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Abstract

Different growth rates of grasses from South American natural grasslands are adaptations to soils of low fertility. Grasses
with fast growth rate are species with an accumulation of nutrients in soluble forms, with a high metabolic rate. This work
aimed to study whether grasses with different growth rates have different phosphorus (P) uptake and efficiency of P use with
high and low P availability in soil, as well as whether phosphatase activity is related to the species growth rate and variations
in P biochemical forms in the tissues. Three native grasses (Axonopus affinis, Paspalum notatum, and Andropogon lateralis)
were grown in pots with soil. Along plant growth, biomass production and its structural components were measured, as well
as leaf acid phosphatase activity and leaf P chemical fractions. At 40 days of growth, leaf acid phosphatase activity declined
by about 20-30% with an increase of P availability in soil for A. affinis and P. notatum, respectively. Under both soil P lev-
els, P. notatum showed the highest plant total biomass, leaf dry weight and highest P use efficiency. A. affinis presented the
higher P uptake efficiency and soluble organic P concentration in the leaf tissues. A. lateralis showed P-Lipid concentration
1.6 and 1.3 times higher than A. affinis and P. notatum, respectively. In conclusion, acid phosphatase activity in grass of
higher growth rate is related to higher remobilization of P due to higher demand, as in A. affinis, and higher growth rates are
associated with higher P uptake efficiency.

Keywords Leaf traits - Nutrient use efficiency - P biochemical form - P remobilization - South American grasslands

Introduction

Nutrient availability frequently limits plant growth in natu-
ral communities (Wang et al. 2010). Plant adaptations that
could be important under low fertility soils include: (1)
low relative growth rate, preventing exhaustion of internal

Communicated by Russell K. Monson.

< Anderson Cesar Ramos Marques
acrmarques @hotmail.com.br

! LEPAN-Laboratory of Ecology of Natural Grassland,
Department of Animal Science, Universidade Federal de
Santa Maria, Roraima Avenue 1000, Building 16, Room
3132, CEP: 97105-900 Santa Maria, RS, Brazil

2 FISIOPLANT-Laboratory of Plant Physiology, Department
of Biology, Universidade Federal de Santa Maria, Roraima
Avenue 1000, CEP: 97105-900 Santa Maria, RS, Brazil

Department of Soil Science, Universidade Federal de Santa
Maria, Roraima Avenue 1000, CEP: 97105-900 Santa Maria,
RS, Brazil

nutrient reserves (Chapin 1980); (2) high capacity to scav-
enge nutrients from soil (Vance et al. 2003); and (3) differ-
ences in nutrient use efficiency (Veneklaas et al. 2012). Slow
growth rate of plants under low fertility soils is related to
their longer leaf life span, which appears to be an adaptation
to low translocation and remobilization capacity (Aerts and
Chapin 1999); therefore, these plants may have a limited
response to the increase of nutrient availability in soil.

In general, a longer life span of leaves is related to min-
eral nutrients and photoassimilates being allocated into com-
plex leaf structures, i.e., with a large amount of structural
tissues. These species have a higher content of dry matter in
leaves (LDMC), which results in a reduction in leaf area per
carbon unit, evaluated as specific leaf area (SLA) (Wright
and Westoby 2003). Considering these leaf traits, plants
with lower LDMC and higher SLA show a higher growth
rate, a faster and intense use of mineral nutrients, and great
efficiency of nutrient remobilization (Garnier et al. 2007).

A higher efficiency of phosphorus (P) remobilization
may be related to the activity of enzymes such as acid
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phosphatases. The activity of these enzymes is related to
the alteration of P tissue concentration (Duff et al. 1994),
leading to an activity regulation through P demands as a
feedback regulation effect (McLachlan and March 1982).
When inorganic phosphorus (Pi) supply by soil is lower than
the plant demand, a higher remobilization of P stored in old
leaves can occur translocating it to young leaves, as well
as an increase in root growth, especially for species with a
higher growth rate (Doerner 2008; Shen et al. 2011).

The remobilization of P is not just a matter of senescence,
but it occurs even in young tissues, supporting the idea that
a specific fraction of P is cycled in the plant (Lambers et al.
2006; Shen et al. 2011). Remobilization is an important
source of P for growth related to P use efficiency (Wieneke
1990). However, other concepts such as P allocation capac-
ity in different organs must be considered. Low quantities
of P allocated in complex structural forms (phospholipids,
for example) preserves P in easier transported forms and
may be an alternative for increased nutrient use efficiency.
In this regard, Elliott and Léduchli (1986) suggested that the
P partitioning between inorganic and organic forms is the
major determinant of P use efficiency.

In southwestern Australian plant species, both high nutri-
ent remobilization efficiency (Wright and Westoby 2003;
Denton et al. 2007) and high leaf longevity (Wright et al.
2004; Lambers et al. 2012) are common as expected by the
status of the P impoverished environment (Hopper 2009).
However, concerning the South American natural grasslands
species, there is little scientific information regarding the
interrelationships among phosphate adaptation strategies,
phosphorus metabolism, and plant growth. Therefore, we
performed an experiment with three South American native
grasses (Axonopus affinis, Paspalum notatum, and Andropo-
gon lateralis) which have a range of leaf life span (Machado
et al. 2013) and different growth rates under low and high
P availability.

These grass species grow in Brazilian natural grasslands
that are in a region with subtropical climate and acidic soils
(pH ranging from 4.4 to 5.1) which have low P availabil-
ity (ranging from 0.1 to 7.6 mg kg™') (Oliveira et al. 2014;
Tiecher et al. 2014). Such grassland areas occupy 2.07% of
the Brazilian territory (176,496 km2), but are described as
the main forage source for approximately 13 million cattle
and 5 million sheep (de Carvalho PC and Batello 2009).

We intended to focus on the following questions: (1) Do
grass species with different leaf traits and growth rates have
a consistent pattern for the efficiency of P uptake and use in
both high and low P soil availability? (2) Is the phosphatase
activity related to the plant growth rate of the grasses and
biochemical P form in the grasses? (3) Do grasses with low
growth rate allocate more P in structural fraction in their
tissues? To answer these questions, we grew young plants
in soil under two levels of P availability in a greenhouse
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during successive re-growth and measured the distribution
and quantity of biomass, leaf acid phosphatase activity, and
concentrations of the major P chemical fractions in leaves.

Materials and methods
Soil and plant species

Soil and plant species for the pot experiment were collected
from a natural grassland community of Campos (Allen et al.
2011) in Santa Maria, southern Brazil. This grassland com-
munity occupies large areas (location at 29°45'S, 53°42'W;
95 m a. s. 1.) where the predominant soil type is Ultisol,
which was utilized in this work. In the top horizon (0-20 cm
depth), the clay content was 180 g kg™!, total organic car-
bon 14.5 g kg~!, soil pH in water (1:1 v/v) 4.6; available P
and K (extracted by Mehlich 1) were 3.0 and 76.0 mg kg™!,
respectively, and there were 1.9, 2.8 and 1.4 cmol, kg™
of exchangeable Al, Ca, and Mg extracted by 1.0 M KCl,
respectively.

Three South American native grasses (Axonopus affinis
Chase, Paspalum notatum Fliiggé, and Andropogon later-
alis Nees) were selected for our work because they are the
most frequent grasses in the natural grassland community.
Axonopus affinis is a grass that grows by stolons and is most
commonly found in lowland areas with high soil moisture.
Paspalum notatum is the species that occurs the most in
natural grasslands of Southern Brazil and its growth form is
based on rhizomes. Axonopus affinis and Paspalum notatum
are species with high relative growth rate. Andropogon lat-
eralis is a potential tussock grass, but changes in its growth
structure with high grazing pressure, is well distributed on
the landscape, and is a species with low relative growth rate.

Treatment and experimental conditions

The experiment was carried out in a greenhouse with
an average temperature of 23.5 °C, light intensity of
1100 pmol m~2 s~! PAR, and relative humidity of 76.4% in
the spring period of 2012 (September to November). Plant
evaluation occurred during two periods for each species
after soil fertilization. During the last week of May 2012,
five juvenile individuals (tillers) of similar size of each spe-
cies were transplanted into pots with soil. Pots with 23 cm
diameter and 20 cm height were filled with 5 kg of homog-
enized dry soil from the top horizon (0-20 cm depth). After
an acclimation period (since May 2012), on September 13,
all plants were clipped to a height of 5 cm and randomly
assigned to fertilizer treatments.

The treatments consisted of: (1) one application of 50 mg
P kg_1 of soil (named P*) and (2) natural availability of P
(no application) (named P™). The amount of P added was
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previously determined by an incubation test of doses of P
in the soil. The selected dose was determined by reaching
the critical level of P availability for plant growth proposed
by the Southern Brazilian Soil Fertility and Chemical Com-
mittee (CQFS-RS/SC 2016). Phosphorus was added as
potassium phosphate (KH,PO,). Potassium (K) was added
in P~ in the same amount as for P* as potassium chloride
(KC1) to avoid K limitation for growth. Pots were main-
tained at around 70-80% of field capacity by daily weighing
and watering. For each grass species, the P treatments were
arranged in a randomized block design with four replica-
tions. Blocking criterion was the position of the plots on
the testing bench, nearest or farthest from the refrigeration
system.

Sample collection
The period for sampling was estimated through the accumu-

lated mean temperature (thermal sum) needed for expansion
of 2.5 leaves (leaf expansion duration, a period for the leaf to
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Fig. 1 Daily minimum, mean, and maximum temperatures in green-
house during the experiment

obtain its maximum elongation). The thermal sum used was
437° days (DD) for the three species [phyllochron utilized
is found in Machado et al. (2013)]. The mean temperature
utilized was the average between the maximum and mini-
mum temperature of each day in the greenhouse (Fig. 1). On
October 27, 2012, corresponding to 40 days after treatment
application, the plants of the three species were harvested.

Measurements
Leaf traits

Following the recommendations of the protocols proposed
by Cornelissen et al. (2003), ten individuals (tillers) per rep-
licate were selected for evaluation. Two traits were meas-
ured: specific leaf area (SLA) and leaf dry matter content
(LDMQ). For this purpose, ten newly expanded leaves from
tillers were scanned (HP Scanjet g 4050) and leaf areas were
measured using the ImageJ software. After that, the same
ten leaves were used to calculate LDMC (leaf DM per unit
fresh mass of water-saturated leaves) (Garnier et al. 2001;
Cornelissen et al. 2003).

Plant biomass

For each replicate, plant biomass was separated into leaves
(blades), stems (sheath, stems, stolons, and rhizomes), and
roots, which were weighed after drying for 72 h at 60 °C.

Phosphorus determination

Soil P availability was estimated after 40 days of growth by
extraction with Mehlich-1 extractor (HCI 0.05 N + H,SO,
0.025 N) (Tedesco et al. 1995). P concentration in the
extracts were determined by the Murphy and Riley (1962)
method (Table 1).

Total P concentration was determined in leaves (Py.,¢),
stems, and roots by the Murphy and Riley (1962) method
after digestion with concentrated sulfuric acid (H,SO,) and

Table 1 Soil P available
(Mehlich-1), specific leaf

Axonopus affinis

Paspalum notatum Andropogon lateralis

area (SLA), and leaf dry P Pt P Pt P Pt

matter content (LDMC) for -

three South American native Soil

grasses growing under low Available P by 14402 227408%® 14401 222+09® 1.8+0.3% 282406

(P7) and high (P*) soil P Mehlich-1

availability at 40 day of growth (mg kg™

(mean + standard error, n = 4) Plant
SLA (m*kg™) 32 £ 2.2mA 34+15% 23+148 2+1.18  19+09° 19 + 1.0¢
LDMC (gkg™) 218 +11.3%C 200+ 12.1¢ 275+ 13.18 271 +53% 317 +165% 304 + 13.14

*Means followed by lowercase letters in lines compare treatment for each species and capital letters com-
pare species in each P treatment by Tukey’s test (p < 0.05)
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hydrogen peroxide (H,0,) (Tedesco et al. 1995). The aver-
age P plant concentration (P,,) was calculated through
weighting the average P concentration at each organ and its
dry matter mass. Phosphorus uptake was estimated by mul-
tiplying the total dry mass by plant P concentration.

Phosphorus use efficiency and allocation

Phosphorus use efficiency (PUE) was calculated as follows
(Siddiqi and Glass 2008):

PUE = (total dry mass)2
P uptake

Phosphorus uptake efficiency (PUtE) was evaluated
according to Swiader et al. (1994) as follows:

total plant P content
PUtE =

root dry mass

Phosphorus allocation in plants was analyzed using the
index proposed by Fitter and Setters (1988) and Dale and
Causton (1992). The P allocation index (PAI) in an organ
was expressed as follows:

Po/P,  P,M,

PAI= " _ ,
M,/M, ~ M,P,

where P, and P, are phosphorus concentration in the
referred organ and in the whole plant, respectively. The M
is the biomass of the organ, and Mp is the biomass of the
whole plant. The phosphorus concentration of the organ is:

P, : M,
(Po=g2) sopatiss pai=(r)3e =2
W P, (P

A PAI > 1 for a particular organ indicates a greater pro-
portional allocation of P (Dale and Causton 1992).

Acid phosphatase activity

The acid phosphatase activity (APA) was determined for
each replicate on the three youngest and fully expanded
leaves (Tabaldi et al. 2007). The leaves were frozen in lig-
uid nitrogen and stored at — 20 °C. Subsequently, the leaves
were manually ground in liquid nitrogen and put in a reac-
tion medium consisting of 3.5 mM NaN, 2.5 mM NaCl,
and 100 mM citrate buffer (pH 5.5) to a final volume of
200 pL. The inorganic phosphate was measured at 630 nm
in a spectrophotometer SF325NM (Bel Engineering, Italy)
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using malachite green as a reagent and KH,PO, colorimetric
standard calibration for the curve.

Biochemical fractionation

The leaves were subjected to sequential P chemical frac-
tionation according to the methodology proposed by
Miyachi and Tamiya (1961), with adaptations proposed
by Casali et al. (2011) and Schmidt and Thannhauser
(1945). Phosphorus fractions obtained were total P soluble
in acid (P-Totalsol), inorganic P soluble in acid (P-Inor),
organic P soluble in acid (P-Org—obtained by the differ-
ence between P-Totalsol and P-Inor), lipid P (P-Lipid), P
associated with RNA (P-RNA), P associated with DNA
(P-DNA), and residual P fraction (P-residual).

Statistical analyses

For the analysis of variance (ANOVA) of soil and grass
species characterization, mass production and P param-
eters, the following model was used:

Yjyu=pu+B+F+ S, + FSjk + error ¢; ; ).

where u is the overall experimental average; B is the blocks
(i=1,2,3,4); Fis the fertilizing treatments (j = 1, 2); S is
the grass species (k = 1, 2, 3); and error is the experimental
error. When treatment effects were significant at 5% prob-
ability of error by F test, the differences between the means
of fertilized treatments and grass species were compared by
Tukey’s honestly significant difference (HSD) (P < 0.05).
For the analysis of variance (ANOVA) of P chemical
fractions, the grass species were compared within the
treatments (P~ and P*) by the following model:

Y;=p+B;+S;+errorcg ),

where p is the overall experimental average; B is the blocks
(i=1,2,3,4); Sis the grass species (j = 1, 2, 3) and error is
the experimental error. When treatment effects were signifi-
cant at the 5% probability level by the F test, the differences
between means of fertilized treatments and grass species
were compared by Tukey’s honestly significant difference
(HSD) (P < 0.05).

A multivariate analysis was performed to explore the
relations between P chemical fractions and other param-
eters of plants and soil. The variables were chosen for their
correlations between them and were submitted to prin-
cipal coordinates ordination analyses (PCoA), with the
data previously processed by the amplitude and Euclid-
ean distance as a similarity measure, using the software
MULTIV (Pillar 2001). The decision to choose PCoA
was made because our focus was on the grass species
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(sampling units) growing in different treatments, and not
on the variables (P fractions).

Results
Soil phosphorus availability

Regardless of the grass species tested, the soil P availability
extracted by Mehlich-1 was 16 times higher on addition of
50 mg P kg~! of soil (P™) when compared with the con-
trol (P7) (Table 1). In the P* treatment, the soil showed a
higher availability of P (28.2 mg kg~!) when grown with
A. lateralis plants as compared to the two other grass spe-
cies (22.5 mg kg™!). However, for all three grasses, soil P
availability was higher than 21 mg kg™!, which represents
the critical level of P recommended by the South Brazil-
ian Soil Fertility and Chemical Committee (CQFS-RS/SC
2016). Moreover, P availability (1.5 mg kg™!) in P~ soil was
considered to be very low (CQFS-RS/SC 2016).

Plant functional traits and growth

Specific leaf area (SLA) and leaf dry matter content (LDMC)
were not affected by changes in soil P availability (Table 1).

However, there were significant differences among species,
in which P. notatum plants showed higher SLA (23 m”> kg™
than A. lateralis (19 m* kg™!), but both species had lower
values when compared with A. affinis (33 m? kg™!). Con-
versely, the LDMC followed in the opposite order of SLA, in
which these species showed the following decreasing order:
A. lateralis (311 gkg™Y), P. notatum (273 g kg™Y), A. affinis
(209 g kg™").

Plant total dry mass was 15, 48, and 75% higher in the P*
treatment for A. affinis, P. notatum, and A. lateralis, respec-
tively, when compared with the P~ treatment (Table 2). Leaf
and stem dry masses of A. affinis were 19 and 26% higher in
P*, respectively, when compared with the P~ plants. Plant
total dry mass of P. notatum was 66 and 113% higher than
that of A. affinis in both P~ and P* (Table 2). Biomass par-
titioning to leaves and stems was higher for A. affinis and P.
notatum than for A. lateralis (Table 2).

Biomass partitioning to roots was higher for A. later-
alis than for A. affinis and P. notatum. Therefore, the root/
shoot ratio (R/S) was higher for A. lateralis when compared
with the other species either grown in P~ or P* (Table 2).
With the exception of A. lateralis, there was no fertilization
treatment effect on R/S. The total leaf area (TLA) was 33,
68 and 19% higher in P* treatment when compared with
the P~ treatment for A. affinis, P. notatum, and A. lateralis,

Table 2 Dry mass, mass proportion, and P parameters for three South American native grasses at 40 days of growth, growing under low (P7)

and high (P") soil P availability (mean + standard error, n = 4)

Variables Species

Axonopus affinis

Paspalum notatum

Andropogon lateralis

p- p* pP- p* P p*
Dry mass (g pot™)
Total 7.6 +0.40°%" 8.8 +0488  12.6+1.62%4 18.7 + 2.43%4 4.5 + 0.66°8 7.9 + 1.09°B
Leaf 1.6 + 0.14%B 1.9 +0.14%8 2.5+ 041% 4.2 +0.62%4 0.6 + 0.13"B 0.8 +0.10°®
Stem 3.8 +0.21%8 4.8 +0.29°® 5.9+ 1.22%A 9.1 +0.87* 1.0 +0.13%¢ 1.3 + 0.05%
Root 2.2 +0.188 2.1 +0.22%¢ 4.3 +0.08%A 5.5 + 1.09* 2.3 + 0.40B 4.7 +0.34%8
Mass proportion (%)
Leaf 21 +0.01™A 22 +0.014 19 + 0.0274 22 +0.024 15 + 0.03™B 11 +0.028
Stem 50 + 0.03™A 55 +0.024 45 +0.03™A 49 +0.03* 25 + 0.05™B 17 + 0.03B
Root 29 + 0.02"B 23 +0.028 35 + 0.04™B 28 +0.028 51 + 0.05™A 61 + 0.06%
Root shoot ratio 0.4 + 0.04*8 0.3 + 0.04°8 0.6 + 0.09°8 0.4 + 0.05%8 1.4 +021% 2.1 +0.13%

TLA (cm? pot™")

P parameters

513 + 50.70PA

683 + 38.40%

Plant P concentration (mg g~!) ~ 0.41 +0.02°2  1.12 + 0.02°4
Leaf P concentration (mg g~") 045 +0.16°*  1.15+0.13%
APA (nmol P, mg FW~' min~")  1.15+0.01**  0.92 +0.01°®
PUE 19 + 1.50%8 8 + 0.58"8
PUtE 142 +0.11°% 492 +0.48%

552 + 72.50°

927 + 158.30%4

131 + 25.10°8

156 + 12.10°®

0.35+0.02°  0.81 +0.08%® 0.46 +0.04**  0.51 +0.02%¢
0.47 + 0.05%* 1.01 £0.088  0.67 +0.09**  0.74 + 0.05°®
1.16 £0.01**  0.87 +0.01°C 1.12+0.01*®  1.10+0.01*
37 + 6.67%4 24 + 5.00°* 10 + 2.14%8 16 + 2.4234B
1.01 £0.07°*B 297 + 0.47°8 0.94 +0.12°8  0.86 + 0.10%¢

TLA total leaf area, APA acid phosphatase activity, PUE phosphorus use efficiency, PU?E phosphorus uptake efficiency
*Means followed by lowercase letters in lines compare treatment for each species and capital letters compare species in each fertilization treat-

ment by Tukey’s test (p < 0.05)
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respectively (Table 2). TLA was similar between A. affinis
and P. notatum and lower for A. lateralis.

Phosphorus concentration and acid phosphatase
activity in plant

The P concentration in the whole plant (P,,) was 119
and 59% higher in P* for A. affinis and P. notatum than for
A. lateralis. The P concentration in the leaves (P,.,;) was,
respectively, 155% and 100% higher in P* for A. affinis and
P. notatum when compared with the P~ treatment (Table 2).
However, for A. lateralis, the levels of P, (0.5 mg g )
and P, (0.7 mg g~!) were similar between P* and
P~ treatments.

Leaf acid phosphatase activity (APA) decreased 20 and
25% with increasing soil P availability for A. affinis and P.
notatum, respectively (Table 2). A. lateralis showed a dif-
ferent pattern of APA response, in which APA was similar
between P* and P~. In low soil P availability, both A. affinis
and P. notatum had higher leaf APA as compared to A. lat-
eralis, which had the highest APA under high soil P avail-
ability (Table 2). Furthermore, leaf APA was higher in A.
affinis than in P. notatum under high P soil availability.

For P use efficiency (PUE), P. notatum presented the
highest values in low and high P availability (Table 2). How-
ever in P, the PUE was lower for A. affinis and P. notatum
compared to P~. Phosphorus uptake efficiency (PUtE) was
higher with increasing soil P availability for A. affinis and P.
notatum. Independently of soil P availability, PUtE showed
a tendency to be higher for A. affinis as compared to the
other species.

Phosphorus allocation index
The P allocation index (PAI) between organs of the three
grasses showed a similar response under P~ and P* (Fig. 2).

The three grasses showed higher P allocation to leaf and
stem tissues (PAI > 1) as compared to the roots (PAI < 1).

201 (a) (b)

Phosphorus chemical fractions in leaves

At low soil P availability (P7), the soluble inorganic P con-
centration (P-inor) in leaves of A. lateralis and P. notatum
was 26% higher as compared to the values found in A.
affinis (Table 3). However, the soluble organic P (P-org)
concentration was 43 and 138% higher in A. affinis as
compared to that of P. notatum and A. lateralis plants. In
addition, under low soil P availability, the P-Lipid con-
centration was 59 and 32% higher in A. lateralis when
compared to A. affinis and P. notatum, respectively. The
P-DNA concentration and the sum of all P fractions (total
phosphorus) were 29 and 16% higher in A. lateralis as
compared to that found in the other species. However,
under low soil P availability, the P-residual and P-RNA
concentrations were similar among all evaluated species.

With high soil P availability (P*), the P-Inor concen-
tration was 26% higher in A. affinis and P. notatum, when
compared with that in A. lateralis (Table 3). Although not
significant, the P-Org concentration was 75% higher in A.
affinis as compared to that in P. notatum and A. lateralis.
Independently of soil P availability, the P-Lipid concen-
tration was 62 and 23% higher in A. lateralis than that in
P. notatum and A. affinis. In P* treatment, the P-DNA and
total P concentrations were similar between species.

Considering all the evaluated fractions of P in the plant,
P-Inor and P-RNA were the most abundant (Table 3).
Under low soil P availability (P7), the P-Inor fraction was
higher for P. notatum and A. lateralis as compared to A.
affinis. Conversely, under high P availability (P*), P-Inor
was higher for A. affinis and P. notatum as compared to A.
lateralis. For the three grasses, both P-DNA and P-Resid
fractions were the least affected by soil P availability. In
high soil P availability (P*), P-Lipid represented 14% of
total P in tissues for A. lateralis, higher than in A. affinis
(8%) and P. notatum (11%).

(c) mpP-
oP+

Phosphorus allocation index

A. affinis P. notatum A.lateralis

IR e

—ILJ'lu'.L,J'

A. affinis P. notatum A. lateralis  A. affinis P. notatum A. lateralis

Fig.2 Phosphorus allocation index (PAI) between leaves (a), stems (b), and roots (c) of three South American native grasses growing under low

(P7) and high (P*) soil P availability
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Table 3 Concentration and total % of phosphorus chemical fractions in leaves of three South American native grasses growing under low (P7)
and high (P") soil P availability at 40 days of growth (mean + standard error, n = 4)

Species P-inor P-org P-Lipid P-DNA P-RNA P-res Total
-
Concentration (mg g~
Axonopus affinis 0.254 +0.01°"  0.057 £0.01*  0.039 +0.01° 0.034 +0.01° 0.237 £0.01"™ 0.053 + 0.01™ 0.674 + 0.03°
Paspalum notatum ~ 0.298 £ 0.01*  0.040 £0.01>  0.047 +0.02° 0.039£0.02> 0.207+0.02 0.039+0.02 0.669 +0.03
Andropogon lateralis  0.326 +£ 0.01*  0.024 +0.01° 0.062 £ 0.01* 0.047 £ 0.01*  0.252 + 0.01 0.069 £0.01  0.781 +£0.01*
Total (%)
Axonopus affinis 38.0 £ 0.93° 9.0 +£ 0.55% 6.0 + 1.34™ 50+0.10® 350+ 1.51™ 8.0+ 1.57™
Paspalum notatum 44.0 +£ 0.43% 6.0 +1.19% 7.0 +£0.54 6.0 +0.20 31.0 £ 1.48 6.0 +0.30
Andropogon lateralis ~ 42.0 + 0.36* 3.0+0.18° 8.0+0.22 6.0 +0.02 32.0 £ 048 9.0 £0.44
P+
Concentration (mg g~ ')
Axonopus affinis 0.879 + 0.04*  0.057 +0.01™ 0.124 +0.01> 0.058 +0.02" 0.409 +0.03*  0.090 + 0.01*  1.618 + 0.08™
Paspalum notatum 0.799 + 0.09°*  0.032 + 0.01 0.167 = 0.02*  0.050 + 0.01 0.327 +£0.02°  0.069 +0.02°  1.446 +0.13
Andropogon lateralis  0.666 +0.01°  0.033 + 0.01 0.202 +0.01* 0.060 +0.02  0.385 +0.02®* 0.069 +0.01° 1.415+0.03
Total (%)
Axonopus affinis 54.0 = 1.10% 4.0+ 0.36™ 8.0 +£0.51° 40+0.16™ 250+ 0.50® 6.0 +0.48™
Paspalum notatum 55.0 + 1.58% 2.0+ 0.86 11.0 + 0.63° 4.0 +0.33 23.0 + 0.89° 5.0+044
Andropogon lateralis ~ 47.0 + 1.20° 2.0+0.45 14.0 + 0.54* 4.0 £0.04 27.0 +0.53* 5.0+0.03

*Means followed by lowercase letters in columns compare species in each treatment by Tukey’s test (p < 0.05)

Ordination analysis

The first two axes of the PCoA explained 69% of the vari-
ability when grass species were grown under P~ treatment
(Fig. 3a). Three P chemical fractions and two P parameters
had a strong contribution to the X axis with the absolute cor-
relation coefficients being higher than 0.70: P-Inor, P-Org,
P-DNA, P uptake (Pup), and APA (Fig. 3a).

The ordination analyses of variables showed that when
grass species were grown under low soil P availability (P7),
the P chemical fractions in leaves such as P-Inor, P-Lipid,
P-RNA, and P-Resid tend to be higher for A. lateralis, and
depended on higher P, and Py, concentration (Fig. 3a).
However, it was inversely correlated with APA in leaves.
APA in leaves was positively related in P. notatum and A.
affinis. A. affinis also showed a positive correlation with
PUtE and P-Org. Conversely, P. notatum showed a positive
correlation with P uptake (P,,) and PUE. Thus, APA was
the variable related with PUE, PUtE, Pup, and P-Org and
inversely related to P-Inor, P, and Py,

The first two axes of the PCoA explained 74% of the
variability when the species were grown in P* treatment
(Fig. 3b). The chemical fractions P-Inor and the five P
parameters had a strong contribution to the X axis: leaf P
concentration (P,), plant P concentration (P,,,), phos-
phorus uptake efficiency (PUtE), acid phosphatase activ-
ity (APA), soil P available (Mehlich-I), whereas P chemical
fractions P-DNA and P-RNA and P use efficiency (PUE) had

a strong contribution to the Y axis; their absolute correlation
coefficients were higher than 0.70 (Fig. 3b).

When ordination analysis was done with variables of
plants grown in high P soil availability, the P chemical frac-
tions in leaves (P-Inor, P-Org, P-Resid) were related to A.
affinis as well as P, and Py,¢ concentrations (Fig. 3b).
Thus, P-Inor, P-Org, P-Resid were inversely correlated
with APA in leaves. On the other hand, the APA in leaves
was positively correlated with P-Lipid fraction and, conse-
quently, positively related in A. lateralis. As before, PUtE
and P-Org variables were positively related to A. affinis
and inversely to APA. PUE was related positively with P.
notatum.

Discussion

Biomass production and efficiency of phosphorus
uptake and use

Under higher soil P availability, all tested grasses showed
an increase in the dry mass of leaves, stems, and roots, and
consequently in the total dry mass (Table 2). This increase in
plant dry mass may be associated with higher total leaf area
(TLA) (Table 2), which has been shown to be related to the
increase in CO, assimilation rate (Fujita et al. 2004). This
relationship becomes clear when we analyze the concentra-
tion of P in the soil. In the soil cultivated with grass species
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Fig.3 Ordination diagram of species Axonopus affinis (triangles),
Paspalum notatum (squares), and Andropogon lateralis (circles)
growing under low (a) and high (b) soil P availability as a function
of acid phosphatase activity (APA), P use efficiency (PUE), P-uptake
efficiency (PUtE), P uptake (Pup), leaf P concentration (P,,), plant P
concentration (P,,), soil available P by Mehlich-1 (Mehlich I), and
leaf P chemical fractions: soluble inorganic (Inor), soluble organic
(Org), lipid, RNA, DNA, and residual (Resid)

of higher dry matter production, P concentration was lower
(Table 1), indicating a higher absorption rate.

However, the total plant dry matter and TLA response to
soil P availability was higher for P. notatum as compared to
A. affinis. It is possible to relate the higher P response capac-
ity with leaf traits and physiological tissue construction
strategy, which has a lower density per unit of leaf area and
highest P use efficiency. This characterizes a fast growth rate
species (Machado et al. 2013), and it has been shown that
fast growth rate species have a higher capacity of response
to nutrient availability (Chapin et al. 1982). A high growth
rate is advantageous mainly in periods with higher nutrient
availability or in a natural fertile environment that allows a
rapid production of leaf and root biomass, which enables
plants to absorb water and nutrients.

@ Springer

Under both low and high soil P availability, the total dry
matter was approximately two times higher in P. notatum
than in A. affinis. This result shows that from the same
number of transplanted units (tillers), P. notatum was a
grass with higher dry matter accumulation. The reasons for
its higher biomass production capacity are not yet clear. P.
notatum higher dry matter accumulation can be related to
its ability to allocate more than 45% of the biomass in the
rhizomes (measured as stems) and 28% in roots (Table 2),
and leaves with relatively intermediate dry matter con-
tent (Table 1). Moreover, the P allocation index (PAI) for
P. notatum shows that stems and roots are not the target
for P allocation, but leaves show higher PAI (Fig. 2). In
this way, its capacity to have a higher biomass production
in stems and roots with low PAI can, consequently, be a
result of a higher PUE in P~ as well as in P*.

A. affinis had a higher PUtE as compared to P. notatum
in high soil P availability, and as compared to A. lateralis
under both soil P availabilities (Table 2). As described in
other studies, a large difference in P uptake rate among
species is not expected (absorption rate per unit mass of
root measured under standardized conditions) (Aerts and
Chapin 1999). In general, P uptake rate is slightly higher
or very similar in fast growing species than in slow grow-
ing species (Chapin 1980; Chapin et al. 1982). In addition,
this is not the most important adaptive mechanism for low
soil P availability, because P diffusion at the root surface
might decrease P uptake. Therefore, even a low nutri-
ent uptake capacity is adequate to absorb those nutrients
reaching the roots (Aerts and Chapin 1999). These results
indicate that there are important root morphological dif-
ferences among these three tested species.

In one study correlating traits of leaf and root, Fort
et al. (2013) showed similar tissue construction strategies
between shoot and root biomass. However, according to
these authors, for the same leaf trait strategy, drought-
tolerant grass species displayed more conservative root
strategies than drought-sensitive species. Thus, we suggest
that a difference in PUtE between P. notatum, mostly abun-
dant in drier sites, and A. affinis, more frequently found
in moist sites, could be attributed to different conserva-
tive root strategy traits. P. notatum uses higher amounts of
carbon for more root production, and thus it explores more
soil volume and reaches P with less P allocation in roots
under P~ treatment (Fig. 2). On the other hand, A. affinis
has lower root biomass (Table 2) and can have higher spe-
cific root length and fine root percentage (Fort et al. 2013),
and, consequently, is more efficient in capturing P than P.
notatum in both treatments (P* and P7) (Table 2).
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Acid phosphatase activity and phosphorus chemical
fractions

The acid phosphatase activity (APA) in leaves of native
grasses proved to be a parameter inversely correlated with
plant and/or leaf P status for all three species (Table 2 and
Fig. 3). With this parameter, it was possible to show that
when plants were grown under low soil P availability there
was a significant increase in APA. This trend was less evi-
dent for A. lateralis compared to the other grasses. The lower
APA under P deficiency in A. lateralis can be related to its
lower P remobilization and this may be related to its higher
leaf life span (Machado et al. 2013) and, consequently, its
slow growth rate. In addition, it shows a reasonable relation-
ship between slow growth rates and less instantaneous P
demand, as well as a lower need for P remobilization (Aerts
and Chapin 1999).

The high APA of P. notatum also indicates the hypoth-
esis that Campos native grasses with leaf traits for resources
capture (Table 1) probably have higher P remobilization and
use than species with conservation strategies. Moreover, we
showed that when species were grown under high soil P
availability, APA decreased for A. affinis and P. notatum, but
not for A. lateralis (Table 2). In the same way, the ordina-
tion analyses showed that the APA was related to A. affinis
and P. notatum in P~ (Fig. 3a) and with A. lateralis in P*
(Fig. 3b) and inversely correlated with the concentration of
Ppjant and Py, (Fig. 3). The explanation for the decrease in
APA was related to a feedback regulation effect (McLachlan
and March 1982) and confirms that APA is a parameter that
can be useful to study differences in plant resource acqui-
sition strategies based on the tissue P concentration (Duff
et al. 1994).

Phosphorus chemical functions and relationship
with the growth rate

With the increase of soil P availability, the concentration of
all chemical P fractions in the plant tissues increased in a
similar way regardless of the tested species, except P-Inor for
A. affinis that increased 46% more than for the other tested
species (Table 3). The increase in concentration of all major
P fractions with increasing P supply has also been docu-
mented in other studies. For example, Bieleski (1973) and
Chapin et al. (1982) showed that P ester is less responsive to
alteration of the P supply and P-Inor is the most responsive.
P-Inor is the major form in which P is stored in non-meris-
tematic cells of higher plants (Bieleski 1973).

The higher level of P-Inor, P-Lipid, and P-DNA from A.
lateralis compared to other grasses (Table 3), when grown
under low soil P availability, can be explained by the higher
total P concentration in leaves (P, in A. lateralis. For a
given nutrient supply, slow growing species of typical low

nutrient availability habitats have greater tissue concentra-
tion of nutrients than rapidly growing species (Clarkson
1967; White 1972).

The data of P chemical fractionation in leaves of native
species grown under both low and high soil P availability
showed higher P-Org concentration in leaves of A. affinis
compared to A. lateralis (Table 3). A. lateralis tends to
accumulate P bound to lipids, or even linked to a structural
form such as the membranes. Chisholm and Blair (1988)
have emphasized and showed that P remobilization of phos-
pholipids is possible when reserves of other P fractions are
sufficiently reduced. However, the results of Adugyamfi
et al. (1990) do not support the phospholipid remobiliza-
tion hypothesis, because the P-Lipid content in pigeon pea
(Cajanus cajan (L) Millsp.; species tolerant to low P supply)
and soybean (Glycine max (L) Merr cv. Tamahomare; less
tolerant species to low P supply) showed a similar reduction
of 65% when compared with low and intermediate P supply.

The lower P-Lipid concentration in A. affinis compared to
other species under low soil P availability can indicate higher
substitution of phospholipids in membranes by sulfolipids
and/or galactolipids in response to P deficiency (Veneklaas
et al. 2012). In southwestern Australia, species belonging to
Proteaceae which are adapted to P-impoverished soils clearly
show that a low investment in phospholipids, relative to non-
phospholipids, offers a partial explanation for a high photo-
synthetic rate per unit leaf P (Lambers et al. 2012).

The higher P-Org concentration in leaves of A. affinis
compared to the other grasses may be related with a higher
APA (Fig. 3a). Thus, A. affinis’ strategy to maintain growth
could be due to its capacity to remobilize the soluble
organic P fractions, increasing P use efficiency (Table 2)
which allows this grass to grow also in sites with low soil
P availability.

Conclusions

This work demonstrates that natural grasslands have spe-
cies of grasses that show different leaf and physiological
traits in response to P availability. High SLA and low LDMC
were associated with higher growth rate, generating a greater
total leaf area. Higher capacity of remobilization of soluble
organic fractions of P and higher uptake efficiency, espe-
cially for the species with the highest growth rate, allowed
higher P use efficiency under low P availability in soil, espe-
cially for the species with higher growth rates, A. affinis and
P. notatum. The fractions P-Inor and P-RNA were higher
under high availability of P in the soil, and high levels of
these forms were associated negatively to phosphatase activ-
ity. APA was also related to the highest growth rates, inde-
pendent of soil P availability. The high APA in grass species
with higher growth rate is related to higher remobilization of
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P due to higher demand, as in A. affinis. In addition, higher
growth rates for these species were associated with higher
P uptake efficiency.
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