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Abstract  

The aim of this study is to analyze the effects of early growth behaviors under conditions of P deficiency on further performances at 

the end of the vegetative phase of different Zea mays L. genotypes. The effects of soil P availability on biomass and P allocation 

during early growth and its effects on further performances were investigated on six maize genotypes which were chosen for their 

growth and development traits in response to P availability. Plants were grown under two contrasting P supplies and collected at 

393°Cd and 780°Cd after emergence.  Shoot and root growth, root:shoot allometric indicators and efficiencies related to P uptake and 

utilization, carbon (C) assimilation and allocation were determined. The results showed that the behavior of the six–leave-stage 

plants was a determining indicator of plant performance at the pre-anthesis phase. Total dry weight of the different maize genotypes 

ranged from 8.3 to 19.2 g/plant under low P supply at 780°Cd. At 393°Cd, extreme genotypes in growth were shown to have 

contrasting root: shoot ratios under high P supply (0.38 and 0.2) but similar ones under low P supply (0.5). We concluded that early 

investment in root or shoot growth in response to P availability determined the P and C partitioning at later stages. Through the 

screening of several maize genotypes, this study provided a quantitative analysis of plant growth and development to better 

understand the impact of early architectural tradeoffs and feedback effects on plant development under P deficiency.  

 

Keywords: Zea mays L., genotypes, phosphorus, P-utilization efficiency, P-uptake efficiency, source: sink. 

Abbrevations: °Cd_Degree Day, C_Carbon, GLA_Green Leaf Area,  HP_High Phosphorus, LP_Low Phosphorus, PARa_absorbed 

Photosynthetically Active Radiation, PCA_Principal Component Analysis,  Pi_inorganic P, P_Phosphorus,  PUE_P Use Efficiency, 

PUpE_P Uptake Efficiency, PUtE_P utilization Efficiency, RDW_Root Dry Weight, RL_Root Length, root_PUtE-specific root 

PUtE, RUE_Radiation Use Efficiency, SDW_Shoot Dry Weight, shoot-PUtE_specific shoot PUtE, TDW_Total Dry Weight, TT-

Thermal Time. 

 

Introduction 

 

Phosphorus (P) is an essential component of membranes, 

energetic compounds and nucleic acids. Its propensity to bind 

to soil particles and to form insoluble complexes leads to 

poor mobility even in arable lands with high absolute soil-P 

contents. Aside from these characteristics, the issue of the 

dwindling of P resources may emerge in the coming decades 

since at the current rate of demand for fertilizers, complete 

exhaustion of the world’s reserves is expected in around 125 

years (Gilbert, 2009).  

P deficiency directly and indirectly impacts root and shoot 

growth. As shown in several species, (maize, Mollier and 

Pellerin, 1999), soybean (Fredeen et al., 1989), wheat, 

(Rodriguez et al., 2000), leaf growth can be reduced as a 

direct consequence of the impairment of major cell processes, 

such as cell divisions which involve the biosynthesis of 

nucleic acids and photosynthetic reactions (Assuero et al., 

2004). P deficiency also affects indirectly organ growth 

through the allocation of assimilates. Indeed, P deficient 

plants also showed an early increase in the root:shoot 

biomass ratio (Stitt and Quick, 1989; Mollier and Pellerin, 

1999; Hermans et al., 2006). The relative reduction in shoot 

growth coincided with higher carbohydrate allocation to the 

roots. Changes in carbohydrates allocation between roots and 

shoots, and modifications in root architecture were shown to 

be linked to the production of cytokinins and abscisic acid 

(Jeschke et al., 1997), the redistribution of auxin (Nacry et 

al., 2005) or sugar signaling (Karthikeyan, et al. 2007).  

Improving the P uptake efficiency (PUpE) and the P 

utilization efficiency (PUtE), the two components of P Use 

efficiency (PUE, as defined by Gourley et al., 1993) seem to 

be relevant approaches to ensure sustainable high crop yields 

(Lynch, 2007a) since they provide a framework to dissect the 

morphological and physiological components that are 

involved in P limitation responses. First, as regards the PUpE 

improvement, several characteristics of the root system are 

targeted (i) root foraging along with modifications of 

architecture e.g. adventitious and lateral rooting, changing 

basal root gravitropism, a shallower root system (Lynch, 

2007a), (ii) root uptake capacity through the development of 

root hairs and mycorrhizal symbioses, and enhanced 

expression of inorganic P (Pi) transporters (Jakobsen et al., 

2005), (iii) reduction in metabolic costs per root surface unit, 

through the development of aerenchyma in the root cortex 

(Lynch 2007b; Postma and Lynch, 2011a, b) and (iv) the 

metabolic functions of the root system e.g. release of specific 

root exudates that increase the availability of P in the 

rhizosphere (Shen et al., 2005), or the down regulation of 

high affinity P transporters when the supply of P is high (Ai  
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Table 1. Characteristics of the analyzed genotypes reported in the literature and main research interests. 

Genotype Genetic type General characteristics and P responses  References  

B73  Inbred line  Root plasticity  

 

Zhu et al. ,2006 

Kaeppler et al., 2000 

Zhu and Lynch, 2004 

Zhu, et al., 2005a,b 

Mo17 Inbred line Root plasticity   

F2 Inbred line Short plant  Bertin and Gallais, 2000, 2001 

Gallais and Hirel, 2004 

Quilleré, personal communication 
Io Inbred line Low density of long lateral roots 

rth3 

root 

hairless 3 

Mutant Impairment of root hair elongation  Wen and Schnable 1994 

Paszkowski and Boller, 2002 

Oh43 Inbred line High aerenchyma development under LP  Fan et al., 2003 

The genotypes {B73, Mo17} and {F2, Io} are parents of two recombinant inbred line (RIL) populations. LP: low phosphorus; HP: 

high phosphorus; RHL: root hair length; LRL: lateral root length; LRN: lateral root number. 

 

et al., 2009). Root trait plasticity and metabolic functions 

achieved by the root system are consequently considered to 

be adaptive components that impact P uptake under low P 

availability (Wissuwa, 2005; Yao et al., 2007). Secondly, as 

regards the PUtE improvement, physiological processes can 

be improved such as the remobilization of internal Pi, or 

modified to avoid P requiring steps such as alternative 

respiratory pathways that usually require readily available Pi 

(Plaxton and Carswell, 1999).  

If several studies focused on the correlations between 

morphological traits and/or physiological processes with the 

components of P use efficiency by browsing genotypic 

diversity (Sattelmacher et al., 1994; Brassica: Akhtar et al., 

2008; Hammond et al., 2009; barley: Brown et al., 2012; 

wheat: Wang et al., 2010) but to our knowledge, only a few 

rely on this approach for maize (Mano et al., 2005; Zhu et al., 

2006; Bayuelo-Jiménez et al., 2011). 

It has been shown that an early P limitation negatively 

impacts on leaf growth (Plenet et al., 2000a) and that P 

limitation between planting and the sixth leaf stage led to a 

reduction in grain yield (Barry and Miller, 1989). Therefore, 

plant traits observed before the sixth leaf growth stage would 

reflect the plant’s responses to P stress occurring before i.e. 

external P supply and to a lesser extent the initial seed 

reserves since they support growth until two to three weeks 

after sowing (see White and Veneklass, 2012 for calculations; 

Nadeem et al., 2011, 2012a, b). In our study, we aimed to 

evaluate the impact of P-stressed plants at an early stage 

(when P deficiency symptoms were noticeable) on further 

performances (at the end of the vegetative phase) in several 

genotypes of Zea mays L. Therefore, the initial date of 

characterization was defined when plants have at least six 

leaves (three to four weeks after sowing) in order to ensure 

they would also have undergone P limitation from external P 

supply. 

The present work aimed to test the hypothesis that early 

growth behaviors under P deficiency were determinant for 

the growth performances at the end of the vegetative phase. 

For this purpose, we characterized six genotypes of Zea mays 

L under two contrasting P supplies: Low Phosphorus (LP) 

and High Phosphorus (HP). These genotypes were initially 

chosen for their contrasting potential growth and their 

contrasting traits involved in P acquisition in response to P 

availability. These traits were quantified through the 

calculations of the following variables: root:shoot ratio 

(RDW:SDW ratio), relative green leaf area (GLA) and 

relative root length (RL) (ratios between limiting and non 

limiting P availabilities). They were obtained at the sixth leaf 

stage (393°Cd after emergence) and then compared to plant  

 

performances at the end of the vegetative growth (780°Cd 

after emergence). The calculated variables are related to C 

assimilation and partitioning and P uptake and utilization. 

The analysis allowed the relative early investment in root and 

shoot growth and its consequences on further performances 

to be discussed in relation with early genotypic traits.   

 

Results 

 

Shoot and root growths and P acquisition in response to P 

supply  

 

Biomass accumulation 

 

P deficiency affected biomass accumulation at the sixth leaf 

stage (393°Cd) and at the end of the vegetative growth phase 

(780°Cd) (P <0.01, Table 2). Under LP, the genotypic 

differences were more pronounced at 393°Cd than at 780°Cd 

since the highest value of TDW was 4 times greater than the 

lowest one at 393°Cd whereas it was only 2 times higher at 

780°Cd (Table 2). These results highlighted that negative 

impacts of P deficiency tended to decrease as a consequence 

of the adaptive responses set up by the genotypes to face P 

limitation. Interestingly, although Oh43 and B73 had similar 

TDW at 393°Cd under LP, they had extreme values at 

780°Cd. This raises the question of the origin of the 

discrepancy between these genotypes.   

 

Expansion of the green leaf area 

 

P deficiency impacted on GLA at both harvest dates (P 

<0.01, Table 2) was lower under LP whatever the genotype 

except for Oh43 (393°Cd) and Io (780°Cd) (Table 2). Like 

TDW under LP, the genotypic differences were greater at 

393°Cd than at 780°Cd since the greatest value of GLA was 

5 times greater than the lowest one at 393°Cd whereas it was 

only 2 times higher at 780°Cd (Table 2). These results 

highlight that GLA was an early indicator of genotypic 

responses to P deficiency. 

At the end of the vegetative phase (780°Cd), a reduction in 

the number of fully expanded leaves under P deficiency was 

observed (Fig 1, from 10 to 13 leaves under LP and 11 to 15 

leaves under HP, according to the genotype). With regards to 

the leaf area at node i (LAi), a significant P effect occurred 

from leaf node i= 5 for most of the genotypes (Fig 1). 

Because the earliness of P deficiency effects can be evaluated 

by observing the lower affected nodes, these results mean 

that the impacts of P deficiency occurred at the same time 

whatever the genotype. However, the intensity of the impacts  
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Fig 1. Measured GLA at 780°Cd according to leaf number for the six genotypes under low P (LP, grey bars) and high P (HP, black 

bars) treatments. The effect of the P treatment was tested at each leaf node. Levels of significance: * P<0.05. Bars denote s.d. 

 

was different according to the genotype. The relative 

reduction of LAi (ratio LP:HP) varied markedly with the 

genotype. For instance, at leaf node 9 which is the most 

affected whatever the genotype, the highest relative decrease 

was observed for Oh43 with a ratio of 2.2 and the lowest 

relative decrease was observed for B73  with a ratio of 1.3 

(Fig 1). 

 

Root growth and morphology plasticity  

 

P limitation reduced RL at 393°Cd and 780°Cd (P <0.01, 

Table 2). Like TDW and GLA under LP, the greatest 

differences between genotypes were observed at 393°Cd 

since the greatest value of RL was 3.2 times greater than the 

lowest one at 393°Cd whereas it was only 2.5 times higher at 

780°Cd (Table 2). Like GLA, RL was an early indicator of 

genotypic responses to P deficiency. It was also a plastic trait 

since for genotypes with low RL values under LP at 393°Cd 

(B73, Io) had the highest values at 780°Cd (Table 2). 

Interestingly, the hairless root mutant rth3 had the greatest 

RL under HP at both harvest dates and maintained a high root 

growth under P limitation (Table 2).  

Changes in root morphology were also evaluated by 

determining the percentage of total root length per root 

diameter (d) class, (RLd). Fine roots (RLd, d≤0.04 cm) were 

initially favored under LP since the proportions were similar 

or higher at 393°Cd (Table 2). The greatest differences 

between LP and HP were 8.2% (B73) and 6.3% (F2). The G 

x P interaction effect was significant only at 393°Cd. But 

differences between P-treatments tended to decrease at 

780°Cd since there was no significant P-effect. 

Observations of the root sections were performed at 393°Cd. 

They did not reveal any significant genotype, P-treatment nor 

interaction effects on aerenchyma area (data not shown). 

Mean proportions of aerenchyma area (in percentage of total 

cross section) were slightly higher under LP with 10.40% 

(se±0.73) by comparison with 9.54% (se±1.33) under HP. 

Consistent with these data, no significant difference in   

 

specific root length, calculated as the RDW per length unit 

was observed between P treatments for each genotype (values 

ranging from 0.008-0.01 mg RDW m-1 RL, data not shown), 

at the same sampling date. Interestingly, higher values under 

HP were observed for the two genotypes known for their root 

plasticity (B73 and Mo17).  But, no genotype showed 

significant differences between LP and HP although the 

aerenchyma responsive genotype, Oh43, exhibited the 

highest differences between P-treatments (14% under LP and 

6% under HP).  

 

Cumulative P uptake 

 

Values of the amount of P in the whole plant (QP) ranged 

from 0.84-4.67 mg P/plant (LP) and 7.27-19.30 mg P/plant 

(HP) at 393°Cd, and from 6.57-14.28 mg P/plant (LP) and 

33.26-62.84 mg P/plant (HP) at 780°Cd. As expected, they 

were considerably reduced under LP in all the genotypes with 

up to a 11 times reduction at 393°Cd (Io) and 8 times 

reduction at 780°Cd (Oh43) (Table 2).  

 

Responsiveness to P supply triggered contrasting investment 

in root or shoot growth 

 

Responsiveness to P deficiency was analyzed through the 

RDW:SDW ratio at 393°Cd and 780°Cd under HP and LP 

(Table 2). P treatment affects RDW:SDW ratio since values 

under LP were higher than under at 393°Cd and 780°Cd. 

However, this trend was reduced at 780°Cd (P< 0.001).  

Figure 2 presents the ratios between LP and HP for RL and 

GLA for each genotype at 393°Cd and 780°Cd. At 393 °Cd, 

the relative shoot growth (rGLA, ratio between LP and HP 

for GLA) ranged from 40 to 60% with F2 and Io being the 

most affected genotypes (Fig 2A; Table 2). The relative root 

growth (rRL, ratio between LP and HP for RL) varied 

between 30 to 80% in all the genotypes, except for Oh43, 

whose rRL under reached 110%, meaning P deficiency 

strongly stimulated early root growth (Fig 2B; Table 2). At  

L
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Table 2. Selected variables for the six genotypes under LP and HP, at 393° Cd and 780 °Cd after emergence.  

  TDW  

g/plant 

GLA 

m²/plant 

RL 

m/plant 

%Rd<0.04cm 

 

QP 

mg P/plant 

%QP root RDW:SDW 

  LP HP LP HP LP HP LP HP LP HP LP HP LP HP 

393°Cd B73 1.48 b 4.82AB* 0.021ab 0.049AB* 46.3 b 111.9AB* 79.0a 71.8 B* 1.71a 11.57AB* 3.34a 4.03A 0.51a 0.38A * 

 Mo17 2.29ab 4.78AB* 0.026ab 0.052AB* 62.4ab  98.3AB 78.9a 78.0A 1.88a 10.91AB* 5.79a 2.00AB* 0.47ab 0.27AB* 

 F2 1.61 b 4.05AB* 0.017 b 0.045AB* 45.8 b 66.6B 81.2a 74.9AB* 2.95a 12.72AB* 2.50a 1.76AB 0.27 b 0.17  B* 

 Io 0.85 b 4.49AB* 0.007 b   0.045AB* 32.5 b 90.3AB 78.0a 72.2AB 0.84a 9.63AB* 6.32a 3.95AB 0.49ab  0.29AB* 

 rth3 3.69a   6.55A * 0.040a 0.062A * 103.1a 166.5A* 76.6a 78.4A 4.67a 19.30A* 5.32a 2.51AB 0.45ab 0.32A* 

 Oh43 1.48 b 2.06  B 0.018 b 0.024 B 59.1ab 54.6B 81.7a 77.6AB 2.58a 7.27 B 5.08a 1.22 B* 0.52a 0.20 B* 

 G  * * * * * ns * 

 P  * * * * * * * 

 G  P  ns ns ns * * ns * 

780°Cd B73 19.19a 26.56A* 0.123a 0.164A* 343.72a 501.79A * 82.9ab 82.9A 13.58ab 56.36A* 10.05a 3.91A* 0.39ab 0.36A 

 Mo17 16.64ab 25.02A* 0.110a 0.165A* 245.64ab 401.41AB* 78.9abc 79.9A 12.79ab 62.84A* 6.23ab 2.78A* 0.34 b 0.27AB* 

 F2 13.68ab 23.13A 0.080ab 0.137A* 131.17 b 221.81 B 76.0c 78.8A 14.28a 33.26A 2.46 b 2.96A 0.14  c 0.15 B 

 Io 13.83ab 25.76A* 0.104ab 0.154A 188.64ab 404.06AB 77.6bc 78.4A 9.96ab 57.26A* 4.32ab 4.22A 0.27bc 0.22AB 

 rth3 16.50ab 28.99A 0.081ab 0.151A* 335.04ab 547.94A 83.4a 82.9A 12.04ab 62.04A* 12.16a 6.01A 0.57a 0.35A 

 Oh43 8.30 b 24.98A* 0.058 b 0.171A* 159.05ab 415.35AB* 84.1a 82.6A 6.57b 53.10A* 4.55ab 3.41A 0.36 b 0.26AB* 

 G  ns ns * * ns * * 

 P * * * ns * * * 

 G  P  ns ns ns ns * * ns 

TDW: Total Dry Weight; GLA: Green Leaf Area; RL: Root Length; QP : Amount of P; RDW: Root Dry Weight; SDW: Shoot Dry Weight.  Levels of significance were given for genotype (G), 

P treatment (P) and G x P effects (ns for non significant and * P<0.05). Different letters (lower and upper case letters for low and high P treatments, respectively) denote significant differences 

between genotypes within columns at P<0.05 (Bonferroni’s test). * after the HP values denotes significant differences between LP and HP within lines at P<0.05 (one factor ANOVA). 
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Table 3. Mean values of PUpE, PUtE, root-PUtE, shoot-PUtE and RUE under LP and HP supply for the six genotypes at 780°Cd 

after emergence.  

Levels of significance were given for genotype (G), P treatment (P) and G x P effects (NS for non-significant and * P<0.05). 

Different letters (lower and upper case letters for low and high P treatments, respectively) denote significant differences between 

genotypes within columns at P<0.05 (Bonferroni’s test). * after the HP values denotes significant differences between LP and HP 

within lines at P<0.05 (one factor ANOVA). 

 

780 °Cd, The rGLA was maintained or slightly increased for 

most of the genotypes except for Oh43 which had the lowest 

rGLA (ca. 30%) by contrast with B73 and Mo17 (Fig 2A). 

The rRL was maintained or decreased especially for Oh43 

which had the lowest value in rRL (less than 40%) compared 

to rRL of the other genotypes (45 to 75%) (Fig 2B). The early 

investment in root growth for Oh43 was not sufficient to 

sustain whole plant growth since GLA and TDW were low 

compared to B73 and Mo17 under LP at 780°Cd (Fig 2; 

Table 2).  

 

P uptake efficiency (PUpE) and respective P allocation to 

roots and shoots 

 

P deficiency significantly affected PUpE with values ranging 

from 0.11-0.16 mg P m RL-1 under HP compared with 0.04-

0.10 mg P m RL-1 under LP (Table 3), as a direct 

consequence of a low availability to the plants. Under HP, no 

significant genotype effect was observed (P≥0.05). By 

contrast, under LP, genotypic differences were highly 

significant (P<0.05) with F2 and {B73, Oh43, rth3} having 

the highest and lowest PUpE respectively. When comparing 

LP and HP values for each genotype, P effects were observed 

for all the genotypes (P<0.05) except for F2 and Io. Although 

Oh43 and {Mo17, B73} had contrasting early growth 

patterns (Fig 2; Tables 2 and 3), their PUpE did not differ 

under LP suggesting that PUpE was not impacted by their 

early growth patterns. Table 2 shows the proportion of P 

allocated to roots (%root QP) under LP and HP at 393°Cd and 

780°Cd. Genotypes with contrasting PUpE also differed with 

respect to %root QP under LP at 780°C (F2 and {B73, rth3 

and to a lesser extent Oh43} having the lowest and highest 

values, Table 2). Therefore P uptake was directly correlated 

to the amount of P available for roots. 

 

P utilization efficiency (PUtE) and organ specific, root- and 

shoot- P utilization efficiencies  

 

P utilization efficiency (PUtE) was calculated to investigate 

whether genotypic differences at the end of the vegetative 

phase (780°Cd) could be explained by the ability to produce 

biomass according to the amount of P taken up. P limitation 

significantly enhanced PUtE with values ranging from 0.98-

1.51 g TDW mg P-1 by contrast with 0.40-0.90 g TDW mg P-

1 under HP (Table 3). Significant differences between LP and 

HP were observed in all the genotypes except in F2 and Io 

known for their low potential growth (Table 1). Suboptimal  

 

 
Fig 2. Variations in relative green leaf area (A) and root 

length (B) for the 6 genotypes analyzed at the first and last 

observation dates (393 and 780 °Cd after emergence).  

Relative growth is the ratio between low P (LP) and high P 

(HP) mean values. 

 

PUtE (under LP) was similar amongst genotypes while PUtE 

differed under HP with F2 and Mo17 having the highest and 

lowest values respectively. In addition to PUtE, root-PUtE 

and shoot-PUtE were calculated to determine whether the 

differences in PUtE were explained by a greater ability of the 

roots or the shoot to produce root or shoot biomass with the P 

allocated. Similar to PUtE, root-PUtE increased under LP 

(P<0.05 Table 3) with values up to twice higher than under 

HP. The most root-efficient genotype under LP was Oh43. Its 

high efficiency to produce root biomass with low P 

requirements was consistent with its RDW:SDW ratio and 

rRL observed at 393 °Cd (Fig 1; Tables 2 and 3), meaning its 

ability to use P allocated to the roots for root biomass 

production was correlated with early investment in root 

growth under LP. Similar to PUtE and root-PUtE, shoot-

PUtE increased under LP (P<0.05, Table 3). All the 

genotypes responded to P deficiency except F2, whose shoot-

PUtE did not differ between HP and LP. The most shoot-

 PUpE  

mg P m RL-1 

PUtE  

g TDW mg P-1 

root-PUtE  

g RDW mg root P-1 

shoot-PUtE  

g SDW mg shoot P-1 

RUE  

gTDW MJQPAR-1 

 LP HP LP HP LP HP LP HP LP HP 

B73 0.04b 0.12A * 1.46a 0.47 B * 4.26a 3.30A 1.72a 0.37B * 0.95ab 0.69A* 

Mo17 0.05b 0.16A * 1.35a 0.40 B * 6.03a 3.15A* 1.07a 0.32B * 0.73b 0.61A
  

F2 0.10 a 0.16A
  0.98a  0.90 A

  4.95a 3.59A
  0.89a 0.82A

  0.99ab 0.71A
  

Io 0.06 b 0.14A  1.46a 0.43 AB 6.29a 2.44A
NS 1.22a 0.36B * 0.94ab 0.60A 

rth3 0.04b   0.11A * 1.51a 0.49 B * 4.61a 2.43A 1.21a 0.38B* 0.77ab 0.80A 

Oh43 0.04b 0.13A * 1.29a 0.47 B * 6.48a 2.89A
  0.99a 0.38B * 1.31a 0.87A

  

G  * ns ns ns * 

P  * * * * ns 

G x P  ns * ns * ns 
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efficient genotype under LP was B73. Its high efficiency to 

produce shoot biomass with low P requirements was 

consistent with its potential to sustain shoot growth under LP 

(Fig 1, Tables 2 and 3). These results showed that the early 

investment in root or shoot growth is associated to the 

increase in root- or shoot-PUtE under LP, respectively. More 

specifically, the early investment in root growth (Oh43) is 

related to a higher increase in root-PUtE under LP while an 

early investment in shoot growth (B73) was associated to 

genotypes which exhibited a higher increase in shoot-PUtE 

under LP.  
 

Lower biomass production in response to low P availability 

was more closely linked to a lower rate of absorbed PAR 

than with a decrease in RUE 
 

The production of biomass was driven by the absorbed PAR 

(PARa) and RUE. Since PARa is a function of photosynthetic 

leaf area, variation between treatments in each genotype was 

accounted for by differences in GLA i.e. number of green 

leaves and individual leaf area. Figure 3 shows differences in 

QPARa under both P treatments. As expected, QPARa was 

strongly affected under LP, ranging from a 2 times decrease 

{Mo17, B73, rth3} to a 6 times decrease {Oh43} in the 

QPARa at 780 °Cd. The RUE values ranged from 0.60 to 

0.87 g TDW MJ-1 under HP and from 0.73 to 1.31 g TDW 

MJ-1 under LP. P deficiency did not affect RUE except in 

B73 (P<0.05, Table 3) whose RUE was the highest under 

LP. Higher (but not significant) values of RUE under LP 

were the consequence of a narrower range of QPARa (data 

not shown) which was especially pronounced in Oh43, as a 

consequence of its highly reduced photosynthetically active 

leaf area under LP (Fig 1; Table 2). Biomass production thus 

differed among the genotypes in response to P availability, as 

a consequence of the reduced green leaf area available to 

absorb radiation rather than the efficiency to use radiation for 

photosynthesis. 

 

Relationships between early growth traits and efficiency 

under P deficiency 
 

A principal components analysis (PCA) was performed on 

early growth traits (relative values defined as the LP:HP 

ratios) measured at 393 °Cd, and efficiencies under LP. The 

variables analyzed were (i) for early growth traits, r%RootQP, 
i.e. the LP:HP ratio of the proportion of P allocation to the 

roots; r%RDW i.e. the LP:HP ratio of the proportion of root 

biomass; and rRoot/Shoot i.e. the LP:HP ratio of the root to 

shoot ratio, and (ii) for efficiencies, RUE, PUpE, PUtE, 

shoot-PUtE and root-PUtE. We included the relative number 

of dried leaves (r%Dried Leaves i.e. the LP:HP ratio of the 

proportion of dried leaves) to account for any putative effect 

of C and P remobilization processes. The PCA (Fig. 4) 

enabled identification of the relationships among the 

variables and of groups of genotypes related to these 

variables. Using correlations between two variables, we did 

not observe any strong relationships (data not shown) 

whereas PCA could reveal correlations among several 

variables. The first (PC1) and second (PC2) components 

explained 42.8% and 37.2% of the variance, respectively. As 

shown in Figure 4a, three clusters of genotypes {Oh43}, {F2, 

Io, Mo17, B73} and {rth3} were identified. The variables 

that contributed to PC1 mainly accounted for the differences 

between {Oh43} and {F2, Io, Mo17, B73}-{rth3}. Figure 4b 

shows the variables that contributed 78% to PC1, namely 

r%RDW, rRoot/Shoot, r%RootQP and root-PUtE under LP 

underlining the relationships between relative C and P 

allocation and root-PUtE. Similarly, the variables that  
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Fig 3. Cumulated daily absorbed PAR (QPARa MJ plant-1) as 

a function of thermal time under (A) HP and (B) LP for the 

genotypes analyzed. 

 

contributed to PC2 mainly distinguished {F2, Io, Mo17, 

B73}-{Oh43} from {rth3} (Fig. 4a). PUpE, PUtE and shoot-

PUtE under LP contributed 71% to PC2, meaning that at low 

P, these efficiencies were linked and accounted for the 

contrasted behavior of rth3. The r%Dried Leaves at 393 °Cd 

contributed to 70% of PC3 (which explained 13.5% of the 

variance, data not shown) and strongly distinguished Io and 

to a lesser extent B73, from F2 and Oh43 (data not shown). 

 

Discussion 

 

In this study, we observed contrasting plant performances at 

the end of the vegetative phase in response to P availability. 

A wide genotypic variability in TDW was highlighted in 

response to P limitation. Interestingly, under P limiting 

(A) 

(B) 
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conditions, the genotypes which displayed extreme 

performances at the end of the vegetative phase (Oh43 and 

B73) had similar biomass at the sixth leaf stage. By contrast, 

under non limiting P conditions, their biomass was similar at 

the end of the vegetative phase although significant 

differences were observed at the sixth leaf stage. These 

observations showed that (i) the relative traits (GLA and RL 

ratios between HP and LP) are important to interpret plant’s 

responses to P limitation and that (ii) early growth patterns 

were determining for plant performances at the end of the 

vegetative phase.  

Initially, our working hypotheses were based on the 

importance of morphological and anatomical genotypic traits 

in response to P limitation to explain plant performances at 

the end of the vegetative phase. However, our results could 

not reveal any strong relations between the known 

morphological and anatomical traits of the genotypes and 

their predisposition to face P limitations. Indeed, the 

impairment of root hairs in the hairless root mutant, rth3, was 

expected to have a negative impact on P acquisition, 

especially in an environment with limiting P availability 

(Bates and Lynch, 2001). Brown et al. (2012) showed in 

Barley that P limiting conditions favored the length and 

density of root hairs but that length was critical only for shoot 

P and biomass accumulation, not for yield. However, under 

our experimental conditions, we observed similar growth 

rates for the root hairless mutant rth3 under the P-treatments, 

at 393°Cd and 780°Cd. Similar observations in rth3 were 

previously made in field conditions and were explained by 

the high plasticity of the root system to compensate 

morphological impairment (Wen and Schnable, 1994, 

Paszkowski and Boller, 2002). Consistent with this, we 

observed an enhanced development of lateral roots in rth3 

under P limiting conditions which might be a compensatory 

mechanism to increase soil exploration.  

In regards to the putative enhancement of aerenchyma 

formation under LP for Oh43, we cannot directly correlate 

the contrasting behavior of Oh43 to this trait since we could 

not significantly highlight this characteristic in our sampling 

conditions. Previous studies concluded to the impact of P 

limitation on aerenchyma development (Fan et al., 2003;  

Postma and Lynch, 2011a) but the conditions (P fertilization 

regimes) and date of characterization were different which let 

us assume that the discrepancies with our measurements were 

mainly due to less drastic conditions for aerenchyma 

development. In our study, we showed that Oh43 favored 

early root growth along with a high proportion of thinner 

lateral roots. This was consistent with the reduction in 

metabolic costs under nutrient stress conditions, since fine 

lateral roots require lower metabolic costs than thicker ones 

(Lynch, 2007a, 2011). As consequence of this increase in soil 

exploration by lateral roots, other nutrients and water uptake 

was also optimized. The coordination of these fluxes could 

act as signals for cellular mechanisms (cell expansion and/or 

division), leading to regulation of root architecture through 

interactions with growth regulators (López-Bucio et al., 2002; 

Hammond et al., 2004).  

Our results showed that early biomass investment towards 

root or shoot growth was determining for further plant 

performances. The calculation of RDW:SDW ratios and 

relative values of GLA and RL (LP:HP) allowed these 

contrasting performances to be explained through 

quantitative calculated variables instead of basic traits 

measurements as initially targeted. 

In line with Bayuelo-Jiménez et al. (2011), the maintenance  
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Fig 4. Principal component analysis (PCA) of the first two 

principal components PC1 and PC2 which accounted for 

42.8% and 37.2% of the variance, respectively. (A) Plot 

genotypes and (B) Plot variable graphs. Clusters of genotypes 

are denoted by circles. Variables subjected to PCA were 

efficiencies calculated under LP and various relative growth 

traits measured at 393 °Cd after emergence (first date of 

destructive measurements). PUpE_LP: PUpE at LP; 

PUtE_LP: PUtE at LP; Shoot PUtE_LP: Shoot PUtE at LP; 

Root PUtE_LP: Root PUtE at LP; RUE_LP: RUE at LP; 

r%RDW: LP:HP ratio of %RDW, rRoot/Shoot: LP:HP ratio 

of Root/Shoot; r%RootQp: LP:HP ratio  of %RootQP, 

r%Dried Leaves: LP:HP ratio of dried leaves (as a percentage 

of the total number of leaves). 

 

allocation to roots under low P availability characterized P 

efficient genotypes. In our study, we showed that the early 

investment in root growth under LP was not efficient if it is 

detrimental for shoot expansion as observed for Oh43. These 

results were consistent with the behaviors of inefficient 

accessions as defined in Bayuelo-Jiménez et al. (2011) for 

which the biomass allocation to the roots was dependant on P 

availability. 

(A) 

(B) 
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Our analysis showed that C assimilation and allocation to the 

root mainly explained the contrasting growth pattern of Oh43 

which early invested in root growth under P limiting 

conditions. Concerning C assimilation, the genotypic 

differences could be explained by lower C availability for 

growth because of root C losses by exudates and respiratory 

costs (Lynch, 2011; Postma and Lynch, 2011a, b). Several 

studies showed that a reduction in shoot growth concomitant 

with stimulation of root growth were associated with a 

decrease in cytokinins under P starvation (Martin et al., 2000) 

meaning hormonal regulations are involved in the biomass 

ratio between root and shoot. Other studies highlighted the 

importance of phloem loading and translocation of sugars for 

root growth in response to P supply (Hammond and White 

2008; Slewinski and Braun, 2010). Therefore, contrasting 

hormonal status and sugar transport systems might explain 

genotypic differences in C allocation. Among the processes 

that may account for the development of a specific adaptive 

strategy to face P deficiency, C and P remobilization through 

leaf senescence could also account for by the contrasting 

performances. But, contradictory results in maize were 

reported since some authors suggested a decrease in 

senescence rates of lower leaves under P deficiency (Colomb 

et al., 2000) while others reported little effect of P nutrition 

on the leaf senescence process (Plénet et al., 2000b). In our 

study, we observed more senescing leaves in genotypes that 

are shoot- P efficient suggesting that bottom leaves would be 

a source of P and C for top leaves leading to enhanced shoot 

expansion. 

Finally, our analyses showed that adaptive strategies to face 

P deficiency were subjected to genotypic variability mainly 

because of the difference in root:shoot allometry at the six 

leaves stage. Under LP, genotypes that early invested in root 

biomass had a higher root-PUtE (e.g. Oh43 and Io) whereas 

genotypes that early invested in shoot biomass had a higher 

shoot-PUtE (B73). In addition, P acquisition was enhanced in 

the genotypes that early invested in root growth at the 

detriment of leaf expansion (Oh43).  

Because the approach undertaken in this study was based on 

the screening of six genotypes, the extent of the variability 

observed on traits and efficiencies was limited. We can 

assume that screening a wider range of genotypes could have 

highlighted a wider variability on variables such as RUE, as 

shown in previous studies (Reynolds et al., 2000). It can also 

be assumed that other processes including organic acid 

secretion, mycorrhizae establishment, could also explain 

genotypic differences in efficiency variables.  

 

Material and Methods 

 

Plant material 

 

Six genotypes of maize: B73, Mo17, F2, Io, rth3 and Oh43 

were initially chosen for their contrasting traits under P 

deficiency: (i) lateral rooting plasticity, (ii) root hair length 

impairment and (iii) aerenchyma formation (Table 1). 

 

Experimental design and acquisition of environmental data  

 

The six genotypes were grown in a greenhouse with natural 

day/night light from June 4 until July 27 2009, at INRA, 

Villenave d’Ornon, France (44° 47' N, 0° 35' W). Seeds were 

germinated on moistened filter paper at 20 °C before planting 

to ensure uniformity and permit selection of seedlings of rth3 

with no root hairs. One germinated seed per genotype and P-

treatment was then transplanted into an individual 14 L 

container (38 cm high, 21.6 cm diameter). Each container 

was filled with 17.5 kg of field moist sandy soil classified as 

podzol (bulk density of 1.35 g cm-3 ±0.7) previously taken 

from the two field plots at Cestas-Pierroton experimental 

station (44° 44' N, 0° 46’ W). Plots had contrasting long term 

P fertilization regimes, i.e. low P treatment with 9.9 kg P ha-1 

year-1 (LP) and high P treatment with 79.6 kg P ha-1 year-1 

(HP). The two P application rates represented 0.5 (LP) and 4 

(HP) times the amount of the annual P exported by grains, 

respectively. Before collecting soil, NH4NO3 (150 kg ha-1) 

and KCl (220 kg/ha) were added to prevent any other nutrient 

deficiency. Soil was sieved (<2 cm) to remove plant residues, 

stones and insects. The phosphate concentration in the soil 

suspension solution (CP, mg P L−1) was determined in HP 

and LP field plots using the method of Fardeau et al. (1991). 

The phosphorus soil concentration in HP and LP field plots 

were 2.36 mg P/l (± 0.43) and 0.04 mg P/l (± 0.01) 

respectively. At sowing, and 4 and 7 weeks after sowing, the 

soil filled containers were supplied with 1.2 g/pot of NH4NO3 

corresponding to an application rate in the field of 150 kg/ha. 

Based on a control pot which was weighted daily, automatic 

watering was triggered when soil moisture content fell below 

80% (+/- 0.5%) of the field moisture capacity (volumetric 

water content 0.36 cm3 cm-3) in order to prevent water stress. 

Five repetitions of one plant (in an individual container) per 

genotype, P-treatment and dates of harvest were randomly 

partitioned into the greenhouse. 

Hourly air temperatures were recorded and stored in a data 

logger (CR10X, Campbell Scientific Ltd., Leicestershire, 

UK). Time is expressed in thermal time after emergence (TT, 

°Cd) on a daily basis using a base temperature of 10 °C (see 

Plénet et al., 2000a, for details). Incoming photosynthetically 

active radiation (PARi, in µmol.m-2.s-1) was measured at 30 

min intervals with sensors set up at the top of the plants (JYP 

1000 sensor, SDEC France).  

 

Plant measurements and calculations 

 

Measurements were made on five plants per genotype and P 

treatment until the end of the vegetative phase. Non-

destructive leaf measurements were performed weekly until 

the end of the vegetative phase. Destructive leaf and root 

measurements were performed at two sampling dates (4 and 8 

weeks after sowing corresponding to 393°Cd and 780°Cd). 

Measurements of the shoot consisted in scoring total, fully 

expanded, and dried leaves, and in recording the length and 

width of each individual leaf. Leaf area (LA) was calculated 

as proposed by Bonhomme et al. (1982). Leaf dimensions 

were measured to analyse the impact of P deficiency on the 

phyllochron and to calculate the absorbed PAR. Root length 

(RL), root volume and relative root length per diameter class 

calculated as the length of root in the diameter class divided 

by total RL were measured using WinRHIZO Pro V.2005a 

(Regent Instruments, Quebec, Canada). Two classes were 

defined: fine roots (RLd, d≤0.04 cm) and coarse roots (RLd, 

d>0.04 cm). At the time of the first destructive measurement, 

aerenchyma on the apical part of segments of lateral roots 

from the primary root of the 2nd phytomer was characterized. 

Cross sections (ca. 50 µm thick) of fresh tissue stained with 

toluidine blue were observed with a Nikon Microscope linked 

to with a Spot RTKE digital camera. The aerenchyma cross 

sectional area was determined with Image Pro Plus software 

(Media Cybernetics, Silver Spring, MD, USA).  

Considering that self shading and mutual shading between 

plants were negligible, the daily amount of PAR absorbed by 

the plant (PARa, MJ/plant) was calculated as follows:  

PARiGLAPARa   
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where PARi is the daily incident PAR in MJ m-2 and GLA is 

the green leaf area per plant (m2 plant-1). The cumulated 

PARa (QPARa in MJ plant-1) is the sum of daily PARa since 

the emergence. Measured GLA were fitted to an expolinear 

function to estimate the daily GLA for each genotype and P 

treatment, as follows: 

  TbTr

m

m me
r

c
GLA


 1ln  

where cm is the maximum GLA in the linear phase 

(m2.m.−2.d−1), and rm is the maximum relative GLA in the 

exponential phase (m2.m.−2. d−1), T is the time after 

emergence in days, and Tb is the x-intercept i.e. the moment 

at which the linear phase actually begins (Goudriaan and 

Monteith, 1990). For each genotype and P treatment, plant 

individual values of measured GLA were pooled (5 plants 

dedicated to non destructive measurements plus 5 plants 

dedicated to destructive measurements) allowing one curve 

per genotype and treatment to be fitted for PARa calculation. 

 

Determination of root and shoot dry weight and P content 

 

Roots and shoots were weighed after drying at 60 °C for 72 

hours (RDW and SDW respectively) and ground to collect a 

subsample (ca. 0.1-0.8 g of ground tissue depending on P 

treatment, date of harvest and organ) which was  ashed at 550 

°C for 5 hours for analysis of P content. P content was 

measured colorimetrically after P mineralization with HNO3 

(Van Veldhoven and Mannaerts, 1987). 

 

Analysis of the genotypic response to P deficiency based on 

efficiencies calculations 

 

Efficiencies were calculated as proposed in Gourley et al. 

(1993) to obtain a quantitative estimation of the genotypic 

responses. We determined (i) P uptake efficiency (PUpE, mg 

P m RL-1), (ii) P utilization efficiency (PUtE, g TDW mg P-1) 

and (iii) C assimilation efficiency via radiation use efficiency 

(RUE, g TDW MJ-1). They were calculated as the slopes of 

the linear relationships obtained by taking into account data 

of the last harvest date (QP vs. RL for PUpE, TDW vs. QPtot 

for PUtE and TDW vs. QPARa for RUE). We also calculated 

organ-specific utilization efficiencies for root and shoot i.e. 

root-PUtE (g RDW mg roots P-1) and shoot-PUtE (g SDW 

mg shoot P-1) respectively. 

 

Statistical analyses 

 

Two-ways ANOVAs were performed for genotype (G), 

treatment (P) and G x P interactions effects analyses on the 

measured variables (STATGRAPHICS Plus 3.1 Software). 

Genotypic comparisons within a P treatment were performed 

with the Bonferroni’s multiple comparison procedure. For a 

given genotype, P treatment effect was tested using a one 

way ANOVA. Two-way ANOVAs were also performed for 

efficiencies i.e. PUpE, PUtE, root- and shoot-PUtE, RUE 

(STATGRAPHICS Plus 3.1 Software). To perform statistical 

analyses of variables related to ratios and proportions, the 

decimal logarithm was applied for dual sided data 

transformed linear relations following general application 

methods in allometry (Niklas, 1994; Hunt, 1982) i.e. %RLd 

(proportion of RL per root diameter), %Root QP (amount of P 

allocated to the roots in percentage of QP) and the RDW: 

SDW ratio. Heterogeneity among efficiencies was tested at 

95% confidence intervals using the SMATR program 

(http://www.bio.mq.edu.au/ecology/SMATR), version 2.0 

(Faslter et al., 2006; Warton et al., 2006). When significant 

heterogeneity was observed, a Bonferroni’s multiple 

comparisons test was performed to identify groups of 

genotypes within a specific P treatment.  

Principal component analysis (PCA) was performed with R 

language environment for statistical computing and graphics, 

version 2.9.1 (R Development Core Team 2009). This 

allowed the relationships between the measured early traits 

(at 393°Cd) and the efficiency variables to be correlated.  

 

Conclusion 

 

These findings are of interest for further modeling analyses 

with the model of soil-plant P transfer (Mollier et al., 2008) 

which initially allowed putative adaptive traits to be focused 

on. In the perspective of designing tolerant varieties to P 

deficiency, the impact of early growth patterns could be 

simulated to determine the most adapted ones under different 

environmental scenarii. 
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