe was added as Sequestrene-138 Fe (water
soluble granules with 6% Fe in chelated form). The
concentrations of exogenous P were 0, 100 or
1,000 μM as NaH2PO4.2H2O for 0P, LP and HP,
respectively. The pH of all three nutrient solutions
was adjusted to 6.4 with addition of NaOH. An initial
measured quantity (Rt0), 1,561 kBq and 1,669 kBq of
32P were added in 16 L of the 0P and LP solutions,
respectively, while 1,667 kBq were added in 15 L of
the HP solution for labeling of exogenous P. The
initial specific activity (SAt0) was 1.043 kBq (μmol
P)−1 and 0.111 kBq (μmol P)−1 in LP and HP labeled
nutrient solutions, respectively.

Seedling growth conditions

The LS and HS seeds were sown with three rates of
availability of exogenous P: 0, 100 and 1,000 μM for
the no P treatment (0P), low (LP) and high (HP)
exogenous P availability, respectively. Before sowing,
the LS and HS seeds were separated into groups of
nine for each endogenous and exogenous P treatment.
Out of a total 183 pots, 90 were planted with LS seeds
and remaining 90 pots with HS seeds. On November
9, 2010, the seeds were sown in perlite (120 g pot−1) at
a sowing depth of 2 cm, and 210 mL labeled nutrient
solution was added to each pot to reach 90% saturation
capacity of the perlite. Out of a total 90 LS seed pots,
each set of 30 pots was irrigated with a labeled nutrient
solution of 0P, LP, and HP, respectively. Similarly, out
of 90 pots planted with HS seeds, each set of 30 pots
was irrigated with a labeled nutrient solution of 0P, LP,

and HP, respectively (210 mL pot−1). The labeled
nutrient solution (0P, LP and HP) was added to all
180 pots. The same volume (210 mL pot−1) of HP
nutrient solution without labeling was added to the
three control pots sown with HS seeds to measure
background noise induced by radioactivity.

All the pots were placed in plastic trays. The photo-
period was 18 h of light and 6 h of darkness throughout
the seedling growth period (Palomo et al. 2006). Air
temperature and the temperature inside the pots were
measured with copper-constantan thermocouples
(0.2 mm diameter). Air relative humidity was measured
with a relative humidity probe (HMP35AC, Vaisala,
Finland). Photosynthetically active radiation (PAR)
was recorded with a PAR Sensor (SKP 215, Skye
Instruments, Llandrindod Wells, UK and JYP-1000,
SDEC, France). All sensors were connected to a data
logger (21X, Campbell Scientific, UK). Measurements
were taken every 15min, but only hourly average values
were recorded. During the experiment, the average air
temperature, relative humidity and light intensity were
28°C, 49% and 657 μmol m−2 sec−1, respectively.
Thermal time (TT) in cumulated degree days after sow-
ing was calculated on a daily basis as follows:

TT ¼
Xd¼29

d¼1

Td � Tb
� �

where Td is the daily air temperature (in °C) as the
average of the hourly air temperatures recorded each
day. Any hourly air temperature exceeding 30°C was set
at 30°C (Bonhomme et al. 1994). Tb (10°C) is the base
temperature (Eagles and Hardacre 1979).

Throughout the experiment, the pots were irrigated
with water on the basis of water lost from the pots by
evapotranspiration. Pots destined for the last seedling
harvest were weighed (g) daily to calculate average
weight loss due to evapotranspiration.

Seedling harvest, growth measurements and chemical
analysis

The experiment was carried out for 530 cumulated
degree days after sowing and seedlings were harvested
10 times during the first 4 weeks of growth. The initial
seed biomass, total P, phytate and phytate-P reserves
were determined in 18 seeds (3 replications of 6 seeds)
in each LS and HS seed. The seedlings were harvested
at 16, 34, 52, 71, 89, 126, 163, 199, 309 and 530
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cumulated degree days after sowing. At each seedling
harvest, three pots were selected for each treatment
and six homogenous seedlings were sampled from
each pot. For all treatments, the six selected seedlings
were first washed with a 400 mL solution of 0.5 mM
CaSO4 at 4°C for 1 min to remove all the perlite from
the seedling roots. Next, the seedlings were placed in a
400 mL solution containing P (0, 100 or 1,000 μM,
depending upon the exogenous P treatment) and
CaSO4 (0.5 mM) for the desorption of 32P from the
seedling roots (4 min at 4°C) (Rubio et al. 2004). After
washing, the seedlings were placed on a glass plate
and separated with a spatula into five different seed-
ling compartments: endosperm, scutellum, roots, cole-
optile +mesocotyle and leaves. The following
compartments were also used for data analysis: the
seed (comprising endosperm and scutellum), the seed-
ling (comprising leaves, roots and coleoptile+meso-
cotyle), and the total seedling (comprising leaves,
roots, coleoptile+mesocotyle, endosperm and scutel-
lum). All the results in this study are expressed on the
basis of each seedling in each pot.

The fresh biomass (g) of each seedling compartment
(endosperm, scutellum, leaf, root, coleoptile+mesoco-
tyle) was determined, and samples were then lyophi-
lized for 24 h and their lyophilized weight (g) recorded.

P determination in each seedling compartment

Phosphorus contents in all seedling compartment were
determined by an adaptation of malachite green color-
imetric technique (Van Veldhoven and Mannaerts
1987). Each seedling compartment was ground sepa-
rately in a micro-vibrant grinder (Retsch MM 400
mixer mill, Retsch GmbH, Haan, Germany) and di-
vided into two parts. One part of each ground sample
was weighed and then reduced to ashes at 550°C for
5 h. The resulting ash was dissolved in 5 mL distilled
water and left on the hotplate to evaporate until only a
few drops remained. After P mineralization with
HNO3, P contents were measured colorimetrically
(Van Veldhoven and Mannaerts 1987). Total seedling
P contents were the sum of the respective amounts of
P in each seedling compartment.

Phytate and phytate-P determination

The second part of the lyophilized ground seedling
samples was used to determine phytate and phytate-P

content in the endosperm and scutellum compartments
of seedlings only. Phytate contents were determined in
the scutellum and endosperm at each seedling harvest.
The phytate was extracted from grounded samples
with HCl and determined with ion chromatography,
(Nadeem et al. 2011).

Loss of endogenous seed P

The loss of endogenous seed P was calculated based
on the difference between endogenous P in the seed at
the beginning of the experiment and endogenous P in
the seed at each seedling harvest in all P treatments.

Endogenous P lost from the seed

¼ endogenous seed Pð Þt0 � endogenous seedPð Þt

Determination of exogenous P uptake using 32P
labeling

Assuming that no 32P/31P-fractionation occurred
during exogenous P uptake by seedling roots
(Fardeau 1993; Schjørring and Jensén 1984), exog-
enous P uptake from the nutrient solution and its
allocation toward seedling compartments were cal-
culated from measured 32P activity as explained in
Nadeem et al. (2011). As no significant 32P activity
was detected in the HS seedling compartments
grown in the HP nutrient solution without labeling,
background noise induced by radioactivity was con-
sidered to be zero.

P efflux from germinating seeds and growing maize
seedling roots

The P efflux from germinating seeds and growing
seedling roots was calculated considering uptake of
exogenous P and remobilization of endogenous P in
the seed at each seedling harvest. The cumulated P
efflux was calculated as the difference between the P
lost from the seed plus accumulated exogenous P
uptake assessed by 32P activity measured in the seed-
ling, and accumulated P in the seedling.

Cumulated P efflux

¼ P lost from seedþ exogenous P uptakeð Þ
� Seedling accumulated P
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Experimental design and statistical analysis

Treatments were defined as the factorial combination
of two levels of endogenous P in the seed (LS, HS)
and three rates of availability of exogenous P (0P, LP,
HP) in the nutrient solutions. The treatments were
applied in a completely randomized block design with
three replicates and 10 seedling harvest dates. Data
were analyzed by ANOVA using the R environment
for statistical computing and graphics, version 2.9.1
(R Development Core Team, 2009). Means were com-
pared using Tukey’s test at the 0.05 probability level.

Results

Early seedling growth

The percentage of germinated seeds on 71 cumulated
degree days after sowing was 83%. The percentage of
germinated seeds was not significantly affected by P
treatments. Prior to germination, the seed dry biomass
reserves were largely localized (90%, w/w) in the endo-
sperm rather than in the scutellum. This proportion of
biomass in scutellum was independent of initial endoge-
nous seed P reserves in LS and HS seeds. Remobilization
of the seed dry biomass reserves started at 34 cumulated
degree days after sowing in all P treatments as shown in
Fig. 1a. The availability of endogenous or exogenous P
had no significant effect on the remobilization of seed dry
biomass during germination and early growth stages.

Seedling biomass started to accumulate on 34 cu-
mulated degree days after sowing (Fig. 1b) with the
emergence of seedling radicle. The emergence of the
seedling radicle was independent of the availability of
either endogenous or exogenous P. The first seedling
leaf became visible at 71 cumulated degree days after
sowing and at 530 cumulated degree days, seedlings
had five visible leaves (Table 1). A regular increase in
accumulated seedling biomass was observed through-
out the growth period and the availability of endoge-
nous or exogenous P had no significant effect on the
accumulation of seedling dry biomass (Table 1) during
germination and early growth stages.

Accumulation of P in seedlings

The seedlings started to accumulate P with the emer-
gence of the seedling radicle. P accumulated rapidly in

LS seedlings from 34 cumulated degree days after
sowing to 199 cumulated degree days after sowing in
all exogenous P treatments and thereafter an increase
in HP was only observed in the exogenous P treatment
(Fig. 2a). A regular increase in accumulated P in the
seedling was observed in HS seedlings from 34 cumu-
lated degree days after sowing until 530 cumulated
degree days after sowing (Fig. 2b). The growing seed-
lings accumulated significantly more P in HP than in
0P or LP treatments with available exogenous P de-
spite endogenous P reserves in the seed. Less P accu-
mulated in the seedling than the initial amount of
endogenous seed P in LS and HS seedlings in 0P
and LP treatments with exogenous P, whereas more
accumulated P in the seedling in LS and HS seedlings
treated with HP exogenous P, indicating net P accu-
mulation at whole plant level. Accumulation of P in
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Fig. 1 a Seed biomass remobilization (g) and b seedling bio-
mass accumulation (g) during germination and early growth
stages: Low endogenous seed P seedlings (LS) with no exoge-
nous P (white circle), low exogenous P availability (white
square), high exogenous P availability (white triangle), high
endogenous seed P seedlings HS with no exogenous P (black
circle), low exogenous P availability (black square) high exog-
enous P availability (black triangle) treatments. Data are means
and vertical bars indicate ±SE for n03 replications

Plant Soil (2012) 357:13–24 17



the seedling was significantly affected by the avail-
ability of endogenous and exogenous P at 530 cumu-
lated degree days. HS seedlings had significantly more
accumulated P (959 μg, 637 μg and 596 μg in 0P, LP
and HP exogenous P treatments, respectively) than LS
seedlings (267 μg, 324 μg and 582 μg P in 0P, LP and
HP exogenous P treatments, respectively) as shown in
Table 1.

The initial P concentration was 8 mg g−1 seedling
DW in LS and HS seedlings (Fig. 3). Concentrations
of P in the seedling decreased from 8 mg g−1 to 1–
4 mg g−1 seedling DW in LS and HS seedlings up to
309 cumulated degree days after sowing. P concen-
trations in the seedling were higher in HP than in 0P

and LP exogenous P treatments despite endogenous P
seed P reserves. The final P concentrations in different
seedling compartments at 530 cumulated degree days
after sowing are given in Table 2. The leaf, root and
coleoptile+mesocotyle concentrations are higher in
HPHS seedlings as compared to other P treatments.

Seed phytate-P hydrolysis

Before germination, the LS and HS seeds had
1.8 mg g−1 DW and 2.7 mg g−1 DW phytate-P, respec-
tively. The phytate-P was mainly localized in the scu-
tellum rather than in the endosperm (79% w/w in LS
scutellum, vs. 91% w/w in HS scutellum) and one

Table 1 Values of selected variables for maize seedlings at 530
cumulated degree days after sowing with two rates of endoge-
nous P (LS “low seed P ” and HS “high seed P”) subjected to
three rates of exogenous P (Exo-P) availability (OP “control
exogenous P”, LP “low exogenous P” and HP “high

exogenous”). F-test significances of Endo-P (endogenous seed
P), Exo-P and Endo-P x Exo-P interaction are indicated. Differ-
ent letters in the same line indicate significant differences at
p<0.05. ns, not significant

LS HS Significance

0P LP HP 0P LP HP Endo-P Exo-P Endo-P x Exo-P

Number of visible leaves 5.3a 5.5a 5.2a 4.7a 5a 5a ns ns ns

Seedling dry weight (g) 0.18a 0.21a 0.21a 0.21a 0.23a 0.22a ns ns ns

Seedling P accumulation (μg P) 267a 324a 582b 596b 637b 959c * * ns

*differ significantly at the 0.05 probability level
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Fig. 2 Phosphorus accumulation (μg) in maize seedlings dur-
ing germination and early growth stages: a Low endogenous
seed P seedlings (LS) with no exogenous P (white circle), low
exogenous P availability (white square), high exogenous P
availability (white triangle) and b high endogenous seed P

seedlings HS with no exogenous P (black circle), low exoge-
nous P availability (black square) high exogenous P availability
(black triangle) treatments, grown for 530 cumulated degree
days after sowing. Data are means and vertical bars indicate±
SE for n03 replications

18 Plant Soil (2012) 357:13–24



reverse case of seed dry biomass distribution among
seed compartments (91% w/w in LS endosperm, vs.
88% w/w in HS endosperm). Phytate-P in the scutel-
lum and endosperm started to hydrolyze at 16 cumu-
lated degree days after sowing. In LS and HS seeds, a
sharp increase in hydrolysis of phytate-P reserves in

seedling scutellum was observed up to 89 cumulated
degree days after sowing (Fig. 4). Almost 98% of
phytate-P in the scutellum and endosperm was hydro-
lyzed at 89 cumulated degree days after sowing de-
spite the availability of endogenous or exogenous P.
The absolute rate of hydrolysis of phytate-P in the
seed was faster in HS than in LS seed, but was clearly
independent of exogenous P availability (Fig. 4).

Endogenous seed P remobilization

The scutellum is the main P storing compartment of
maize seed (86%; w/w) (before the endosperm) irre-
spective of reserves of endogenous seed P (LS or HS
seeds). Remobilization of endogenous P in LS and HS
seeds and losses started from 16 cumulated degree
days after sowing in all exogenous P treatments
(Fig. 5). The loss of endogenous seed P was similar
up to 89 cumulated degree days after sowing despite
the availability of endogenous or exogenous P; subse-
quent differences were due to initial endogenous seed
P stocks. More than 90% of initial endogenous P in the
seed was lost earlier in LS seeds than in HS seeds
(Fig. 5). Phosphorus lost from seed displayed exactly
the same pattern regardless the availability of exoge-
nous P. The difference between LS and HS seeds
reflected the differences of initial endogenous seed P
stocks.
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Fig. 3 Seedling phosphorus concentrations (mg g–1) in maize
seedlings during germination and early growth stages. Low
endogenous seed P seedlings (LS) with no exogenous P (white
circle), low exogenous P availability (white square), high exog-
enous P availability (white triangle) and high endogenous seed
P seedlings (HS) with no exogenous P (black circle), low
exogenous P availability (black square) high exogenous P avail-
ability (black triangle) treatments, grown for 530 cumulated
degree days after sowing. Data are means and vertical bars
indicate±SE for n03 replications

Table 2 Final phosphorus concentrations (mg g−1 DW) in different maize seedling compartments on 530 cumulated degree days after
sowing. Values are means (±se) of 3 replications. Different letters in the same line indicate significant differences at p <0.05

Seedling compartment Phosphorus concentration (mg g−1 DW)

LS HS

0P LP HP 0P LP HP

Leaf 2.20a 2.26a 4.35bc 4.12bc 3.63ab 5.45c

(±0.20) (±0.15) (±0.14) (±0.47) (±0.50) (±0.29)

Root 0.85a 0.96a 1.61b 1.87bc 2.12c 3.65d

(±0.03) (±0.05) (±0.02) (±0.20) (±0.12) (±0.05)

Coleoptile+mesocotyle 1.28ab 0.84a 1.79abc 2.82bcd 3.16cd 3.97d

(±0.42) (±0.12) (±0.06) (±0.38) (±0.35) (±0.40)

Endosperm 0.14a 0.14a 0.23a 0.73b 0.46ab 0.43ab

(±0.01) (±0.004) (±0.03) (±0.15) (±0.08) (±0.05)

Scutellum 2.29ab 0.42a 0.70ab 7.59c 3.14ab 4.51bc

(±0.73) (±0.05) (±0.09) (±0.36) (±0.83) (±1.36)
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Exogenous P uptake by growing seedling roots

There was no significant uptake of exogenous P in the
zero exogenous P treatment (0P), (Fig. 6). No 32P

activity was observed in seedling roots until 52 cumu-
lated degree days after sowing in either endogenous or
exogenous P treatments. At 71 cumulated degree days
after sowing, significant 32P activity was observed in
seedling roots in treatments with available exogenous P
despite the availability of endogenous seed P, indicating
that uptake of exogenous P was already underway, and
increased thereafter (Fig. 6). At the last sampling date,
uptake of exogenous P was slightly higher in the HS
than in the LS treatment, but the difference was not
statistically significant. The uptake of exogenous seed-
ling P was significantly affected by the availability of
exogenous P, while endogenous P in the seed had no
effect on the uptake of exogenous P during germination
and early growth. The seedlings took up significantly
more exogenous P in HP than in LP.

P efflux and whole seedling P budget

The whole P budget in growing maize seedlings was
calculated considering the P lost from germinating
seeds, exogenous P uptake and seedling P accumula-
tion. In all treatments, the amount of P that accumu-
lated in the seedling was less than the sum of P lost
from the seed plus the P that was taken up. This result
shows that a proportion of P lost from the seed was not
allocated to the growing seedling but was released
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Fig. 5 Quantity of endogenous seed P (μg) lost from the seed
during germination and early growth stages. Low endogenous
seed P seedlings with no exogenous P (white circle), low exog-
enous P availability (white square), high exogenous P availabil-
ity (white triangle) and high endogenous seed P seedlings with
no exogenous P (black circle), low exogenous P availability
(black square) and high exogenous P availability (black trian-
gle) grown for 530 cumulated degree days after sowing. Data
are means and vertical bars indicate±SE for n03 replications
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Fig. 6 Exogenous phosphorus (μg) uptake in maize seedlings
during germination and early growth stages. Low endogenous
seed P seedlings with no exogenous P (white circle), low exog-
enous P availability (white square), high exogenous P availabil-
ity (white triangle) and high endogenous seed P seedlings with
no exogenous P (black circle), low exogenous P availability
(black square) high exogenous P availability (black trianlge)
grown for 530 cumulated degree days after sowing. Data are
means and vertical bars indicate±SE for n03 replications
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outside. The P efflux started to increase from 16
cumulated degree days after sowing with the imbibi-
tion of seeds and was higher at 52 cumulated degree
days after sowing (Fig. 7). The P efflux was 127 μg,
98 μg and 109 μg P seedling−1 in LS seedlings where-
as it was 184 μg, 181 μg and 150 μg P seedling−1 in
HS seedlings up to 52 cumulated degree days after
sowing in 0P, LP and HP treatments, respectively. At
530 cumulated degree days after sowing, the P efflux
was 205 μg, 189 μg and 172 μg P seedling−1 in LS
seedlings and 192 μg, 304 μg and 282 μg P seedling−1

in HS seedlings in 0P, LP and HP treatments with
available exogenous P, respectively.

Discussion

Effect of endogenous and exogenous P availability
on remobilization of seed P and seedling growth

Early seedling growth occurs at the expense of seed
reserves and their allocation among different tissues of
the new seedling. As the scutellum is in close contact
with the embryo (Fincher and Stone 1986), scutellum
reserves were remobilized first while endosperm
reserves remain unchanged up to 34 cumulated degree
days after sowing in all P treatments. The seed biomass
reserves displayed exactly the same remobilization ki-
netics irrespective of the availability of endogenous or

exogenous P. In the present study no significant effect of
endogenous or exogenous P was observed on remobili-
zation of dry biomass reserves in the seed or on the
accumulation of dry biomass in the seedling.

Seedling growth was similar in all P treatments.
This result is consistent with the fact that the concen-
tration of P in the seedling was higher than the level
(1 mg g−1 DW) at which the increase in leaf area and
in leaf length would be impaired due to P shortage
during early growth stages (Plénet et al. 2000; Assuero
et al. 2004). Although exogenous P was absent in the
0P treatment, the P supply from remobilization of
endogenous seed P satisfied seedling P requirements
during at least 530 cumulated degree days after sow-
ing. Despite similar seedling growth, HP seedlings
accumulated much more P than LP seedlings, clearly
demonstrating P accumulation in excess of the plant’s
immediate requirements.

Phytate was found to be a stored form of P in maize
seeds and was localized mainly in the scutellum rather
than in the endosperm or embryo as reported by other
authors (Nadeem et al. 2011; Park et al. 2006; Lorenz
et al. 2007; Lott et al. 1995; Modi and Asanzi 2008).
The initial concentration of endogenous P in the seed
only slightly affected the initial distribution of phytate
between the scutellum and the endosperm. The rate of
hydrolysis of seed phytate-P was not affected by the
availability of exogenous P and very slightly affected
by the amount of endogenous P (Fig. 4, inset).
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Fig. 7 Phosphorus efflux (μg) from germinating maize seeds
and growing seedling roots during germination and early growth
stages. a Low endogenous seed P seedlings with no exogenous
P (white circle), low exogenous P availability (white square),
high exogenous P availability (white triangle) and b high

endogenous seed P seedlings with no exogenous P (black cir-
cle), low exogenous P availability (black square) high exoge-
nous P availability (black triangle) treatments, grown for 530
cumulated degree days after sowing. Data are means and verti-
cal bars indicate±SE for n03 replications
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Hydrolysis of phytate-P depends on the synthesis of
phytase and on phytase activity (Laboure et al. 1993;
Wyss et al. 1999), which are controlled by seed soak-
ing, imbibition (Lestienne et al. 2005; Centeno et al.
2001; Egli et al. 2002) and temperature (Sung et al.
2005).

The loss of endogenous P in the seed in LS and HS
seeds was similar up to 89 cumulated degree days after
sowing irrespective of the availability of endogenous
or exogenous P (Fig. 5). The difference in the loss of
endogenous P in LS and HS seeds was only due to the
concentration of endogenous P in the seed at 89 cu-
mulated degree days after sowing. Hall and Hodges
(1966) suggested that the breakdown of phytate in
germinating seeds accounts primarily for the increase
in inorganic P in the roots and shoot. The hydrolyzed
forms of P were temporarily stored in seeds (Nadeem
et al. 2011) and were then translocated towards grow-
ing maize seedlings. The rapid remobilization of en-
dogenous P in the seed during early growth
corresponds to the dramatic increase in the demand
for P by the seedling during periods of rapid cell
division, such as seed germination and early growth
(Hegeman and Grabau 2001).

Effect of endogenous and exogenous P availability
on uptake of exogenous P

Significant P uptake was observed in seedling roots at
71 cumulated degree days after sowing in treatments
with available exogenous P (in LP and HP exogenous
P treatments). The seedling roots started to take up
exogenous P soon after the radicle emerged, in accor-
dance with previous results (Nadeem et al. 2011). The
intensity of exogenous P uptake was mainly depen-
dent on the availability of exogenous P (Elliott et al.
1984; Bhadoria et al. 2004) and on the root surface
area exposed to exogenous P (Anghinoni and Barber
1980). In the 0P treatment, no significant P uptake was
detectable using labeling. In this treatment, as the
concentration of exogenous P was lower than the
concentration at which net P influx ceases (e.g. Cmin

~0.04–4 μM), P efflux from roots may have occurred
(Anghinoni and Barber 1980; Bhadoria et al. 2004).
Because of higher concentrations of exogenous P
(1,000 μM) in the HP treatment, exogenous P uptake
was higher than in the LP treatment (Fig. 6). In HP and
LP exogenous treatments, similar P absorption fluxes
were observed in LS and HS seedlings, although

concentrations of P were higher in HS seedlings than
in LS seedlings (Fig. 3). There was no negative effect
of the concentration of P in the seedling on the inten-
sity of absorption of exogenous P. We did not find any
correlation between seedling P status and exogenous P
influx during 530 cumulated degree days after sowing.
This result supports the conclusion that the demand for
P by the seedlings was fully satisfied during germina-
tion and early growth in LP and HP treatments.

Whole seedling P budget

By comparing accumulated P in the seedling and loss
of P from the seed plus uptake of exogenous P, we
demonstrated that a significant amount of P was lost
via efflux. Losses of P reached 40%, 37% and 33% in
LS seedlings and 20%, 32% and 30% of initial endog-
enous seed P in HS seedlings in the 0P, LP and HP
exogenous P treatments, respectively. Lestienne et al.
(2005) showed that 21% of initial seed phytate was
lost when whole maize seeds were soaked for 24 h,
which released inorganic P from the seeds. The
amount of P efflux depended on initial concentration
of endogenous P in the seed and occurred mainly
during the first 52 cumulated degree days after sowing.
This result suggests that P efflux from seeds occurs
during imbibition and germination, as seedlings have
small root systems. Bewley (1997) suggested that the
influx of water into cells of dry seeds during imbibition
results in temporary disturbance of the structure, partic-
ularly that of membranes, leading to immediate and
rapid leakage of solutes and low molecular weight
metabolites into the surrounding imbibition solution.
The structural disturbances associated with seed imbibi-
tion combined with high release of inorganic P due to
phytate hydrolysis during germinationmay contribute to
P release into the external medium.

As soon as the seedlings started to accumulate
biomass after leaf emergence, the P efflux decreased,
suggesting allocation of inorganic P towards seedling
organs. P efflux is a component of P uptake in whole
plants (Elliott et al. 1984) and is at least partially under
metabolic control. P efflux from roots is part of the
mechanism whereby plants maintain a P balance
(Bieleski and Ferguson 1983). P releases due to phy-
tate hydrolysis and to the loss of inorganic P from the
seed were greater than seedling P requirements. The
period of P losses from germinating seeds and grow-
ing seedling roots was similar in LS and HS seedlings
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despite the availability of exogenous P, as already
reported by Elliott et al. (1984).

Up to 52 cumulated degree days after sowing,
remobilization of endogenous seed P satisfied seedling
P requirements in all exogenous P treatments. Similar
results were reported by Barry and Miller (1989) and
Nadeem et al. (2011). From 71 cumulated degree days
after sowing, both sources of P (including endogenous
and exogenous P) started to fulfill concomitantly seed-
ling P requirements, whereas only endogenous seed P
reserves supported seedling growth in the treatment
with no exogenous P (0P). The seedling P originating
from endogenous or exogenous P sources was largely
translocated towards seedling leaves rather than seed-
ling roots as already explained in Nadeem et al.
(2011). This high translocation rate suggests high P
requirements by seedling leaves during early growth.

Further research is needed to improve our under-
standing of the remobilization of P in the seed and its
allocation towards the seedling. Our results suggest that
seed P remobilization is closely related to germination
processes independently of both seed P content and
external P availability. Consequently, we need to study
how external factors controlling germination (i.e. water
availability and temperature) affect both seed P remobi-
lization and seedling P requirements. Seedling P
requirements during early growth stages also need to
be characterized for better prediction of how long seed P
remobilization -including seed P release into the exter-
nal medium- is able to sustain the seedling growth.

Conclusion

Our results showed that remobilization of endogenous
P in the seed is independent of exogenous P availabil-
ity and is not a limiting step in maize seedling P
nutrition during germination and early growth.
Uptake of exogenous P started soon after the radicle
emerged and was mainly controlled by exogenous P
availability despite the availability of endogenous P in
the seed. It can thus be concluded that seed P remobi-
lization and exogenous P uptake by the roots are
independently controlled. A significant loss in P was
observed via efflux, mainly from germinating seeds.
Moreover, the loss of P was independent of exogenous
P availability. On the whole, these results suggest that
although hydrolysis of seed phytate-P is not a limiting
step to providing P to the growing seedling, the rapid

hydrolysis of phytate favors P losses probably by diffu-
sion during germination. This may explain the often
reported P deficiencies in maize seedlings during ger-
mination and early stages, especially in low P soils
where root uptake is limited by exogenous P availability.
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