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Abstract: Previous studies have shown that excess phosphorus (P) uptake by maize can lead to
a decreased grain yield. Part one of this study demonstrated that maize experienced luxury con-
sumption of P in three phases of P uptake. The objective of this work was to further explore how P
uptake indirectly impacts the uptake of other nutrients and their translocation within the plant to
explain the yield penalty associated with luxury P consumption. Three maize hybrids were grown
under optimal conditions using sand-culture hydroponics for precise control of the root environment.
Plants were grown to maturity with six different P concentrations followed by biomass and nutrient
partitioning analysis of various maize parts. All non-P nutrients achieved maximum grain content
at P uptake levels that coincided with the maximum grain yield, while the partitioning of K, Mg,
Mn, B, N, S, and Fe into other non-grain tissue continued with further P uptake. With luxury P
consumption beyond the point corresponding with maximum grain yield, the N, S, Fe, Cu, and Zn
grain content significantly decreased along with the grain yield. With luxury P consumption, Cu, Zn,
and Fe accumulated in the roots. Grain production with luxury P uptake may have been limited by
P-inhibited translocation of Cu, Zn, and Fe from roots to grain. This decrease in translocation did not
prevent further non-grain tissue growth since those nutrients were not as limiting as they were for
grain. Data suggest that these micronutrients limited protein production, which was evident from
the decrease in grain N and S content and concentration that coincided with the decrease in grain
yield concomitant with luxury P uptake.

Keywords: soil fertility; luxury consumption; phosphorus uptake; micronutrients; copper; zinc

1. Introduction

Precise soil phosphorus (P) recommendations are important for maximizing economic
and agronomic efficiency, while simultaneously minimizing non-point P pollution. The
first step in the development of a process-based and mass-balance P recommendation tool
was to determine the minimum mass of P uptake required to achieve the maximum grain
yield. To accomplish this, Penn et al. [1] used a sand-culture hydroponics method for
determining the minimum P uptake mass required to achieve the maximum maize grain
yield. This system prevented confounding factors between soil and plants and allowed
for the precise control of the plant root environment as well as nutrient bioavailability.
Averaged over three hybrids, the authors found that the critical P uptake mass value was
580 mg P plant−1, which was similar to what could be ascertained from a meta-analysis of
field-grown maize [2]. Beyond that critical level, maize continued P uptake corresponding
to increased biomass production of non-grain tissues until reaching 730 mg P plant−1.
Interestingly, it was found that this luxury consumption of P beyond 580 mg P plant−1

resulted in a significant decrease in grain yield, despite the non-grain tissue biomass
continuing to increase. This suggests that there may be some antagonism between P and
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other nutrients, which may explain the decrease in grain yield. For example, previous
studies have shown such interactions between P and Fe, Cu, and Zn [3–7]. Therefore, the
objective of this research was (i) to explore the cause of the maize grain yield decrease
with luxury consumption of P, and (ii) to assess how P uptake affected the uptake of other
nutrients. We hypothesized that P uptake indirectly impacted the uptake of other nutrients
and their translocation within the plant; more specifically, that luxury consumption of P
could decrease the maize grain yield by limiting translocation of other essential nutrients.

2. Materials and Methods

Three maize hybrids (P1197CYXR, D57VP51, and DKC64-69) were grown to maturity
(R6) in a semi-automated growth room utilizing sand-culture hydroponics. Details of
the room and conditions are found in Wiethorn et al. [8] and Penn et al. [1]. Specifically,
Wiethorn et al. provided photographs illustrating various components in the growth room.
Briefly, all light, temperature, and moisture conditions were controlled. All nutrients were
added via drip irrigation to individual plants grown in 28 L pots containing silica sand
media, previously demonstrated by Wiethorn et al. [8] not to sorb or desorb any nutrients.
Target concentrations for N, K, S, Mg, Ca, Fe, Zn, B, Mn, Cu, and Mo were 180, 120, 74, 35, 80,
2, 0.05, 0.25, 0.25, 0.02, and 0.01 mg L−1, respectively. Nutrient solutions were made using
lab-grade chemicals and de-ionized water (DI). To deliver the nutrient P concentration
treatments of 4, 8, 12, 15, 20, and 22 mg P L−1, concentrated P (from K2HPO4) solution
in DI water was injected into the fertigation system using 6 nutrient injectors (Dosatron
model D25F1, 1:100 fixed ratio injector). There were four replications of each treatment
and the final solution pH was 7.1. Prior to V6, pots were fertigated 4 times per day at
approximately 120 mLs per event and doubled to 240 mLs per event beyond V6.

Plants were harvested 120 days after planting and separated into stem (including
tassel and cob), leaf (including husk), grain, and root. Plant tissues were weighed after
drying at 65 ◦C for 5d. Dried plant tissues were then ground to pass a 0.50 mm screen using
a Thomas Wiley Mill model ED-5 (Arthur H. Thomas Co., Philadelphia, PA, USA). Plant
tissues (2 g for grain and 1 g for other tissue types) were digested with 15 mL of concentrated
nitric acid on a BD40HT graphite heating block (Lachat Instruments, Milwaukee, WI, USA)
by heating to 140 ◦C for 60 min, followed by the addition of 2 mL of 30% hydrogen
peroxide. Then, heating was continued for another 60 min at 160 ◦C, followed by a final
heating cycle at 180 ◦C for 60 min. Digested samples were brought to a final volume of
25 mL with nanopure DI water, and P, K, S, Mg, Ca, Fe, Zn, B, Mn, Cu, and Mo were
determined with inductively coupled plasma atomic emission spectroscopy (ICP-AES;
Optima 8300, Thermo Fisher Scientific Inc., Waltham, MA, USA). Resulting digestates for
macronutrient and micronutrient analysis were tested with 7-fold dilution and without
dilution, respectively, in order to ensure that sample values fell within standard curves.
Plant tissues were also analyzed for total N content by dry combustion (LECO, St. Joseph,
MI, USA). Concentrations of elements in plant tissue samples from ICP-AES analysis were
used with sample weights to calculate the mass uptake of nutrients. Grain yield was
adjusted to 15.5% moisture content; all other plant parts are presented on a dry basis.
Nutrient concentrations in all plant parts are presented on a dry weight basis.

Pots were arranged in a split-block randomized complete block design in which
hybrids were the main block and P treatments were randomized within blocks (four repli-
cations). Analysis of variance (ANOVA) was performed using statistical analysis software
(SAS version 9.4, 2016) to determine whether there was a significant (p ≤ 0.05) interaction
between hybrid and P treatment among plant tissue nutrient concentrations and content.
Because there were no such interactions, simple statistics (mean and standard deviation)
are presented across hybrids within each P treatment, as well as across P treatments within
each hybrid. For each non-P nutrient, the PROC NLIN (i.e., non-linear) procedure of SAS
was conducted on the relationships between the total P uptake mass and nutrient grain
uptake mass, as well as between the total P uptake mass and total nutrient uptake mass,
to estimate the “breakpoint” total P uptake mass in which there was a significant change
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in the relationships. This was executed in two ways: fitting data to a linear-plateau or a
linear-linear equation, which was evaluated based on p-value and R2 of each model. While
“uptake” and “content” are used somewhat interchangeably, please note that the term
“content” is used to describe the nutrient mass contained in each plant part while “uptake”
is mostly used to refer to the total nutrient mass in the entire plant. Nutrient concentrations
will only be referred to as “concentration”.

3. Results and Discussion

Since there were no significant interactions between hybrid and P treatment for nutri-
ent uptake (not shown), values were averaged across the three hybrids and four replications.
Not only did P treatment have a large impact on P uptake, as shown in Table 1 and dis-
cussed in Wiethorn et al. [8], but the uptake of all other nutrients was substantially impacted.
Similar to the total uptake of nutrients, Table 1 also shows that the root:shoot ratio for
each nutrient generally increased with P application as a result of further plant growth.
As described in Penn et al. [1], the increased P uptake increased the maize grain yield and
biomass of all plant parts. However, it was observed that beyond the total P uptake of
580 mg P plant−1 (i.e., optimal P uptake for maximum grain yield, Pgy), the grain yield
decreased even though the biomass of other plant parts continued to increase, thereby
indicating luxury consumption of P with regard to grain yield. Beyond Pgy, total biomass
reached a peak that corresponded with total P uptake of 730 mg P plant−1 (Pbm), and the
total P uptake continued to increase with no further increase in total biomass.

Table 1. Nutrient content and partitioning per maize plant for leaves and husk (Leaf), stem, cob and
tassel (Stem), roots, grain, and total biomass, shown for each phosphorus (P) treatment and averaged
over four reps and three hybrids. ** and * indicate the significant effect of the P treatment on the
nutrient content and root:shoot ratio at p ≤ 0.01 and ≤0.05, respectively. Std: standard deviation.

P Treatment (mg L−1) Leaf (mg) Stem (mg) Roots (mg) Grain (mg) Total Biomass (mg) Root:Shoot

N

Avg ** Std Avg ** Std Avg ** Std Avg ** Std Avg ** Std Avg ** Std
4 664 165 556 357 299 192 2182 560 3700 774 0.09 0.05
8 943 164 1366 584 801 240 3467 668 6576 696 0.14 0.04

12 960 142 1410 403 976 306 3732 541 7078 688 0.16 0.06
15 1262 456 2456 1536 1271 335 3336 1436 8325 982 0.18 0.05
20 1205 398 2495 1486 1166 471 3070 1274 7937 1402 0.17 0.05
22 1426 440 2970 1012 1368 517 2956 951 8721 1089 0.18 0.07

K

Avg ** Std Avg ** Std Avg ** Std Avg ** Std Avg ** Std Avg ** Std

4 970 312 985 147 237 229 360 66 2552 593 0.09 0.08
8 1345 514 1734 289 623 321 599 118 4301 893 0.17 0.08

12 1357 374 2015 597 966 341 670 64 5008 726 0.24 0.08
15 1545 470 2606 924 1399 463 651 279 6202 961 0.30 0.12
20 1657 694 2565 850 1398 651 642 249 6263 1511 0.29 0.12
22 1743 550 3069 614 1652 921 676 230 7140 1242 0.30 0.16

P

Avg ** Std Avg ** Std Avg ** Std Avg ** Std Avg ** Std Avg * Std

4 30 6 19 6 13 5 218 25 280 28 0.05 0.02
8 50 4 47 23 34 14 401 54 532 55 0.07 0.03

12 55 12 56 22 44 16 458 147 613 146 0.10 0.10
15 90 52 164 151 79 28 532 213 864 65 0.10 0.04
20 94 39 216 173 87 41 547 246 943 108 0.10 0.05
22 158 83 315 111 119 59 548 263 1140 182 0.13 0.08

S

Avg ** Std Avg ** Std Avg ** Std Avg * Std Avg ** Std Avg ** Std

4 171 52 52 19 80 50 146 29 448 117 0.21 0.12
8 366 101 155 45 237 89 248 50 1006 178 0.32 0.12

12 395 65 169 52 330 133 255 87 1150 166 0.41 0.18
15 363 94 254 107 460 142 254 121 1331 195 0.54 0.20
20 384 91 244 137 467 363 233 116 1327 447 0.52 0.34
22 417 79 290 99 483 283 218 108 1408 362 0.51 0.25
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Table 1. Cont.

P Treatment (mg L−1) Leaf (mg) Stem (mg) Roots (mg) Grain (mg) Total Biomass (mg) Root:Shoot

Mg

Avg ** Std Avg ** Std Avg ** Std Avg ** Std Avg ** Std Avg * Std

4 109 31 43 17 30 26 75 13 257 66 0.13 0.10
8 287 65 146 46 63 34 145 19 640 101 0.11 0.06

12 300 53 156 50 104 45 165 15 726 114 0.17 0.07
15 344 111 252 101 164 103 171 70 931 192 0.22 0.16
20 353 93 237 137 163 107 173 67 927 256 0.20 0.10
22 385 121 247 78 192 91 167 48 991 224 0.24 0.08

Fe

Avg ** Std Avg ** Std Avg ** Std Avg ** Std Avg ** Std Avg Std

4 2.1 0.6 1.0 0.8 11 10 1.8 0.5 16 11 2.1 1.23
8 3.8 1.2 2.8 1.3 31 13 3.3 0.8 41 14 3.1 0.97

12 4.0 0.6 3.5 1.4 30 15 3.6 1.0 41 16 2.6 1.20
15 5.4 1.8 5.7 3.2 43 11 3.2 1.4 57 40 3.2 3.09
20 5.5 1.4 6.1 3.3 42 22 2.9 1.6 57 23 2.9 1.28
22 5.8 1.4 7.2 2.2 37 18 2.9 1.1 53 19 2.3 0.98

Zn

Avg ** Std Avg ** Std Avg ** Std Avg ** Std Avg ** Std Avg ** Std

4 2.5 0.5 0.7 0.4 0.8 0.4 1.7 0.3 6 1.2 0.16 0.06
8 3.7 1.0 1.6 0.9 1.4 0.5 2.9 0.5 10 2.0 0.18 0.06

12 4.2 0.9 1.9 1.0 1.9 0.9 3.5 0.3 12 2.5 0.19 0.08
15 3.8 1.6 3.1 2.5 2.6 0.8 2.9 1.2 12 3.1 0.29 0.11
20 3.6 1.3 3.1 2.1 2.4 1.0 3.0 1.1 12 2.8 0.25 0.08
22 3.6 1.2 3.6 1.4 2.8 1.5 2.9 1.1 13 2.8 0.28 0.14

B

Avg ** Std Avg ** Std Avg Std Avg Std Avg ** Std Avg Std

4 4.4 1.2 1.4 0.8 0.38 0.27 0.8 0.3 7 1.5 0.06 0.04
8 7.2 1.4 3.3 2.5 0.72 0.62 1.4 0.6 13 4.0 0.06 0.03

12 9.2 1.7 3.9 2.1 0.61 0.29 1.4 0.3 15 3.2 0.04 0.02
15 9.6 2.2 4.7 2.8 0.91 0.30 1.2 0.6 16 3.5 0.06 0.02
20 9.8 2.0 6.5 5.8 0.74 0.22 1.4 0.7 18 6.2 0.05 0.02
22 10.7 3.3 5.4 3.1 0.90 0.95 1.3 0.6 18 5.2 0.05 0.04

Cu

Avg Std Avg ** Std Avg ** Std Avg * Std Avg ** Std Avg Std

4 1.6 0.64 0.2 0.07 0.8 0.36 0.19 0.09 2.7 0.7 0.44 0.25
8 2.0 0.63 0.8 0.73 1.5 0.73 0.48 0.48 4.8 1.5 0.50 0.24

12 2.6 0.80 0.8 0.36 1.9 1.02 0.65 0.63 5.8 2.2 0.49 0.26
15 2.4 1.13 1.1 0.48 2.2 0.84 0.24 0.15 6.0 1.4 0.62 0.24
20 2.3 0.89 1.1 0.51 2.0 1.04 0.38 0.43 5.8 1.3 0.56 0.31
22 2.1 0.90 1.5 0.51 2.3 1.38 0.23 0.13 6.1 1.9 0.60 0.37

Mn

Avg ** Std Avg ** Std Avg ** Std Avg ** Std Avg ** Std Avg Std

4 1.1 0.31 0.24 0.12 0.21 0.11 0.31 0.09 1.9 0.5 0.12 0.05
8 2.8 0.77 0.69 0.45 0.55 0.26 0.67 0.19 4.7 1.2 0.13 0.05

12 3.3 0.77 0.70 0.21 0.61 0.24 0.82 0.14 5.4 1.0 0.13 0.05
15 3.7 1.07 1.14 0.57 0.84 0.53 0.86 0.43 6.5 1.5 0.15 0.08
20 3.8 0.87 1.20 0.66 0.75 0.30 0.88 0.36 6.7 1.3 0.13 0.04
22 4.5 1.02 1.46 0.55 0.77 0.44 0.84 0.33 7.6 1.3 0.11 0.06

Treating the P addition as the independent variable allowed us to examine how the
P uptake influenced the other nutrients in each plant part. Figures 1–3 illustrate this in
the context of the threshold P uptake values, Pgy and Pbm, where the grain yield and total
biomass reached a maximum, respectively. Visual references for Pgy and Pbm are indicated
by the blue and red lines, respectively.

3.1. Nutrient Partitioning in Response to Phosphorus Uptake

As a function of total P uptake, three general patterns were observed for the content
of other nutrients in the grain and the total uptake of these nutrients: (i) the grain nutrient
content reached a plateau at the total P uptake value corresponding to the maximum grain
yield, yet the total nutrient content of non-grain tissues continued with further P uptake
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(K, Mg, B, Mn; Figure 1); (ii) the grain nutrient content decreased at the P uptake value
corresponding to maximum grain yield, while further uptake of these nutrients continued
although it partitioned into non-grain plant parts (N, S, Fe; Figure 2); and (iii) the grain
nutrient content reached a plateau at the P uptake value corresponding to maximum grain
yield, followed by a decrease in grain nutrient content, while the total content reached
a maximum (Zn, Cu; Figure 3). The “breakpoint” indicating the total P uptake value
associated with a significant change in the relationship between total P uptake and grain
content of the other nutrients is listed in Tables 2–4 and shown in Figures 1–3 with a
blue “X”. Similarly, the breakpoint P uptake level indicating a significant change in the
relationship between total P uptake and total nutrient uptake is listed in Tables 2–4 and
additionally indicated in Figures 1–3 with a red “X”. Notice that, for all the nutrients, the P
uptake level associated with the maximum grain nutrient content mostly coincided with
Pgy (Figures 1–3, blue line; Tables 2–4). For group 1 and 2 nutrients, the P uptake level
associated with the maximum total uptake (red “X”) generally coincided with Pbm.
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Figure 1. Potassium (K), magnesium (Mg), boron (B), and manganese (Mn) uptake and partitioning
as a function of total phosphorus (P) uptake averaged over three maize cultivars and four replications.
Dashed lines indicate total P uptake values where maximum grain yield (blue) and maximum biomass
(red) were attained, 580 and 730 mg P plant−1, respectively. Potassium, Mg, B, and Mn responded
similarly, as each reached a plateau in grain nutrient content at the P uptake value corresponding to
the maximum grain yield, yet total nutrient uptake continued with further P uptake. “X” marks the
breakpoint where a statistically significant change in slope occurs for grain content (blue) and total
uptake (red), with values listed in Table 2. Equations for nutrient partitioning relationship are shown
in Table 2. “Stem” includes stem, cob, and tassel, and “Leaf” includes leaves and husk.
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Table 2. Statistical “breakpoint” for group 1 nutrients (K, Mg, B, and Mn) indicating the P uptake
level per plant that corresponds to a change in the slope for the relationship with “Leaf” (leaves +
husk), “Stem” (stem + cob + tassel), roots, grain, and total plant nutrient content, shown in Figure 1.
Breakpoints are listed for the superior model, either linear-plateau or linear-linear, based on p value
and R2. Corresponding intercept and slope values are listed for each model. “Slope2” indicates the
second slope value after the breakpoint in the linear-linear model and, therefore, are not applicable
(NA) to the linear-plateau model. “Joint level” indicates the nutrient content (i.e., y axis of Figure 1)
associated with the breakpoint value. ***, **, and * indicate the significant effect of P treatment on
nutrient content and root:shoot ratio at p ≤ 0.001, ≤0.01, and ≤0.05, respectively.

Nutrient Plant Part Model
P Uptake

Break-
point

Intercept Slope Slope2 Joint
Level R2

(mg P
plant−1)

mg or g
plant−1

mg or g
mg P−1

mg or g
mg P−1

mg or g
plant−1

K (g)

Leaf Linear-linear 628 0.63 0.001 0.0007 1.41 0.98 ***
Stem Linear-linear 664 0.12 0.003 0.0018 2.16 0.99 ***
Roots Linear-linear 832 −0.36 0.002 0.0009 1.33 0.99 ***
Grain Linear-plateau 595 0.094 0.001 NA 0.66 0.99 ***
Total Linear-linear 679 0.50 0.007 0.0036 5.44 0.99 **

Mg (g)

Leaf Linear-linear 533 −89 0.71 0.16 288 0.99 ***
Stem Linear-plateau 840 −54 0.36 NA 245 0.99 ***
Roots Linear-plateau 1041 −37 0.22 NA 192 0.97 **
Grain Linear-plateau 630 −0.81 0.27 NA 170 0.99 ***
Total Linear-plateau 760 −139 1.4 NA 950 0.99 ***

B (mg)

Leaf Linear-linear 612 0.50 0.014 0.0035 8.78 0.98 ***
Stem Linear-plateau 823 −0.77 0.008 NA 5.53 0.90 **
Roots Linear-plateau 800 0.16 0.0008 NA 0.85 0.82 *
Grain Linear-plateau 527 0.31 0.002 NA 1.31 0.84 *
Total Linear-plateau 734 0.33 0.024 NA 17.7 0.97 **

Mn (mg)

Leaf Linear-linear 583 −0.79 0.007 0.002 3.14 0.99 ***
Stem Linear-plateau 890 0.16 0.004 NA 4.15 0.90 **
Roots Linear-plateau 742 −0.13 0.001 NA 0.79 0.98 ***
Grain Linear-plateau 647 −0.120 0.002 NA NA 0.99 ***
Total Linear-plateau 747 −1.10 0.011 NA NA 0.97 **
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Figure 2. Nitrogen (N), sulfur (S), and iron (Fe) uptake and partitioning as a function of total
phosphorus (P) uptake, averaged over three maize cultivars and four replications. Dashed lines
indicate total P uptake values where maximum grain yield (blue) and biomass (red) were attained,
580 and 730 mg P plant−1, respectively. Grain content and total uptake of N, S, and Fe grouped
together as each decreased after reaching a plateau at the P uptake value corresponding with the
maximum grain yield (blue line), yet total nutrient content increased in other plant parts with further
P uptake. “X” marks the breakpoint where a statistically significant change in the slope occurs for
grain content (blue) and total uptake (red), with values listed in Table 3. Equations for the nutrient
partitioning relationship are shown in Table 3. “Stem” includes stem, cob, and tassel, and “Leaf”
includes leaves and husk.
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Table 3. Statistical “breakpoint” for group 2 nutrients (N, S, and Fe) indicating the P uptake level per
plant that corresponds to a change in slope for the relationship with “Leaf” (leaves + husk), “Stem”
(stem + cob + tassel), roots, grain, and total plant nutrient content, shown in Figure 2. Breakpoints
are listed for the superior model, either linear-plateau or linear-linear, based on p value and R2.
Corresponding intercept and slope values are listed for each model. “Slope2” indicates the second
slope value after the breakpoint in the linear-linear model and, therefore, are not applicable (NA) to
the linear-plateau model. “Joint level” indicates the nutrient content (i.e., y axis of Figure 2) associated
with the breakpoint value. ***, **, and * indicate the significant effect of P treatment on nutrient
content and root:shoot ratio at p ≤ 0.001, ≤0.01, and ≤0.05, respectively.

Nutrient Plant Part Model
P Uptake

Break-
point

Intercept Slope Slope2 Joint
Level R2

(mg P
plant−1)

mg or g
plant−1

mg or g
mg P−1

mg or g
mg P−1

mg or g
plant−1

N (g)

Leaf Linear-plateau 926 0.38 0.001 NA 1.32 0.93 **
Stem Linear-linear 864 −0.34 0.003 0.002 2.33 0.99 **
Roots Linear-plateau 758 −0.27 0.002 NA 1.27 0.97 ***
Grain Linear-linear 523 0.503 0.006 −0.001 3.64 0.95 *
Total Linear-plateau 718 0.82 0.010 NA 7.71 0.98 **

S (g)

Leaf Linear-plateau 526 −45.6 0.77 NA 390 0.96 ***
Stem Linear-linear 757 −48.9 0.37 0.15 229 0.99 **
Roots Linear-plateau 828 −126 0.72 NA 470 0.99 ***
Grain Linear-linear 570 32.2 0.41 −0.075 264 0.98 *
Total Linear-plateau 703 −145 2.1 NA 1355 0.99 ***

Fe (mg)

Leaf Linear-plateau 855 0.47 0.006 NA 5.57 0.99 ***
Stem Linear-linear 885 −1.39 0.008 0.006 5.83 0.99 ***
Roots Linear-plateau 745 −5.31 0.062 NA 2.62 0.94 **
Grain Linear-linear 589 0.16 0.006 −0.0014 3.58 0.96 *
Total Linear-plateau 758 −5.7 0.08 NA 56 0.97 **
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Figure 3. Zinc (Zn) and copper (Cu) uptake and partitioning as a function of total phosphorus
(P) uptake averaged over three maize cultivars and four replications. Dashed lines indicate the
total P uptake values where maximum grain yield (blue) and biomass (red) were attained, 580 and
730 mg P plant−1, respectively. Grain content and total uptake of Zn and Cu grouped together as each
decreased after reaching a plateau at the P uptake value corresponding with maximum grain yield
(blue line), and no further total uptake occurred with further P uptake. “X” marks the breakpoint
where a statistically significant change in the slope occurs for grain content (blue) and total uptake
(red), with values listed in Table 4. Equations for the nutrient partitioning relationship are shown in
Table 4. “Stem” includes stem, cob, and tassel, and “Leaf” includes leaves and husk.
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Table 4. Statistical “breakpoint” for group 3 nutrients (Zn and Cu) indicating the P uptake level
per plant that corresponds to a change in slope for the relationship with “Leaf” (leaves + husk),
“Stem” (stem + cob + tassel), roots, grain, and total plant nutrient content, as shown in Figure 3.
Breakpoints are listed for the superior model, either linear-plateau or linear-linear, based on p value
and R2. Corresponding intercept and slope values are listed for each model. “Slope2” indicates the
second slope value after the breakpoint in the linear-linear model and, therefore, is not applicable
(NA) to the linear-plateau model. “Joint level” indicates the nutrient content (i.e., y axis of Figure 3)
associated with the breakpoint value. ***, **, and * indicate the significant effect of P treatment on
nutrient content and root:shoot ratio at p ≤ 0.001, ≤0.01, and ≤0.05, respectively.

Nutrient
Grain or

Total
Content

Model
P Uptake

Break-
point

Intercept Slope Slope2 Joint
Level R2

(mg P
plant−1)

mg
plant−1

mg mg
P−1

mg mg
P−1

mg
plant−1

Zn (mg)

Leaf Linear-linear 613 1.15 0.005 −0.001 4.10 0.98 *
Stem Linear-linear 864 −0.46 0.004 0.002 2.97 0.99 ***
Roots Linear-linear 846 −0.08 0.003 0.0009 2.49 0.98 *
Grain Linear-linear 612 0.29 0.005 −0.00095 3.31 0.96 *
Total Linear-plateau 683 0.78 0.017 NA 12.5 0.99 ***

Cu (mg)

Leaf Linear-linear 674 0.8 0.003 −0.001 2.59 0.88 *
Stem Linear-linear 532 −0.39 0.002 0.001 0.71 0.97 *
Roots Linear-plateau 731 −0.14 0.003 NA 2.18 0.97 ***
Grain Linear-linear 612 −0.13 0.0012 −0.0007 0.58 0.80 *
Total Linear-plateau 643 0.094 0.0092 NA 6.0 0.97 **

3.1.1. Group 1 Nutrients: K, Mg, B, and Mn

Group 1 nutrients (Figure 1, Table 2) continued to increase in different plant parts
after grain content reached a maximum. Mg, B, and Mn were mostly partitioned into leaf
components, while K was deposited mostly into stem components. After the maximum
grain content was reached, K and Mg continued to be deposited into the stem, leaf, and
root components, while B and Mn only continued to accumulate in the stem and leaf, with
the root content no longer increasing. The distribution of plant K and Mg was similar at
Pgy and greater P uptake levels. Below Pgy levels, the proportion of total plant K content in
the leaf was greater than at the Pgy level. The partitioning of Mg across plant tissues was
similar when P uptake was ≥532 mg P plant−1. At a lesser P uptake, a higher percentage
of Mg was partitioned to the grain than at higher P uptake levels. The leaf contained 59%
of the biomass Mn when peak Mn content occurred near Pbm. The proportion of biomass
Mn allocated to the stem increased from ~13% to ~19%, with P uptake increasing from
Pgy to Pbm, while biomass Mn allocated to the grain decreased from ~16% to ~11%. The
leaf, stem, and grain Mn concentration was significantly affected by P treatment (p < 0.01),
although Mn concentration changed very little when P uptake exceeded 280 mg P plant−1,
averaging 36, 6, 6, and 4 mg Mn kg−1 in the leaf, stem, root, and grain, respectively.

3.1.2. Group 2 Nutrients: N, S, and Fe

The decrease in grain partitioning for the nutrients in groups 2 and 3 with additional
P uptake beyond Pgy was determined to be statistically significant based on a comparison
of the linear-linear to linear-plateau models (Tables 3 and 4). In that case, the linear-linear
model produced a greater R2 value and a negative slope after the breakpoint. For the
group 2 nutrients (N, S, and Fe), even though the nutrient partitioning into the grain
decreased with further P uptake after Pgy, the plant continued to uptake those nutrients
and deposit into the stem, roots, and leaf components (Figure 2, Table 3). N, S, and Fe
were mostly partitioned into the grain and stem, roots and leaf components, and roots,
respectively. Stem N content more than doubled at P uptake levels > Pgy, whereas leaf
component and root N content increased by 40–50%. The increase in the leaf N content was
roughly comparable to the reduction in grain N content. In contrast, the reduction in grain
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S content with P uptake beyond Pgy was primarily reflected in the increased root S content.
Surprisingly, 29–35% of total plant S content was found in the roots at P levels > Pgy. Root
S content (470 mg) at the three highest P rates was 71 and 21% greater than stem (263 mg)
or leaf (388 mg) components, respectively.

Grain Fe content peaked at 3.6 mg plant−1 at a P content close to Pgy. Grain Fe content
decreased by ~6% with further P uptake to the point of Pbm, and declined by 21% at the
highest level of grain P content. Total Fe content plateaued near Pbm at 54 mg Fe plant−1.
Root Fe was ~75% of the total Fe content at P uptake levels near Pgy. Between Pgy and Pbm,
the root accumulated ~4x more Fe than the stem and leaf combined. The concentration of Fe
in the leaf and grain was minimally affected by the P content and was 48 and 28 mg Fe kg−1,
respectively. Unsurprisingly, P treatment did not significantly impact the leaf and grain Fe
concentration at the p = 0.05 level. The root Fe concentration was much higher than that in
the leaf or grain, averaging 313 mg Fe kg−1 across all P rates. Based on these observations,
it appeared that excess P content reduced the translocation of Fe from root to shoot, which
has been previously noted in maize [3].

3.1.3. Group 3 Nutrients: Zn and Cu

Group 3 nutrients (Zn and Cu) peaked at a P uptake near Pgy, and then the grain Zn
and Cu contents decreased with further P uptake (Figure 3, Table 4). However, unlike the
nutrients in group 2, the total uptake no longer increased with additional P uptake. Zn
and Cu were mostly present in the leaf components and least in the roots (Zn) and grain
(Cu). At the highest P uptake, the Zn contents in the leaf and stem were similar (3.6 mg
Zn plant−1), but at lower P uptake, leaf tissue contained up to 3-fold more Zn than stem
tissue. In addition to the declining grain Zn and Cu content with P uptake beyond Pgy, the
leaf content of Zn and Cu also decreased. In contrast, the stem and root Zn and Cu content
continued to increase with increased P uptake.

The root and stem had similar Zn content at P uptake ≤ Pgy, but, at higher P uptake,
the Zn content was greater in the stem than the root. The increase in Zn in the root and stem
at >Pgy was slightly greater than the decrease in the grain and leaf. Leaf Zn concentration
decreased significantly (p < 0.01) with each increment of P from ~50 to ~30 mg Zn kg−1;
whereas the stem, root, and grain remained relatively constant across the range of P rates,
averaging 15, 19, and 15 mg Zn kg−1, respectively (i.e., P treatment had no significant effect
on the stem, root, and grain Zn concentration). This contrasts with Zhang et al. [9] who
found a 5 mg Zn kg−1 decline in grain Zn with P rates from 0 to 200 kg P ha−1 in a 2-year
field study. The decline in the stover (leaf and stem) Zn concentration in their study was
less consistent than that seen in grain, but was in the range of 4–5 mg Zn kg−1 lower for
most P rates compared to the 0 kg P ha−1 rate. The authors concluded that the reductions
in arbuscular mycorrhizal fungi with increased P fertilization decreased Zn uptake.

Similar to the response seen with Zn, grain and leaf Cu declined (~64 and ~17%,
respectively) after reaching peak content, despite biomass Cu remaining static after the
plateau breakpoint occurring at 643 mg P plant−1 (Figure 3 and Table 4). At P uptake > Pgy,
the Cu content of the stem and root increased at a similar magnitude to the decreases in
grain and leaf Cu. The root and leaf Cu contents were similar at P uptake ≥ Pgy, and
were each 1.5–2-fold greater than stem Cu content. Awan and Abbasi [4], in a greenhouse
experiment, measured a substantial reduction in above-ground tissue Cu concentration at
maize tasseling with addition of P equivalent to 100 kg P ha−1, compared to 50 kg P ha−1.
This occurred without a reduction in dry weight at 0 or 5 kg Cu ha−1. The authors suggested
that P and Cu might interact in the soil, affecting “absorption and translocation of P and
Cu within maize plants”.

The Cu concentration in the grain peaked at 2.9 mg Cu kg−1 at optimal P uptake and
declined to 1.4 mg Cu kg−1, averaged across the three highest P contents. The leaf Cu
concentration was reduced from 30 to 20 mg Cu kg−1 with P uptake > Pgy, while the stem Cu
was unaffected by P fertilization rates greater than 4 mg P L−1, averaging 6.5 mg Cu kg−1

at P rates > 4 mg P L−1. Root Cu concentration ranged from 16 to 21 mg Cu kg−1 and
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was unaffected by P rate. Consequently, the Cu concentrations in leaf and grain only
were found to be significantly impacted by the P application rate (p < 0.01). In a two-
year field study, the application of P fertilizer at rates ranging from 12.5 to 200 kg P ha−1

decreased the Cu concentration in grain (~23% at the highest P rate) and stover (all above-
ground plant tissues, except grain), compared to no P fertilization [5]. Grain and stover
Cu at 200 kg P ha−1 were ~1.5 and 4 to 6 mg Cu kg−1, respectively. The concentration of
Fe in grain and straw was unaffected by P rate, ranging narrowly in grain from ~18 to
~20 mg Fe kg−1 in each year of the study, with stover averaging ~150 mg Fe kg−1 in the
first year of the study and ~200 mg Fe kg−1 in the second year.

3.2. Nutrient Partitioning and the Decrease in Grain Yield with Excess P Uptake

The changes in nutrient partitioning, including P, with increased P uptake may explain
the observation in Penn et al. [1], where grain yield significantly decreased with P uptake
beyond 580 mg P plant−1. As previously discussed, all three nutrient groups reached a peak
in grain content at approximately the P uptake level corresponding with the maximum
grain yield (i.e., Pgy). However, groups 1 and 2 continued to deposit nutrients into other
plant parts with increasing P uptake. In contrast, the content of group 3 nutrients (Zn and
Cu) in non-grain tissue did not continue with further P uptake beyond Pgy (Figure 3). We
hypothesize that the decrease in grain yield at P uptake levels > Pgy is partly due to lesser
grain protein production arising from poor Zn, Cu, and Fe translocation to the grain.

First, Cu, Zn, and Fe accumulated in the roots simultaneously as grain content de-
creased with P uptake beyond Pgy (Figures 2 and 3). Phosphorus also accumulated in
the roots [1]. Four main theories exist for how excessive P can promote Cu, Zn, and Fe
problems: excess soil P may (i) reduce the Cu, Zn, and Fe solubility in the soil via precip-
itation and, therefore, prevent uptake [10–15]; (ii) excess P in the plant may prevent the
translocation of the nutrients to the grain [3,6,12,16–22]; (iii) excessive dilution of tissue
concentrations in response to P [12,23]; or (iv) reduced mycorrhizal infection of roots [24].

While visible symptoms of Cu, Zn, or Fe deficiency did not occur, Shulka and Morris [25]
demonstrated that visual symptoms are not necessary in cases of deficiency in maize;
rather, “hidden hunger” may be occurring. Since soil was excluded from this study by
utilizing silica-sand culture, the possibility of a reduced Cu, Zn, and Fe grain content by
precipitation with P externally can be eliminated. Moreover, speciation modeling of the
concentrated nutrient solutions using MINTEQ [26] did not predict the precipitation of
any solid metal phosphates or metal-phosphate complexes, except for solution Mg and
Ca-phosphate complexes, which represented less than 0.2% of solution Mg and Ca. More
than 99% of the solution Cu, Zn, and Fe were predicted to be complexed with EDTA. In
neither case was visible precipitation observed. Next, while mycorrhizal infection was
unlikely under these conditions, it would not be necessary for micronutrient uptake since
all nutrients were already supplied via solution with no sorption to silica-sand. Finally,
excessive dilution of Cu, Zn, and Fe due to increased biomass production can be ruled
out since the leaf concentrations were within the sufficiency range for mature plants [27].
Interestingly, the grain nutrient concentrations of Zn and Fe were mostly unaffected with
P uptake > Pgy, while the grain Cu concentration decreased. Using the same data set,
Wiethorn et al. [8] listed the nutrient concentrations for all plant parts and showed that
none were considered deficient.

Awan and Abbasi [4] postulated that increasing P fertilization of a sandy loam soil
reduced above-ground plant Cu content via Cu precipitation within roots and inhibition
of Cu uptake. Similar to this study, Zhang et al. [9] applied increasing P rates (0 to
200 kg P ha−1) to maize and observed that further P uptake beyond reaching maximum
grain yield resulted in significant decreases in grain Zn and Cu content. Not only did the
grain content decrease with increased P uptake from 440 to 550 mg P plant−1 (not including
roots), but the total shoot Zn and Cu content decreased. Specifically, Zn and Cu content
decreased from about 3.2 to 2.9 and 1.0 to 0.9 mg plant−1, respectively. However, it is
impossible to ascertain the mechanism from their study, since roots were not harvested.
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Sayafa [6] found that increasing the P application rate to maize from 0 to 75 mg L−1 resulted
in a significant decrease in the Cu uptake rate, from 2.38 to 0.27 ng g−1 root day−1 (fresh
root weight). In addition, the author noted an antagonistic effect of Zn on Cu uptake
rate. Iszaki [7] evaluated the effect of P fertilization on maize production and nutrient
partitioning; high P applications reduced Cu and Zn concentrations in tissue, but with no
decrease in yield.

More research has been conducted on P–Zn than for P–Cu interactions in maize;
several authors have shown how excessive P decreases Zn content in the shoots as well
as the yield [6,18,20–22,28]. Safaya [6] evaluated maize yield and nutrient uptake in soil
within a greenhouse under treatments of varying P:Zn ratios. In the absence of additional
Zn, increasing P concentrations decreased the dry matter of both roots and shoots, while
application of Zn to high P treatments increased the yield, producing the highest mass
of roots and shoots for the experiment. After further evaluation of nutrient uptake, the
author found that increased P reduced Zn concentration and uptake, and resulted in
a four-fold greater Zn uptake in the roots than in the shoots compared to the lesser P
application rates. The author hypothesized that excess P inhibits Zn uptake by reducing
its translocation through the endodermis into the root xylem, and lowering its rate of
uptake through the epidermal or surface cell layer of the root. Similarly, Warnock [20] grew
maize for 56 days at several P:Zn application ratios and measured relative Zn mobility
with regard to its ability to translocate from the roots to the shoot. The relative mobility
of Zn decreased with increasing P:Zn application ratio, indicating an accumulation of Zn
in the roots, i.e., preventing translocation to the shoots. Increasing the P application rate
from 65 to 100 kg ha−1 with no additional Zn application on a calcareous soil reduced
the yield of maize roots, stem, and leaves from 3.6, 2.2, and 5.5 g pot−1 to 2.4, 1.7, and
3.5 g pot−1, respectively [22]. Drissi et al. [29] grew maize for silage on a soil with low
levels of extractable Zn, and applied several combinations of three levels of Zn and four
levels of P. Phosphorus application did not increase biomass production unless Zn was also
applied. Increasing P application rate without applying additional Zn caused a decrease in
the kernel dry weight, kernels per ear, shoot Zn concentration, and an increase in root Zn
concentration. In a long-term fertility study on maize, Bogdanovic et al. [30] found that P
fertilizer treatment decreased the Zn concentration in the stalks (from 21 to 7 mg kg−1) and
leaves (from 30 to 13 mg kg−1).

In the current study, it appears that excess P uptake inhibited the translocation of
Cu, Zn, and Fe to the grain, causing a decrease in grain yield. Specifically, these nutrients
accumulated in the roots in the same fashion as P. It is likely that these micronutrients
were bound with phytate, which has a strong affinity for micronutrients, decreasing their
solubility [31,32]. In addition, Cu and Zn were the only nutrients in which their total
uptake reached a maximum that coincided at the same P uptake level that coincided with
both maximum grain Cu and Zn content and maximum grain yield (Figure 3), i.e., beyond
the maximum grain Cu and Zn content and yield, further P uptake did not result in any
increase in total Cu and Zn uptake. However, it is interesting that while the decreased
Cu and Zn in grain resulting from root accumulation could cause a decrease in grain
yield, the plant continued to produce further biomass in its non-grain parts. One possible
explanation is that Cu and Zn limit grain production more than other types of plant tissue.
Furthermore, recall that the grain N and S content decreased with excess P uptake, which
signifies a decrease in protein content; grain concentrations of N and S also decreased
after reaching the maximum yield. The protein content of maize grain is typically around
7.8% [33], and no other maize tissue contains appreciable protein. The zein protein that
dominates maize is composed of amino acids that are rich in N, while some additionally
contain S. Specifically, zein contains S-rich amino acids, methionine, and cysteine [33].
Although Cu, Zn, and Fe are not components of amino acids that comprise zeins, each is
considered a necessary cofactor in the synthesis of amino acids [34–37]. Therefore, since Cu,
Zn, and Fe translocation to grain was inhibited by excess P in the roots (Figures 2 and 3), the
plant became limited in its ability to utilize N and S to produce amino acids and proteins,
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resulting in a concomitant reduction in grain N and S content as well as grain yield. We
hypothesize that N and S that could not be utilized to synthesize more grain was instead
used for further growing plant parts that contain less protein: specifically, increased stem
biomass for N, and leaf and roots for S (Figure 2). Cakmak et al. [38] noted that Fe and
proteins are intimately co-located in seed tissues, in addition to a high positive correlation
between Zn, Fe, and protein in seeds [39], suggesting that “protein is a sink for Zn and Fe”.

4. Implications and Conclusions

Potassium, Mg, Mn, B, N, S, Fe, Cu, and Zn all achieved maximum grain content at P
uptake levels that coincided with the maximum grain yield, while the partitioning of K,
Mg, Mn, B, N, S, and Fe into other non-grain tissue continued with further P uptake. With
P luxury consumption beyond the point of maximum grain yield, N, S, Fe, Cu, and Zn
grain content significantly decreased along with grain yield, even though total plant uptake
continued for N, S, and Fe, and increased the total biomass via non-grain tissue. Based on
the change in nutrient partitioning with P uptake, Cu, Zn, and Fe accumulated in the roots
with further P uptake beyond the 580 mg P plant−1 required for achieving the maximum
grain yield. Partitioning of P into roots also increased with further P uptake. Ultimately,
further grain production with luxury P uptake was limited by P-inhibited translocation of
Cu, Zn, Fe, or some combination, from roots to grain. This decrease in translocation did
not prevent further non-grain tissue growth since those nutrients were not as limiting as
they are for grain. We hypothesized that those micronutrients limited protein production,
which was evident from the decrease in N and S grain content which coincided with the
decrease in grain yield, concomitant with luxury P uptake.

Although excess P uptake or fertilization resulting in a decreased grain yield due to
decreased Cu, Zn, or Fe has been noted on several occasions, the exact mechanism was
not known, since soil P tie-up of micronutrients usually cannot be separated from tie-up
in the roots. This study, however, eliminated the possibility of soil nutrient tie-up and
provided strong evidence for reduced yield occurring from a decrease in grain protein due
to poor micronutrient translocation from root micronutrient tie-up with P. While luxury
P consumption by maize certainly occurs in the field, as discussed in part one of this
companion paper [1], it is more likely that it results in a plateau rather than a decrease
in grain yield, as observed in the current study. Several studies over five decades have
provided field evidence for decreased grain yield with increased P applications due to its
effects on micronutrient availability and utilization. First, this is likely to only occur on
soils that are limited in their ability to supply Cu, Zn, or Fe, e.g., sandy or low-organic
matter soils. Second, in light of the results of this study and others, it is possible that
grain yield could be increased further with increased P fertility accompanied by increased
micronutrient supply/availability. An alternative theory is that the maize grain yield had
already reached its maximum genetic potential after 580 mg P uptake plant−1, and any
further addition of micronutrients to the high P treatments would not increase the grain yield
beyond the highest level observed; i.e., it would only prevent the grain production from
decreasing. Regardless, luxury P consumption did not decrease total biomass production, so
this would not be a problem if the maize were intended to be used for purposes other than
grain use, such as silage or biofuel feedstock, although silage protein content can be very
important to animal diets. Future experiments conducted using silica-sand growing media
may be utilized to further our understanding of how P interacts with micronutrients within
the plant and its effects on yield. Such information will be useful to help balance fertility
programs and provide more specific soil fertility recommendations.
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