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Nutrient uptake, allocation and biochemical changes in two Chinese fir
cuttings under heterogeneous phosphorus supply

Plant-available nutrients in soils are usually distributed in a heterogeneous or
patchy manner. Plant responses to low levels of phosphorous (P) are not uni-
form across and within species. In this study, we examined the adaptive role of
physiological plasticity (increased rate of nutrient uptake in localized zones)
to the heterogeneous distribution of P in the soil, and whether low P stress
transcends to the shoot and triggers similar biochemical changes that enhance
tolerance. Two Chinese fir clones with high P efficiency (M1, which is tolerant
to low P, and M4 which is able to decouple fixed P) were chosen as the re-
search materials and their physiological responses to low P stress were exam-
ined using a sand culture experiment. For both clones, there was no signifi-
cant difference in nutrient concentration between P-replete and P-deficient
patches. Heterogeneous P supply did not affect the allocation of nutrients to
the above-ground parts of the plants. The activity of acid phosphatase (APase)
and malondialdehyde (MDA) content increased initially but declined with in-
creasing duration of stress, while the content of soluble protein and total
chlorophyll contents remained unaffected by the heterogeneous P supply. We
conclude that physiological plasticity plays no role in adaptation to low P
stress in these clones, while the changes in APase activity and MDA content in
needles suggest functional metabolic processes are involved in enhancing P-ef-
ficiency in these clones.
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Introduction

Chinese fir (Cunninghamia lanceolata
(Lamb.) Hook.) is a fast growing and widely
planted species in south China owing to its
high yield and excellent timber quality
(Zhou et al. 2016). The area of Chinese fir
has expanded rapidly since the early 1980s
and increasing demand has resulted in
shorter rotation cycles (Tian et al. 2011, Hu
et al. 2014). The practice of successive
short rotations on the same site has led to
nutrient loss, resulting in a decline in tim-
ber yield, and soil degradation (Zhou et al.
2015).

Moreover, many of the sites where Chi-
nese fir plantations have been established
are deficient in available phosphorus (P),
albeit high level of total P and the available

Phosphatase Activity, Nutrient Accumulation

P rapidly form insoluble complexes with
cations, particularly aluminum and iron (Xie
& Zhou 2002). P-deficiency in Chinese fir
forest soils is opined as one of the most im-
portant causes of productivity decline over
successive rotations (Wu et al. 2017, Chen
2003). P is an essential elements for plant
growth and development, and thus, P fer-
tilization is essential for tree plantations
(Alexova & Millar 2013, Miguel et al. 2015).
The most sustainable method of P man-
agement is to screen out P-efficient geno-
types that are effective at acquiring P from
the soil and its subsequent utilization (She-
noy & Kalagudi 2005). In a previous study
we screened two Chinese fir clones that
are tolerant to low P and have the ability to
decouple fixed P (Wu et al. 2012). These
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clones displayed increased root prolifera-
tion, in the form of larger root surface area
and root volume, in P-starved than P-re-
plete patches (Wu et al. 2011b). However, it
is not clear whether these root morpholog-
ical responses influence the rate of nutri-
ent uptake in localized zones (physiological
plasticity), nutrient translocation to the
shoot, and biochemical changes (acid
phosphatase activity, malondialdehyde,
soluble protein, and chlorophyll contents)
in the needles.

There is a need for further research to un-
derstand, whether physiological plasticity
plays a role in adaptation to the heteroge-
neous distribution of P in soil, and whether
the stress transcends to the shoot and trig-
gers biochemical changes that enhance tol-
erance to low P stress. The main objective
of this study was to examine the effects of
heterogeneous P supply on nutrient up-
take, translocation, and biochemical
changes in the needles of two Chinese fir
clones with high tolerance to low P (M1)
and the ability to decouple fixed P (M4).
The hypotheses of the study were: (1) het-
erogeneous P distribution has no marked
influence on the rate of nutrient uptake
and its subsequent translocation (lack of
physiological plasticity); (2) membrane lipid
oxidation, measured by malondialdehyde
(MDA) content, is the same for P-stressed
and P-replete seedlings; (3) the activity of
acid phosphatase (APase) in needles is
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higher in response to low P stress; and (4)
low P stress reduces the content of soluble
protein and total chlorophyll, when com-
pared to normal P supply conditions.

Materials and methods

Plant materials

Two Chinese fir clones with high P-use ef-
ficiency (M1 and M4) were chosen as test
materials. M1 can tolerate low P levels
while M4 has the ability to activate fixed
phosphate (Fe-P) and make it available for
plant use (Wu et al. 2011b). The cuttings of
these clones were raised by reproductive
cloning, and 1-year-old healthy cuttings of
these clones were chosen for a sand cul-
ture experiment.

Experimental design

A sand culture experiment with heteroge-
neous P supply was carried out in the
greenhouse at the College of Forestry, Fu-
jian Agriculture and Forestry University,
China. Specially designed glass pots (50 cm
length, 25 cm width, 43 cm height) were
made for P stress simulation. Each pot was
partitioned into two compartments (a P-
poor patch and a P-rich patch - Fig. 1), and
then filled with 10 kg cleaned sand with no
phosphorus. Seedlings were planted at the
center of each pot with the root system
carefully and equally divided into the two
compartments of each plot. The following
four treatments were applied after plant-
ing: no P supply in the P-poor patch, and
normal P supply (1.0 mmol L KH,PO,) in
the P-rich patch (Po); 0.5 g Kg” insoluble
FePO,-H,0 in the P-poor patch and normal
P supply in the P-rich patch (low level of
fixed insoluble Fe-P, hereafter refereed to
as P1); 1.5 g Kg” insoluble FePO,-H,0 in the
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P-poor patch and normal P supply in P-rich
patch (high level of fixed insoluble Fe-P,
hereafter referred to as P2); and normal P
supply in both compartments, hereafter re-
ferred to as P3). The Fe-P compound pow-
der was mixed well with sterile dry sand in
the P-poor patch before cuttings were
planted in the pots. Three independently
selected seedlings were used for each
treatment resulting in a total of 24 pots.

In order to meet the other nutrients re-
quirements for growth of the Chinese fir
cuttings, macro-nutrients were added to
each pot during the stress period with a
modified Hoagland solution (Wu et al.
2011a). This solution contained 5.0 mmol L"
KNO;, 2.0 mmol L" MgS0,-7H,0, 5.0 mmol
L" Ca(NO;),'4H,0, 1ml L' FeEDTA, and Ar-
non micro-nutrients including 46.3 umol L™
H;BO;, 0.3 umol L' CuSO,:5H,0, 0.8 umol L"
ZnSO,-7H,0, 9.1 umol L' MnCl,-4H,0, and
0.4 umol L' H,MO-4H,0. The pH of the nu-
trient solution was regulated to 5.5. The
nutrient solution was added at a rate of
100 ml per pot every 2 days. Each pot was
supplied with 150 ml distilled water every
day at noon. The temperature in the green-
house ranged from 18 to 28 °C and relative
humidity was >80%; the average photope-
riod was 14 h d* (Zou et al. 2014).

Biochemical analyses

During the 2 months of stress period,
needles were sampled every 20 days to
measure the following physiological vari-
ables: malondialdehyde (MDA) content,
acid phosphatase (APase) activity, soluble
protein content, and chlorophyll content.
The MDA content was determined by col-
oration method using thiobarbituric acid
(Ao et al. 2007). For each treatment, a sam-
ple of 0.25 g needles per replicate was
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Fig. 1 - The design pot used for the heterogeneous phosphorus stress experiment. (a)

P-poor patch; (b) P-rich patch.
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taken twice, weighed, and then ground in
liquid nitrogen. To the ground samples 4 ml
5% thiobarbituric acid (TBA) was added.
The homogenate was transferred into cen-
trifuge tubes and centrifuged for 10 min at
4,500 rpm. We extracted 1.5 ml-superna-
tant and added 2.5 ml of 0.5% TBA, and the
mixture was placed in a boiling water bath
for 10 min. Thereafter, the mixture was re-
moved and the reaction was terminated in
an ice bath (about 5 min), and then cen-
trifuged again for 10 min at 4,500 rpm. Fi-
nally, the supernatant was removed and
the absorbance value was recorded at 532
nm and 600 nm, with distilled water as a
control (Tripathi et al. 2016).

APase activity was determined following
the method of (McLachlan 1980), with
slight modifications. From each treatment
and replicate, 0.25 g needle samples were
ground in liquid nitrogen and then 4 ml
pre-cooling extract of 0.1 mol L™ NaAc with
a pH of 5.2 was added, extracted for 1 h in
an ice bath, and then centrifuged for 25
min at 7,200 rpm. The APase reaction sys-
tem consisted of 0.9 ml of 0.1 mol L™ NaAc
with a pH of 5.2, 0.9 ml of 1 mmol L" p-Ni-
trophenyl phosphate (pNPP), and 0.9 ml of
5 mmol L" CaCl,. We then extracted 0.3 ml
of the APase enzyme solution. A total of 3
ml reaction mixture was heated in a 37 °C
water bath for 30 min. The reaction mix-
ture was removed from the water bath and
1 ml of 1 mol L" NaOH was immediately
added to terminate the enzymatic reac-
tion. The mixture was then centrifuged for
25 min at 7,200 rpm at 4 °C, and the ab-
sorbance was recorded at 405 nm. APase
activity (ug g" min") was assessed by the
amount of NPP generated from the fresh
weight of needles hydrolyzed pNPP in unit
time.

Soluble protein content was determined
using the Coomassie Brilliant Blue method
(Zheng 2006). We took a random sample
of 0.25 g needles, ground them in liquid ni-
trogen and added 4 ml pre-cooled distilled
water. Then, homogenate was transferred
into centrifuge tubes and centrifuged for
15 min at 4,000 rpm. The supernatant (1 ml)
was taken and 5 ml of G-250 Coomassie
Brilliant Blue reagent was added. After
shaking well and letting the mixture settle
for 2 min, the absorbance was recorded at
595 nm, using distilled water as a blank.
The fresh weight (FW) protein content (mg
g") of samples was determined by compari-
son with standard protein curves.

The total chlorophyll content was ana-
lyzed using ethanol-acetone extraction
method (Zhang 1986). We took 0.05 g nee-
dles from each treatment and replicate, cut
them into small pieces (2 to 3 mm long),
placed the pieces in a tube, and added 10
ml of ethanol-acetone mixture (1:1 v/v). The
tubes were placed in the dark at room tem-
perature (25 °C) until the materials turned
completely white (shaken several times
during this period).
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Analysis of nutrient contents

The cuttings in each treatment were har-
vested after 2 months of stress treatment
by flushing the fine sand through the open-
ing at the bottom of the pot with water.
The roots in each pot patch were bundled
together before pulling out the cuttings.
All roots from the different patches were
harvested separately, cleaned with distilled
water, quickly dried with paper towels, and
the fresh mass was determined. The fresh
masses of stems and leaves were also de-
termined separately. For nutrient analyses,
oven-dried plant samples (leaf, stem, and
root in each pot) were ground to pass
through a 1 mm mesh, and triplicate sam-
ples were analyzed for P, Nitrogen (N),
Potassium (K), Calcium (Ca) and Magne-
sium (Mg). The P and K contents were ex-
tracted by wet ashing of 0.2 g plant mate-
rial in an acid mixture consisting of 10 ml
H.SO,, 3 ml HNO; and 1 ml HCIO,, following
the method of Jackson (1958). Phospho-
rous content was determined following
the molybdenum-blue method and K con-
tent by flame photometry. Total N content
was determined by using the micro-Kjel-
dahl technique. Ca and Mg contents were
measured using atomic absorption spec-
trophotometry.

Data analysis

The nutrient concentration of the P-poor
and P-rich roots was calculated as the nu-
trient content of the samples divided by
the dry mass of the roots. Aboveground
nutrient concentration was determined as
the nutrient content of needles and stems
divided by their respective dry masses. A
two-way ANOVA was performed to exam-
ine differences in nutrient concentration
between patches and P treatments for
each clone. When the interaction effect
was significant, a one-way ANOVA was per-
formed for each patch and clone. In addi-
tion, physiological plasticity was deter-
mined by dividing the P concentration of
roots (root P divided by root dry mass) in
the P-rich patch by that in the P-poor
patch, and a one-way ANOVA was per-
formed to examine differences among het-
erogeneous P treatments.

For biochemical changes in the needles of
the two Chinese fir clones in response to
heterogeneous P supply over time, a re-
peated measures ANOVA was performed
using the following general linear model

(egn.1):
YUk:4u+ﬁi+A’j+(ﬁ A‘)i,+€j(i}+8j(k) (1)

where Y is the chlorophyll content, solu-
ble protein, APase activity and MDA, u is
the overall mean, f; is the effect of the be-
tween-subject factors, i is the P treatment
and clones, 4 is the effect of the within-
subject factor, j is the stress period, (S1); is
the interaction of the between- and within-
subject factors, g and, g are random er-
rors of the between- and within-subjects
factors, respectively, and & is the number
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of replicates. Mauchly’s test of sphericity
was used to check the homogeneity of
variance assumption; when violated, the
degrees of freedom for testing the signifi-
cance of the within-subject factors were
adjusted using a Huynh-Feldt correction
factor, which is less biased than other cor-
rection factors (Davis 2002). Means that
exhibited significant differences were com-
pared using Tukey’s HSD test (p = 0.05). All
statistical analyses were conducted using
the software SPSS® 17 for Windows (Re-
lease 2009 — SPSS Inc.,Chicago, USA).

Results

Nutrient uptake and physiological
plasticity

For both clones, significant differences (p
< 0.01) were detected in the concentra-
tions of P, K, and Ca in the roots between
P-poor and P-rich patches, but not signifi-
cant difference were found for N and Mg.
Roots of both clones absorbed more P, K,
and Ca in the P-poor than in the P-rich
patch, which varied with P treatments. For
the low P-tolerant clone (M1), the concen-
trations of P and K in partly P-starved roots
(P-poor patch) were significantly higher
with the insoluble P supply than with the
normal P supply, whereas the concentra-
tions of N, Ca, and Mg remained unaf-
fected by the heterogeneous P supply
(Tab. 1). For P-replete roots (P-rich patch),
the concentrations of K and Ca were signif-
icantly higher with insoluble P (P1 and P2)

and normal P (P3) supplies than with P-
starved roots (Po). As a whole, this clone
did not show physiological plasticity for
any nutrients analyzed except for K and Ca,
for which partial P-starvation resulted in
significantly lower uptake than under insol-
uble P and normal P supply conditions
(Tab.1).

For the clone adapted to decouple fixed P
(M4), the concentration of P in partly P-
starved roots was significantly higher with
the high insoluble P supply (P2) than the
low insoluble P supply (P1) and P-deprived
patch (Po) but was comparable similar to
the normal P supply (P3 - Tab. 2). The con-
centration of Ca was 1.5 times higher with
the insoluble P supply than in the P-de-
prived patch. Heterogeneous P supply did
not affect the concentrations of N, K, and
Mg (Tab. 2). For P-replete roots, the con-
centrations of P and Ca were significantly
higher when part of the root was grown
with an insoluble P supply than with a total
absence of P. As a whole, roots of M4
seedlings did not show physiological plas-
ticity, particularly in acquisition of P, which
was spatially heterogeneous in our experi-
ment. Nonetheless, physiological plasticity
appeared to be low for N with the high
level of insoluble P (P2) and normal P (P3)
supplies, for K under low P supply (P1) and
for Ca with P-starvation (Po) and low level
of insoluble P (P1) supplies (Tab. 2).

Nutrient allocation
Nutrient accumulation in the needles and

Tab. 1 - Effect of heterogeneous P supply on root nutrient concentration (mg g™, Dry
Mass) of low P-tolerant Chinese fir clone M1 together with physiological plasticity
(mean * SE). (Po): No P+P; (P1): Low Fe-P + P; (P2): High Fe-P + P; (P3): Normal P + P.
For each nutrient element and main effect of patches, means followed by the same
letter(s) within a row are not significantly different (p > 0.05).

Nutrients Treatments P-poor patch P-rich patch Plasticity

P NoP +P 0.66 + 0.02 * 0.45+0.01* 0.68+0.03°
Low Fe-P + P 0.57+0.02° 0.46 + 0.02 * 0.80+0.04*
High Fe-P + P 0.63 +0.02 *® 0.46 + 0.01* 0.72+0.04*
Normal P + P 0.48 + 0.01 ¢ 0.41+0.01* 0.84+0.04*
Mean (patch) 0.59 +0.02 ¢ 0.44+0.01° -

N NoP +P 11.48 +1.21° 12.03 £ 0.43° 1.08 £+ 0.14°
Low Fe-P + P 13.16 £ 1.44? 13.23+0.97 ° 1.01+£0.05°
High Fe-P + P 10.70+ 0.35° 12.97 £ 0.22° 1.22 £+ 0.06 ®
Normal P + P 12.23+0.52* 12.81 £+ 0.75° 1.05+0.09°
Mean (patch) 11.89 £ 0.51°¢ 12.76 £ 0.31° -

K NoP+P 18.57 £ 0.12° 8.73+£1.00° 0.47 £ 0.05*
Low Fe-P + P 17.92 +0.21° 13.60 £ 0.93° 0.76 + 0.05°
High Fe-P + P 18.64 +0.28 ° 12.99 + 0.86 ° 0.70+0.04
Normal P + P 14.12+0.75? 14.85+0.40° 1.06 + 0.08 ©
Mean (patch) 17.31 £ 0.59 ¢ 12.54 + 0.78"° -

Ca NoP +P 0.79 +£0.04* 0.49 +0.03* 0.62 + 0.07 *
Low Fe-P + P 0.70 £ 0.01 ® 0.56 + 0.03 *® 0.81+£0.04
High Fe-P + P 0.67 + 0.06 * 0.77 £ 0.05 ¢ 1.18 £ 0.14°
Normal P + P 0.71 £0.01° 0.70 + 0.03 ™ 0.99 + 0.06 °
Mean (patch) 0.72 £0.02° 0.63 +0.04° -

Mg NoP+P 0.12 £0.01° 0.11+£0.01° 0.96 + 0.16 *
Low Fe-P + P 0.12+0.01? 0.11+0.003 * 1.02+0.15°
High Fe-P + P 0.13+0.01? 0.11+0.01? 0.83+0.07*
Normal P + P 0.10+0.01* 0.11+0.003 * 1.10 £ 0.09 ®
Mean (patch) 0.12+0.01° 0.11 +£0.002 ° -
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(mg g"-per plant,
Dry Mass) in nee-

dles and stems
of low P-tolerant
Chinese fir geno-

- ; . . stem showed differential responses to het-
e Tab. 2 - Effect of heterogeneous P supply on root nutrient concentration (mg g”, Dry "
0 . . L . : ; erogeneous P supply (Fig. 2). For needles,
v Mass) of Chinese fir clone M4 adapted to decoupling fixed P together with physiologi- there was no significant difference in nutri-
5 cal plasticity (mean + SE). (Po): No P+P; (P1): Low Fe-P + P; (P2): High Fe-P + P; (P3): )
i . . ent accumulation between clones, but the
Normal P + P. For each nutrient element and main effect of patches, means followed ffact of P | ionificant for all
o by the same letter(s) within a row are not significantly different (p > 0.05) ettect of ¥ supply was signiticant Tor all nu-
% y L trients analyzed, particularly for the clone
" - - — M4. For this clone, the accumulation of P in
8 Nutrients Treatments P-poor patc:\ P-rich patcha Plasticity i the needles was 1.7 and 2.5 times higher in
c P [‘0 PF+ PP o 833 * 8-8% " 8%3 £ 8‘8(2’3[) ?gg * 8'?3 : the patch with a high level of insoluble P
v ow Fe-P + .39+0. .39 £0. .00 £ 0. : . 3 . e
S High Fe-P + P 0.49£0.01¢  0.37+0.003°  0.77 0.02° tll’a: thet ']:‘ partially ,f. d'fpr?ﬁd and P rle
Z Normal P + P 0.44:0.02*  0.43:0.02° 0.9 £0.07° plete patches, respectively. The accumuia-
a b _ ions of N, K, Ca an were still higher in
7 Mean (patch) 0.41£0.02°  0.37+0.02 tions of N, K, Ca and Mg till high
2 N NoP +P 12.43+0.26*  14.00£0.02°  1.13:0.02° the patch with insoluble P than in the par-
o Low Fe-P +P 12.06 £0.31°  13.35+0.17° 1.11£0.04° tially P-deprived patch but were compara-
: High Fe-P + P 15.06 + 1.15*  13.10 £ 0.61° 0.88 + 0.04° ble to those in the P-replete patch.
e Normal P + P 14.88 + 0.74° 12.07 £ 1.01° 0.81+0.05° Nutrient accumulation in the stems varied
3 Mean (patch) 13.61 £+ 0.51° 13.13+£0.33° - significantly between clones and P treat-
S K NoP +P 17.18 + 0.47 * 12.66 + 0.07 : 0.74 + 0.02 : ments for P, Ca, and Mg, but accumulation
e Low Fe-P + P 16754050  14.05:070°  0.84:0.02° of K in the stems varied significantly with
High Fe-P + P 17.13 £ 0.84 14.09 + 0.11 0.83 +0.05 : respect to heterogeneous P supply, while
Normal P + P 14.91£1.05° 14.49 + 0.72 ° 0.98 + 0.04 . . X
o b N accumulation in stems remained unaf-
Mean (patch) 16.49 + 0.43 13.82 + 0.30 - focted by P treat t The ol M1
Ca NoP +P 0.66+0.02°  0.33:0.03°  0.49 +0.04° ecle y rirea T”e”h' €c o:e haccu'
Low Fe-P + P 0.89 +0.07>  0.39+0.04°  0.44+0.08° mulated more P in the stem than the M4
High Fe-P + P 1.02£0.05¢  0.73:0.06°  0.71+0.07® clone, while the reverse was found for Ca
Normal P + P 0.78+0.01®  0.71:£0.06° 0.91 £0.09° accumulation in stems particularly with an
Mean (patch) 0.84+0.04° 0.54 + 0.06 ° - ir?soluble P surplyd(Fig. 2). Similarly, thehM1
Mg NoP +P 0.10 £ 0.00 * 0.09 £ 0.00? 0.88 £+ 0.03 clone accumulated more Mg in stems than
Low Fe-P + P 0.10 £ 0.01* 0.10 £ 0.003 ® 0.97 £ 0.10° the M4 clone across all levels of the hetero-
High Fe-P + P 0.11 +0.01° 0.10 £ 0.01° 0.92 +0.11° geneous P supply (F|g 2)_
Normal P + P 0.10+0.01° 0.09 + 0.00 ® 0.91+0.11°
Mean (patch) 0.10+0.003°  0.09+0.003° - Biochemical changes in needles
The biochemical content of needles ex-
Fig. 2 - Nutrient Needles Stems hibited marked temporal variation in re-
accumulation M4 o Mi jval sponse to heterogeneous P supply. The

APase activity in needles varied signifi-
cantly with respect to within-subject fac-
tors (stress period and its first and second
order interactions with P treatment and
clone - p < 0.0001), as well as for between-
subject factors (clone - p < 0.0001), but

types, M1 and
M4, in response
to heteroge-
neous P supply
(mean * SE).

not P treatments (p = 0.58). During the first
20 days of stress, the mean APase activity
did not change much for any of the P treat-
ments for either clones, but the activity
sharply increased in the heterogeneous P
supply treatment with insoluble P after 40
days, and the increase was markedly higher
for the M4 clone than the M1; activity
sharply declined thereafter in all P treat-
ments (Fig. 3).

The MDA content also varied significantly
with respect to within-subject factors
(stress period and its first and second or-
der interactions with P treatment and
clones, p < 0.0001), as well as with be-
tween-subject factors (clone and P treat-
ment, p < 0.0001 for both). The mean MDA
content sharply increased during the first
20 days of the treatments arranged with
no P and normal P supply in each patch,
thereafter the content declined sharply for
the M1 clone (Fig. 3). The change in MDA
content was slow for the treatments ar-
ranged with a high level of insoluble P and
normal P supply in each patch for the M1
clone. For the M4 clone, the initial increase
in MDA content was relatively gradual but
the subsequent decline was sharp for
nearly all P treatments.

The content of soluble protein also varied
significantly with respect to within-subject

PO Pl P2 P3
Treatment Treatment
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factors (stress period and its first and sec-
ond order interactions with P treatment
and clone - p < 0.05), as well as with be-
tween-subject factors (clone - p < 0.0001),
but not for P treatments (p = 0.375). The
mean soluble protein content sharply in-
creased during the first 20 days of the ex-
periment in all P treatments, and the in-
crease was markedly higher for the M4
than the M1 clone (Fig. 3). Thereafter the
content declined sharply, particularly dur-
ing the second 20 days. The total chloro-
phyll content varied significantly with re-
spect to within-subject factors (stress pe-
riod and its first and second order interac-
tions with P treatment and clone - p <
0.05) but not among between-subject fac-
tors (clone - p = 0.066) and for P treat-
ments (p = 0.627). The mean chlorophyll
content increased gradually over time for
the treatments with no P and normal P
supply in each patch but slowly declined af-
ter 40 days for all P treatments with insolu-
ble P and normal P supply in each patch for
the M1 clone (Fig. 3). For the M4 clone, the
mean chlorophyll content increased rapidly
during the first 20 days and then remained
nearly stable for all P treatments.

Discussion

Heterogeneous P supply had no marked
influence on the rate of nutrient uptake by
P-efficient Chinese fir clones, thus root
physiological plasticity plays no adaptive
role in P acquisition from localized P-re-
plete zones. Phosphorous acquisition was
more significant in terms of growth bene-
fits than P utilization, under low P condi-
tions (Hu et al. 2016). Physiological plastic-
ity is likely more important in enhancing
capture of mobile ions (nitrate) than of im-
mobile ions (phosphate), the latter being
limited more by diffusion to the root sur-
face (Hodge 2004). Mobility of P in the soil
is very poor with a diffusion distance of
only 1to 2 mm, and a diffusion coefficient
in soil of about 3 x 10™ mol (cm s)" (Guo et
al. 2005). Thus, enhancing ion uptake at
the root surface will not necessarily result
in enhanced phosphate (Pi) capture. The
plant may respond rapidly to increase cap-
ture of mobile ions before they diffuse to
other roots, while a similar response is less
decisive for immobile ions, thus allowing
time for new root construction. This was
evidenced in our study where the uptake
of N was equally high in both heteroge-
neous and homogeneous P supplies in
each patch. Our study showed higher up-
take of P in patches supplied with insoluble
P than in normal P supply patches. This
could be attributed to increased deploy-
ment of roots with larger surface area and
volume in P-deficient patches than P-re-
plete patches by both clones (Wu et al.
2011b). Heterogeneous P supply appeared
to have no impact on the uptake of most
other nutrients, except K and Ca. The role
of these nutrients under low P stress is un-
der further investigation.

There is strong evidence in this study that
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Fig. 3 - Temporal variation in APase, MDA content, soluble protein and total chloro-
phyll content of low P-tolerant Chinese fir clone, M1 and M4, in response to heteroge-

neous P supply over time (mean * SE).

rhizospheric low P stress induces a number
of biochemical changes in the needles of
Chinese fir clones with high phosphorus ef-
ficiency. APase activity sharply increased
after 40 days in the heterogeneous P sup-
ply involving insoluble P for both M1 and
M4, the increase being markedly high for
the latter. APase participates in various
metabolic processes in plants, particularly
in hydrolyzing orthophosphate monoes-
ters into more mobile orthophosphate an-
ions, Pi (Vincent et al. 1992, Ye et al. 2015),
and thereby remobilizing Pi from metaboli-
cally less active sites, such as old leaves
and vacuoles, to young tissues. The mas-
sive use of Pi-containing fertilizers in agri-
culture demonstrates how the soluble Pi
level of many soils is sub-optimal for crop
growth (Plaxton & Tran 2011). APase activ-

ity in leaf tissues is, thus, believed to be re-
lated to P-use efficiency under P-limiting
conditions (Wang et al. 2009). This is evi-
denced in this study, which found that P
concentrations in needles and stems were
similar across all P treatments as a result of
remobilization. The sharp decline in APase
activity with increasing duration of stress
could be attributed to internal P homeosta-
sis, which in turn may reflect a conserva-
tive, long-term growth and metabolic strat-
egy of P-efficient Chinese fir clones. For the
two clones studied, we observed insignifi-
cant variation in shoot and root biomass
production between P-starved and non-
starved seedlings (Wu et al. 2011b).

Our study also showed that membrane
lipid oxidation, as measured by increased
MDA content, occurred shortly after the
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stress was induced (20 days), but declined
rapidly thereafter. Environmental stresses
are often followed by increased production
of reactive oxygen species that are known
to damage membrane integrity. However,
plants adapted to such stresses produce a
suite of antioxidants to scavenge the elic-
ited Reactive Oxygen Species (He et al.
2013). The sharp decline in MDA content
with increasing stress period, particularly
for the M4 clone might be attributed to the
increased synthesis of antioxidants. It
could also be associated with time to con-
struct large root surface area and volume,
which in turn enabled these clones, espe-
cially the M4 clone, to decouple fixed P,
thereby tolerating the low P stress, as we
observed previously (Wu et al. 2011b).

There is no evidence in the present study
that rhizospheric insoluble P affects the
synthesis of soluble protein. This can be re-
lated to effective translocation of ab-
sorbed P to the needles and efficient uti-
lization of P, as can be seen from similar
concentrations of P in the needles in both
the heterogeneous supply with high fixed
P and homogeneous supply of normal level
of P treatments. It should be noted that
these two clones produced similar quanti-
ties of shoot and root biomass in P-starved
and non-starved seedlings suggesting high
P-utilization efficiency (Wu et al. 2011b).
Rhizospheric insoluble P also had no im-
pact on chlorophyll content, but the reduc-
tion in chlorophyll content with plant age,
regardless of P supply, might be due to mu-
tual shading and increased ratio of older to
younger leaves, as well as increased rates
of dark respiration and translocation of as-
similates. Our results are consistent with a
previous study that showed a decline in
chlorophyll content under low P stress (He
etal. 2013).

Conclusions

The results of the present study did not
show an increased rate of nutrient uptake
in P-replete patches; thus, we conclude
that root physiological plasticity does not
play a role in adaptation to a heteroge-
neous P supply by enhancing P-acquisition
efficiency in P-efficient Chinese fir clones.
In addition, a heterogeneous P supply had
no negative impact on the uptake and
translocation of other nutrients to the
shoots. The most interesting part of this
study is the variation in nutrient uptake
within the same root system depending on
P availability. The part of the root system
that was deprived of available P had a
higher concentration of nutrients (P, K,
and Ca) than the part of the root system
supplied with normal P levels. This sug-
gests that determinate root development
can occur even within the same root sys-
tem in response to spatial variation in the
availability of P around the root system.
The changes in APase activity and MDA
content in needles suggest functional
metabolic processes involved in enhancing
P efficiency in these clones. Since the two
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Chinese fir clones appeared to be adapted
to low P stress, mainly via root morphologi-
cal plasticity as we reported earlier, they
can be promoted as regeneration materials
for future plantations in southern China,
where the soil is deficient in P.
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