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Abstract

Phosphorus (P) recovery from waste streams can increase food system P use effi-
ciency while simultaneousl mitigating point source P losses. Phytin is a P-rich waste
product generated from maize grain biorefineries, largely located in the US Mid-
west. However, since the majority of P in phytin is organic, phytin-P is likely to have
limited crop availability in soil following application, as it must first be mineral-
ized to orthophosphate-P by soil phosphatases. To evaluate the fertilizer potential of
phytin recovered from a maize wet milling plant and test hypothesized mechanisms
of P mineralization, a five-step gradient of phytin substitution for monoammonium
phosphate (MAP) (0%, 25%, 50%, 75%, and 100% substitution) was evaluated for
maize (Zea mays L.) and soybean (Glycine max L.) growth in a P-deficient Aquic
Argiudoll. Irrespective of crop species, aboveground biomass at end of vegetative
growth (VT stage) was similar for up to 75% phytin substitution as MAP, but was
21% lower for maize and 49% for soybean when phytin was fully substituted for
MAP. Soil microbial biomass carbon (C), nitrogen (N), and P, as well as activities of
phosphomonoesterase and phosphodiesterase were invariant across the phytin sub-
stitution gradient, suggesting negligible mineralization of phytin P. Full substitution
of MAP with phytin lowered soil microbial biomass C:N by 121% for maize and by
153% for soybean, and soil phosphatase activities per unit microbial biomass C were
24% higher under soybean. Our results indicate that phytin can be partially substi-
tuted for highly water-soluble P fertilizers for the two major crop species of the US
Midwest in which phytin waste generation is co-located.

Abbreviations: FPU, fertilizer phosphorus uptake; MAP, monoammonium phosphate; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen;
MBP, microbial biomass phosphorus; PDE, phosphodiesterase; PME, phosphomonoesterase; PUE, phosphorus use efficiency.
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1 | INTRODUCTION

The utilization of phosphorus (P) inputs as fertilizers derived
from mined phosphate rock deposits has increased signifi-
cantly to meet crop P needs concomitant with marked yield
increases over the past 70 years (Cordell et al., 2009; Tian
et al., 2021). The recovery of P from waste streams can bol-
ster food system P use efficiency (PUE) and maximize the
use of finite phosphate rock deposits, while also mitigating
the transfer of P-rich waste streams to surface waters (Heath-
waite & Sharpley, 1999; M. Chen et al., 2008; H. Li et al.,
2015). At a regional scale, the capture and re-use of P from
organic waste streams enable P recycling where agricultural
lands are co-located with centralized wastewater treatment
and grain biorefining infrastructure (Ruffatto et al., 2022).
Identifying which forms of recovered P are suitable for which
crop species is a necessary first step to enable a circular P
economy (Margenot et al., 2019; Trimmer et al., 2019).

In the United States, approximately 38% of maize (Zea
mays L.) grain harvested in 2018 was used to produce ethanol,
largely via a dry grind process (Gallagher et al., 2015; Yu
& Moon, 2022). The resulting waste byproducts, known
as dried distiller’s grains, are rich in phytate (45%) derived
from the maize seed (Jerez-Bogota, 2020). Phytate (myo-
inositol 1,2,3,4,5,6-hexakis dihydrogen phosphate) chelates
with cations such as Ca>*, Mg?*, and NH,* to form a sludge
known as phytin (Findenegg & Nelemans, 1993; Nolan et al.,
1987; Singh et al., 2018). In maize ethanol production, phytin
can be produced via alkaline precipitation by adding a strong
base (e.g., NaOH) and CaCl, at a 1:1 to 2:1 ratio (Aguiar
et al., 2020; Carlson, 2004; Juneja et al., 2019). The total P
concentration of phytin averages 4.50 + 0.15 mg P g~! and
accounts for 50% of total dried distiller’s grain P (Alkan-
Ozkaynak & Karthikeyan, 2012; He et al., 2017). In the
US Midwest, phytin accounted for over 90% of biorefinery
recovery P supply in 2017 (207,000 Mg P) and could poten-
tially offset one-fifth of P fertilizer used in this region for
maize and soybean (Glycine max L.) production (Ruffatto
et al., 2022).

The organic P in phytin is not immediately crop avail-
able since the carbon (C)-oxygen (O)-P bonds must first
be hydrolyzed via phosphatases to liberate bioavailable
phosphate-P (i.e., mineralization). Thus, sole reliance on
phytin as a P source for crops may limit growth, in partic-
ular in the early stages of crop development (Krey et al.,
2013) in which mineralization of phytate ester-P could con-
strain soil availability. Organic P mineralization is catalyzed
by phosphatases released by plant roots and microorgan-
isms (Nannipieri et al., 2011), but phosphatase production
by smaller root biomass in early crop growth may be limited
(Matamala & Schlesinger, 2001). To overcome this hypothe-
sized limitation, blending phytin with water-soluble inorganic
P fertilizers, such as monoammonium phosphate (MAP), may
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Core Ideas

* Phytin is a P-rich waste produced from maize grain
wet milling in the US Midwest.

* Potential of phytin as a partial substitute for highly
water-soluble P fertilizers was evaluated for maize
and soybean.

* Gradient of phytin substitution for monoammo-
nium phosphate (MAP) (0%, 25%, 50%, 75%, and
100%) produced lower shoot biomass at >75%
substitution.

* Soil microbial biomass C:N:P and enzyme activi-
ties indicated negligible mineralization of phytin.

* Phytin can serve as a partial substitute for highly
water-soluble P fertilizers.

promote P mineralization or at least mitigate microbial immo-
bilization of P by decreasing the organic C to P ratio of the
fertilizer mixture input (Aguiar et al., 2020; Arenberg & Arai,
2019; Zhang et al., 2014). On the other hand, organic P min-
eralization can be driven by the microbial need for C (Spohn
& Kuzyakow, 2013), raising the possibility that P may be bio-
chemically but not biologically mineralized (Condron et al.,
2005) from phytate due to microbial C demand. Thus, miner-
alization of phytate-P may not necessarily occur upon phytin
application to soil.

We tested the hypothesized potential of phytin to partially
substitute for conventional inorganic P fertilizers with high
water solubility and evaluated potential mineralization—
immobilization mechanisms that dictate net availability of
phytin-P. To this end, we assessed the vegetative growth
response of maize and soybean, the two dominant crop
species co-located in the region of high phytin production
potential from ethanol plants of the US Midwest. In a green-
house experiment, a phytin substitution gradient for MAP
was applied in P-deficient Mollisol, a soil type representative
of the US Midwest sub-regions with high crop productivity
(Sun et al., 2022). Across the phytin substitution gradient
(0%—100% phytin at 25% intervals), our objectives were to (1)
quantify maize and soybean aboveground biomass, P uptake,
and apparent PUE and (2) test hypothesized mechanisms of
phosphatase-driven mineralization of phytate-P and assess
microbial biomass C versus P limitation (i.e., immobiliza-
tion) that would explain crop response to increasing phytin
substitution for MAP. We hypothesized that in a P-deficient
soil, increasing the degree of phytin substitution for MAP
would entail early-stage P deficiency, as reflected by lower
crop biomass and P uptake at the end of the vegetative
growth stage. Additionally, we expected phytin substitution
to stimulate soil P mineralization, reflected by elevated
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activities of soil phosphatases and microbial biomass C:P
with an increasing degree of phytin substitution.

2 | MATERIALS AND METHODS

2.1 | Soil and fertilizers

The surface A horizon (0- to 30-cm depth) of a fine, smec-
titic, mesic Aquic Argiudoll (Flanagan series) was collected
from the University of Illinois Crop Science Research and
Education Center (40.083°N, 88.225°W). The Flanagan and
related soil series have a mapped extent of more than 1.5
million ha across Illinois and are representative of the high
organic matter Mollisols formed in loess post-glaciation in
the North Central US region that today is the highly produc-
tive Maize Belt (Fehrenbacher et al., 1986). The harvested soil
had a pH of 5.6 (1:1 m/v in water), a cation exchange capac-
ity of 28.8 cmol kg~!, and 2.6% total organic C with C:N
of 12.5. The soil was selected due to a Mehlich-3 P value of
15.4 mg kg~!, which is below the critical range of 20-25 mg
kg~! recommended for Illinois maize and soybean production
(Fernandez & Hoeft, 2009). The soil is from a field under
a biennial maize—soybean rotation with conventional tillage
(i.e., fall and spring chisel tillage to 20-cm depth) receiving
recommended rates of nitrogen (N), P, potassium (K), and
lime, and is drained by subsurface tiles.

Phytin was precipitated from light steepwater collected
from a commercial maize wet milling plant in Illinois and pro-
cessed at the Integrated Bioprocessing Research Laboratory at
the University of Illinois Urbana-Champaign. Phytin was pro-
duced by adding calcium chloride to light steep centrifugate
at a calcium to P molar ratio of 2:1 and adjusting the pH to
8 (Aguiar et al., 2020). MAP was obtained from Illini FS in
Tolono, IL. The total P and N concentrations were 10.1% and
0.9% for phytin, and 22.7% and 11% for MAP. Approximately
55% of total P of phytin is organic, with the remaining 45%
of inorganic P being largely water soluble. In contrast, 95% of
the fully inorganic P of MAP fertilizer granule is immediately
water soluble (Bartos et al., 1991). The total C concentration
of phytin was assumed to be 14.0% based on previous phytin
precipitation from this waste stream, and was interpreted as
total organic C concentration due to the minimum carbonate
of phytin. Phytin ratios of C:N and C:P were 12.2 and 1.4,
respectively.

2.2 | Experimental design

Five ratios of phytin to MAP were used to furnish a stepwise
gradient of phytin substitution for MAP on a P basis: 0:100,
25:75, 50:50, 75:25, and 100:0. In addition, a P-unfertilized
control was used to enable the determination of apparent
PUE by the difference method (Dhillon et al., 2017). To con-
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trol for initial differences NH,*-N inputs across treatments,
NH,Cl was added to phytin substitution treatments to match
NH,*-N of the 100% MAP treatment. Additionally, to alle-
viate potential non-P constraints to crop growth across the
phytin substitution gradient as well as the P-unfertilized con-
trol, additions of N for maize only and K for both crop species
at the equivalent rate of 189 kg N ha~! and 153 kg K ha™!
were surface applied to each pot as 28% urea ammonium
nitrate (UAN-28) and K as potassium chloride. As soybean,
an N-fixing legume, does not generally respond to N fertil-
izer in the US Midwest, no N was applied (Fernidndez, 2009).
The P application rate was calculated based on soil depth
(7.6 cm), soil mass (9.33 kg), initial Mehlich-3 P concentra-
tion (15.4 mg kg™!), and grain P removal rates of 2.91 g kg™!
for maize and 5.50 g kg~! for soybean (Villamil et al., 2019),
assuming yields of 12.6 and 4.0 Mg ha~! for maize and soy-
bean in central Illinois, respectively (USDA-NASS, 2018a,
2018b). Thus, P application rate was a combination of main-
tenance rate (i.e., replacing P removed with grain harvest over
a 2-year maize—soybean rotation) and the “build” of the build-
and-maintain paradigm (Lyons et al., 2023) used in Illinois, to
increase soil test P (i.e., Mehlich-3 P) to a target critical value
of 25 mg kg~! (Fernandez, 2009).

Phosphorus treatments were applied 6 days prior to planting
to air-dried soils and thoroughly mixed in the surface 0-15 cm
of pots. Soils were wet to 40% of field holding capacity on a
mass basis (Hertzberger et al., 2021). This was performed to
mimic the application of organic matter inputs and incorpo-
ration by shallow tillage prior to planting. Application rates
were 28.4 mg P kg~! for maize, corresponding to a field
rate of 51.9 kg P ha™!, and 20.6 mg P kg~! for soybean,
corresponding to 37.7 kg P ha~!. Polyvinyl pots (30.5-cm
diameter X 30.5-cm height) were used to replicate treatments
in quadruplicate. For each pot, three seeds of maize (Dekalb
DKC62-08) or soybean (AsgrowAG34 x 6) were placed at a
depth of 2.5 cm, and 6 days after emergence were thinned to
one seedling. The greenhouse air temperature was maintained
at 30°C using a greenhouse thermostat and corroborated with
atemperature sensor and datalogger (HOBO, Onset Computer
Corporation). Soils were maintained at 40% of field water
holding capacity by hand watering with distilled water to a tar-
get mass that accounted for the mass of the pot, air-dried soil,
and in the latter stages of crop growth, crop mass, as described
by Hertzberger et al. (2021).

2.3 | Crop biomass and P uptake

Aboveground biomass was measured at the end of the vegeta-
tive stage of the MAP treatment (i.e., no phytin substitution),
corresponding to V;, maize (44 days) and R; soybean (45
days) growth stages in MAP only, respectively. These growth
stages reflect the transition from vegetative (V) growth to
reproductive (R) growth, key developmental stages for both
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crops (Hanway & Thompson, 1967; Karlen et al., 1988).
Aboveground vegetation was harvested by clipping the stem
of maize or soybean 1 cm above the soil surface. Since pots
were gently hand-watered using a pipette, there was no soil
adhered to the aboveground biomass and were therefore not
washed before the determination of dry biomass and nutri-
ent concentrations (Hertzberger et al., 2021). Aboveground
biomass for maize was manually fractionated into leaf versus
stalk. Biomass samples were dried at 60°C in a dry oven and
weighed to determine biomass per pot.

To enable the determination of P uptake and thus PUE, the
P concentration of biomass was determined on finely ground
(<0.5 mm) samples digested by nitric acid, with quantifica-
tion of P by molybdate colorimetry (Parkinson & Allen, 1975;
Kowalenko & Babuin, 2014). Total N concentration was ana-
lyzed by dry combustion with an elemental analyzer (Vario
Max cube, Elementar). Aboveground biomass P uptake was
calculated by normalizing P concentration to aboveground dry
biomass. To compare the availability of P uptake from fertil-
izer, defined here as phytin, MAP, and phytin-MAP blends,
apparent fertilizer P uptake (FPU) was calculated as the differ-
ence between total aboveground P uptake from treatment and
total aboveground P uptake from the P-unfertilized control.

FPU(mg plant~') = Total aboveground P uptake (treatment

— control) (mg plant_l)

To compare the effect of recovery P on crop productivity,
we used the difference method for calculating apparent PUE
in the cropping system (Syers et al., 2008). Apparent PUE was
estimated by normalizing apparent FPU to the P input.

Apparent fertilizer P uptake(mg P palnt~!)

PUE(%) = x 100

Total amount of P input(mg P plant—!)

where the total P input as phytin-MAP blends was 265 mg P
plant™! for maize and 192 mg P plant~! for soybean.

2.4 | Soil Mehlich-3 P, microbial biomass,
and phosphatase activities

After aboveground crop biomass harvest, soils were sam-
pled to the full 20-cm depth of pots and homogenized by
hand mixing. A subsample was air-dried at ambient tem-
perature (~24°C), ground to pass a 2-mm sieve, and used
to determine Mehlich-3 P by colorimetric quantification of
molybdate-reactive P (Mehlich, 1984). To test mechanisms of
P immobilization-mineralization anticipated across the phytin
substitution gradient, microbial biomass carbon (MBC),
microbial biomass nitrogen (MBN), and microbial biomass
phosphorus (MBP), and the activities of phosphatases
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were determined on a subsample of soil, stored at 4°C after
sampling (<6 days). Soil MBC and MBN were determined
by sequential chloroform-fumigation based on Vance et al.
(1987). Briefly, 6 g of oven-dry soil mass equivalent of field
moist soil were fumigated using chloroform for 16 h at 24°C.
The fumigated soil and a non-fumigated subsample were
extracted with 30 mL of 2.0 M KCl and filtered (<0.45 pm).
Total dissolved organic C and N in KCI extracts were quan-
tified by UV-persulfate oxidation (Multi N/C 2100Series,
AnalytikJena), and MBC and MBN were determined by the
difference between the fumigated and non-fumigated soils.
No assumed correction values were applied (Bowles et al.,
2014). Soil MBP was determined by sequential fumigation-
extraction based on Brookes et al. (1982), analogous to MBC
and MBN, but using 0.5 M sodium bicarbonate (pH 8.5)
as the extractant and quantifying inorganic P by molybdate
colorimetry. To account for incomplete recovery of P from
microbial biomass released by fumigation, recovery of a
phosphate-P spike was determined using a third subsample
of soil extracted with 38 mL of 0.5 M NaHCO; at a pH of 8.5
and 2 mL of 125 mg P kg~! soil using potassium phosphate.
Inorganic P in the supernatant was analyzed colorimetrically
as described above.

Activities of acid phosphomonoesterase (PME) and phos-
phodiesterase (PDE) were assayed based on Tabatabai (1994)
as modified by Margenot et al. (2018). Soil enzyme activity
assays used the chromogenic substrates of para-nitrophenyl
phosphate for PME and bis (para-nitrophenyl) phosphate for
PDE. Briefly, 1.0 g of oven-dry equivalent soil mass was
incubated with substrate for 1 h at 37°C in a modified uni-
versal buffer at pH 6.5 for PME and pH 8.0 for PDE. Assays
were terminated using 0.1 M Tris buffer (pH 12) and 2 M
CaCl,, and a clarified supernatant for colorimetric quan-
tification of para-nitrophenol at 410 nm was obtained by
centrifugation (14,000 g for 90 s). Soil PME and PDE activi-
ties were expressed on a umol g~! h™! basis and normalized
to microbial biomass as pmol mg~! MBC h~! to account
for potential microbial biomass-driven differences in enzyme
activity (Medeiros et al., 2015).

We made the assumption that soil microbial biomass and
phosphatase activities measured at the end of the green-
house experiment reflected P mineralization of phytin in
the preceding 45-day period. Though in part due to prac-
tical constraints, this end-point sampling synchronizes with
crop growth response measured at a physiologically impor-
tant stage sensitive to plant P limitation. While phosphatase
activities are largely extracellular (Eivazi & Tabatabai, 1977)
and thus likely reflect relative differences in potential mineral-
ization of organic P, microbial biomass nutrient stoichiometry
may have shifted at the time of sampling relative to previ-
ous timepoints in which biomass C:N, C:P, and N:P may not
necessarily have reflected impacts of phytin-based treatments
on nutrient availability. However, this end-point sampling
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nonetheless integrates the previous 45 days response of micro-
bial biomass to phytin-based treatments, which we assume
indirectly reflects phytin impacts on microbial biomass
nutrient limitation or sufficiency.

2.5 | Statistical analyses

Analysis of variance (ANOVA) using R Studio software with
the car package (v. 3.6.3 for window) was used to test hypoth-
esized responses of plant, microbial, and soil parameters to
the phytin substitution gradient. The normality of residuals
was confirmed using the Shapiro—Wilk’s test and the homo-
geneity of the variances was confirmed using Levene’s test. A
two-way ANOVA test was used to evaluate the effect of crop
species and degree of phytin substitution on crop aboveground
biomass, total aboveground biomass P (i.e., P uptake), and
apparent PUE, MBC, MBN, MBP, and soil phosphatase activ-
ities (PME and PDE). Treatments were also compared using
the least significant difference (Tukey’s honestly significant
difference) at the 0.05 probability level using the R package
dplyr. Relationships of crop biomass, uptake, agronomy effi-
ciencies (AFPU and PUE), microbial biomass element ratios,
and Mehlich-3 P with fertilizer blend were fitted by using
the SigmaPlot program (v14.0) using the Pearson correlation
coefficient to evaluate the strength of relationships.

3 | RESULTS

3.1 | Crop growth and P uptake

Regardless of crop species, the aboveground biomass of
all treatments was higher than those without P fertilization
(29.3 g plant~! maize and 5.2 g plant™! of soybean). At the
maize V, stage, aboveground biomass (stalk and leaf) was
similar across the substitution gradient for up to 75% substi-
tution of MAP by phytin (Figure 1). Soybean biomass was
also inversely proportional to the phytin ratio of the fertil-
izer blends. For example, 50% and 100% phytin substitution
of MAP decreased soybean aboveground biomass by 17%
and 49% compared to the full MAP, respectively (Figure 1).
Aboveground biomass P (g plant™!) of each crop species was
similar across the phytin substitution gradient, ranging 2.10-
2.22 g kg~! for maize and 2.89-3.07 g kg~! for soybean.
Total aboveground P (g plant™!) of maize was similar for up
to 50% phytin substitution of MAP, but 75% and 100% of
phytin substitution were approximately 14% and 24% lower
than the highest P uptake (50% phytin substitution) (Figure 1).
For soybean, total aboveground P (g plant™!) was similar for
up to 50% phytin substitution of MAP, but 75% and 100% of
phytin substitution were approximately 14% and 24% lower
than the highest aboveground biomass P (50% phytin substi-
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FIGURE 1 Aboveground biomass, phosphorus (P) and nitrogen

(N) uptake of maize and soybean at the end of vegetative stage across a
gradient of phytin substitution of monoammonium phosphate on an
Aquic Argiudoll, evaluated in a greenhouse experiment. Error bars
represent standard error (n = 4 replicates). Different letters indicate a
statistical difference (p < 0.05), whereas the same letters indicate no
statistical difference according to Tukey’s honestly significant
difference (HSD).

tution) (Figure 1). Soybean grown with phytin as the sole P
fertilizer had the lowest P uptake, 49% lower than full MAP.
Total aboveground N uptake (g plant™!) of both crops had a
similar trend with P uptake (Figure 1). However, N concen-
tration of soybean averaged 5.31 g kg~! among the phytin
substitution, 2.5-fold more than maize (p < 0.001).
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FIGURE 2  Apparent phosphorus (P) contribution (%) from

fertilizers and fertilizer blends to maize and soybean aboveground P
uptake across a gradient of phytin substitution of monoammonium
phosphate (MAP) on an Aquic Argiudoll. Error bars represent standard
error (n = 4 replicates). Different letters indicate a statistical difference
(p < 0.05), whereas the same letters indicate no statistical difference
according to Tukey’s honestly significant difference (HSD).

Regardless of crop species, the contribution of fertilizer
to crop P uptake decreased as phytin substitution increased
(Figure 2). Nearly threefold more P uptake by soybean was
derived from fertilizer for MAP only than for phytin only: 63%
for MAP and 27% for phytin. However, aboveground maize P
was 35% derived from MAP and 19% derived from phytin.

3.2 | Apparent FPU and PUE

Apparent FPU and PUE reflected aboveground P uptake
trends across the phytin substitution gradient (Figure 3). For
maize, apparent FPU was similar at 25% and 50% substitu-
tion of phytin with MAP but decreased significantly at full
phytin (Figure 3). There were no differences in FPU for 0%—
75% phytin substitution, and soybean P uptake derived from
phytin as the sole P fertilizer source was 90% lower than
for MAP only (Figure 3). Apparent PUE for phytin substi-
tution of MAP was similar to P uptake but differed by crop
species. Under sole MAP fertilization, soybean apparent PUE
was 12.7%, approximately 10% higher than that of maize. In
contrast, the apparent PUE of phytin as the sole P fertilizer
was approximately 70% higher for maize than for soybean.
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Soybean PUE was similar for up to 75% phytin substitution
of MAP and decreased thereafter (Figure 3).

3.3 | Microbial biomass C, N, and P

Microbial biomass C in soil under maize averaged 55.6 mg
kg~!, 28% higher than in soil under soybean (p < 0.001)
(Table 1). Soil MBC in soybean varied inconsistently across
the phytin substitution gradient, being highest at 50% substi-
tution (52.0 mg kg™!) yet lowest at 25% phytin substitution
(31.6 mg kg~ !). However, excluding 25% phytin substitution,
MBC was not significantly different up to 100% substitution
of phytin by MAP. For example, the 25% phytin substitution
entailed an average of 38% lower MBC only relative to 50%
and 75% phytin substitution by MAP. For soils under both
crop species, MBN did not differ across the phytin substi-
tution gradient, though MBN in soils under maize was 32%
higher than that of soybean (p = 0.002). Similarly, soil MBP
was similar across the phytin substitution of MAP, but unlike
MBN, did not differ by crop species.

Soil MBC:MBN under maize was 49% and 61% higher
under full MAP than at 75% (p = 0.03) and 100% (p < 0.01)
phytin substitution (Figure 4). In contrast, soil MBC:MBN
under soybean was similar between phytin substitution of
MAP. Soil MBC:MBP also decreased as phytin substitution
increased under maize (p < 0.012) and soybean (p < 0.014).
Soil MBC:MBP was 8.5 and 7.9 for maize and soybean, 2.2-
fold (p < 0.05) and 2.5-fold (p < 0.05) lower for phytin as
the sole P fertilizer relative to full MAP, respectively. Soil
MBN:MBP was highly variable and unrelated to phytin sub-
stitution. Soil MBC:MBN and MBC:MBP were positively
correlated with crop responses of aboveground biomass, P
uptake, FPU, and PUE (Tables S1 and S2).

3.4 | Soil phosphatase activities

Though PME activities in soils under the two crop species
were similar across the phytin substitution gradient, activ-
ities in soil under soybean were higher than under maize
(» < 0.001) (Table 2). For example, the PME activities in soil
under soybean ranged from 1.6 to 1.8 umol g~! h~!, which
was on average 15% greater than that in soils under maize.
Like PME, PDE activities were similar across the phytin sub-
stitution gradient. Additionally, PDE activities were 3.4- and
3.1-fold less than PME activities in soil under maize and soy-
bean, respectively. Phosphatase activities normalized to MBC
were greater in soils under soybean than maize (Table 2), and
PME and PDE activities were both 24% greater for full phytin
substitution compared to MAP in soils under soybean but not
maize.
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TABLE 1
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maize and soybean to vegetative stage across a gradient of phytin substitution of monoammonium phosphate.

Differences in microbial biomass carbon (MBC), nitrogen (MBN), and phosphorus (MBP) in an Aquic Argiudoll cultivated with

Crop Phytin substitution (%) MBC (mg kg—!) MBN (mg kg~!) MBP (mg kg1)
Maize 0 57.64 + 1.29A 10.03 + 0.24A 791 + 1.93A
25 53.27 + 5.14A 14.05 + 4.66A 728 + 2.25A
50 60.14 + 1.86A 12.69 + 1.81A 12.82 + 1.08A
75 54.17 £ 5.79A 14.53 + 1.85A 12.49 + 1.63A
100 53.00 + 6.35A 15.00 + 3.19A 14.40 + 1.36A
Soybean 0 45.94 + 2.10ab 8.31 + 1.26a 8.23 + 3.17a
25 31.60 + 6.30b 5.47 + 1.46a 7.57 £ 2.99a
50 51.99 + 3.63a 11.24 + 2.61a 9.01 + 1.84a
75 51.00 + 4.28a 11.45 + 0.93a 10.97 + 1.42a
100 36.44 + 4.71ab 8.41 + 1.09a 11.95 + 1.29a
Statistical analysis
Crop <0.001* <0.002 0.231
(18.90)° (11.03) (1.50)
Phytin substitution 0.022 0.310 0.032
(3.35) (1.25) (3.04)
Crop X phytin substitution 0.262 0.280 0.775
(1.39) (1.33) (0.45)
Note: Different letters indicate a statistical difference (p < 0.05), whereas the same letters indicate no statistical difference according to the Tukey’s honestly significant
difference (HSD).
2p-value

®Values in parenthesis represent F-value.

TABLE 2  Acid phosphomonoesterase (PME) and phosphodiesterase (PDE) activities expressed on a soil mass and microbial biomass carbon
(MBC) basis in an Aquic Argiudoll under maize and soybean growth through vegetative stage across a gradient of phytin substitution of
monoammonium phosphate.

PME PDE PME PDE
Crop Phytin substitution (%) (umol g~! h~1) (umol mg—! MBC h~1)
Maize 0 1.46 + 0.08A 0.44 + 0.02A 25.31 + 1.54A 7.66 + 0.43A
25 1.60 + 0.08A 0.45 + 0.01A 30.03 + 1.75A 8.50 + 0.32A
50 1.50 + 0.06A 0.43 + 0.02A 2499 + 1.11A 7.09 + 0.44A
75 1.48 + 0.04A 041 + 0.01A 27.25 + 0.87A 7.55 + 0.19A
100 143 + 0.07A 0.45 + 0.03A 27.02 + 1.54A 8.52 + 0.75A
Soybean 0 1.69 + 0.06a 0.56 + 0.01a 36.87 + 1.50c 12.13 + 0.30c
25 1.79 + 0.05a 0.55 + 0.01a 56.59 + 1.66a 17.45 + 0.37a
50 1.70 £ 0.08a 0.55 + 0.01a 32.63 + 1.83c 10.64 + 0.29d
75 1.75 £ 0.03a 0.55 + 0.01a 34.28 + 0.72¢ 10.83 + 0.08cd
100 1.67 + 0.03a 0.53 + 0.01a 45.83 + 0.93b 15.08 + 0.45b
Statistical analysis
Crop <0.001* <0.001 <0.001 <0.001
(25.94)° (82.76) (249.41) (383.05)
Phytin substitution (%) 0.332 0.807 <0.001 <0.001
(1.20) (0.40) (34.26) (33.92)
Crop X phytin substitution 0.973 0.768 <0.001 <0.001
0.12) (0.46) (17.20) (18.27)
Note: Different letters indicate a statistical difference (p < 0.05), and same letters indicate no statistical difference according to the Tukey’s honestly significant difference
(HSD).
4p-value.

bValues in parenthesis represent F-value.
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FIGURE 3  Apparent fertilizer phosphorus (P) uptake (FPU) and P use efficiencies (PUE) of maize and soybean grown to the end of vegetative

stage across a gradient of phytin substitution of monoammonium phosphate (MAP) on an Aquic Argiudoll. Error bars represent standard error (n = 4

replicates). Different letters indicate a statistical difference (p < 0.05), whereas the same letters indicate no statistical difference according to Tukey’s

honestly significant difference (HSD).

4 | DISCUSSION

4.1 | Crop growth and P uptake

Lower aboveground biomass of maize and soybean at the end
of the vegetative growth stage at near-complete or full sub-
stitution supports the hypothesis that partial substitution of
MAP by phytin can avert P limitation to crop growth in P-
deficient soils, thereby offering a means to integrate phytin
into the portfolio of P fertilization sources. Our results also
indicate strong crop-specific responses to replacing highly
water-soluble MAP for the dominantly organic P source of
phytin. Tolerance of greater phytin substitution by maize rel-
ative to soybean is consistent with our finding of greater
reliance of maize on soil-derived P than soybean: under MAP
fertilization, over two-thirds of maize P uptake was from the
soil, compared to just one-third for soybean. This is consistent
with soil biochemical indicators suggesting slightly elevated P
mineralization in soils under soybean compared to maize cul-
tivation at a high degree of, or complete (i.e., 100%) phytin
substitution for MAP, which would be expected to increase
with crop P limitation (see Section 4.2). Greater derivation
of aboveground biomass P of maize from the soil compared
to soybean may be explained by the greater root density and
finer roots of maize (Hochholdinger et al., 2004; Fenta et al.,
2011).

High soil-derived P in aboveground biomass is consistent
with low PUE of maize and soybean. The PUE of maize and
soybean at the vegetative stage was 36% and 44% lower than
the global PUE average of 16% for cereal grains at harvest
(Dhillon et al., 2017). However, based on assessments per-
formed in similar soils (Endoaquolls), at this vegetative stage,
P uptake is only 27% of maize and 24% of soybean eventual

RIGHTS L1 N Hig

total aboveground uptake (Bender et al., 2013, 2015). Thus,
lower PUE values observed at the end of the vegetative stage
are likely strong underestimates of final (i.e., harvest stage)
PUE, though this relationship is relatively uncharacterized.
Although the replacement of highly water-soluble phosphate
fertilizers such as MAP by organic P-rich (55% of total P)
phytin would be expected to entail lower soil extractable inor-
ganic P, exacerbated by greater P demand with an increasing
degree of phytin substitution, we did not detect differences
in soil Mehlich-3 P (colorimetric) across the phytin substitu-
tion gradient (Figure S1). In addition, since there was more
inorganic P in thin stillage (dry grind plants) than light steep
(wet milling), the blend ratios identified in this study may
not reflect phytin recovered from dry grind facilities or wet
milling plants that use phytase (Aguiar et al., 2020).

4.2 | Mechanisms of phosphatase-driven
mineralization of phytate-P

Our study finds negligible stimulation of P mineralization
from phytin based on similar activities of phosphatases that
mineralize organic P, microbial biomass size, and element
stoichiometry of microbial biomass. This is consistent
with higher substitution of water-soluble inorganic P fer-
tilizer (MAP) by largely organic and thus crop-unavailable
P (phytin), leading to lower crop biomass. Increases in
MBC:MBP driven by increased MBP across the phytin
substitution gradient despite relatively similar PME activities
suggest that C introduced by phytin stimulated P immobiliza-
tion rather than P mineralization via phosphatase production.
These results are also consistent with the recent proposition
that a microbial biomass C:P ratio < 14 is indicative of P
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FIGURE 4

Changes in soil microbial biomass C (MBC):microbial biomass N (MBN), MBC:microbial biomass P (MBP), and MBN:MBP

under maize and soybean grown to vegetative stage across a gradient of phytin substitution of monoammonium phosphate on an Aquic Argiudoll,

evaluated in a greenhouse experiment. Error bars represent standard error (n = 4 replicates).

immobilization (Frasier et al., 2022). In addition, immobiliza-
tion of soil and fertilizer P with increasing phytin substitution
would exacerbate the diminishing bioavailable P from MAP,
further contributing to the observed lower biomass at high or
full phytin substitution ratios. Unexpectedly, lower microbial
biomass C:N with full phytin substitution for MAP suggests
that, despite excess N fertilization for the vegetative growth
stage of maize and the biological N fixation capabilities of
soybean, phytin may also entail N immobilization. This could
be potentially mediated by the introduction of organic C from
phytin, which was approximately 0.06 g kg soil~! for maize
and 0.04 g kg soil~!. On the other hand, phytin has a relatively
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low C:N of approximately 7.6 (Aguiar et al., 2020), which
would be expected to favor net N mineralization (Janssen,
1996). Though we did not evaluate soybean nodulation nor N
fixation, future studies should consider potential interactions
of N from phytin with N fixation by leguminous species such
as soybean.

Accounting for potential microbial biomass-driven differ-
ences in phosphatase activities, soil phosphatase activities per
unit MBC under soybean were greater than under maize, indi-
cating greater mineralization pressure on organic P (Margenot
et al., 2017) with the leguminous crop species. Crop species
rather than phytin substitution had a greater effect on soil
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phosphatase activities, with 41% greater PME activity and
13% greater PDE activity per unit microbial biomass than
soils under maize, likely reflecting increased root biomass
(Ma et al., 2021; Razavi et al., 2016). That PDE and PME
activities normalized to microbial biomass were approxi-
mately twice as high (p < 0.001) under soybean compared
to maize could reflect greater investment by soybean in
phosphatases to acquire P from soil organic pools. Nitrogen
fixation by legumes is thought to enable greater produc-
tion of N-rich enzymes, in particular phosphatases (Png
et al., 2017; Venterink, 2011), which has been proposed to
explain higher PME enzyme activity in rhizosphere and bulk
soils under leguminous crop species such as common bean
(Phaseolus vulgaris) and chickpea (Cicer arietinum) com-
pared to non-leguminous crops such as maize (Li et al., 2004,
2007; Maltais-Landry, 2015). Driven by MBC decreases with
increasing phytin substitution, higher PME activity per unit
MBC in soils under soybean but not maize could reflect lower
root exudation by P-limited soybean and are suggestive of
greater mineralization pressure on phytin-P relative to the
microbial sink.

Given that phosphatase activities can be stimulated by
organic P (i.e., substrate inducement) (Nakayama et al., 2021)
and are generally inversely associated with P availability
(Tabatabai & Bremner, 1969), our results indicate that organic
P-rich phytin addition to a P-deficient soil does not stimulate
phosphatase activity during crop growth. This could reflect
the lower biological N fixation capacity of modern soybean
hybrids relative to other legume species: biological N fixation
only supplies 23%—65% of total aboveground N at soybean
maturity (i.e., harvest) (Cérdova et al., 2019). However, PME
activities in soils under soybean were still 15% higher than
for maize. Despite soil PME activity being generally increased
under conditions of P deficiency (Olde Venterink & Giisewell,
2010; Phoenix et al., 2004; Venterink et al., 2011), we did not
find high phytin substitution to stimulate PME activity despite
evidence of P limitation to crop growth.

Overall, our results suggest that mineralization of phytate-
P may occur at longer timescales than those evaluated in our
study, as has been found for phytate-rich amendments such
as poultry or swine manure (Giles & Cade-Menun, 2014; Liu
et al., 2022). Contrary to our hypothesis, phytin P mineral-
ization appeared to be limited and constrained by the full
substitution of MAP with this organic P-rich amendment.
However, the relatively short duration of our greenhouse
experiment compared to field conditions in which maize
and soybean would be grown beyond the vegetative stage to
grain harvest would be expected to underestimate the total
amount of mineralization of phytin-P relative given the longer
timescales of a growing season. On the other hand, the sus-
tained warm (30°C) and wet (40% soil water holding capacity)
conditions of our greenhouse experiment would be expected
to favor mineralization (Sun et al., 2022), especially given the
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temperature optimum of soil bacterial and fungal phytases of
20-40°C (Azeem et al., 2015). Another potential contributing
factor could be the relative abundance of phytate-mineralizing
microbial species, which can differ in phytase isozymes and
thus catalytic efficiency across soils (Singh & Satyanarayana,
2011). Lack of phytate-rich inputs at our field site (e.g.,
manure) could have led to a lower abundance of phytase-
producing microorganisms. This points to the potential of
soil microbial inoculants to expedite phytin mineralization
(Kaur, 2020; Rizwanuddin et al., 2023) or pretreatment of
phytin with purified phytases, as has been successfully per-
formed with manures (Angel et al., 2005; Menezes-Blackburn
et al., 2014) to increase the inorganic P fraction prior to field
application. To understand the extent to which phytin P can
mineralize during a growing season, controlled mesocosm
studies using *P or 3?P labeling for radioisotopic dilution
afford high precision of mineralization rates and cumulative P
mineralization under varying temperature and moisture con-
ditions and across soils of varying properties (e.g., texture)
(Blinemann, 2015). As the first assessment of phytin as a
crop P source, our study identifies a need for evaluating the
timescales of phytin P mineralization to support its use as a P
source for crops.

4.3 | Implications for a circular P economy
Our findings support the potential of phytin as a means to redi-
rect P flows in waste streams from grain processing plants,
a point source of P unique to the US Midwest, to agricul-
tural fields as recipient sinks. Moreover, the fact that phytin
can be partially substituted for soluble ammonium phosphate
fertilizers supports the hypothesis by Margenot et al. (2019)
that recovered P forms (e.g., phytin, struvite) are unlikely to
be agronomically appropriate as a full replacement for solu-
ble P fertilizers. As demonstrated by Ruffatto et al. (2022),
partial substitution of P fertilizers with phytin increases the
spatial extent of circular P economies, in particular for the US
Midwest. This would support the proposition by Metson et al.
(2016) that even a partial recycling of P from waste streams
of grain processing facilities and wastewater treatment plants
could meet an appreciable proportion of maize and soybean
crop P needs in the US Midwest.

S | CONCLUSION

The application of phytin as a P fertilizer for maize and soy-
bean serves to redirect P recovered from co-located ethanol
plants to enable a circular P economy in the US Midwest.
We hypothesized that although the sole use of phytin as a
P fertilizer is insufficient to meet crop P demands given its
largely organic P composition (phytate-P), partial substitution
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of phytin for MAP (i.e., blends) would enable agricultural re-
use of phytin. In a P-limited Aquic Argiudoll, phytin could be
partially substituted for MAP on a P basis by up to 75% for
maize and soybean without compromising vegetative growth.
Full phytin substitution of MAP decreased the aboveground
biomass of maize by 21% and soybean by 49%. Regardless of
crop species, microbial biomass C, N, and P and phosphatase
activities were largely invariant across the phytin substitu-
tion gradient, suggesting that soil mineralization of organic
P from phytin was negligible under greenhouse conditions
through vegetative growth stages, consistent with lower crop
biomass at higher phytin substitution rates. Soil MBC:MBN
and MBC:MBP decreased as phytin substitution increased,
suggesting that the immobilization of P from C-rich phytin
may have exacerbated the unavailability of P added in organic
form. This study demonstrates that phytin, recently recog-
nized as a potentially recoverable flux of P from point sources,
can be recycled as a P fertilizer in combination with highly
water-soluble P fertilizers such as MAP by up to 50% to meet
the P needs of the two major crop species of the US Mid-
west. To capitalize on this potential, future research should
evaluate mineralization rates of phytin organic P in situ as
well as evaluate maize and soybean grain yields under phytin
fertilization at the field scale.
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