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ABSTRACT

Brazil generates an annual demand for more than 2.83 million tons of phosphate fertilizers. Part of this is due to low
P use efficiency (PUE) by plants, particularly in current maize cultivars. Thus, the aim of this study was to create indexes
that allow accurate selection of maize genotypes with high PUE under conditions of either low @uaiitgtbifity. The
experiment was conducted in a greenhouse (20°45'14"S; 42°52'53"W) at the Universidade F¥tgrsade October
2010.We evaluated 39 experimental hybrid combinations and 14 maize inbred lines wifediveUE under two
conditions of Pavailability The relative importance of the traits studied was analyzed and estimated by principal
component analysis, factor analysis, and establishment of selection integbtain genotypes responsive to high P
availability, the index S}, (selection index for high phosphorus) = 0.3985 RDM + 0.3099 SDM + 0.5567-R0.2340
PUEDb —0.139 SRS is recommendda. obtain genotypes tolerant to lovaailability, the index S|, (selection index for
low phosphorus) = 0.3548 RDM + 0.3996 RL+ 0.3344 SDM + 0.0041 SH/RS —0.1019 SRS is suggested.

Key words: abiotic stressZea maygplant breeding; early selection.

RESUMO

indices de selecéo de genétipos de milho tropical para eficiéncia no uso de nutrientes: fésforo

O Brasil apresenta uma demanda anual de mais de 2,83 milhdes de toneladas de fertilizantes fosfatados. Parte disto
se deve a baixa eficiéncia no uso do fésforo (EUP) pelas plantas, especialmente nos atuais cultivareAst@milho.
objetivou-se foi elaborar indices que permitam a selecao acurada de gendtipos de milho eficientes no uso de P para
condic¢fes de baixa e alta disponibilidade deste nutriente. O experimento foi conduzido em casa de vegetacéo (20°45'14"S;
42°52'53"W), na Universidade FederaMeosa, em outubro de 2010. Foram avaliadas 39 combinages hibridas experi-
mentais e 14 linhagens de milho, diyentes para a eficiéncia no uso gderR duas condic¢des de disponibilidade deste
nutriente. Foi realizada a analise de importancia relativa dos caracteres estudados, estimada por meio do método dos
componentes principais, a analise de fatores e confeccao dos indices de selecédo. Para obtencéo de genétipos responsivos
a alta disponibilidade de fosforo é recomendado o indjce I§3985 MRS + 0,3099 MPS + 0,5567 CR- 0,2340 EAbP
- 0,1139 SER. Para obtencé&o de genotipos tolerantes a baixa disponibilidade deste nutriente € sugeridg c-indice IS
0,3548 MRS +0,3996 CGR +0,3344 MSR 0,0041 R/SR—0,1019 SER.

Palavras-chaveestresse abitticZea maysmelhoramento; sele¢éo precoce.
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INTRODUCTION 42°52'53"W) that belongs to the Plant Science Department
Brazil generates an annual internal demand for moof the Universidade Federal ¥&gosa, Brazil, in October
g 10.We used 39 experimental hybrid combinations of

than 2.'83 million tqns of phpsphate fe.rtmzers'maize and their 14 parent inbred lines that came from the
Approximately half of this amount is produced internally;

the other half is imported from countries such as R SS%ermpIasm bank of the Programa Mithghese inbred
.I 'mp . untri _ u USSfhes and hybrids have wide genetic variability for PUE,
Morocco, China, and the Uniteda®es (\War, 2010).

. . ) _ detected in previous studies (Fritsche-Neto120bVale
Indicators show that this dependency will continue tgo
. . . etal, 2013). These genotypes were then evaluated under
increase sharply if new alternatives are not developed

. Ao contrasting conditions in regard toakailability.
implemented.

. . Therefore, a completely randomized experimental design
Part of this problem is due to low phosphorus use . " . . .
- . _ .“was used, with two replications, in a simple factorial
efficiency (PUE) by plants, particularly in current maize .
. . _arrangement (53 genotypes x 2 P levels). Plots consisted
cultivars. This is because most of these were obtaine . .
. S . 0T one plant per poAlthough the hybrids were obtained
under optimal phosphorus (P) availability conditions; in o
. ' by partial diallel crosses, the data were not evaluated
other words, they were selected for ideal growing . eri . . . : .
. . o ; onsidering this genetic design. The aim of this study
conditions (Cecarelli, 1996). This situation contributes to .
) ; . . was not to evaluate genetic control, but rather to study
yields that do not achieve their potential.

the possibility of indirect selection for PUE in tropical
Knowledge of the biological and functional .p oty ot indl I ! P!

relationships among various measurable attributes allows . . .

. ) ) . . . The seeds were sterilized and then germinated in
amore detailed choice of the traits used in making Selecuoglyethylene trays in individual cellafter emegence
(Acquaahet al, 1992). Thus, traits related to the shoo ’

. . a seedling from each genotype was transplanted in 4
and root system, together witlhuptake and usefafiency, e evli g. 9 yp . b
. . o . cylindrical PVC pots. The experiment substrate was
can assist in early evaluation or indirect selection methogs

. : _ repared by mixing 50% washed sand, 37.5%
for higher PUE through speeding the selection procegs p. . y go 0 . °

; . . ~~“vermiculite, and 12.5% soil (from the B horizon of a
and disregarding less efficient genotypes at an earhertwq_eatoSsolo ¥rmelho-Amaelo Distréficy. The soil was
concentrating resources on potentially better genotypes

. USed to adsorb the P and not leave it immediatel
(Fritsche-Netet al, 2010; Machadet al, 2004). . y
available to the plants.

Knowing t.he.se relat|9n§h|ps, thg ngxt step Is to use P was added in the form of triple superphosphate. For
tools that assist in establishing selection indexes. For Cryz , . . .
. . o - the high P availability condition (HP), 192 mg of Ptnas

& Carneiro (2006), factor analysis is a significant alternative . . ) .
. T . mixed in the substrate, and in the low P condition (LP), 34

because it structures and simplifies the original data so

. mg dm?. The other nutrients were supplied via modified
that a large number of variables comes to be represen

. L Foagland &Arnon (1938) nutrient solution, without
by a smaller numbgexpressed by linear combinations of, 4dition of P

these original data, called factors. Traits grouped in one After collection of the plants in the six fully-expanded
factor are intensely correlated with each other and wealﬁlé/af vegetative stage (V6), the shoots were separated from

correlated with other factors. . the roots. The traits measured were shoot dry matter (SDM),
These factors are extracted by principal component

. . o ) root dry matter (RDM), lateral root length , axial
analysis, whose function is to simplify a sehofariables y ( ) ath (®p
. . - o ) root length (RL,, ), lateral root surface area (34), and
into factors with the ability of joining the maximum amount__. X .
- L : X . axial root surface area ($4). The weight of the dry shoots
of original variation available, while remaining mutually v L .
) . and roots were determined after drying in a forced air
independent (Cruz & Carneiro, 2006). The result of factor. . R
-Circulation laboratory oven for 72 hours at 60 °C.

analysis, combined with principal component analysis, The root lengths and areas were obtained through

a!lows the traits that less d|5(_:r|m_|nate the genotypes tp l?ﬁ%ge analysis usinginRhizo PRO 2009¢, coupled to the
disregarded, and then selection indexes can be establlshe . fessional inoed
DoValeet al, 2011) pson Expression XL 10000 professional scanner equippe
( ' ' with a transparency unit (TPU), as described by Boeima

. Consequentlthe aim of this study W"."S to develgpal. (2000); for this purpose, the entire root was used and
indexes that allow accurate selection of maize L
rhot only samples. Roots with diameter less than or equal

genotypes that have high PUE under either low or h'g[o 0.5 mm were considered lateral roots, and those with

Pavailability diameters greater than 0.5 mm as axial roots (Traehsel
al., 2009). From these values, the specific root surface area
MATERIALS AND METHOD .
S ODS (SRS) and the ratio between the shoot dry matter and the
The experiment was conducted in a greenhouse rabt surface area (SDM/RS) were obtained by the following
the DiogaAlves de Mello Experimental Field (20°45'14"S; expressions:
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SAiar + SAsxi gnd SDM / _ RDM , k-th factoy withk=1, 2,... mF, is the k-th common factor
RDM RS SAix+SAwa anddis the specific factor associated with tkid variable.
The initial factor loading is given bj-i-l_i.'k = xli,l—"j in
in which RDM is the root dry matter and SDM is the shoaihich A, is thei-th eigenvalue greater than 1 obtained
dry matter from the matrix of phenotypic correlations, ands thej-

. th value of thei-th vector with j being the number of
To calculate Poncentration, a 0.1 g sample was taken, . o
ariables anck the number of factors. Communality is

and nitric perchloric acid digestion was performe )
S =12 + 12 4+ .+ 12 .
according to Malavoltat al (1989), and then reading of Pr_epresented by:l . ! 11 ! 2 .I jm The numbgr of
final factors considered for grouping traits was given by

concentration in a spectrophotometer at 725 nm. .
. . . . he number of eigenvalues greater than or equal to 1.00.
The nutritional efficiency indexes were obtaine . . :
as described by Mollet al. (1982) in mg mg raits were grouped based on the final factor loadings
y ' 9 ' greater than 0.70 obtained after rotation, which indicates

SRS =

PUEb = Peravn. , PUEt= PSDM and thatthese traits have high correlation and can be grouped
ng’;/LIIED) (PLAND in a single factorFactor loadings were extracted by princi-
PUE = T PUEt x PUEDb in which Poiam) is the pal component analysis, and the factors were established
(APPLIED) . . . t%¥ thevarimaxrotation method (Cruz & Carneiro, 2006).
phosphorus presentin the photosynthetically active pla The scores used in creating the indexes were obtained
gjzgt?;eaEgégp?ﬁ'EtDﬁvi;hsetu%Dosphorus applied in thethrough the following equation systef);= b x, + b, X,
+ ...+ i i = = i
After obtaining the data, the following model was used, " b,x, , with bjk (k= 1,2, ... mj = 1,2...v) being the

. . e ) .
for analyses of varianc¥, = u+a + g+ (ap)ij + ¢, ,in element of m_atrnﬁ, gwen by._B /) A ,inwhichE s
. ) ik roT ok the m x v dimension matrix of the final rotated factor
which Y, is the value observed for the trait in e . . . . .
ik loadings, and3 is the m x v dimension matrix of the

genotypej-th level (P availability) an&-th replicationpu . - . -
s the overall mean for the trait;is the effect of theth \é\?etlﬁgt;i t((:)cifﬂments of the traits for obtaining the scores

genotypeiEl, 2, 3,..., 53), considered as a random effect . o . .

because it is a population sample with wide genetic Analysis of the relative importance of the traits studied,

variability for PUE (Fritsche-Neto, 201Do\aleet al, 2013) estimated by principal component analysis, factor analysis,

inwhichg=NID (0,¢2): & is the ef:fect of thipth app’licatior,l and establishment of the selection indexes, was carried
A

rate of the nutrienf € 1, 2), considered as a fixed effect, inOUt according to Doaleet al (2011). All of them were

whicha~N (a, a?){44a). is the interaction effect of theh perfgrmed using the genetics and statistics computer
genotype withj-th ajpplication rate of the nutrient, application GENES (Cruz, 2013).
considered as random effect, in whig&-NID (0,0 ,); RESULTSAND DISCUSSION

ande, is the effect of the random error associated with the

observation of ordeijk, in which ~NID (0.0?). According to combined analysis of variance, the

different P availabilities used were sufficient to differentiate
The estimates of phenotypic correlation§ were the genotypes in regard to the main variable (PUE) and other

obtained through the Pearson coefficient: attributes, with the exception of PUEt and SH/R&b(@ 1).
S (i-%) (vioy) _ However only PUE, RL,,, SDM, and RDM had
rp= d Yi2Y) inwhichX,X,...xandy,y,... differentiated responses in the two environments tested,

S NExi-02 (i~ y)? - ianifi
. confirmed by the significance of the genotype x P levels (G
y, and are the values observed for the traits measurggh) interaction. Similar results were observed by &%

The estimates af were tested at 1% and 5% probabiIity,;ritsche_,\Ieto (2013), Pereiedal, (2013), Fritsche-Neto
by thet test. (2011), and Souzet al, (2009). The values of the experi-
The relative importance of the traits studied wamental coefficients of variation were within acceptable levels
estimated by principal component analysis (Singh, 1981fr studies of this nature, that is, under stress conditions,
The traits that least contributed to genetic divergenaehich indicated good experimental precision (Pertied,
among the genotypes were chosen for eliminatio2013; Do\aleet al, 2011, Fritsche-Netet al, 2010).
Therefore, to construct the selection index, the characters In the attempt to identify QTL for PUE, Chen al
with the highest weighted values in the smallest eigg2009) were not successful in mapping regions of the
values component were ignored. genome with genes coinciding for contrasting conditions
After that, the following model was used to perfornof P availability That is because the genes are expressed
factor analyses<J = ';1':1 + IJ.ZF2 +..+ Iijm ,in which)(j is differentially in accordance with the environment (Souza
the estimated variable in each plot, with1, 2,... vlik is  etal, 2009). Thus, this justifies making selection in specific
the factor loading for theth variable associated with the environments and not in accordance with mean behavior
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Table 1: Summary of the simple analyses of variance for the traits shoot dry matter (SDM), root dry matter (RDM), specific root area (SRA), shoot/root surface ratio (SH/RS), lateral
(RL,,,), axial root length (RL,), lateral root surface area (§4), axial root surface area (§4), phosphorus uptakefgiency (PUED), phosphorus utilizatiorfiefency (PUELt), and phosphorus
use eficiency (PUE) of 39 experimental hybrid combinations and 14 parent inbred lines of tropical maize, evaluated at high and low phosphorus\dgagabilt¢ Brazil, 2010

Good phosphorus availability

SV DF Mean Square

SDM RDM SRA SH/RS RL . RL SA ., SA.., PUEDb PUEt PUE
Genotype 52 1.42%* 0.06** 2 E-4* 1.24's 109.85** 18.26** 4 E-5** 3x10%* 8 E-5** 2 EAVS 2.41%*
Residue 52 0.23 0.01 1E-4 1.11 27.38 2.56 1E-5 3E-5 3E-5 2E4 0.40
CV(%) 22.88 19.97 10.17 25.07 19.44 15.47 19.56 16.41 31.86 26.95 22.88
Mean 2.12 0.51 0.11 4.21 26.92 10.35 0.02 0.04 0.02 180.40 2.76
h2 0.83 0.84 0.48 0.11 0.75 0.86 0.74 0.87 0.68 -0.13 0.83

Low phosphorus availability

SV DF Mean Square

SDM RDM SRA SH/RS RL ., RL,, SA ,; SA,,, PUEb PUEt PUE
Genotype 52 0.26** 0.06** 2 E-4* 0.21** 124.92** 20.07** 5 E-5** 2 E-4** 7 E-5** 1 E5** 14.36**
Residue 52 0.08 0.01 9E-5 0.10 21.68 3.89 1E-5 5E-5 5E-5 9E4 451
CV(%) 29.16 20.74 9.00 17.17 15.07 18.25 15.21 21.13 45.45 18.15 29.16
Mean 0.98 0.53 0.10 1.84 30.90 10.80 0.02 0.03 0.01 510.26 7.28
h2 0.69 0.79 0.61 0.53 0.83 0.81 0.82 0.78 0.40 0.26 0.69

* **: significant at 5% and 1% probabilifyrespectively by the F test.

Table 2: Summary of the combined analyses of variance evaluated under contrasting conditions of phosphorus availability for the traits shoot dry matter (SDM), root dry matter (RDN
root area (SRA), shoot/root surface ratio (SH/RS), lateral root length JRdxial root length (RL, ), lateral root surface area (§4), axial root surface area (4, phosphorus uptakefigiency
(PUED), phosphorus utilizationfefiency (PUELt), and phosphorus uséaéncy (PUE) of 39 experimental hybrid combinations and 14 inbred lines of riégpsa, MG Brazil, 2010

Mean Square

sV °F SDM RDM SRA SHIRS RL,, RL,, SA s SA,,, PUEb PUEt PUE
Genotype (G) 52 1.27% 0.11% 3E-4* 0.75MS  206.32%*  33.72% BE-5*  4E-4%  1E-3% 3E3NS  12.89%

P Levels (P) 1 66.94** 0.02'S  3BE-4NS 28444  68135%  6.33'S 4E-4*  1E-4NS TE-BNS  BEG™  990.45*
GxP 52 0.37%* 0.02+ 1E-4NS 0.69%S  32.86MS 5.12 1E-6NS  GE-5MS  3E-BMS  BE3NS 4.24%
Residue 104 0.16 0.01 1E-4 0.62 24.59 3.21 1E-5 4E-5 3E-5 5E3 2.41
Mean 156 0.52 0.10 3.04 28.89 1058 0.02 0.03 0.02 343.75 5.00

CV (%) 25.72 20.37 9.63 25.87 17.17 16.95 17.25 18.79 38.68 21.40 31.07

oot length

n

pecific

snioydsoyd :syuaLnnu jo gstouaiolye 1o} sadAiousab saxapul uondajas aziew [ealdol |

* **: significant at 5% and 1% probabilityrespectively by the F test)S non-significant.

69¢



270 Yara Cristiane Buhl Gomes al.

The results of individual analysis of variance indicatetie inadequate. In fact, simultaneous selection of a set of
that, under low Ravailability, there was a significant traits strongly correlated with the main variable and that
difference for genotype effect in all the traits measureare easily measurable increases the chance of success of a
(Table 2).The same occurred at a high supply of thibreeding program.
nutrient, except for the SH/RS ratio and the PUEt. The The significant correlation, though in a negative
heritability values of these two traits were lower in thisnanneyof the SRS with the PUE can be explained by the
environment. These genetic differences observed at edaht of P being an element that is most taken up by plant
level of Pindicate genotypic variabilityhis confirms that roots through diffusion, assisted by the process of root
gains from selection can be obtaingslthere was a higher interception (Novaist al, 2007). Thus, roots with smaller
number of traits with diérent performances in lowiPcan specific surfaces, that is, less area per weight unit, have
be affirmed that the state of P nutritional stress increasg®ater contact and reactivity with the soil solution and
the amplitude of morphological and physiologicaklay minerals, allowing greater uptake of the element, which
differences tested in topical maize genotypes, which allow®ntributes to an increase inude eficiency. This
greater exploitation of genetic variability demonstrates the importance of SRS in composition of the

Under nutritional stress, the genes that codify higimdex.
affinity P transporters in the roots have preferential Ofthe PUE components proposed by Mok, (1982),
expression. Some of these gene inductions are directigly uptake efficiency (PUED) is relevant in the selection
involved in increasing P availability in the rhizosphere androcess for the purpose of this studyven the non-
in promoting Ruptake (Raghothama, 2008%t under high  significant correlation of P utilization efficiency (PUEt) with
supply of inorganic P (Pi), a variable amount of this elemeRUE. Similar results were found by Parentoni & Souza Junior
is lost by the cell via @8tix (Rausch & Buche2002) Thus, (2008) in which, according to these authors, upon using
combining reduction or elimination of efflux with a greateiselection indexes in maize aiming to increase PUE, higher
amount of active P transporters in the roots, efficiency wweights must be given to the PUED.
the use of P tends to be greater in the stress environment.In principal component analysis, the percentage of
This can be seen upon comparing the PUE in the twariance accumulated in the first three factors within the
environments; at low,Bhe response was 2.6 times greatestress environment was 96.40%, whereas in the
than at the other level. environment under ideal conditions cdvilability, it was

In both environments, most of the traits had significart8.86% (HBble 4). Both values represent reliability for
and high magnitude correlation with the main variable (PUE)terpretation of the data with accuracy (Nascimegtto
under study (@ble 3).According to Cruzt al, (2012), al., 2009; Johnson &/ichern, 1999)Thus, observing the
selection based on one or a few characteristics provesatalysis of the last eigenvectors, that is, from the last up

to that in which the value of the eigenvector obtained in
Table 3: Coeficients of Pearson phenotypic correlationy ( the correlation matrix is less than 0.7, the traitg Rin
among traits of the 39 experimental hybrid combinations and }igh P and PUE and SDM in lowWere identified as traits
maize inbred lines evaluated at high and low phosphortfﬁat could be disregarded.

ilability, Vi , MG Brazil, 2010 . . . .
avallability Vigosa, MG Brazi Rejecting RL,,, because of high correlation with Rl

PUE in high and low P availability environments is justified,

LowP High P due to the hierarchical level between these roots described
SDM 1.00%* 1.00** by Do\aleet al, (2013). In other words, as the length of
RDM 0.84** 0.83** the axial roots increases, the insertion points and
SRA -0.36** -0.48** emegence of the lateral roots increaBee SDM, however
SHIRS 0.48** 0.45** should not be disregarded, because it is easy to measure
RL 0.76** 0.71* and represents the photosynthetically active surface of
Rl 0.84 0.83* the plant, which contributes to a positive overall carbon
ziﬂ 8;;: 8;;: balar?ce, stimullating better qlisj[ribli,ltio'n in the root sygtem
PUAélb 0:90** 0: g7 (Mollier & Pellerin, 1999). Optimization in carbon allocation
PUEL s, NS, in plant roots for the purpose of greater acquisition of

— " — : phosphorus is of obvious importance for adaptation of
**: significant at 1% probabilityN.S.: non-significant, respectively .. .
by the t test. the genotypes under conditions of high and low P
SDM - shoot dry matter; RDM - root dry matter; SRA - specificavailability (Zhuet al, 2005).Among other factors, the
root area; SH/RS - shoot/root surface ratio; Rl- lateral root mpobility of this element is low in tropical soils, whose

length; RL,, - axial root length; SA. - lateral root surface area; diffusion coefficient has a magnitude of 2@n? s?

SA,,, - axial root surface area; PUEb - phosphorus uptake efficiency;

PUEt - phosphorus utilization fefiency. whereas NQ and NH* have values in the order of 10
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and 10 cn¥ s* (Marschner & Marschne2012; Novaigt  following are disregarded: SA (group 1), PUE (group 2),
al., 2007). and SA,, (group 3)At low P availability, the following
Through factor analysis, we sought to obtain the terntsaits should be rejected: Rl_.and SA  (group 1), SA, .
related to the traits that constitute efficiency in phosphoryggroup 2), and, finallyPUED (group 3).
use under conditions of high and lowWilability (Table The best genotypes under each condition of P
5). Thus, the first three eigenvectors prevailed for groupirayailability were selected based on the coefficients of
of traits under both conditions ofd¥ailability, because weighting of traits from the scores obtained in each factor
they concentrated most of the total variatioal€ 4). (Cruz & Carneiro, 2006; Da&leet al, 2011). Thus, the
The lowest communality found was 0.9&cording to  selection indexes from the scores of factor 1 are proposed,
Souza (1988), values as low as 0.64 are acceptable. Thuhpose weightings were most acceptable through
the high efficiency of representation of the variables by attributing greater weights to the traits of greater importance
common part is evident. Consequendliscrimination of for the PUE, as well as better discriminating the genotypes
the genotypes through groups of traits formed by thia the two environments; it can then be usegén se
analysis proved to be adequate. selection of maize inbred lines for this trait. In the absence
According to the signals and values of the initial andf stress, the index recommended ig, &lelection index
final factor loadings in the three-dimensional space formddr high phosphorus) = 0.3985 RDM + 0.3099 SDM + 0.5567
by an axis of each eigenvalue, 5 groups of traits were formBdl, , . +0.2340 PUEb — 01B9 SRS. Under the condition of
in the two environments. The correlation between thew P supply the recommended index is S(selection
variables within the groups is of high magnitude; thus, ihdex for low phosphorus) = 0.3548 RDM + 0.3996 Rk
is admissible to disregard traits that are more difficult t6.3344 SDM + 0.0041 SH/RS—0.1019 SRS.
measure, redundant, inadequate for discrimination of Diverse indexes have been proposed for combined
genotypes, and those that allow selection based on greatelection; howeverthe use of multivariate analysis is
anatomical and physiological amplitude of activity in PUEimportant in the evaluation of large numbers of traits and
Thus, in the environment without nutritional stress, thestablishing indexes, because, in addition to producing

Table 4: Estimates of the eigenvalues and of the cumulative fraction of variance explained by the principal components, obtained
from the correlation matrix between traits associated with efficiency in use of water between tropical maize genotypes under low and
high water availabilityVicosa, MG Brazil, 2010

High P availability

A A (%)

SDM RDM  SRA SH/RRS RL, RL, SA,, SA, PUEb PUE
5.47 60.76 0.22 -0.25 0.40 - -0.27 0.40 -0.40 0.38 -0.26 0.36
0.82 69.85 0.15 0.71 -0.05 - -0.30 -0.07 4 E-3 -0.10 -0.61 -0.03
0.81 78.86 0.91 -0.16 -0.12 - 0.04 -0.15 -0.01 -0.30 0.10 0.03
64 86.01 2E-3 -0.15 2E-3 - 0.80 0.00 -0.07 3E-3 -0.57 3E-3
0.56 92.23 0.17 0.61 0.13 - 0.43 0.22 -0.05 0.28 0.45 0.23
0.33 95.89 -0.15 -0.03 -0.38 - -0.02 -0.21 0.06 -0.12 -0.03 0.88
0.19 97.99 0.18 -0.10 -0.17 - -0.05 0.17 0.79 0.51 -0.14 0.01
0.09 99.02 0.06 -0.01 -0.65 - -0.03 -0.18 -0.46 0.54 0.02 -0.21
0.09 100.00 -0.04 -1E-3 -0.46 - -3 E-3 0.81 -0.05 -0.34 2E-3 -0.06

Low P availability
Aj Ai (%) SDM RDM SRA SH/RS RL RL SA SA PUEb PUE
LAT AXI LAT AXI

7.34 73.44 0.35 0.36 -0.18 0.04 0.34 0.36 0.34 0.36 0.32 0.35
1.69 90.38 0.17 -0.18 0.54 -4 E-3 0.00 -0.11 -3 E-3 -0.10 0.26 0.17
0.60 96.40 -0.20 -0.03 0.63 -0.29 0.45 0.10 0.43 0.01 -0.20 -0.20
0.19 98.26 -0.02 0.19 0.43 -0.11 -0.46 0.44 -0.37 0.47 -0.06 -0.02
0.13 99.58 -0.08 -0.15 0.14 -0.44 -0.07 -0.14 -0.07 -0.07 0.85 -0.08
0.02 99.79 -0.53 0.40 -0.17 0.40 0.12 0.16 5E-3 0.02 0.25 -0.53
0.01 99.90 0.08 0.64 0.20 -0.09 0.18 -0.64 -0.28 0.09 -0.06 0.09
0.01 99.98 -0.02 -0.36 -0.07 0.03 0.64 0.10 -0.62 0.26 -4 E-3 -0.03
2E-3 100.00 0.12 0.29 0.11 -0.10 0.13 0.44 -0.31 -0.75 -2E-3 0.13
2E-3 100.00 -0.71 -0.01 -2E-3 8E-3 -1E-4 -2E-3 2E-3 0.01 0.00 0.71

SDM - shoot dry matter; RDM - root dry matter; SRApecific root area; SH/RS - shoot/root surface ratio;, Rt lateral root length;
RL, , - axial root length; SA, - lateral root surface area; SA- axial root surface area; PUEb - phosphorus uptafigiesicy; PUE -
phosphorus use fégiency.
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Table 5: Communalityinitial and final factor loadings, estimated in 53 tropical maize genotypes evaluated in regard to phosphorus
use eficiency under two contrasting conditions of phosphorus availahitityicosa, MG Brazil, 2010

High P availability

. Initial Loadings Final Loadings
Evaluated trait
Group no. Communality Factors Factors
1 2 3 1 2 3
Root dry matter 1 0.97 0.97 -0.15 0.09 0.63 -0.53 -0.55
Axial root surface area 0.99 096 -0.01 0.04 0.65 -0.38 -0.61
Shoot dry matter 2 0.98 0.97 0.04 -0.21 049 -0.31 -0.80
Phosphorus use efficiency 0.98 0.97 0.04 -0.21 049 -0.31 -0.80
Lateral root length 3 0.98 0.91 0.23 0.31 0.88 -0.18 -0.42
Lateral root surface area 0.99 0.91 0.23 031 088 -0.19 -0.42
P uptake efficiency 4 0.96 0.89 0.15 -0.37 0.37 -0.17 -0.89
Specific root surface area 5 0.99 -0.63 0.76 -0.08 -0.18 0.95 0.22
Low P availability

Root dry matter 1 0.98 0.97 -0.19 -0.04 0.87 0.03 -0.47
Axial root length 0.96 0.97 -0.09 0.06 0.92 0.05 -0.34
Axial root surface area 0.96 0.97 -0.08 -0.01 0.89 0.10 -0.39
Lateral root length 2 0.96 0.92 0.05 0.33 0.98 0.02 -0.04
Lateral root surface area 0.97 0.93 0.05 0.31 0.98 0.03 -0.05
P uptake efficiency 3 0.91 0.85 038 -0.19 0.74 0.56 -0.23
Shoot dry matter 0.99 0.95 025 -0.18 0.82 0.46 -0.33
Shoot/root surface ratio 4 0.97 0.07 0.95 -0.26 0.01 0.94 0.30
Specific root surface area 5 0.96 -0.50 0.70 0.47 -0.25 0.25 0.92
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