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ABSTRACT - This study aimed to verify the relationship between breeding for tolerance to low levels of soil nutrients and for
nutrient use efficiency in tropical maize. Fifteen inbred lines were evaluated in two greenhouse experiments under contrasting levels
of N and PThe elationship between nutritional efficiency and tolerance to nutritionasstwas estimated by the Spearman ranking
correlation between the genotypes for the traits related to N and P use efficiency and phenotypic plasticity indices. The lack of
relationship between the traits, in magnitude as well as significance, indicates that these characters are controlled by different gene
groups. Consequentlgimultaneous selection for both nutrient use efficiency and tolerance to nutriticesd stipossible, if the
mechanisms that confer efficiency and tolerance are not competitive.
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INTRODUCTION 1999). Different breeding programs and lines of research
have therefore been established, focused on the improvement
Some alternatives to meet the increasing global foarf plants grown under abiotic stresBvo breeding
demand consist in the possibility of planting between trerategies focus on this objective: breeding for tolerance
main growing seasons, as done with some agriculturtal low water and nutrient availability or for efficiency in
species, although yields are often not very satisfactorieir use.
the increase of yields, which in some crops seems to have Shafi-ur-Rehman et al (2005) understand stress as a
reached maximum levels; and cropland expansion, argnificant deviation from the ideal conditions for plant
alternative that ensures greater production of food amglowth, preventing the expression of the full genetic
agro-industrial raw materials, especially in emerging arbtential for growth, development and reproduction.
developing countries. This can open the possibility of growingccording to Larcher (2006), induced changes and
a significant portion of agricultural crops in marginalresponses at all functional levels of the organism may be
mostly little fertile areas (Giaveno et al 2007). reversible at first, but if extended over the whole plant
When the restricted availability of water and soiktycle they become irreversible and consequently reduce
nutrients is limiting for plant growth and developmentthe plant yield
the metabolism, mass and surface of several plant organs The concept of tolerance to a particular stress is
is affected, thus reducing crop yields (Sultenfuss and Doydgiite broad, but is related to the plangbility to resist
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adverse conditions, survive and reproduce. The metabolic  According to Bradshaw (2006), phenotypic plasticity
energy expenditure to ensure plant survival depends @rhighly correlated with yield stabilityhus, low plasticity

the stress characteristics, which involves differenfor high stability) is not always a desirable characteristic.
mechanisms. In an agronomic sense, Miti et al. (201@he reason is that yields of tolerant genotypes are usually
defined tolerance as the reduction in grain yield undefioderate, even under ideal growing conditions, which is
stress, compared with the yield under ideal growthnteresting for cropping in marginal regions under
However Cruz et al. (2004) reported that genotypes withermanent stress. Thus, the productivity of these
tolerance to adverse environments (stress conditions) ag@neralized” genotypes is higher in environments with
generally the least productive. low resource availabilityHowever under non- limiting

The efficient use of resources (UsSE), of water ognyironmental conditions, there is no significant yield
nutrients, is defined as the ratio between grain yield pg{crease.

unit of resource available to plants. In studies conducted  Gjyen this fact. much of the improvement studies
in the early stages of plant development, the USE is usuall{, at an increase of plant USE, in other words, the

estimated based on shoot er matter'in.stea.d gf grain yieﬂﬁleeding of genotypes with high phenotypic plasticity
A given g(_anotype is considered efﬁ_meﬁt_ if it produce%hus' when plants are grown under limiting cultivation
satisfactorily under low resource availability (Good et alconditions, they would use the scarce resources to produce

2004). . ; . ..
atisfactory yields. Howeveunder ideal conditions,
The UsE is composed of the uptake efficiency (Up§ields woul):j )t/)e high °

and utilization efficiency (UtE). UpE is defined as the abili

. ) . _ The genetic control of tolerance as well as use
of a given genotype to absorb certain soil nutrients ar,. . . o . . .
efficiency is quantitative and involves multiple loci

wate while U.tE correspond_s to t_he ability of this genOtyp%istributed in different regions of the genome of crop
to produce biomass or grain using the absorbed resource. . e :
. . L species. The quantification andunderstanding of the
According to Hirel et al. (2007), genotypes with increase _ _ .
o : ._genetic relationship between the plants selected by these
efficiency in the use of these resources can be obtalnt d breedi tratedi tial el {
by increasing the UpE and/or the UtE. wo breeding strategies are essential as guidelines to

The ability of the genotypes to develop, grow anawcrease the effectiveness of breeding programs. Given
above, the purpose of this study was to verify the

reproduce under stress conditions, is understood Bhl ionshio b ) for th )
some authors as tolerance to low nutrients (OIiveirréa ationship between improvement for the nutrient use

et al. 1999), by others as efficiency of nutrient usEfficiency and for stress tolerance to low levels of soil
(Fritsche-Net’O et al. 2010). nutrients in tropical maize plants.

In both cases, tolerance ofiefency, the plant uses
physiological and sometimes anatomical mechanisms WTERIAL AND METHODS
avoid stress or recover quickly from its effects (Zheng €3nt material and experimental design
al. 2000). In this sense, three main strategies plants use to
cope with irregular resource availability were defined: jjy  Fifteen tropical maize lines of the Programa Milho,
specializationa genotype becomes adapted to a specifiéniversidade Federal déicosa (UFV), Minas Gerais,
environment; iijgeneralizationa genotype with moderate Brazil, were used in two experiments with a randomized
suitability for most environments and iiphenotypic block design with three replications in a single factorial
plasticity. environmental signals can interact with theafrangement. Plots consisted of one plant per pot. In
genotype and stimulate the production of alternativexperiment 1 (N environments), the first factor corresponded
phenotypes. to the lines and the second to contrasting levels of
The farmer desires cultivars that produce satisfactofjtrogen. Experiment 2 (P environments) was conducted
yield under stress conditions, but which respond to idegimilarly, but contrasting levels of WRere tested instead.
conditions with yield increases. Considering the abovEhe greenhouse experiments (lat 20° 50’ S; long 42° 48" W,
concepts, the simultaneous improvement for tolerance aall 640 m asl) were conducted in October 2008. The average
efficient use of resources would seem contradictory iglay/night temperature was 33 °/25 °C. The seeds were
physiological terms. In addition, there is, to some extentserilized for one minute in a 0.5 % sodium hypochlorite
blurring of the difference between terms in many paper€aOCI) solution and then washed with deionized water
and consequentlyn their goals and lines of research. Then they were pre-germinated in a box with separate
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germination cellsAfter emegence, the seedlings (one pernf use efficiency of nitrogen and phosphorus, as proposed
line) were planted in cylindrical 4 diplastic pots (diameter by Hirel et al (2007): i) uptake efficiency (UE =N or P in
10 cm, height 50 cm). The substrate for Experiment dlant/N or P applied) ii) utilization efficiency (UtE = shoot
consisted of a mixture of sand-vermiculite (1:1) mixturedry matter/N or P in plant).
according to the methodology usediglker et al (2006). To calculate the tolerance of genotypes to low N
For Experiment 2, a mixture of sand-vermiculite-soil ofind Pavailability, the phenotypic plasticity index was used
50 %, 37.5 %, 12.5 %, respectivelas usedlhe soilwas as proposed byalladares et al. (2000),
used to adsorb phosphorus and not leave it readily | = (Crmax - Cnin)
available to plants. - Crmax
The nutrient solution was supplied every two daysn which C,,, is the trait performance under ideal, and
as of the seventh day after germination. In Experiment 1Gy,;, under stress conditions. The index was calculated
solution as described by Chun et al. (2005) was usddr each genotype for the traits SDM, RSR, and length of
containing (in mmol t1): 2.0 Ca(NQ),, 0.75 K,SO,, 0.65 axial and lateral roots. Thus, a given genotype is considered
MgSQ;,, 0,1 KCI, 0.25 KHPQ,, 1 x 103 H3BO3, 1 x 108 tolerant when they have less yield variation at contrasting
MnSQ,, 1 x 10% CuSQ, 1 x 10% ZnSQ,, 5 x 106 NandP levels.
(NH,4)gM0,0,,4, 0.1 Fe-EDR, at two nitrogen levels, low
N (LN) and high N (HN). For LN, the solution contained
0.2 mmol L2 Ca(NQy),, i.e., 10 times less, and Ca was  Data of the variables UpEN UsEN, UpEREPRand
Compensated by Cap'n Experiment 2, P was added |nRSR were transformed bg +(0.5) ,While for the variables
the form of triple superphosphate. In the low phosphorigngth of the axial and of the lateral roots, log(1) was
(LP) treatment, 20 mg dfP was added and in the highused. Subsequentlgtatistical analyses were performed
phosphorus (HP) treatment 104 mg-#if The other Using mixed model equations, as described by Bernardo
nutrients were supplied in the nutrient solution without2002): Y=X4Z +W+e
phosphorus addition, containing: 1.0M Ca(%#H,0, s
1.0M MgSQ,. 7H,0, 0.5M K,SO,, 0.32 mM CuSQ5H,0, wherey is the vector of phenotypic data of the line means;
46.0 mM HBO;, 0.073 mM (NH)sM0;0,4 9.1 mM T is the vector of effect of replication within tiNeor P
MnCl,.4H,0, 0.76 mM ZnSQ7H,0, and 38.0 mM Fe- levels (fixed);g is the vector of genotype efgects of the
EDTA. lines (random), wherg~N(O, G), andG = Aag i;is the
Seedlings were harvested in the vegetative stage V&ctor of effects of the interaction lines x N or P levels
(four fully expanded leaves), approximately 25 days aftéfandom); aneis the vector of errors, wheee- N(O, R)
sowing. The shoot was separated from the root systefild R=10_" X, ZandW are incidence matrices that relate,
wrapped in paper bags and dried in a forced-air oven rg(spective?ythe efects ofr, g andi with vectory.

Satistical analyses

60 °C for 72 hours. In the mixed model analysi§, refers to the genetic
covariance matrix between the lines, and is denoted by

Determination of nutritional ef‘fiCiency and indices of AO'Z . In this Study the coefficient of re|ati0nshm (Nas

phenotypic plasticity disregarded and, consequenthe matrixG was assumed

The root system was evaluated by image analysi$, belagz' i.e.,A=l. Consequentlyo; is equivalent to
using softwar&VinRHIZO Pro 2009a (Basic, Reg, Pro & genetic variance between lines and the v@;mrresponds
Arabidopsis for Root Measurement) coupled to an EPSOR the predictions of genotypic values of the lings.
PerfectionV700/V750 scanner equipped with additionaPbtain the above solutions, the components of genetic
light (transparency unit), at a resolution of 400 dpi, a@nd nongenetic variance were assumed as unknown and
described by Bouma et al. (2000). The length of the axigftimated by restricted maximum likelihood method (DF-
and lateral roots was extracted from the total diamet&EML).

classes @), obtained byWinRHIZO; the length of the . The mixed model equations for the prediction,of
lateral roots sy (@ < 0.5 mm) and axial -4 (@ >0.5mm), andi correspond to:

according to Trachsel et al. (2009). The genotypes were XX XZ xw ] [Xy

also evaluated for shoot dry matter (SDM), root dry matter X 2’7+ Z°W =\7’Y

(RDM), root shoot ratio (RSR), and for the two components WX WX WWihli] W
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where, and 1-W2_h? for all traits, indicating good experimental accuracy and
Ay =—5—— high reliability of the estimates.
ki Considering the relationship between the characters,
h? is the broad-sense heritability of the lines hﬁd is the significant correlation between the efficiency components
coefficient of determination of the interaction line x N or Fand indexes of phenotypic plasticity was observedi@
level. 2). This lack of relationship between the traits, both in
To understand the relationship between nutritionahagnitude and significance, indicate that these groups
efficiency and stress tolerance to low nutrient availabilitare controlled by different gene. Thus there is a possibility
the correlations between the ranking of the lines for thef simultaneous selection for efficient nutrients use together
traits related to N and P use efficiency and the indices with stress tolerance, if the mechanisms that confer efficiency
phenotypic plasticity were estimated. These were calculatadd tolerance are not competitigdthough the results of
by the correlation co&€ient of Spearmas’ (p), by this study are consistent, it is worth remembering that
-6 d> many of the observed correlations have a negative sign.
= With a greater déctive size the magnitude may increase
nm - 1) S . .
9 ) - and become significant. Therefore, the relationship
where d is the difference between the position of eaglyyeen use efficiency and tolerance is negative. Under
corresponding value ofandy andn the number of pairs paterogeneous conditions of time and space, genotypes

of values. The broad-sense heritability was estimated B\évelop strategic mechanisms to adapt to the adverse
2

. G stressful conditions by changing structural and functional
¢ o characteristics of their tissues, mainly leaves and roots,

(Karsey and Pooni 19964l tests were performed using resulting in changes in the growth and yield pattern (Sultan
the statistical package SAS, version 9.1 (SAS Institut995). Howeverthe amount of time and metabolic ener
2003). available is limited. Each strategy adopted by the plant
could represent an allocation or partition of the time and
RESULTSAND DISCUSSION enegy, reducing resources that could be used by the plant
Genotypes differed significantly in the analysis ofor the development of other structures (Trewavas 2005).
deviance for most traits, with the exception of UtE and thEhus, the resource demand to develop strategic mechanisms
root-shoot ratio (RSR) in the P environments (low anih a same plant to face different environmental challenges
high) (Table 1).The significant diferences observed could make these plants inefficient.
indicated the existence of genetic variability among lines,  From the physiological point of vie\t is hoped that
which allows selection and possible genetic gafs. the most efficient plants in terms of nutrient use are not
differential response of these lines to contrasting N andtiPe most tolerant to nutrient ingigfency. The phenotypic
levels was also observed, as evidenced by the significgf@sticity index of tolerant plants is lowén other words,
effect of genotype - environment interaction. The roothe yield difference between stressed and unstressed
related traits in both N and RSR in both P environmengenvironments is smaller @fadares et al. 2000). On the
were exceptions. This differential behavior indicates thether hand, plants with highest levels of plasticity can be
possibility of hybrid combinations in an improvementonsidered the most efficient in the use of natural
program, and/or the formation of specific populations fatresources. This is due to the fact that small increases in
each environment. the availability of resources result in substantial productivity
The heritability of the traits shoot dry matter (SDM)increases.
and root morphology of N and P environments was medium  Inthe case of breeding for nutritional stress, responsive
to high. This indicates that direct or indirect selection caplants are sought, i.e., plants with significant yield increases
achieve satisfactory gains. For almost all traits the highestder increased availability of resources. For some
overall mean values were observed in the experiment wigtresses, e.g, of nutrients and wasetection should be
N for P except for UsERnd SDM in HPThis result shows performed for use &€iency (Souza et al. 2008). Howeyer
that more N than P is required for biomass production fior other growth-limiting factors (temperature, high soil
maize seedlings. The coefficients of variation showealuminum concentration, salinity), plants should be
values within the acceptable levels for this type of studselected for tolerance.
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Table 1. Statistical values of the likelihood-ratio test (CRof the deviance analysis and estimates of genetic parameters

Effect SDMN SDMP UpEN UpEP UsEN  USEP LyaN LigP  LaxN  LyxgP  RSRN  RSRP
Genotypes' 456" 35277 18137 563" 3.02% 093 23977 30517 22057 35797 818" 186
GxE! 823"  39.91” 55" 10357 279" 11357 0 50.28"  0.01 20.78"  12.83"  0.01
cé 0.053  0.035 0.0004  0.00 0.0034  0.023  0.0156  0.006  0.0189  0.0052  0.001  0.002
o éx y 0.019  0.053 0.0004  0.00001 0.0162 2556  0.0001  0.013  0.0004 0.0048 0.008  0.0001
csj 0.028  0.018 0.0008  0.00001 0.0520 3.814  0.0201  0.003  0.0263  0.0032  0.009  0.02
hé 0.79 0.55 0.58 0.07 0.17 0.01 0.82 0.44 0.80 0.64 0.06 0.10
Mean 0.83 1.17 0.81 0.72 3.51 23.27 3.74 3.43 3.26 2.85 1.45 1.32
CV% 20.27 11.35 3.39 0.34 6.50 8.39 3.79 1.63 4.98 2.00 6.54  10.71

LLRT values; Significant at **P = 0.01, *P = 0.05, and ** P = 0.10 by the x? test. Genotypic variance (U?;) variance of the interaction
genotypes x N or P levels (U ) residual variance (02 ) broad-sense heritability (0 ), general mean and coefficient of variation (CV%)
of shoot dry matter in env1ronments of nitrogen (SDMN) and phosphorus (SDMP) uptake efficiency of nitrogen (UpEN) and phosphorus
(UpEP), use efficiency of nitrogen (UsEN) and phosphorus (UsEP), lateral root length in the environments of nitrogen (L;,;N) and
phosphorus (LLATP), axial root length in environments of nitrogen (LAXIN) and phosphorus (LAXIP), and of the rootishoot ratio in

environments of contrasting nitrogen (RSRN) and phosphorus (RSRP) levels of 15 tropical maize lines.

Table 2. Coeficients of correlation of ranks of Spearman between plasticity indices

Trait UpELN UpEHN USELN UsEHN UpELP UpEHP UsELP UsEHP
iSDM 0.11" 0.18 0.28 0.49 0.22 0.15 0.04 0.23
iLpar 0.28 0.41 0.25 0.27 0.28 -0.20 0.02 0.08
iLaxi 0.50 0.11 -0.14 0.07 0.42 0.26 0.12 0.11
iRSR -0.23 0.05 0.37 -0.35 -0.28 -0.40 -0.06 0.00

I Spearman’s ranking correlation, non-significant at 5% probability by the t test. Shoot dry matter GSDM), lateral root length (L op), axial root
length (iL,y;) and of the root:shoot ratio GRSR) and uptake (UpE) and use efficiency (UsE) at high (HN) and low (LN) nitrogen and high (HP) and
low (LP) phosphorus levels, in 15 tropical maize lines.
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Diferenca entre melhoramento para eficiéncia no uso
de nutrientes e para tolerancia a estresse nutricional

RESUMO - Este trabalho teve como objetivo verificar em milho tropical a relagdo entre melhoramento para tolerancia a estresse

por baixos niveis de nutrientes no solo e para eficiéncia nutricional. Foram avaliadas 15 linhagens endogamicas em dois experimentos
conduzidos em casa de vegetagdo, sob condi¢des contrastantes dé\ke@g&o ente eficiéncia nutricional e tolerancia a

escassez de nutrientes foi estimada por meio da correlacdo de postos de Spearman entre o rank das linhagens para os caracteres
relacionados a eficiéncia do uso de N e P e os indices de plasticidade fenotipica. A falta de relagdo entre os caracteres avaliados,
tanto pela significancia como pela magnitude, indicam que esses sao controlados por grupos génicos diferentes. Desse modo,
haveria a possibilidade da sele¢do simultanea tanto para eficiéncia do uso de nutrientes como para tolerancia a estresse, se
mecanismos que conferem eficiéncia e tolerancia ndo forem competitivos.

Palavras-chave melhoramento vegetal; estresse abiotmg may4. .
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