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Abstract 

Soil phosphorus (P) availability is critical for the early growth and development of maize (Zea mays L.). 
Soil P also affects root morphological and physiological characteristics that are important for P uptake. 
The objective of this study was to evaluate the effects of P on seedling root growth and development of 
two maize genotypes differing in root system plasticity. Two maize genotypes, CM37 (high plasticity) 
and W153R (low plasticity), were selected based on a preliminary study. Maize plants were evaluated at 
six vegetative stages of development for three soil P treatments (0, 45, and 300 mg kg-~). Seedlings 
were grown in a controlled environment using a soil with low native P, Maddock sandy loam (sandy, 
mixed Udorthentic Haploborolls). The addition of P decreased the time to reach a given growth stage 
and increased the relative growth rate of roots to a greater degree in CM37 than in W153R. The effects 
of P on shoot dry weight and root surface area during the V4-V6 growth period appeared to be related 
to the effects of P on development and relative growth rates during the V1-V3 growth period. 
Evaluation of the time course of phenotypic change is an important consideration when developing 
adapted genotypes for specific environments. 

Introduction 

Soil phosphorus (P) availability during maize 
seedling development is an important determi- 
nant of growth and grain yield. Barry and Miller 
(1989) reported a significant increase in maize 
yield in response to P fertilization before the 
6-leaf stage (V6) compared to the addition of P 
after the V6 stage. The authors attributed the 
yield increase to more kernels per ear. Axillary 
meristems that develop into the future ear are 
formed by the V6-V7 growth stage. 

Root growth and development are critical for 
early P uptake in maize since P is relatively 
unavailable and immobile in many soils (Barber, 
1984). P uptake is dependent on root length, 
diameter, and surface area in contact with the 

soil (Anghinoni and Barber, 1980). The concen- 
tration of soluble P in the soil also determines 
root morphology such as root diameter, root 
length, lateral root formation, and root surface 
area (Schenk and Barber, 1979; Zhang and 
Barber, 1992). The ability of a genotype to 
increase root surface area in response to soil P 
levels could help support high rates of P uptake 
during early stages of growth. There is significant 
genetic variation in P uptake, accumulation and 
use in maize (Clark, 1983). However, selection 
criteria are not always easily defined due to the 
complexity of factors controlling P in the plant- 
soil system and because of the difficulty in 
defining optimal phenotypes for specific environ- 
ments (Fox, 1978; Robinson, 1989). 

The purpose of this study was to evaluate the 
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effects of different initial concentrations of soil P 
on root growth and development of two maize 
genotypes selected for differences in root system 
plasticity. 

Materials and methods 

Two maize genotypes, CM37 and W153R, were 
studied for the first six growth stages, (V1-V6) 
(Hanway, 1966). The two maize genotypes were 
selected from a preliminary study examining root 
morphological responses to temperature 
(Schumacher, 1984). In this study, CM37 was 
found to have a greater density of lateral roots as 
root zone temperature increased (12cm -1 at 
15 °C and 19 cm -1 at 25 °C) compared to W153R 
(5 cm -1 at 15 °C and 6 cm -1 at 25 °C, LSD0.05 for 
both comparisons, 2cm-1). As a result of the 
greater variability in lateral root density across 
temperatures CM37 was considered more plastic 
than W153R. 

Maize seeds were germinated in a germinator/ 
incubator at a temperature of 22 °C for 72 hours. 
The germinated seeds were planted into pots 
containing 0.50kg soil at a bulk density of 
1.1 Mg m -3. Maddock sandy loam (sandy, mixed 
Udorthentic Haploborolls) was used in this study 
because of its low native P content. P in the form 
of NHaH2PO4, was added to the soil to bring the 
soil to predetermined soil test levels representing 
low (5 mg kg-1), high (45 mg kg-1), and very 
high (300 mg kg -a) P test levels. Soil test levels 
were used to determine the addition of other 
nutrients. Phosphorous was colorimetrically de- 
termined from Bray 1 extracts; nitrogen test 
levels were determined from water extracts using 
a nitrate ion selective electrode; an ammonium 
acetate extract and atomic absorption procedures 
were used to determine potassium test levels; 
and zinc was determined using DTPA extraction 
and atomic absorbtion (Dahnke, 1988; Page et 
al. 1982). Soil treatments were prepared two 
weeks prior to planting (Table 1). 

Temperature in the growth chamber was con- 
trolled between 26 °C during light periods and 
18°C during dark periods. Relative humidity 
varied between 75-95%. A light/dark cycle of 
16/8 h was maintained for the duration of the 

Table I. Soil nutrient test levels (mg kg -1) before and after 
addition of nutrients to Maddox sandy loam 

Nutrient Before After 

Low High Very high 

Phosphorus 2 5 45 300 
Nitrogen 36 60 64 68 
Potassium 40 285 280 300 
Zinc 0.4 6 10 15 

experiment. Photon flux density (400-700nm) 
measured at canopy height was maintained at an 
average of 710 Ixmol m -2 s -1 with a maximum of 
970 p~mol m -2 s -1 for two hours in the middle of 
the light cycle. The pots were watered daily to 
pot capacity (0.16m 3 m -3)  by weighing. Pot 
capacity was determined by allowing representa- 
tive saturated pots to drain for 48 hours and 
determining water content. Plants were har- 
vested at the beginning of each growth stage for 
the V1-V6 stages. Stages of growth were iden- 
tified by counting the number of leaves fully 
emerged from the whorl when the leaf collar first 
became visible (Hanway, 1966). A perchloric 
acid digestion and a vanadomolybdophosphoric 
acid colorimetric method was used to measure 
the P content of the shoots (Gelderman, 1990). 

Roots were removed by soaking the pots in a 
container filled with water and gently washing 
the soil from the roots. The water in the 
container was screened through a 0.5 mm sieve 
to avoid the loss of small roots. Roots were 
blotted dry and weighed to determine root fresh 
weight. Root length was measured using a modi- 
fied line intersect method (Newman, 11966). The 
mean root radius (R) was calculated from R = 
V'(RFW/(L x 7r)), where X/is square root, RFW 
is root fresh weight, L is root length and 7r = 
3.14 (Schenk and Barber, 1979). Root surface 
area (RSA) was determined by multiplying the 
root length by the mean root diameter and 7r. 
The lateral roots of the first 10 cm of the main 
seminal root of each plant were counted to 
obtain the density of seminal lateral roots. The 
number of nodal and seminal roots were counted 
for each plant. 

The study was designed as a randomized 
complete block design with two blocks consisting 
of the growth chamber runs. There were four 
replications within each block, and these were 



analyzed as subsamples. The treatment factors 
consisted of two genotypes (G), three P treat- 
ments (P), and six leaf stages (S). Blocks were 
considered random while the other factors were 
considered fixed (G, P, and S). Analysis of 
variance procedures were used to analyze the 
data using the MGLH (Multivariate General 
Linear Hypothesis) procedure of SYSTAT (Wil- 
kinson, 1990). 

Relative growth rates for root surface area 
(RGRs,) were evaluated between growth stages 
with the following equation as modified for root 
surface area (Hunt, 1982): 

RGRs, = (In RSAn+ I - In RSAn)/(t,+ ~ - t,) 

where RSA = root surface area (cm2); t =  time 
(days); n = growth stage. 

Likewise, the mean instantaneous P uptake 
rate (lp) (Ixmol cm -2 day -1) was modified for 
root surface area from equations given by 
Loneragan and Asher, 1967. 

lp = [(In RSAn+ 1 -- In RSA.)(Pn+ , 

- -  P.)]/[(tn+ I - t,)(RSAn+ ~ - RSAn) ] 

where RSA = the root surface area (cm2); t = 
time (days); P--Phosphorus content (~mol 
plant- t); n = growth stage. 

R e s u l t s  

The time to reach a given growth stage was 
reduced by P treatments in both genotypes 
(Fig. 1). The effects of P on development were 
greater in CM37. The very high P treatment of 
CM37 reached the V6 stage 3 days earlier than 
W153R compared to 1 day earlier in the control 
treatment. The effects of P on plant develop- 
ment were observed as early as the V2 stage of 
development. 

Shoot dry weight and root surface area were 
increased by P treatment in both genotypes even 
though the time to reach a specific growth stage 
was much reduced by P treatment (Figs. 1 and 
2). The developmental isolines in figures 1 and 2 
show that after the V3 stage the effects of P on 
shoot dry weight and root surface area at a given 
growth stage were less than at a given plant age. 
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Fig. 1. The effects of P treatments on shoot dry weight for 
the V1-V6 growth stages of the CM37 and W153R geno- 
types. The regression lines between P treatments for a given 
growth stage represent developmental isolines. The error 
bars represent standard errors calculated for each mean 
(n=8) .  LSDo.o~ for the G x P x S  interact ion=155mg 
pot-1. 

The effects of P on shoot dry weight and root 
surface area were greater in CM37 compared to 
W153R after the V3 stage (Table 2, Figs. 1 and 
2). Shoot dry weight at the V6 stage was 69%, 
65% and 33% higher in CM37 than W153R at 
the 300 mg kg-1, 45 mg kg- ~ and control P rates, 
respectively. This compared to a difference at 
the V6 stage in root surface area between CM37 
and W153R of 176%, 150%, and 85% at the 
300 mg kg -~, 45 mg kg -1, and control P rates, 
respectively. The difference in growth curves can 
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Fig. 2. The effects of  P t reatments  on root surface area for 
the  V 1 - V 6  growth stages of  the CM37 and W153R geno- 
types. The regression lines between P t reatments  for a given 
growth stage represent  developmental  isolines. The error 
bars represent  s tandard errors calculated for each mean  
(n = 8). LSD0.05 for the G x P x S interaction = 9 cm 2 pot 1. 

be attributed to differences in both development 
and relative growth rates resulting from geno- 
type interactions with P treatment and growth 
stage (Table 2). 

The mean relative growth rates for root sur- 
face a r e a  ( R G R s a )  depended on genotype, stage, 
and P treatment (Table 2). Between V1 and V2 
the RGRsa was increased by P relatively more in 
CM37 than in W153R (Fig. 3). The RGRsa curve 
was nearly identical for the 45 and 300 mg kg -1 
treatments of CM37. Only the highest P treat- 
ment had an effect on RGR~a in W153R. The 
control and the 45 mg kg -1 curves for W153R 
are nearly identical. 

The effects of P on mean root diameter were 
observed early in seedling development (Fig. 4). 
The addition of P at both rates resulted in 
smaller mean root diameters in CM37 compared 
to the control for growth stages V1-V4. Only the 
P rate of 300 mg kg-1 at the V1 stage resulted in 
a smaller mean root diameter for W153R. 

The appearance of nodal roots was similar in 
both genotypes (Table 3). The highest P rate 
advanced the appearance of nodal roots at the 
V5 growth stage in both genotypes. The number 
of seminal roots (5 at V6) was not affected by 
genotype or P treatment (Table 2). 

There was a difference between genotypes in 
terms of lateral root density (the number of 
lateral roots per length of seminal root) mea- 
sured at V6 (20 cm -~ of seminal root for CM37 
compared to 12cm -~ for W153R, LSD0.0s = 
3cm-1). P treatments and the genotype×P 
interaction were not significant. This is similar to 
the findings of Drew (1975) where differences in 
barley lateral root density along the seminal root 
were primarily observed only when there was a 

Table 2. Probabilities of the F test for the analysis of  variance for shoot and root variables 

Source Shoot and root variables a 

SDW RSA RD SN NN RGR~a IP 

G (genotype) 0.01 0.01 <0.01 0.69 0.69 <0.01 <0.01 
P (phosphorous)  <0.01 <0.01 0.02 0.06 0.18 0.01 0.03 
S (stage) <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 
G x P <0.01 <0.01 0.14 0.36 0.96 0.01 0.02 
G x S <0.01 <0.01 <0.01 0.61 0.59 <0.01 <0.01 
S × P <0.01 <0.01 <0.01 0.40 <0.01 <0.01 <0.01 
G x S × P <0.01 <0.01 <0.01 0.25 0.77 <0.01 0.01 

a S D W  = shoot  dry weight; R S A = root surface area; R D  = root diameter;  SN = seminal root number ;  NN = nodal root  number ;  
R G R s .  = relative root growth rate; IP = instantaneous P uptake rate. 
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Fig. 3. Relative growth rates of root surface area (RGRsa) 
for the V1-V6 growth stages of the CM37 and W153R 
genotypes and P treatments. The error bars represent stan- 
dard errors calculated for each mean (n = 8). LSD005 for the 
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Fig. 4. Effects of P treatment on the mean root diameter of 
CM37 and W153R genotypes for the V1-V6 growth stages. 
The error bars represent standard errors calculated for each 
mean (n = 8). LSDoo 5 for the G x P x S interaction = 90 p.m. 

localized concen t ra t ion  of P in the root  zone.  
The greater  densi ty of lateral  roots in CM37 may 
have con t r ibu ted  to the init ial ly higher RGR~a 

compared  to W153R dur ing  the V1-V3 growth 
period.  Differences  in the densi ty  of la teral  roots 
were detected as early as the V2 growth stage 
( 7 c m  -1 for CM37 compared  to 3 c m  -~ for 

W153R,  LSD0.05 = 3 c m - l ) .  
The  ins t an taneous  P up take  rates (lp) were 

higher in CM37 for bo th  P t r ea tments  relat ive to 
the control  dur ing  the V1-V3 growth per iod  
(Fig. 5). The lp of the very high P t r e a t me n t  in 

W153R was greater  than  the control  only dur ing  
the V 1 - V 2  growth per iod in W153R.  CM37 
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Table 3, Nodal root appearance by growth stage as affected 
by P treatment for the CM37 and W153R genotypes 

Genotype P Growth stage 
(mg kg ~) 

V1 V2 V3 V4 V5 V6 

Nodal root number 

CM37 

W153R 

LSDo.~s = 2" 

0 0 0 2 4 8 12 
45 0 0 2 4 8 12 

300 0 0 2 4 11 13 

0 0 0 3 4 8 12 
45 0 0 3 3 9 12 

300 0 0 2 4 12 12 

"LSDo.os value applies only to comparisons for the P 
treatment x stage interaction. 

responded to the P treatments with a signifi- 
cantly higher lp than W153R during the V1-V3 
growth period, lp values declined with plant age 
as observed by others (Nielsen and Barber, 
1978). 

Discussion 

The genotype selected for greater plasticity in 
the root system, CM37, appeared to respond 
sooner and to a greater degree to P than did 
W153R. Differences in shoot dry weight and 
root surface area between the genotypes and P 
treatments were most apparent after the V3 
stage. However, this appeared to be primarily 
based on differences in development and relative 
growth rates that occurred before this stage of 
development. The effects of P on development 
rates and relative growth rates were observed 
principally between the V1-V3 stages of growth. 
The greater shoot size and root surface area due 
to P treatment in CM37 compared to W153R 
appeared to be related to factors occuring during 
the earliest stages of growth including enhanced 
relative P uptake rates (lp) and greater sensitivi- 
ty to soil P in terms of effects on development 
and relative growth rates. Other factors not 
measured in our study, such as root hair pro- 
duction and length, and root induced changes in 
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Fig. 5. Mean instantaneous P uptake rates (lp) for the CM37 
and W153R genotypes and P treatments for the V1-V6 
growth stages. The error bars represent standard errors 
calculated for each mean (n = 8). LSD0 05 for the G x P x S 
interaction = 0.63 I~mol cm -2 day 1. 



P solubility in the rhizosphere could also be 
important in describing the genotypic differences 
in P response (F6hse et al., 1991). 

W153R has been identified as a genotype that 
is tolerant of low P (Da Silva and Gabelman, 
1992; Nielsen and Barber, 1978). However, in a 
study examining six P concentrations in a sand- 
alumina culture medium, the shoot dry weight of 
W153R was less responsive to the addition of P 
compared to other inbred lines (Da Silva and 
Gabelman, 1992). This is similar to the findings 
of our study where W153R responded to P to a 
lesser extent than CM37 and primarily at the 
very high P rate. The reduced sensitivity to P in 
the soil environment found in W153R is charac- 
teristic of plants that grow in stress environments 
(Grime, 1975). However, under the heterogen- 
ous and highly competitive situations associated 
with most agronomic environments, a lack of 
environmental sensitivity (plasticity) may be a 
disadvantage. 

Our study suggests that the timing of pheno- 
typic change in response to the environment is 
also an important criteria to evaluate in addition 
to the final phenotype. Robinson (1989) pro- 
posed that there are sets of phenotypes optimal 
for a given environment rather than a single 
optimal phenotype. The identification of optimal 
sets of phenotypes requires the evaluation of 
genotypes for multiple traits in the range of 
environments found at a given location (O'Toole 
and Bland, 1987). The time course of phenotypic 
change must also be considered. 

The selection of genotypes with improved 
seedling uptake of P may be more appropriate 
for high yield environments than for low yield 
environments where P efficiency is critical. In- 
creased P uptake during early growth stages 
when growing season and soil conditions are 
ideal (high yield environment) could affect yield 
through improved kernel meristem development 
prior to the V7 stage (Barry and Miller, 1989). 
Fox, (1978), found that short term greenhouse 
studies using seedlings to evaluate P efficiency in 
low P environments did not correlate with field 
evaluations. Improved seedling uptake of P is 
likely to be less critical in low yield environments 
and other traits may be more important in 
defining optimal phenotypes in these environ- 
ments. 
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