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Abstract Utilization of potato (Solanum tuberosum L.) cultivars with greater phosphorus
(P) efficiency and response to application of this nutrient is essential to maximize yield,
mainly in tropical soils that usually have low P availability. An experiment was conducted
under greenhouse conditions in order to evaluate the P uptake rate and the P efficiency for dry
matter (DM) production and tuber yield of five potato cultivars (Agata, Asterix, Atlantic,
Markies, andMondial) under low (15mg dm−3 P) and high (150mg dm−3 P) P levels. Plants
were grown in pots containing 35 dm3 of a Typic Acrortox soil (31% clay, 4% silt, and 65%
sand). Mondial and Agata produced high tuber yield under both P levels due to a high P
efficiency. Mondial and Asterix were responsive to P applied regarding the tuber DM
production and tuber yield. At high P levels, Asterix, which was inefficient and responsive
to P application, had similar tuber yield than Agata, which was P efficient and non-
responsive. Potato cultivars, such as Markies and Atlantic, which were inefficient and
responsive to P application regarding shoot or whole plant DM production, might not
produce high tuber yield if the DM partitioning to the tubers is low.
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Introduction

Phosphorus (P) is a macronutrient essential for plant growth and development, and large
amounts of P fertilizers are normally needed for crop production. Mineral phosphate
rock, as a raw material for P fertilizer production, is non-renewable and will inevitably
be depleted within a few decades (EcoSanRes 2008). Due to the continuously increasing
consumption of P fertilizers worldwide, a reduction in the sources of phosphate rocks for
P fertilizer production is oriented toward scarcity (Abelson 1999). The global production
of P fertilizers from high-grade phosphate rock is estimated to be significantly reduced
by 2030 (Cordell et al. 2009). Thus, it is critical and imperative to improve the use
efficiency of P applied and use less P fertilizers for sustaining crop production.

Potato (Solanum tuberosumL.) is one of themain sources of food in several regions of the
world, and its cultivation has been increasing particularly in developing countries and tropical
countries (FAOSTAT 2014). However, due to the potato being a crop with low ability to take
P up from soils with low available-P levels (Dechassa et al. 2003), high amounts of P
fertilizers are normally applied for an adequate potato plant development and high tuber yield
(Alvarez-Sánchez et al. 1999; Dechassa et al. 2003; Balemi and Schenk 2009a). In Brazil, as
in most tropical countries, one of the main limiting factors to high potato yield is the low P
availability in the soil (Manrique 1993;Rocha et al. 1997). Therefore, research on P efficiency
is extremely important for sustainability of potato production, especially in soils with low P
availability. Use of genotypes with high P efficiency is an option to obtain high yield when
plants are grown in soils with low P availability or high fixation capacity of this nutrient, as
normally occurs in tropical soils (Balemi 2011; Sanchez and Uheara 1980).

Phosphorus efficiency is defined as the ability of the plants in attaining high yield
under limiting P conditions. This can be divided into P uptake efficiency and P use
efficiency (Graham 1984; Wang et al. 2010). The P uptake efficiency is the capacity of
the plants to take P up from the soil, while the P use efficiency is the ability of the plants
to produce biomass or product of economic interest (e.g., grain and tuber) using the
P taken up (Wang et al. 2010).

Studies have demonstrated that genotypes with high P uptake efficiency might not
present high yield if they are inefficient in utilizing the P taken up. Balemi and Schenk
(2009b) and Balemi (2011) verified that inefficient genotypes showed high P accumu-
lation in the shoots even when grown under low P availability in the soil suggesting that
the inefficiency of some potato genotypes was more related to the low P use efficiency
than the P uptake efficiency. Therefore, higher uptake and accumulation of P in the
shoots do not necessarily result in greater P efficiency, especially not in genotypes with
low P use efficiency (Wang et al. 2005; Balemi 2011). Some genotypes with high P
efficiency are not responsive to P (Balemi and Schenk 2009a), presenting high yield
under P-limiting conditions but low response to application of increasing P rates.

Although several studies have been conducted under P-limiting conditions with a
purpose of selecting potato genotypes with high P use efficiency, only the shoot dry
matter (DM) production, shoot DM rate, and shoot DM production per unit of P taken
up were evaluated (Balemi 2009; Balemi and Schenk 2009a; Balemi and Schenk
2009b; Balemi 2011). However, due to the difference in DM partitioning to tubers
(Fernandes et al. 2010a) and water content in the tubers (Quadros et al. 2009;
Fernandes et al. 2010b) of potato cultivars, a cultivar with high P use efficiency for
shoot DM production might not be high yielding.
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The cultivars Agata, Asterix, Atlantic, Markies, and Mondial are the cultivars most
planted in Brazil, representing approximately 80% of the potato production in the country
(ABBA 2010). However, there is no information on differences in P uptake efficiency and
P use efficiency among those cultivars. Generally, the same P rate has been recommended
for contrasting potato cultivars (Lorenzi et al. 1997; Fontes 1999; Pereira et al. 2005);
however, the response to P fertilizationmight differ among those cultivars, as they differ in
the amount of P taken up (Fernandes et al. 2011). Thus, knowledge on P efficiency and
response of potato cultivars grown in tropical regions is essential in order to assist the
management of P fertilization. This would enable the use of higher P rates in cultivars with
higher response to P application. Therefore, the objective of this study was to evaluate the
P uptake rate and the P efficiency for DM production and tuber yield of five potato
cultivars grown under low and high P supply conditions.

Materials and Methods

A greenhouse experiment was conducted from May to August, 2011 at São Paulo State
University in Botucatu, São Paulo, Brazil using 38-L pots, with depth of 26 cm and five
holes at the bottom to drain excess water. Pots contained 35 dm3 of a Typic Acrortox
soil (31% clay, 4% silt, and 65% sand). A soil sample was air-dried and analyzed to
determine the chemical characteristics (van Raij et al. 2001) (Table 1).

Table 1 Soil chemical characteristics before amendment (dolomitic lime) application and after a period of wet
incubation and fertilizer application

Soil characteristics Unamended soil After wet incubation and fertilizationa

Low P High P

pH (1:2.5 soil/CaCl2 suspension 0.01 mol L−1) 3.8 5.3 5.2

Soil organic matter (g dm−3) 17 17 16

Presin-extractable (mg dm−3) 2 10 111

H+Al (mmolc dm
−3) 72.3 35.8 39.5

K (mmolcdm
−3) 0.8 2.9 2.6

Ca (mmolcdm
−3) 0.4 19.1 22.9

Mg (mmolcdm
−3) 0.5 14.8 13.4

Cation exchange capacity (mmolcdm
−3) 74.1 72.6 78.6

Base saturation (%) 2 51 50

S-SO4
2− (mg dm−3) 10.9 35.8 36.9

Cu (mg dm−3) 0.7 1.0 1.1

Fe (mg dm−3) 27.0 28.0 29.0

Mn (mg dm−3) 0.7 2.0 2.3

Zn (mg dm−3) 0.7 4.3 4.1

B (mg dm−3) 0.22 0.86 0.89

a Average of four replications
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The experimental design was a randomized complete block design in a 2×5 factorial
scheme, with four replications. The treatments consisted of two P levels in the soil,
15 mg dm−3 (low P) and 150 mg dm−3 (high P), and five potato cultivars, Agata,
Asterix, Atlantic, Markies, and Mondial. According to Lorenzi et al. (1997), P
concentration (resin extractable) in the soil <25 mg dm−3 is considered low and
>60 mg dm−3 is considered high for the potato crop. Each pot with a single plant
represented one experimental unit (i.e., one replication of one treatment).

Soil was supplied with dolomitic lime in order to reach 60% base saturation (Lorenzi
et al. 1997). Then, the soil was wetted to 80% of maximum water holding capacity,
covered with polyethylene film, and incubated for 30 days at 25 °C. Thereafter, P levels
(15 and 150 mg dm−3 P) were applied using triple superphosphate (41% P2O5) as
source. Along with P fertilization, 150 mg dm−3 K (potassium chloride, 60% K2O),
30 mg dm−3 N (ammonium sulphate, 20% N), 5 mg dm−3 Zn, 1 mg dm−3 B,
0.4 mg dm−3 Cu, 1.7 mg dm−3 Fe, 1.1 mg dm−3 Mn, and 0.06 mg dm−3 Mo (fritted
trace elements) were added. Soil samples were collected 10 days after application of
fertilizers, air-dried, and analyzed for chemical characteristics (Table 1).

Before planting, carbofuran (2,3-dihydro-2,2-dimethyl-7-benzofuranol
methylcarbamate) insecticide was applied in the soil at 2.5 mg a.i. dm−3.
Seed tubers (diameter size between 30 and 50 mm) were soaked for 5 min
separately in solutions with fungicides and bactericide. Each solution had
3.75 g L−1 mancozeb ([[1,2-ethanediylbis[carbamodithioato]](2-)]manganese
with [[1,2-ethanediylbis[carbamodithioato]](2-)]zinc), 2.5 g L−1 pencycuron
(N-[(4-chlorophenyl)methyl]-N-cyclopentyl-N'-phenylurea), and 0.02 g L−1

kasugamycin (3-O-[2-amino-4-[(carboxyiminomethyl)amino]-2,3,4,6-tetradeoxy-
a-D-arabino hexopyranosyl]-D-chiro-inositol). Potato cultivars were planted on
May 27, 2011, at a 15-cm depth, using one seed tuber with vigorous sprouts
per pot. Emergence occurred 12 days after planting (DAP). Hilling was per-
formed in the beginning of the stolonization stage at 20 days after emergence
(DAE). Nitrogen side-dressing fertilization was applied in two split times, 15
and 39 DAE, using 40 mg dm−3 N (ammonium sulphate, 20% N) in each
application.

Soil matric potential was monitored with conventional mercury tensiometers (13-
mm diameter, with a ceramic porous cup connected with tubing to a mercury manom-
eter), which were constructed according to Richards (1941) and installed at the planting
date at 12-cm depth in all pots. Irrigation was performed manually when the mean
matric potential in the soil of each treatment reached −0.02 MPa, according to
recommendations by Oliveira and Valadão (1997), and calculated so as to increase
tension values up to field capacity.

The greenhouse was maintained at 27/14 °C (day/night temperature) and 12-h
photoperiod. The photosynthetically active radiation followed a typical diurnal pattern
with the maximum of 1500 μmol m−2 s−1 at approximately 12:00 h. Diseases and
insects were controlled with preventive pesticide sprays.

Harvest of the plants was performed at 70 DAE, when approximately 75% of the
plants showed haulm yellowing. The plants were washed in deionized water and
separated in roots, shoots, and tubers. The tubers were weighted for tuber yield (fresh
tubers) determination. All plant parts were dried in an oven with forced air circulation at
65 °C for 96 h. Then, the plant material was weighted for DM production
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determination. The whole plant DM was calculated by adding the values obtained for
roots, shoots, and tubers. Dry matter partitioning among the plant parts was calculated
as a percentage of DM accumulated in the roots, shoots, and tubers in relation to the
whole plant DM.

After drying, the roots, shoots, and tubers were ground in a Wiley grinder with a 1-
mm sieve, and the samples were analyzed for P concentration, according to the
methodology described by Malavolta et al. (1997). The amount of P accumulated in
the roots, shoots, and tubers was estimated by multiplying the nutrient concentration by
the amount of DM accumulated. Phosphorus uptake rate was calculated according to
the equation described by Swiader et al. (1994):

P uptake rate ¼ whole plant P accumulation mgð Þ=root DM accumulation gð Þ:
Data were subjected to analysis of variance and means were separated using Tukey’s

test at the 0.05 probability level. Correlation coefficients were calculated across all
cultivars and two levels of P using STATISTICA, version 6 (Statsoft, 1995), to
determine the relationships between the parameters.

Methodology by Gerloff (1977) and Fageria and Kluthcouski (1980) that
suggests the classification of cultivars according to the use efficiency and
response to application of P (efficiency and response, ER) was utilized for
differentiation of the cultivars. The cultivars that presented higher DM produc-
tion or tuber yield than the average of all cultivars under low P level
(15 mg dm−3) were considered efficient. The response to P application was
obtained according to the equation:

Response index to P applied (RIPA)=[(DM or tuber yield (g) at high P level − DM
or tuber yield (g) at low P level) / difference between P levels (mg dm−3)].

A graphical representation in the Cartesian plane was used to classify the cultivars.
The DM production or tuber yield from different cultivars at the low P levels was
presented in the x-axis and the response to P applied was presented in the y-axis of the
Cartesian coordinates system. The origin point of the x-axis was presented by average
of DM production or tuber yield at the low P level of all cultivars, while the origin point
of the y-axis was presented by average of the response to P applied of all cultivars. The
diagram was divided into four quadrants separating four cultivar groups. At the first
quadrant, cultivars efficient and responsive; at the second, inefficient and responsive; at
the third, inefficient and non-responsive; and at the fourth, efficient and non-responsive
are represented.

Results and Discussion

Dry matter of roots and tubers were influenced by cultivar and P level (Table 2). Under
high P level, DM of root and tuber was 16 and 60%, respectively, greater than the low P
level, indicating that P, apart from promoting further development of the root system, is
essential for growth of potato tubers, as was also observed by Alvarez-Sánchez et al.
(2001). The greatest root and tuber DM production was obtained in the cultivar
Mondial.
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Table 2 Effect of P supply on dry matter (DM) of root, shoot, tuber, and whole plant and tuber yield of potato
cultivars

P level Cultivar Average

Agata Asterix Atlantic Markies Mondial

Root DM (g plant−1)

Low P 9.9 9.9 9.5 7.9 11.0 9.6b

High P 10.7 10.6 12.4 10.4 11.2 11.1a

Average 10.3ABa 10.2AB 10.9AB 9.2B 11.1A

Shoot DM (g plant−1)

Low P 42.1aAB 42.1aAB 33.0aB 32.3bB 45.1aA 38.9

High P 46.1aAB 48.6aA 38.1aBC 51.2aA 34.6bC 43.7

Average 44.1 45.3 35.5 41.8 39.8

DF 4.0 6.5 5.1 18.9 −10.5
RIPA 0.030 0.048 0.038 0.140 −0.078 0.036

Tuber DM (g plant−1)

Low P 93.8 62.9 68.4 72.0 105.1 80.5b

High P 127.8 129.4 110.9 114.0 156.5 127.7a

Average 110.8B 96.2BC 89.6C 93.0C 130.8A

DF 34.0 66.5 42.5 42.0 51.4

RIPA 0.252 0.492 0.315 0.311 0.381 0.350

Whole plant DM (g plant−1)

Low P 145.8bA 114.9bB 110.8bB 112.2bB 161.1bA 129.0

High P 184.6aABC 188.6aAB 161.4aC 175.7aBC 202.2aA 182.5

Average 165.2 151.7 136.1 143.9 181.7

DF 38.8 73.7 50.5 63.4 41.1

RIPA 0.288 0.546 0.374 0.470 0.304 0.396

Tuber yield (g plant−1)

Low P 621.0bA 386.8bB 345.2bB 415.1bB 607.2bA 475.0

High P 753.6aAB 727.2aB 543.5aC 617.9aBC 873.3aA 703.1

Average 687.3 557.0 444.4 516.5 740.2

DF 132.6 340.4 198.3 202.8 266.2

RIPA 0.982 2.522 1.469 1.502 1.972 1.689

Probability ___________________________________ P>F __________________________________

Root DM Shoot DM Tuber DM Whole plant DM Tuber yield

Cultivar (C) 0.044 0.003 <0.001 <0.001 <0.001

Phosporus (P) 0.001 0.004 <0.001 <0.001 <0.001

C×P 0.168 <0.001 0.099 0.037 0.048

CV (%) 12.2 11.5 11.4 7.8 11.3

a Values followed by same lowercase letter in the columns and uppercase letter in the rows are not significantly
different at P≤0.05 according to Tukey’s test

DF difference of production, RIPA response index to P applied
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Dry matter production of shoot and whole plant was affected by cultivar × P level
interaction (Table 2). Shoot DM in Agata, Asterix, and Atlantic was similar under both
P levels. However, shoot DM in Mondial under low P level was 28% higher than that
under high P level, while shoot DM in Markies under low P was lower than that under
high P level. Under low P level, Mondial showed the highest shoot DM compared with
the other cultivars (Table 2). Thus, the cultivars Agata, Asterix, Atlantic, and specially
Mondial were able to maintain shoot growth, even under P-limiting conditions, due to
an increase in allocation of DM to the shoot, which did not occur in Markies (Fig. 1).
However, under high P level, Mondial showed shoot DM approximately 29% lower
than the cultivars Agata, Asterix, and Markies.

Whole plant DM of all cultivars was 29% lower under low P level than high P level,
demonstrating that the growth of all cultivars was limited under low P supply (Table 2).
Balemi (2009) observed reduction from 35 to 75% in DM production of potato
genotypes grown under low P availability. Mondial and Agata showed higher whole
plant DM production than the other cultivars under low P level. However, under high P
level, Mondial, Agata, and Asterix had higher whole plant DM. Therefore, Mondial
and Agata seem to have greater capacity of growing in P-deficient soils, possibly due to
the ability to maintain cell growth and division, even with lower P concentrations in the
plant tissues (Table 3), as observed in other crops (Lynch et al. 1991; Chiera et al.
2002). Nevertheless, Asterix requires high P availability to maintain optimal growth
with greater DM production (Table 2).

Tuber yield was affected by cultivar × P level interaction (Table 2). Tuber yield of all
cultivars under low P level was on average 32.4% lower than under high P level,
indicating that significant reductions in tuber yield occur when potato plants are grown
under P-limiting conditions (Alvarez-Sánchez et al. 1999; Dechassa et al. 2003;
Fleisher et al. 2012). In the two P levels, the cultivars Mondial and Agata showed
the greatest tuber yield compared with the other cultivars (Table 2). The higher
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Fig. 1 Effect of P supply on dry matter partitioning of potato cultivars. Different lowercase letters indicate
significant difference between P levels at the same cultivar, whereas different uppercase letters indicate
significant difference between cultivars at the same P level, at P≤0.05, according to Tukey’s test
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productive ability of these cultivars, even under P-limiting conditions, indicates higher
P efficiency (Graham, 1984).

Dry matter partitioning to different plant parts was significantly influenced by
cultivar × P level interaction (P<0.001). Dry matter allocation to the roots of all
cultivars was higher under low P level than under high P level (Fig. 1), which was
also observed by Balemi and Schenk (2009b) and Balemi (2009). When P availability
is low, the roots become the preferential sink of photoassimilates in order to improve P
uptake efficiency (Horst et al. 1993).

The DM allocation to the shoots of Agata, Asterix, Atlantic, and Mondial was higher
under low P, which maintained and/or increased shoot DM production under low P
level (Fig. 1 and Table 2). The DM allocation to the shoot in Markies remained
unchanged by the P levels; however, the shoot DM production was lower under low
P level compared with the high P level (Fig. 1 and Table 2).

The cultivars Asterix, Atlantic, and Mondial showed lower DM allocation to
the tubers under low P, while the DM allocation to the tubers in Agata and
Markies was not altered by P supply (Fig. 1). Under high P level, Mondial
showed greater DM allocation to the tubers and lower DM allocation to the
shoots compared with the other cultivars. In all cultivars and P levels studied,
the tubers were the main sink of carbohydrates of the plants, representing from

Table 3 Effect of P supply on P concentration in root, shoot, and tuber of potato cultivars

P level Cultivar Average

Agata Asterix Atlantic Markies Mondial

Root P concentration (g kg−1)

Low P 1.5bABa 1.4bAB 1.7aA 1.0bBC 0.7bC 1.2

High P 2.1aA 2.1aA 1.9aA 1.6aA 2.0aA 1.9

Average 1.8 1.6 1.8 1.3 1.4

Shoot P concentration (g kg−1)

Low P 1.4bB 1.7bB 2.1bA 1.6bB 1.3bB 1.6

High P 1.8aC 2.5aAB 2.5aAB 2.6aA 2.2aB 2.3

Average 1.6 2.1 2.3 2.1 1.8

Tuber P concentration (g kg−1)

Low P 1.9 2.2 2.3 2.6 1.9 2.2b

High P 3.1 3.4 3.4 3.0 3.3 3.2a

Average 2.5A 2.8A 2.8A 2.8A 2.6A

Probability ___________________________________ P>F ___________________________________

Root P concentration Shoot P concentration Tuber P concentration

Cultivar (C) 0.001 <0.001 0.436

Phosporus (P) <0.001 <0.001 <0.001

C×P 0.005 0.005 0.121

CV (%) 17.6 9.0 14.2

a Values followed by same lowercase letter in the columns and uppercase letter in the rows are not significantly
different at P≤0.05 according to Tukey’s test
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54.8 to 77.2% of the total plant DM (Fig. 1), which is in accordance with
Fernandes et al. (2010a). Under both P levels, Atlantic showed higher DM
allocation to the roots than the other cultivars, although it did not differ
significantly from Asterix under low P level (Fig. 1).

Phosphorus concentration in the roots and shoots was influenced by cultivar × P
level interaction (Table 3). All cultivars had higher P concentrations in roots under high
P level compared with those under low P level. These results were also observed by
Fernandes and Soratto (2012) on potato plants grown in nutrient solution. Under low P
level, Atlantic had the greatest P concentration in the roots, while under high P level,
the P concentration in the roots was similar in all cultivars.

Phosphorus concentration in the shoots of all cultivars was on average 44% higher
under high P level than under low P level (Table 3). Other authors also observed
increase in P concentration in the leaves (Balemi 2009; Balemi and Schenk 2009b) and
the shoots (Fernandes and Soratto 2012; Balemi 2011) of potato plants grown under
high P availability. Under low P level, P concentration in the shoot of Atlantic was
higher than that of the other cultivars (Table 3). The high P level promoted the highest P
concentration in the shoots of Markies, even though it did not differ significantly from
the concentrations in Asterix and Atlantic.

Phosphorus concentration in the tubers was affected only by the P level, with an
increase of 46% on average in plants grown under high P level compared with that
under low P level (Table 3).

Phosphorus accumulation in the roots, shoots, tubers, and whole plant was affected
by cultivar × P level interaction (Table 4). Amounts of P accumulated in the roots,
shoots, tubers, and whole plant of all cultivars under high P level were 1.8-, 1.6-, 2.4-,
and 2.2-fold, respectively, greater than under low P level, due to the greater plant DM
production and P concentration in their tissues (Tables 2, 3, and 4).

Under low P level, roots of Atlantic accumulated more P than roots of the cultivars
Asterix, Markies, and Mondial. However, the P accumulated in the roots did not
promote root growth of Atlantic (Tables 2, 3, and 4), although under low P availability,
retention of P in the roots usually increases in order to maintain the growth of the root
system (Marschner 1995). Under low P level, P accumulation in the shoots, tubers, and
whole plant was similar in all cultivars, regardless of differences in DM production and
P concentration in the shoots (Tables 2, 3, and 4). Under high P level, Markies had
lower P accumulation in the roots than the other cultivars; however, the P accumulation
in the shoots was greater in Asterix and Markies than in the other cultivars (Table 4).

Under high P level, Mondial accumulated more P in the tubers and whole plant than
Agata, Atlantic, and Markies, especially due to the greater DM accumulation in the
tubers and the whole plant of Mondial (Tables 2 and 4). This indicates that under high P
level, cultivars with greater P uptake could be more productive if the differences in P
efficiency are not substantial, because in this condition, the P accumulation in the
whole plant has a positive and significant correlation with the whole plant DM
production and tuber yield (Table 5). Other authors also observed a positive correlation
between total P uptake and DM accumulation in crops such as wheat (Ozturk et al.
2005), rice (Fageria et al. 1988), and potato (Balemi 2011).

Phosphorus uptake rate was influenced by cultivar × P level interaction (Table 4). In
all cultivars, P uptake rate was greater under high P level, which increased concentra-
tion and accumulation of P in all plant organs of the potato cultivars (Tables 3 and 4).
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Fernandes and Soratto (2012) also observed an increase in P uptake rate per unit root
mass of potato when the P concentration in the nutrient solution was increased.

There was no significant difference in P uptake rate among cultivars under low P
level (Table 4), as under low P level, the transport of P to the roots is the main limiting
factor to P uptake (Dechassa et al. 2003). The cultivars Asterix, Atlantic, and Markies
showed P uptake rate and P accumulation in the whole plant similar to the other
cultivars under low P level (Table 4); however, they produced less DM in the whole
plant and fresh tubers (Table 2), demonstrating that higher plant growth and tuber yield
also depend on the cultivar’s ability to use the taken up P for production of DM or
tubers (Wang et al. 2005; Balemi 2011).

Table 4 Effect of P supply on P accumulation in root, shoot, tuber, and whole plant and P uptake rate of
potato cultivars

P level Cultivar Average

Agata Asterix Atlantic Markies Mondial

Root P accumulation (mg plant−1)

Low P 15.2bABa 10.9bBC 16.8bA 8.1bC 7.5bC 11.7

High P 22.4aA 22.2aA 23.8aA 16.5aB 23.4aA 21.6

Average 18.8 16.5 20.3 12.3 15.5

Shoot P accumulation (mg plant−1)

Low P 60.3bA 70.9bA 70.5bA 53.5bA 60.4bA 63.1

High P 83.2aB 118.5aA 95.4aB 129.3aA 76.3aB 100.6

Average 71.8 94.7 82.9 91.4 68.3

Tuber P accumulation (mg plant−1)

Low P 177.9bA 136.2bA 155.0bA 186.6bA 202.1bA 171.6

High P 399.5aBC 429.9aAB 373.7aBC 337.0aC 508.7aA 409.8

Average 288.7 283.0 264.4 261.8 355.4

Whole plant P accumulation (mg plant−1)

Low P 253.4bA 217.9bA 242.3bA 248.2bA 270.0bA 246.4

High P 505.1aB 570.6aAB 492.9aB 482.9aB 608.3aA 532.0

Average 379.3 394.3 367.6 365.5 439.2

P uptake rate (mg g−1)

Low P 25.7bA 22.6bA 25.5bA 31.4bA 24.6bA 26.0

High P 47.8aABC 54.3aAB 41.1aC 47.2aBC 56.2aA 49.3

Average 36.8 38.5 33.3 39.3 40.4

Probability ___________________________________ P>F ___________________________________

Roots P Shoot P Tubers P Whole plant P P uptake rate

Cultivar (C) <0.001 <0.001 <0.001 0.024 0.024

Phosporus (P) <0.001 <0.001 <0.001 <0.001 <0.001

C×P 0.011 <0.001 0.006 0.045 <0.001

CV (%) 15.8 12.4 14.4 12.0 11.4

a Values followed by same lowercase letter in the columns and uppercase letter in the rows are not significantly
different at P≤0.05 according to Tukey’s test
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Under high P level, the highest P uptake was found in Mondial, and this
cultivar also accumulated higher amount of P in the whole plant than Atlantic
and Markies, even though Mondial showed root DM similar to the other cultivars
(Tables 2 and 4). These results indicate that Mondial seems to be more efficient in
P uptake from the soil under high P level, due to its different morphological and
physiological characteristics of the roots from other cultivars. Under conditions of
low P level in the soil, genotypes with greater yield or biomass production are
considered as P efficient in comparison with other genotypes without these
characteristics (Gerloff 1977; Fageria and Kluthcouski 1980). Under low P level,
only Agata and Mondial were efficient, since they had DM production of shoot,
tuber, and whole plant, and tuber yield greater than the average of all cultivars
(38.9, 80.5, 129.0, and 475 g plant−1 for DM of shoot, tuber, whole plant, and
tuber yield, respectively) (Fig. 2 and Table 2). Greater P efficiency of these
cultivars might be related to the capacity to maintain cellular division and
growth under low P concentration in the tissues (P use efficient) (Lynch et al.
1991; Chiera et al. 2002), as demonstrated by the lower P concentration in plant
tissues (Table 3). Considering the shoot DM production, Asterix was also efficient
due to its high DM partitioning to the shoot under low P level (Figs. 1 and 2a).
However, tuber DM and tuber yield in Asterix were low (Table 2), which
classifies this cultivar as inefficient, considering the tuber DM and tuber yield
(Fig. 2b, d). As the tubers represented more than 70% of the whole plant DM at
the end of the cycle (Fernandes et al. 2010a), the results of this study indicate that
only tubers (tuber DM or tuber yield) should be taken into account for proper
evaluation of P efficiency.

Classification of potato genotypes regarding P efficiency by evaluating shoot
DM production and rate of shoot DM production under limiting P supply, as well
as shoot DM production per unit of P taken up has been performed by several
authors (Balemi 2009; Balemi and Schenk 2009a; Balemi and Schenk 2009b;
Balemi 2011). However, the results of this study indicate that potato cultivars that
are P efficient for shoot DM production (Fig. 2a) do not necessarily show high
tuber yield (Table 2 and Fig. 2d), when the cultivars have differences in DM
partitioning to tubers (Fernandes et al. 2010a) or in water content in the tubers
(Quadros et al. 2009; Fernandes et al. 2010b).

Under low P level, Asterix, Atlantic, and Markies were less productive than other
cultivars (Table 2). Since the P uptake rate of these cultivars did not differ from that of

Table 5 Correlations of shoot P concentration and whole plant P accumulation with whole plant dry matter
and tuber yield at low and high P supply

Characteristic Shoot P concentration Whole plant P accumulation

Low P High P Low P High P

Whole plant dry matter r −0.589 −0.341 0.499 0.610

P 0.006 0.141 0.025 0.004

Tuber yield r −0.641 −0.439 0.324 0.584

P 0.002 0.053 0.163 0.007
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the other cultivars (Table 4), the lower productivities were due to the lower use
efficiency of P taken up for tuber production (Fig. 2b, d). This demonstrates that the
greater plant growth and higher tuber yield also depend on the cultivar’s ability to use
the taken up P for production of DM or tubers (Wang et al. 2005; Balemi and Schenk
2009a; Balemi 2011).

The response index to P applied, evaluated by the tuber DM production and tuber
yield, indicated that only the cultivars Asterix and Mondial were responsive, as these
cultivars had the tuber DM production and tuber yield from 9 to 49% higher than the
average of all cultivars (Table 2 and Fig. 2b, d). However, Asterix was inefficient in the
use of P for tuber DM production and tuber yield. On the other hand, Agata was
efficient and non-responsive because this cultivar showed the highest tuber yield under
low P level and low increases in tuber yield under high P level in the soil.

The cultivars Markies and Atlantic were not responsive to P application for tuber
DM production and tuber yield, but both cultivars, mainly Markies, showed high
response to P for DM production of the shoots and the whole plant (Fig. 2). This is
due to the increase in shoot growth and DM allocation to the shoots of Markies grown
under high P level (Table 2 and Fig. 1). The results suggest that the classification of
potato cultivars regarding the P efficiency and the response to application of this
nutrient, with DM production of the shoot or the whole plant as variables (Balemi
2009; Balemi and Schenk 2009a; Balemi and Schenk 2009b; Balemi 2011), might not
be an adequate parameter as they differ in DM partitioning to the tubers (Fernandes
et al. 2010a), which are the plant organ of commercial interest.
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Fig. 2 Classification of potato cultivars for P efficiency and responsiveness based on shoot dry matter (a),
tuber dry matter (b), whole plant dry matter (c), and tuber yield (d).DM, dry matter, RIPA, response index to P
applied
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Conclusion

Mondial and Agata showed high tuber yield under both P levels due to a high P
efficiency. Mondial and Asterix were responsive to P applied regarding the tuber DM
production and tuber yield. At high P levels, Asterix, which was inefficient and
responsive to P application, had a tuber yield similar to the one of Agata, which was
P efficient and non-responsive. Potato cultivars, such as Markies and Atlantic, which
were inefficient and responsive to P application regarding shoot or whole plant DM
production, might not produce high tuber yield if the DM partitioning to the tubers is
low.
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