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White lupin (Lupinus albus) exhibits strong root morphological and physiological responses to phosphorus (P) deficiency and
auxin treatments, but the interactive effects of P and auxin in regulating root morphological and physiological traits are not
fully understood. This study aimed to assess white lupin root traits as influenced by P (0 or 250 pmol L™") and auxin (10~* mol
L' NAA) in nutrient solution. Both P deficiency and auxin treatments significantly altered root morphological traits, as evi-
denced by reduced taproot length, increased number and density of first-order lateral roots, and enhanced cluster-root for-
mation. Changes in root physiological traits were also observed, i.e., increased proton, citrate, and acid phosphatase exudation.
Exogenous auxin enhanced root responses and sensitivity to P deficiency. A significant interplay exists between P and auxin in
the regulation of root morphological and physiological traits. Principal component analysis showed that P availability ex-
plained 64.8% and auxin addition 21.3% of the total variation in root trait parameters, indicating that P availability is much
more important than auxin in modifying root responses of white lupin. This suggests that white lupin can coordinate root mor-
phological and physiological responses to enhance acquisition of P resources, with an optimal trade-off between root morpho-
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logical and physiological traits regulated by external stimuli such as P availability and auxin.
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Phosphorus (P), an essential nutrient in plants [1], is in-
volved in the regulation of many biochemical and physio-
logical processes [2]. Although the total amount of P in soil
may be high, most soil P is present in unavailable forms [3].
In acidic soils where P is fixed to Al and Fe oxides and hy-
droxides, and in calcareous soils where P is precipitated as
calcium phosphates, low P availability limits crop produc-
tion [4,5].

Plants have evolved a series of adaptive strategies to im-
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prove P acquisition. These strategies include the secretion
of root exudates, alteration of root morphology and archi-
tecture, and formation of symbiotic associations with my-
corrhizal fungi [2,6]. Plants can stimulate root proliferation
(a morphological change) and/or increase P-uptake rates (a
physiological change) to exploit spatial and temporal heter-
ogeneity in nutrient resources [7].

Many attempts have been made to examine root response
to P availability by measuring root length, lateral root (LR)
density, root hair elongation, biomass allocation, root exu-
dates, and acid phosphatase activity. Plant responses to low
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P availability are associated with increased resource alloca-
tion to roots [8,9], which leads to increased root: shoot rati-
os and enhanced P acquisition [10,11]. Roots also exhibit
morphological responses to low P availability, such as in-
creases in specific root length [12], root hair density and
elongation [13,14], and LR formation and elongation [15].
These plastic root responses increase the surface area to
volume ratio [16] and enable plants to capture P from
P-limited environments or P-rich patches in otherwise
P-deficient soils [17-19].

Root physiology is also important during nutrient capture
[20-22]. The physiological responses influencing P acquisi-
tion include proton release [5,23] as well as exudation of
carboxylates [5] and phosphatases [24]. Some plants have
developed specialized root structures, called cluster roots
(CRs), in response to low P availability [25-29]. In white
lupin, CR formation increases P uptake by expanding root
surface area and enhancing exudation of protons, carbox-
ylates, and phosphatases [30-33], which can efficiently
mobilize P from mineral-bound or organic P fractions in
soil. Collectively, root morphological and physiological
responses can be regulated by low P availability or P-rich
patches in otherwise low-P soils.

Auxin plays a crucial role in mediating P-starvation ef-
fects on root-hair elongation and LR initiation in Arabidop-
sis [34] and CR formation in white lupin [35,36]. Phospho-
rus-deficient Arabidopsis plants can form more LRs than
P-sufficient plants when exposed to exogenous auxin [34].
The addition of auxin to P-sufficient white lupin plants en-
hances CR formation to a larger extent than in P-deficient
plants [35,37]. In rice, the expression of OsIPSI and
OsIPS2 subjected to exogenous auxin and P starvation was
about 20% higher than in plants only undergoing P starva-
tion, suggesting an amplification effect of P starvation sig-
naling by auxin [38]. Analysis of microarray gene expres-
sion data has revealed that most auxin-induced genes in rice
are also up-regulated by P deficiency, and that a cross-talk
may exist between auxin and P starvation [39]. It is thus
evident that plant responses to auxin and P starvation are
closely linked. In addition, auxin is also involved in the in-
duction of plasma membrane (PM) H'-ATPase in wheat
(Triticum aestivum L.) and soybean (Glycine max (L.) Merr.)
[23,40]. PM H'-ATPase activation may result in acidifica-
tion of the apoplast, and concomitantly, exudation of car-
boxylates, by hyperpolarizing the electrochemical mem-
brane potential that drives ion transport across the plasma
membrane [32,41]. Consequently, auxin alters both root
morphological and physiological responses to P availability.

Because it exhibits strong root morphological and physi-
ological responses when exposed to P deficiency, white
lupin (Lupinus albus L.) has been suggested as a model ex-
perimental tool for studying root system response to P
availability [22,42]. Although the effect of auxin on root
morphological traits has been investigated in white lupin
[29,35,37], the interactive effects of P deficiency and auxin
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on root morphological and physiological traits in this spe-
cies are not fully understood. The present study using white
lupin aimed to: (i) examine interactive effects of P defi-
ciency and exogenous auxin on root morphological and
physiological traits, (ii) investigate the relative importance
of P deficiency and exogenous auxin in modulating root
morphological and physiological traits, and (iii) test whether
the trade-off of root morphological versus physiological
traits can be altered by differential P availability or auxin

supply.

1 Materials and methods
1.1 Plant growth

Seeds of white lupin (L. albus L. ‘Kiev Mutant’) were sur-
face-sterilized in 10% (v/v) H,O, for 20 min, washed five
times in deionized water, and then germinated on moist fil-
ter paper for 4 d at 25°C in the dark. Uniform seedlings
were transferred, three per pot, to porcelain pots containing
2 L of continuously aerated nutrient solution with the fol-
lowing nutrient composition (umol L’l): Ca(NO3), (2000),
K>S0, (700), MgSO4 (500), KCI (100), H;BO; (10), ZnSO,
(0.5), MnSOy (0.5), CuSOy4 (0.2), (NH4)sMo0,0,4 (0.01), and
ferric ethylenediaminetetraacetic acid (Fe-EDTA) (20).
Phosphate was supplied as KH,PO, at levels of 0 umol L™
P (P deficiency) and 250 pmol L'p (P sufficiency) [27].
Because the action of auxin on root morphology is concen-
tration-dependent, an experiment was conducted using var-
jous auxin concentrations (10°~107"° mol L™) to determine
the optimal application dose. Based on our experimental
evidence that 1x10® mol L™ o-naphthalene acetic acid
(NAA) or 2,3,5-triiodobenzoic acid (TIBA) (ChemService,
WestChester, PA, USA) can induce changes in root mor-
phology without altering shoot performance (data not
shown), exogenous NAA and TIBA were supplied to the
nutrient solution at a concentration of 1x10™* mol L™ every
3 d after emergence (DAE). Growth solutions were renewed
every 3 d. Plants were grown in a growth chamber with a
light/dark regime of 16/8 h at 28/22°C (day/night) under
200 umol m™ s™' light intensity and 75%-85% relative hu-
midity. There were four replicates for each treatment (three
plants per pot). The pots were completely randomized and
re-positioned weekly to minimize environmental effects.

1.2 Root morphology

Taproot length was measured for each plant and the
first-order LRs along the taproot axis were counted (Figure
1A). LR density was calculated by dividing the number of
emerged first-order LRs by the taproot length (the number
of LRs per cm taproot) [15]. Emerged and meristematic (i.e.,
visible under a microscope, but not yet emerged) CRs were
defined as the regions with 10 or more meristems or rootlets
per cm of first-order LRs (Figure 1B and C). The number of
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Figure 1 Root system of white lupin grown in nutrient solution under P
deficient conditions. A, Whole plant of white lupin grown for 8 DAE under
P deficient conditions. Arrows indicate taproot axis, first-order LRs, and
emerged CRs with a single CR encircled. B, A typical CR of white lupin
induced by P deficiency. C, P stress-induced white lupin CR stained with
methylene blue and observed under a stereoscope.

emerged CRs was counted directly; meristematic CRs were
determined with a microscope at 10x magnification after
roots were fixed, cleared, and stained according to a previ-
ously-published method [43].

1.3 Proton release

Nutrient solution pH was measured using a pH meter and
adjusted daily to 5.8 with 0.05 mol L™ NaOH. The volume
of NaOH consumed was recorded and used to calculate
proton release [44].

1.4 Collection of root exudates

To determine whether auxin stimulates citrate exudation,
two harvesting methods—from the whole root system of
individual plants, or from excised cluster roots—were used
to collect root exudates. In the first method, white lupin was
grown at 0 or 250 umol L™ P with or without the applica-
tion of NAA at 3-d intervals for 15 DAE and the entire root
system was then harvested. Roots from intact plants
were rinsed three times with exudate-collecting solution
(5 umol L™ H3BO;, 600 umol L™ CaCl,, 100 umol L™ KClI,
and 200 umol L™ MgCl,) and then immersed in 250-mL
beakers containing 200 mL of continuously aerated exu-
datecollecting solution for 2 h. A 10-mL sub-sample of each
collecting solution was stored at —18°C until analysis. In the
second method, the entire root system was excised and di-
vided into non-cluster roots (nonCRs) and CRs from both
P-deficient and P-sufficient treatments. Excised nonCR and
CR segments were washed thoroughly with exudate-
collecting solution and incubated in 5 mL of exudate-
collecting solution with or without NAA for 2 h under gen-
tle shaking to allow release of root exudates. After collec-
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tion, microbial inhibitor (Micropur, Sicheres Trinkwasser,
Germany, at 0.01 g L™") was dropped into the solution con-
taining root-exudates to prevent microbial degradation be-
fore measurement. The samples were subsequently stored at
—18°C for analysis of organic acid anions.

1.5 Analysis of organic acid anions

Organic acid anions in the root exudates were analyzed by
high-performance liquid chromatography (HPLC) in ion
suppression mode. Separation was conducted on a 250 mmx
4.6 mm reversed-phase column (Alltima C,g, Alltech Asso-
ciates, Deerfield, MA, USA). The mobile phase was
25 mmol L' KH,PO, (pH 2.25), with a flow rate of
1 mL min~" at 31°C and UV detection at 214 nm. The sam-
ple injection volume was 20 L. Identification of organic
acid anions was carried out by comparing retention time and
absorption spectra with those of known standards [29].

1.6 Phosphorus concentration and biomass determina-
tion

Plants were harvested at 15 DAE. Roots and shoots were
dried at 70°C for 3 d and weighed. Shoots were digested in
concentrated H,0,-H,SO,, and the P concentration was
measured using the vanado-molybdate colorimetric method
[45].

1.7 Acid phosphatase activity at the root surface

The activity of acid phosphatases at the root surface was
measured based on published methods [46]. Excised root
segments of nonCRs and CRs were transferred to 2-mL
Eppendorf reaction vials and washed three times with dis-
tilled water to remove the contents of damaged cells.
Washed root segments were then immersed in a solution
containing 0.5 mL water, 0.4 mL of 0.2 mol L™! Na-acetate
buffer (pH 5.2), and 0.1 mL of 0.15 mol L™ p-nitrophenyl
phosphate (pNPP) substrate in acetate buffer. After reaction
for 5-10 min at 25°C, 0.8 mL of the reaction medium was
removed and mixed with 0.4 mL of 0.5 mol L™' NaOH to
terminate the reaction. Absorption was measured at 405 nm.
A p-nitrophenol calibration curve was constructed at con-
centrations of 0, 2, 4, 8, 12, 16, and 20 pg mL™. Activity
was expressed as umol p-nitrophenol per g root dry weight
per min.

1.8 Statistics

All data were analyzed using SPSS 13.0 for Windows
(SPSS Inc., Chicago, IL, USA). After performing one-way
analysis of variance (ANOVA), Tukey’s HSD post-hoc test
was used to compare differences between the means at the
5% probability level (P<0.05). Two-way ANOVA and mul-
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tivariate analysis of variance (MANOVA) were performed
to test the effects of P, auxin, and their interaction on root
morphological and physiological traits.

Principal component analysis (PCA) was used to evalu-
ate the response of root morphological and physiological
traits to P deficiency and auxin treatment. Five root mor-
phological variables, taproot length, number and density of
the first-order LRs, and number of emerged and meriste-
matic CRs, and five root physiological variables, proton
release into the growing medium, citrate exudation by intact
root systems and excised CRs, and acid phosphatase activity
of nonCRs and CRs, were analyzed. The first two principal
components were used to describe the relative responses of
white lupin roots to P deficiency and auxin treatment and to
calculate the total scores of root morphological or physio-
logical variables.

2 Results

2.1 Effects of P deficiency and auxin treatment on bio-
mass and shoot P concentration

At 15 DAE, seedlings grown at 0 umol L™ P exhibited ob-
vious P-deficiency symptoms, including chlorosis, necrosis,
and shedding of old leaves, as well as formation of nume-
rous CRs. Phosphorus supply had a significant effect on
shoot dry weight, root dry weight, and shoot P concentra-
tion (Table 1, P<0.01). Phosphorus deficiency decreased
shoot dry weight by 37%-43% and root dry weight by
44%—-47% compared with the P-sufficient treatment (Figure
2A). Auxin application had no significant influence on
shoot and root dry weight (Table 1, Figure 2A). The con-
centration of P in shoots was significantly lower in
P-deficient than in P-sufficient plants (Table 1, Figure 2B).
The addition of auxin increased shoot P concentrations by
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11% for P-sufficient plants, but not for P-deficient plants.
There was a significant interactive effect between P and
auxin on shoot P concentration (Table 1).
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Figure 2 Effects of P deficiency and auxin addition on plant dry weight
(A) and shoot P concentration (B). White lupin was cultured in 0 or 250
pmol L™ P nutrient solutions with or without the application of 10 mol L™
NAA for 15 DAE. The data represent means+SE of four replicates. Dif-
ferent letters indicate significant differences (P<0.05).

Table 1 Results from two-way ANOVA for biomass, shoot P concentration, number of CRs, proton release, citrate exudation, and acid phosphatase activ-

ity as affected by P and auxin

P Auxin PxAuxin
Parameters
F-value P-value F-value P-value F-value P-value
Shoot dry weight 93.27 P<0.01 1.88 0.19 - -
Root dry weight 136.4 P<0.01 0.36 0.56 - -
Shoot P concentration 1700.25 P<0.01 14.56 P<0.01 9.138 P<0.01
Meristematic CRs 38.34 P<0.01 20.28 P<0.01 8.73 P<0.01
Number of CRs
Emerged CRs 73.92 P<0.01 33.93 P<0.01 0.695 0.42
Proton release rates 31.12 P<0.01 35.24 P<0.01 3.098 0.11
Entire root system 231.51 P<0.01 58.03 0.07 58.03 P<0.01
Citrate exudation Excised non-CRs 42.18 112.46 0.15 42.83 0.24
Excised CRs 46.98 P<0.01 125.122 0.04 46.98 0.115
Acid phosphatase Non-CRs 169.47 P<0.01 3.85 0.07 6.34 P<0.05
activity CRs 725.48 P<0.01 40.15 0.06 32.99 P<0.01
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2.2 Effects of P deficiency and auxin treatment on
taproot length and number and density of first-order
LRs

Phosphorus deficiency reduced taproot length and increased
the density of first-order LRs from 9 DAE onward, despite
having no obvious effect on LR number (Figure 3A-C). The
addition of auxin significantly decreased taproot length and
increased the number and density of first-order LRs in
P-deficient and P-sufficient plants after 6 DAE (Figure
3A-C); the positive effect of auxin on number and density
of first-order LRs was even more obvious under P defi-
ciency than P sufficiency (Figure 3B and C). In contrast, the
application of the auxin transport inhibitor TIBA reduced
number and density of first-order LRs at 6 DAE and on-
wards, but had no significant effect on taproot length (Fig-
ure 3D-F).

2.3 Effects of P deficiency and auxin treatment on CR
formation

The results of ANOVA showed that P and auxin had a sig-
nificant effect on the number of emerged and meristematic
CRs (Table 1, P<0.01). At 15 DAE, white lupin grown un-
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der P-deficient conditions developed 37 CRs (12 emerged
and 25 meristematic), compared with 11 CRs (4 emerged
and 7 meristematic) under P-sufficient conditions (Figure 4).
Except for the number of meristematic CRs under P defi-
ciency, NAA application greatly increased the number of
CRs (Figure 4). It can be seen that P and auxin had a signif-
icant interactive effect on meristematic CRs (Table 1,
P<0.01). In the P-deficient treatment, NAA application in-
creased the number of CRs by 19%, whereas in the
P-sufficient treatment NAA increased CR numbers by
154% (147% for emerged CRs and 158% for meristematic
CRs) (Figure 4). When TIBA was applied, the number of
CRs was significantly reduced, with a decrease of 9% in
P-sufficient and 65% in P-deficient plants (Figure 4).

2.4 Effects of P deficiency and auxin treatment on
proton release, citrate exudation, and acid phosphatase
activity

The time course of proton release was examined daily
throughout the experiment. The quantity of released protons
increased slowly during the first 8 DAE. A relatively rapid
rise in the number of released protons was observed there
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Figure 3 Effects of auxin and its transport inhibitor on taproot and lateral root development of white lupin under different P supply. Seedlings were grown
in nutrient solution containing 0 or 250 umol L™ P with or without the application of 10® mol L™ NAA or TIBA. Data are given for the taproot length (A
and D), the number of first-order lateral roots (LRs) (B and E), and lateral root density (C and F) at different growth stages. Values represent means+SE of

four replicates.
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after in all treatments, except for a slight decrease in the
P-sufficient treatment at 15 DAE (Figure 5). From 7 DAE
onwards, P-deficient plants extruded more protons than
P-sufficient ones (P<0.05). The presence of auxin signifi-
cantly increased proton release for P-deficient and
P-sufficient plants (P<0.05) from 10 DAE onwards (Figure
5). In addition, the rate of proton release was calculated
based on average data from the final 3 d before harvest
(Figure 5, inset). According to ANOVA, P and auxin had a
significant influence on the proton release rate (Table 1,
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Figure 4 Effects of auxin and its transport inhibitor on CR formation in
white lupin under different P supply. Seedlings were grown in 0 or 250
umol L™ P nutrient solutions with or without the application of 107
mol L™ NAA or TIBA. Emerged CRs and meristematic CRs were defined
as regions with 10 or more meristems or rootlets per cm of first-order lat-
eral root. Data represent meanstSE of four replicates. Different letters
indicate significant differences among treatments for emerged or meriste-
matic CRs (P<0.05).
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Figure 5 Effects of P availability and auxin addition on proton release in
white lupin. Seedlings were cultured in 0 or 250 umol L™ P nutrient solu-
tions with or without the application of 10® mol L™ NAA. Proton release
was measured daily during the 15-d growth period after emergence. The
inset represents the effects of auxin addition on average proton release
rates during the last 3 d before harvest. Data represent means+SE of four
replicates. Different letters indicate significant differences among treat-
ments (P<0.05).
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P<0.01). A higher proton release rate was found in plants
grown at 0 umol L™ P compared with those at 250 umol L™
P, irrespective of auxin application. Auxin application in-
creased proton release rates by 69% in P-sufficient plants
and by 133% in P-deficient plants (Figure 5, inset).

To determine the effects of auxin on citrate exudation,
root exudates were collected from entire root systems at 15
DAE. Two-way ANOVA revealed a significant effect of P
on citrate exudation of entire root systems. There was also
an obvious interactive effect between P and auxin (Table 1).
The rate of citrate exudation in P-deficient plants was 0.214
umol g™ root dry weight h™". When NAA was applied to
P-deficient plants, a two-fold increase in the citrate exuda-
tion rate was observed compared with the treatment without
NAA addition. In contrast, citrate exudation was not de-
tected for P-sufficient plants, irrespective of NAA supply
(Figure 6A). To further evaluate the contribution of auxin to
citrate exudation, excised nonCRs and CRs from P-deficient
and P-sufficient plants were treated with NAA for 2 h.
Phosphorus deficiency significantly increased citrate exuda-
tion rates in the excised CRs, with 4.7-5.2-fold higher in-
creases observed compared with those from P sufficient
plants. The application of NAA significantly increased cit-
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Figure 6 Effect of exogenous auxin addition on citrate exudation in
P-sufficient and P-deficient white lupin. A, Citrate exudation by the entire
root system. Seedlings were grown for 15 DAE in 0 or 250 pmol L™ P
nutrient solutions with or without the application of 10 mol L™ NAA.
Root exudates were collected for 2 h from intact root systems of individual
plants. B, Citrate exudation by excised nonCRs and CRs of white lupin.
Seedlings were grown for 15 DAE in 0 or 250 umol L™ P nutrient solu-
tions. NonCRs and CRs were excised and incubated in 0 or 10 mol L™
NAA solutions with gentle agitation for 2 h. After incubation, root exu-
dates were collected and HPLC-analyzed for citrate. Values represent
means+SE of four replicates. Different letters indicate significant differ-
ences among treatments (P<0.05; nd, not detected).
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rate exudation rates by 71% and 57% in P-sufficient and
P-deficient CRs, respectively (Figure 6B), suggesting a sig-
nificant effect of P and auxin on citrate exudation of excised
CRs (Table 1). In contrast, there was no significant differ-
ence in citrate exudation rates between nonCRs, regardless
of P and auxin treatments (Table 1, Figure 6B).

Acid phosphatase activity in nonCRs and CRs was
measured to examine the effects of P and auxin on such
activity. Two-way ANOVA revealed a significant main
effect of P, and an interactive effect of P and auxin, on acid
phosphatase activity in both nonCRs and CRs (Table 1).
Regardless of auxin application, P deficiency increased acid
phosphatase activity in both nonCRs and CRs (Figure 7). In
P-deficient plants, but not in P-sufficient ones, CRs exhib-
ited higher acid phosphatase activities than did nonCRs. In
P-deficient plants, NAA addition also significantly in-
creased acid phosphatase activity, with an increase of
37%-39% compared with control plants without NAA ap-
plication. In P-sufficient plants, however, NAA addition had
no effect on acid phosphatase activity in either CRs or
nonCRs (Figure 7).

2.5 Variation patterns and relative importance of root
morphological and physiological traits as affected by P
deficiency and auxin addition

The first two principal components from the PCA explained
86.1% of the total variation and significantly separated the
four treatments (Figure 8A). PCI1 (the first principal com-
ponent) separated the four treatments into two groups based
on P availability and explained 64.8% of the total variation;
PC2 (the second principal component) separated the treat-
ments into two groups based on auxin addition and ex-
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Figure 7 Effects of exogenous auxin addition on the activity of acid
phosphatase excreted by nonCRs and CRs from P-sufficient and
P-deficient white lupin. Seedlings were grown in 0 or 250 umol L™ P nu-
trient solutions with or without the application of 10 mol L™ NAA. At 15
DAE, plants were harvested and roots divided into nonCRs and CRs and
subjected to acid phosphatase activity assays. Values represent means=SE
of four replicates. Different letters indicate significant differences among
treatments (P<0.05).
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plained 21.3% of the total variation. MANOVA showed that
both P deficiency and auxin addition significantly affected
root morphological and physiological traits (P: Hotelling’s
trace=354, F=106, P<0.001; Auxin: Hotelling’s trace=145,
F=43.6, P<0.001), and a significant interactive effect be-
tween P and auxin was also observed for root parameter
variables (Pxauxin: Hotelling’s trace=103, F=31.0, P<0.001)
(Table 2). Based on the PCA, P deficiency enhanced root
morphological and physiological responses, but root physi-
ological response was more important than root morpho-
logical response with respect to P acquisition (Figure 8B).

Table 2 Multivariate ANOVA for effects of P and auxin on root mor-
phological and physiological parameters

Sources of variation Hotelling’s trace F-value P-value
P 353.647 106.094 <0.001
Auxin 145.274 43.582 0.005
PxAuxin 103.358 31.007 0.008
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Root morphology scores

Figure 8 Variation patterns and relative importance of root morphologi-
cal and physiological traits in response to P availability and auxin addition.
A, 10 variables were subjected to PCA: the 5 root morphological traits of
taproot length, number and density of the first-order lateral roots, and
number of emerged and meristematic CRs and the 5 root physiological
traits of proton release, citrate exudation by intact entire root systems and
excised CRs, and acid phosphatase activity of nonCRs and CRs. B, Rela-
tive importance of root morphological and physiological traits. PCA was
performed separately based on root morphological and physiological traits.
Total scores of root morphological or physiological variables were calcu-
lated from the first two principal components.
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Auxin application changed the balance between root mor-
phology and root physiology and caused an evident shift
from root physiology to morphology for P-sufficient plants;
this trade-off between root physiological and morphological
traits was almost negligible under P deficiency, however,
indicating the dominant role of P deficiency in changing
both root physiological and morphological traits (Figure
8B).

3 Discussion

3.1 Root morphological traits as affected by auxin in
response to P deficiency

Plant roots exhibit a highly plastic response to environmen-
tal changes. Continuous initiation and emergence of new
root meristems allows plants to acclimate to changes in P
availability [47,48]. These plastic root responses are thought
to assist in P acquisition by enhancing root foraging and
uptake capacity [28,49]. In agreement with previous ex-
perimental studies [15,35,37,47], our results indicate that P
deficiency is a key factor controlling LR development (Fig-
ure 3) and CR formation (Figure 4). The mechanisms regu-
lating lupin root system response to P deficiency are not
fully understood, however.

Increasing evidence suggests that auxin plays a key role
in the regulation of root morphology in response to P star-
vation [34-36,48,49]. In Arabidopsis, P deficiency leads to
auxin redistribution and an increase in auxin sensitivity
[15,34,47,49]. In white lupin, root-derived auxin plays a key
role in P deficiency-induced CR formation [36]. In rice,
exogenous auxin can amplify P starvation signaling [38],
and a cross-talk exists between auxin and P starvation [39].
Application of exogenous auxin increases LR formation in
Arabidopsis and CR proliferation in white lupin, whereas
auxin antagonists reduce these effects [35,36,50,51]. These
findings support the view that most effects of P deficiency
on root morphological responses depend primarily on auxin
signaling. In our study, auxin application reduced taproot
length and stimulated LR formation and CR proliferation in
both P-deficient and P-sufficient white lupin (Figures 3A—C
and 4); however, application of TIBA eliminated these ef-
fects (Figures 3D-F and 4). It has been suggested that TIBA
acts as a competitive inhibitor of auxin transport [52]. Our
results showing TIBA significantly inhibiting LR and CR
formation (Figures 3D-F and 4) are consistent with previ-
ous observations that TIBA can interfere with NAA activity
[15,35,36]. Taken together, these results confirm that auxin
plays an essential role in regulating root development of
white lupin.

It is well known that CRs develop along the axis of
first-order LRs and comprise relatively dense short rootlets
[33]. CR formation consequently depends primarily on the
production of first-order LRs. In our study, white lupin
formed large numbers of CRs when more first-order LRs
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were produced under P deficiency or exogenous auxin sup-
ply. Auxin stimulated more LRs in P-deficient than
P-sufficient plants (Figure 3B and C); this was not the case
for CR formation (Figure 4), however, indicating a complex
interplay between P and auxin during regulation of root
development in white lupin. This result is consistent with a
previous report in Arabidopsis that P-deprived seedlings, in
terms of LRs, are more sensitive to auxin than are non-
deprived seedlings [15]. A recent study revealed that
an auxin receptor, TIR1 (TRANSPORT INHIBITOR
RESPONSE1), may be responsible for regulation of auxin
sensitivity to P deficiency. Under P deficiency, increased
expression of TIRI, which mediates proteasome-involved
degradation of AUX/IAA proteins, and hence increased LR
production, is observed [34]. These results support the no-
tion that P deficiency increases auxin sensitivity during LR
formation in white lupin.

3.2 Root physiological traits as affected by auxin in
response to P deficiency

Root physiological responses are also important for nutrient
acquisition [20]. Under P-deficient conditions, some plants,
such as white lupin and common bean (Phaseolus vulgaris
L.), release large amounts of carboxylates, acid phosphatase,
and protons to mobilize and capture P from soils [5,12,24].
In our study, significantly increased proton release (Figure
5), citrate exudation (Figure 6), and acid phosphatase activ-
ity (Figure 7) were observed in P-deficient plants compared
with P-sufficient ones. These results are in agreement with
previous studies in maize (Zea mays L.) [53], common bean
[24], white lupin [27-29,54], and purple lupin (L. pilosus
Murr.) [5]. In contrast, P deficiency did not increase proton
release from soybean [55] or enhance secretion of organic
acid anions from soybean [56,57] or rape (Brassica napus
L.) [58]. These contradictory findings indicate that P defi-
ciency-induced changes in root-exudation physiology are
highly species-dependent.

Enhanced proton release under P deficiency is considered
to be related to an increase in PM H'-ATPase activity and
stimulation of the H*-pump [23,59,60]. Increased citrate
exudation from white lupin CRs has been correlated with
increased efflux of H" [59] and other cations, including K™,
Na*, and Mg** [27,61]. Previous research indicates that the
final target of auxin action may be PM H*-ATPase, which
increases proton extrusion [41]. In our study, auxin en-
hanced proton release and citrate exudation regardless of P
supply (Figures 5 and 6). It is possible that the enhanced
citrate exudation observed under P deficiency and auxin
was due to the stimulating effects of auxin on H'-ATPase
activity. Further investigation is required, however, to elu-
cidate the relationship between citrate exudation and
H'-ATPase activity. Citrate efflux from white lupin CRs
probably occurs through anion channels permeable to citrate
[30,62,63]. The increased citrate exudation observed when
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auxin was applied in our study may be partly attributed to
anion channel activation mediated by auxin [64,65]. Proton
quantities extruded by P deficient plants are 2-3-fold great-
er than exuded citrate levels [66]. Because of the need to
balance charges, proton extrusion under P deficiency is
therefore related to increased citrate exudation. Under P
deficiency in this study, the amount of proton release was
positively correlated with, but higher than, the amount of
citrate exuded (Y=0.4042X-8.3954, R’=0.6137, P=0.0215).
The stoichiometric ratio between proton release and citrate
exudation was 3-9: 1. The results presented here conform to
previous findings that about half of proton extrusion can be
attributed to citrate extrusion [66]. Taken together, these
results suggest that proton extrusion induced by P deficien-
cy or auxin application is closely associated with citrate
exudation.

Increased acid phosphatase activity under P deficiency is
well documented in white lupin and other species [24,67].
In a previous study of white lupin, acid phosphatase activity
was greater in CRs of P-deficient plants than in nonCRs or
in CRs of P-sufficient plants [54]. In our study, nonCRs and
CRs of P-deficient plants had higher acid phosphatase ac-
tivity than those of P-sufficient plants (Figure 7). This in-
creased acid phosphatase activity may be related to P defi-
ciency-induced apoplast acidification [68]. Apoplast acidi-
fication induced by P deficiency or auxin application may
create optimal environmental conditions for maximizing
extracellular acid phosphatase activity. These results indi-
cate that P deficiency or auxin application—because of their
direct or indirect action on PM H'-ATPase—may enhance
apoplast acidification due to stimulated proton release, and
thus increase acid phosphatase activity.

3.3 Relative importance of root morphological and
physiological traits as affected by P deficiency and auxin
treatment

Plant roots exhibit highly plastic responses to both temporal
and spatial changes in resource availability [69]. The size
and type of root plasticity are largely dependent on plant
species [7,21], resource supply status [21], resource type
and evenness [18,20,70], and competitor presence [71].
Some plant species present strongly plastic root responses to
changes in the external environment [71,72], whereas others
respond weakly [7]. As shown by PCA in our study, white
lupin displays high root morphological and physiological
plasticity in response to P availability and auxin application.
Because P availability explained 64.8% and auxin addition
represented 21.3% of the total variation, P was considered
to be a more important factor than auxin for white lupin root
plasticity (Figure 8A). The manner in which root develop-
ment in white lupin is regulated by P and auxin is very
complex, however. Auxin could mediate the processes in
which P deficiency affects CR formation or root morpho-
logical plasticity. To unravel this complexity, the relative
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roles of P and auxin in regulating root morphological and
physiological traits need to be further investigated.

Because of the complexity of root plasticity and the lack
of comprehensive studies, it is difficult to quantify the ex-
tent and relative importance of root morphological and
physiological effects [73]. A viewpoint can be proposed to
explain the relative importance of root morphology and
physiology for acquisition of limited resources. When re-
source distribution is size-asymmetrical, root morphological
changes are more important than physiological ones. Alter-
natively when resource distribution is size-symmetrical,
physiological changes are more important than morpholog-
ical ones [74]. In soil, nutrient supply is unidirectional or
distributed in a patchy manner [20], and root foraging for
limited resources is size-asymmetrical; in such a situation,
root morphological changes should be more important than
physiological ones. In a hydroponic system where nutrient
supply is multidirectional, root competition for limited re-
sources should be size-symmetrical; in this case, physiolog-
ical changes may be more important than morphological
ones. Nevertheless, the extent and relative importance of
root morphology and physiology is not fully understood. In
our study, when white lupin was hydroponically grown un-
der P deficiency or sufficiency, our results were consistent
with the size-symmetrical hypothesis of limited resource
acquisition. When exogenous auxin was added, however,
the situation was greatly changed. Auxin addition differen-
tially enhanced root morphological and physiological re-
sponses, thus changing the balance between root morphol-
ogy and root physiology and emphasizing root morphology
under sufficient P supply (Figure 8B). Our overall results
suggest that variation patterns and relative importance of
root morphology and physiology are highly dependent on
the status of P and auxin supply and their interaction. Our
study provides important evidence for the hypothesis that
the relative importance of root morphology and physiology
can be adjusted by P availability and auxin application in
white lupin. The approach used in our study—examining
relative importance or trade-off of root morphological and
physiological traits—can be used to evaluate plant adapta-
tion to environmental stress in other species.

In conclusion, P deficiency significantly affected both
morphological and physiological traits of white lupin roots.
Exogenous auxin significantly enhanced the sensitivity of
root morphology to P deficiency. There was an evident in-
terplay between P and auxin in modulating root morpho-
logical and physiological traits. In white lupin, P deficiency
played a more important role than did exogenous auxin in
regulating root morphological and physiological responses.
Our results suggest that white lupin can effectively coordi-
nate root morphological and physiological responses to en-
hance acquisition of P resources, with an optimal trade-off
between root morphological and physiological traits gov-
erned by external stimuli such as P availability and auxin.
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