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Abstract: Novel biotechnology on transgenic plants capable of metabolizing phosphite (Phi), a
reduced form of P, could improve the effectiveness of P fertilizers and reduce the P footprint in
agriculture with the benefit of suppressing weed growth. However, potassium Phi (K-Phi) salts used
as fertilizer are highly soluble in water. At the same time, sandy soils of the Southern Coastal Plain
are vulnerable to leaching losses resulting from long-term Pi fertilizer application. We performed
a replicated leaching trial using five soil materials that included three surface and two subsurface
layers from cultivated topsoil (Ap horizon) with contrasting Phi and Pi sorption capacities. Each
soil received three treatments K-Phi at rates 0 (control), 24, and 49 kg P ha−1 and leached twice with
de-ionized water. All K-Phi-treated soils leached Phi except for the controls. A phosphorus saturation
ratio (PSR) calculated from P, Al, and Fe in acid extracts indicated increasing environmental risk
of Phi leaching in soils with lower Phi and Pi sorption capacities at rising rates of applied K-Phi.
Because plants rapidly absorb Phi, further studies on the environmental impact of K-Phi fertilizer
use should include the interaction of plants with soil properties and soil microbial activity at optimal
Phi application rates for growing transgenic plants able to use Phi as a nutrient source.

Keywords: phosphite; phosphate; fertilization; soil phosphite retention; phosphorus use efficiency

1. Introduction

For sustainable food production, nutrients removed by crops need replacement in
sufficient amounts to prevent nutrient deficiencies in the next crop season. Plants require
phosphorus (P), an essential nutrient, in large amounts to avoid crop yield failure. High ap-
plication of P fertilizers above crop requirements usually occurs in P-fixing soils to provide
sufficient plant-available P [1]. Although soils have a high capacity to retain P, continued
application of P fertilizers could eventually exceed the plant and soil assimilative capacities,
resulting in the loss of P from soil to water bodies through runoff or leaching [2,3]. In turn,
global demand for P fertilizers in intensive agriculture due to a growing population leads
to the depletion of finite reserves of rock phosphate to produce inorganic P fertilizers [4].
Therefore, improving P use efficiency (PUE) could help ensure global food security by
slowing the exhaustion of rock phosphate resources and reducing P’s negative impact on
the environment [5]. Among various emerging approaches to improve PUE, transgenic
plants capable of metabolizing phosphite (Phi) could help reduce the P footprint in agricul-
ture [5–7]. Nevertheless, the environmental impact of intensive use of Phi fertilizer for the
production of these novel transgenic crops is still unclear.

Phosphites (Phi) are alkali metal salts of phosphorous acid (H3PO3), a reduced form of
P, widely used as fungicides in agriculture [8,9]. The most common form of Phi in fungicide
or fertilizer products is potassium phosphite (K-Phi), commercially available in liquid for-
mulations [10]. K-Phi as a P fertilizer source is harmful to P-starved plants and suppresses
plant growth because of its nutritional ineffectiveness as a P source [11,12]. Neverthe-
less, transgenic plants expressing the bacterial-derived phosphite dehydrogenase (ptxD)
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gene can catalyze the oxidation of Phi into orthophosphate P (PO4
3−–P), hereafter called

Pi [13]. For that reason, ptxD-transgenic cotton (Gossypium hirsutum L.), corn (Zea mays L.),
and soybean (Glycine max (L.) Merr.) plants can select Phi over Pi as a P fertilizer source.
Therefore, transgenic plants may require 30 to 50% less P to attain similar productivity
than non-transgenic ones using Pi fertilizer [6]. Besides reducing the P footprint for crop
production and possibly improving PUE, Phi application to plants expressing the ptxD
gene can have the additional benefit of suppressing the growth of weeds [5,14].

The successful production of ptxD-transgenic crops in the Southern Coastal Plain
will require soils with low concentrations of plant-available Pi for the unhindered growth
of crop plants, such as cotton expressing the ptxD gene, and simultaneous weed growth
suppression due to Pi starvation [15]. Still, K-Phi fertilizer applications could lead to an
undesirable buildup of soil Pi because of soil microbial oxidation of Phi into Pi [16,17].

Aside from plant genetics, environmental factors such as temperature, rainfall timing,
intensity and amount, and interactions of temperature and rainfall, management factors
such as timing and placement, tillage, and soil type can lead to significant losses of soluble
fertilizers from the root zone and subsequent water pollution [18,19]. A conventional soil
Pi test can determine if the soil has low Pi before planting ptxD-transgenic crop plants.
However, the additional chemical analysis of Phi in soils can help assess Phi’s impact on
potential runoff and leaching due to the higher water solubilities and higher content of P
in Phi fertilizers than traditional Pi [10,20]. Studies comparing Pi and Phi soil applications
reported that Phi binds less strongly to soils with slower removal than Pi [21,22]. Although
the slow Phi removal would imply the use of less total P relative to Pi-fertilizer systems
for equivalent crop production, it also suggests greater mobility of applied Phi reaching
roots in deeper soil layers but increasing the risk of Phi loss by leaching [10,21,22]. Our
investigation had the objective of assessing the potential environmental consequences
of using K-Phi as a source of P fertilizer for ptxD-transgenic crops in sandy soils of the
Southern Coastal Plain region. We excluded the use of plants in this study because of K-
Phi’s complex mode of action in soils due to its high solubility, rapid plant tissue absorption
of Phi and Pi by the same Pi transporters, and systemic translocation through the xylem
and phloem to all areas of the plant [8,14]. Because the success of the ptxD-transgenic crop
technology for weed suppression hinges on the low content of plant available Pi in soils,
we focused our investigation on evaluating the potential short-term loss of K-Phi in sandy
soils attributable to soil leaching immediately after Phi application to soils.

2. Materials and Methods
2.1. Soil Properties

The Southern Coastal Plain physiographic region covers a large area formed from
marine sediments, including Virginia, North Carolina, South Carolina, Georgia, Florida, Al-
abama, Mississippi, and Louisiana. Cash crops such as cotton, soybean, corn, and peanuts
are produced throughout the Southern Coastal Plain region, in soils mainly classified as
Ultisols [23]. The Ultisols are naturally acidic and low in soil organic carbon (C), with sur-
face soil textures ranging from loam to loamy sands with cation exchange capacities (CEC)
of less than 9 cmol kg−1 [24]. For this study, we selected the following three Ultisols for
our investigation: Dothan (fine-loamy, kaolinitic, thermic Plinthic Kandiudults) obtained
from a cotton field in Dooly County, GA (32◦08′ N, 83◦41′ W), while the Norfolk (fine-
loamy, kaolinitic, thermic Typic Kandiudults), and Uchee (loamy, kaolinitic, thermic Arenic
Kanhapludults) were obtained at the Pee Dee Research and Education Center, Clemson
University, Florence County, SC (34◦18′ N, 79◦44′ W).

The Dothan soil included the surface (0–15 cm depth) and the subsurface (15–30 cm
depth) soil layers from the Ap horizon. The Norfolk soil included only the surface soil
(0–15 cm) collected from the Ap horizon. The Uchee soil included the surface (0–15 cm
depth) and the subsurface (15–30 cm depth) soil layers collected from the Ap and E
horizons. Hereafter, we refer to the Dothan surface soil as Dt_a, the Dothan subsurface
soil as Dt_b, the Norfolk surface soil as Nf_a, the Uchee surface soil as Uc_a, and the



Environments 2021, 8, 126 3 of 12

Uchee subsurface soil as Uc_b (Table 1). We air-dried the soils and passed them through a
2-mm sieve before performing physicochemical analyses. The soil texture was determined
by the micro-pipette method [25]. The soil C was determined by dry combustion (CNS
Analyzer, Elementar Americas, Ronkoma, NY, USA). The soil pH was measured using
a glass pH electrode in a 1:1 ratio soil/water mixture. The CEC was determined by the
neutral ammonium acetate method. The soil Pi, Ca, and Mg content was determined in
Mehlich 1 extracts at the Clemson University, Agricultural Service Laboratory, Clemson,
SC (http://www.clemson.edu/agsrvlb (accessed on 15 November 2021)).

Table 1. Select properties of experimental soils.

Soil 1 Depth Sand Silt Clay Soil C pH CEC 2 M1-Pi 3 Ca Mg
Sorption

Pi Phi

cm % % % g kg−1 cmolc kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1

Dt_a 0–15 66 18 16 13.4 5.3 6.4 25 466 79 98.0 95.5
Dt_b 15–30 81 10 9 7.4 6.2 6.0 12 502 107 70.6 77.8
Nf_a 0–15 79 16 5 7.0 5.9 4.6 21 402 50 42.0 43.9
Uc_a 0–15 91 6 3 8.7 4.7 3.3 6 67 11 78.1 93.6
Uc_b 15–30 91 6 3 1.5 5.0 1.6 4 37 7 72.2 37.1

1 Dt (Dotham), Nk (Norfolk), Uc (Uchee); a (surface soil 0–15 cm), b (subsurface soil, 15–30 cm). 2 Cation exchange capacity. 3 Available soil
phosphorus, Mehlich 1.

The Pi and Phi sorption of the five soil materials was determined through the single-
point adsorption isotherm method [26] further adapted to Phi. Duplicate samples of 1.0 g
of soil were placed in 50-mL centrifuge tubes with 25 mL 0.01 M CaCl2 and the necessary
amount of Phi to provide a load of 250 mg Phi kg−1. Samples were shaken for 24 h,
centrifuged at 3000 rpm for 10 min. The decanted supernatant was filtered with a 0.2-µm
pore filter and analyzed for Phi. The difference between initial Phi concentration and what
was left in solution after 24 h was considered sorbed to the soil. Soil clay fractions were
analyzed by X-ray diffraction (XRD) (Department of Soil and Crop Sciences, Texas A&M
University, College Station, TX, USA) for clay mineral identification [27]. The identified
minerals included kaolinite, gibbsite, and goethite in the three soil materials. We confirmed
these minerals’ presence through thermo-gravimetric analysis (TGA) of the same clay
fractions [28].

2.2. Experimental

We performed a leaching experiment with the five soil materials presented in Table 1.
Each soil received three treatments: Phi application rates of 0, 14.6, 29.2 mg Phi per
pot (0, 24, and 49 kg P ha−1) using liquid K-Phi Ele-Max Fertilizer 0-28-26 (Helena Agri-
Enterprises LLC, Collierville, TN, USA). The Phi application rates of 25 and 49 kg ha−1

(based on the surface area of the top of the pots) were equivalent to Pi requirements of
dryland cotton production with medium and low soil Pi contents according to Clemson
University Soil Testing recommendations (http://www.clemson.edu/agsrvlb (accessed on
15 November 2021)). Each treatment had three replicates. We conducted the soil leaching
in open-top flowerpots (10.3-cm diam. and 8.5-cm tall) with six drainage holes (5-mm
diam.) containing about 500 g of air-dry soil per pot. The soil bulk densities in g cm−3

for each soil material were 1.18, 1.28, 1.27, 1.33, and 1.42 for the Dt_a, Dt_b, Nf_a, Uc_a),
and Uc_b, respectively. A nylon mesh fabric covered the pot’s drainage holes to retain
the soil inside the pots. The K-Phi treatments were applied in equal volumes of 50-mL
de-ionized (DI) water to each pot, letting the K-Phi react with the soil overnight. The day
after the K-Phi application, we added a volume of 200 mL of DI water to each pot, which is
equivalent to about a 3.5-cm rainfall. Plastic containers placed under the pots collected the
leachates to measure the volume of water leached and sampling for Phi and Pi analysis.
Three days later, we leached the pots again with another 200 mL of DI water and repeated
the measurement of leached volume and water sampling. At the end of the experiment,
the soils were sampled and air-dried before Phi and Pi extraction and analysis. The soils

http://www.clemson.edu/agsrvlb
http://www.clemson.edu/agsrvlb
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were extracted with the DI water (DW) and the Mehlich 1 (0.5 M HCl + 0.0125 M H2SO4)
extraction procedures according to Self-Davis et al. [29] and Sims [30]. All water samples,
soils extracts, and analytical standards were filtered with 0.2-µm polyethersulfone (PES)
filters and stored at 4 °C before analysis.

2.3. Analytical Methods

Water samples and soil extractions were analyzed for Phi and Pi by chemically sup-
pressed ion chromatography (IC) using a Dionex ICS-2000 (Thermo Fisher Scientific,
Waltham, MA, USA) with KOH as the eluent. The IC system included an AS-17-C analyt-
ical column, an AG17-C guard column [31], and a Dionex IonPac ATC-3 trap column to
remove carbonate from the eluent, preventing spurious peaks and minimizing baseline
shifts during gradient operation [32]. The IC calibrating standards were prepared from
a multi-element custom stock standard of 100 mg L−1 of F, Cl, NO3–N, NO2–N, Pi, and
SO4–S (Inorganic Ventures, Christiansburg, VA, USA) and a 100 mg Phi L−1 solution made
of sodium Phi dibasic pentahydrate [Na2H(PO3) * 5H2O], 98% (Acros Organics, NJ, USA).
We prepared the 100 mg Phi L−1 stock solution by adding 0.6974 g of salt to 1.000 L of DW
water and confirmed the total P concentration of the stock Phi solution was equivalent to
100 mg Phi L−1 by inductively coupled plasma–atomic emission spectrometry (ICP). The
combined stock solutions were used to create IC calibration curves ranging from 0.2 to
20 mg L−1 of each analyte. The detection limit of the method for Phi was 0.05 mg L−1.

We evaluated the IC method for possible interferences of soil constituents in the soil
extracts for analytical quality assurance. First, we compared the Pi analysis data of Mehlich
1 soil extracts obtained by IC to data from a routine colorimetric method [33]. We found
that the IC analysis Pi data had a high linear correlation with the colorimetric Pi analysis
data (IC-Pi = 1.08*Colorimetric-Pi + 0.48; R2 = 0.986, n = 180). Therefore, we deemed
the IC suitable for the analysis of Pi in Mehlich 1 soil extracts. Second, we conducted a
spike recovery of Phi in DW and Mehlich 1 soil extracts. Soil extracts samples (n = 60)
were spiked with 5 mg Phi L−1 and re-analyzed to evaluate the percent recovery of the
IC analysis method in DW and Mehlich 1 extracts (Table 2). The high recovery rates for
DW (>97%) and Mehlich 1 (>93%) indicated that the IC method did not have significant
interferences of other anions for the determination of Phi in the soil extracts from our study.

Table 2. Measurement of Phi in de-ionized water (DW) and Mehlich 1 soil extracts spiked with
5 mg L−1 Phi.

Soil 1 DW Mehlich 1

NS 2 S 3 Recovery NS S Recovery
mg L−1 mg L−1 % mg L−1 mg L−1 %

Dt_a 0.85 6.01 97 1.39 6.31 101
Dt_b 1.19 6.26 98 1.44 6.56 98
Nf_a 1.63 6.64 99 1.85 6.98 98
Uc_a 1.13 6.29 97 1.86 7.29 93
Uc_b 1.49 6.52 99 2.16 7.42 96

1 Dt (Dotham), Nf (Norfolk), Uc (Uchee); a (surface soil, 0–15 cm), b (subsurface soil, 15–30 cm); 2 NS = Not
spiked; 3 S = Spiked.

The cumulative Phi soil loss in the leaching trials expressed in percentage to the initial
total K-Phi fertilizer applied to each soil on a mass basis (LM) was estimated as follows:

Phi Leached % = [(Vol1 × C1) + (Vol2 × C2)/M0] × 100

where Vol = volume of leachate (L) and C = Phi concentration in the leachate (mg L−1) and
M0 = initial mass of Phi applied per pot (mg). Because of the negligible concentration of
organic P, the sum of Phi and Pi concentrations determined by the IC method obtained in
the leachates were called dissolved leached phosphorus (DLP) and water-soluble phos-
phorus (WSP) from the DW soil extractions. Additionally, the soil Mehlich 1 (M1) extracts
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were analyzed by ICP to determine P, Al, and Fe. Although the ICP method does not
discriminate between Phi and Pi-P forms, the ICP analysis data were used to estimate the
phosphorus saturation ratio (PSR) to predict P losses in water leaching [34,35] at increasing
Phi application rates:

PSR =
(M1 P/31)

(M1 Al/27) + (M1 Fe/56)

2.4. Statistical Analysis

The leaching experiment was analyzed as a completely randomized design (CRD)
using SAS 9.4 (SAS Institute, Cary, NC, USA). Repeated measures analyses were conducted
to assess time series data collected from the same pot using the GLIMMIX procedure with
a heterogeneous autoregressive covariance structure. The following model was used to
determine treatment effects of leaching, soil type, and rate of application on the amount of
Phi leached:

Yijkl = µ + Ei + Bj + Sk + ESik + Rl + ERil + SRkl +ESRikl +ε(ijkl)

where Y = Phi leached, µ = mean, E = leaching, B = replication, S = soil type, R = rate
of application, and ε = experimental error, along with their accompanying interactions.
Leaching, soil type, and rate of application were treated as fixed effects, while replication
and the leaching × replication interaction were treated as random effects.

The following model was used to determine the effects of soil type and rate of ap-
plication on the cumulative Phi leached using GLIMMIX, but it was not analyzed using
repeated measures:

Yijk = µ + Bi + Sj + Rk + SRjk +εijk

where Y = percent total Phi leached, µ = mean, B = replication, S = soil type, R = rate of
application, and ε = experimental error, along with their accompanying interactions. Soil
type and rate of application were fixed effects, while replication was a random effect. The
REG procedure in SAS 9.4 was used to conduct linear regression analyses of the pooled
data of the five soils for the relationship between WSP and PSR. An analysis of variance
(ANOVA) was first conducted to determine significant interactions at a probability (P) level
of α = 0.05. Interactions were then partitioned to evaluate the changes in Phi or Pi for each
soil type over time. Mean separation was determined by the standard error of the mean
(SEM) among treatments using the PDIFF/Lines option within GLIMMIX.

3. Results
3.1. Phosphite Leached

Phosphite leached from all K-Phi treated soils except for the controls (Figure 1A,B). The
results from the ANOVA revealed a three-way interaction among leaching, soil material,
and rate of K-Phi fertilizer application (p < 0.05). For each soil, the first leachate (Figure 1A)
showed a higher Phi concentration than in the second leachate for both Phi treatment
rates (Figure 1B). Except for the Dt_a soil in the first leaching trial (Figure 1A), the other
four soils had a significantly higher concentration of Phi in their leachates when the K-Phi
application rate increased from 24 to 49 kg ha−1. The significant interaction effect of soil
material and application rate on the Phi concentration of the leachates showed similar
trends for the second leaching trial (Figure 1B).

The Pi concentrations in the leachates from the control and all K-Phi treated soils
shown in Figure 1C,D indicate a minimal increase in soluble Pi at increasing Phi application
rates. Differences in Pi concentrations between the control and the K-Phi treatments were
only statistically significant for the Nf_a soil in both leaching trials and the Dt_a soil in
the second leaching trial (p < 0.01). Overall, all Pi concentration values in the leachates
remained in a lower range of 0.1–1.7 mg Pi L−1 concentrations (Figure 1C,D) compared to
Phi concentrations in 0–23.2 mg Phi L−1 (Figure 1A,B).
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Figure 1. Mean phosphite-P (Phi) concentration in leachates from the first (A) and second leaching (B)
trial; and mean phosphate-P (Pi) concentration in leachates from the first (C) and second leaching (D)
trial for the five soils described in Table 1. Each soil received potassium phosphite (K-Phi) application
rates equivalent to 0, 24, and 49 kg P ha−1 before the first leaching trial. For each soil, means followed
by the same letter are not significantly different at a probability p < 0.01.

The cumulative Phi loss in percentage of the initial total K-Phi fertilizer applied to
each soil resulting from the combined data of the two leaching trials is shown in Figure 2.
On average, the volume of leachate obtained at each Phi treatment did not differ greatly
for each soil (Appendix A, Table A1). Therefore, the increase in the cumulative mass of Phi
leached had a similar trend to the Phi concentration in the leachates from soils receiving 24
or 49 kg K-Pi ha−1 treatments (Figure 1). The cumulative mass of Phi released from each
soil increased in the order: Dt_a < Dt_b < Uc_a < Nf_a < Uc _b. Although the application
rates of K-Phi did not significantly affect the percentage of cumulative Phi leached (p < 0.01)
except for the Uc_b soil, the results confirm that each soil material had a significant effect
on the percent mass of Phi leached from the soil. These results hint that the quantity of
soluble Phi that could be lost by leaching increased as the soils became steadily “saturated”
with the increase in K-Phi application rate.

3.2. Phosphite Interaction in the Leached Soils

For all five soils, the P (Phi + Pi) values from each soil extraction method were
significantly correlated (p < 0.01) to cumulative DLP (Phi + Pi) values obtained ensuing the
passage of 400 mL of water in the leaching trials (Table 3). For both extraction methods, the
linear regression slope indicates the change of dissolved P concentration in the leachate
(DLP) per unit of soil P extracted. For instance, in the case of WSP, the soil with the lowest
regression slope (Dt_a) had the lowest WSP and the lowest DLP. The percent of Phi mass
released from each soil in the order of Dt_a < Dt_b < Uc_a < Nf_a < Uc _b is shown in
Figure 2, but this trend was different for slopes of the regression between Mehlich 1 and
DLP values.

The increase in Mehlich 1 and DSL at increasing rates of K-Phi fertilizer is shown in
Figure 3. For the three low-Pi status soils (Uc_b, Uc_a, and Dot_b), the increasing K-Phi
application rates resulted in significant increases in Mehlich 1 values (p < 0.01). For instance,
the “native” Mehlich 1 value for Uc_b was 4 mg kg−1 in the control with a DLP release of
0.1 mg kg−1 (2.5% cumulative P loss). Applying 24 and 49 kg K-Phi ha−1 to Uc_b raised
Mehlich 1 values to 17.1 and 28.7 mg kg−1 with DLP releases of 3.32 (10% P loss) and
12.3 mg kg−1 (20% P loss), respectively. The Uc_a_and the Dt_b followed a similar trend
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of increasing Mehlich 1 values at increasing rates of K-Phi application but with lower
amounts of mean DLP losses than the Uc_b soil. However, in the two medium-Pi soils
(Nf_a and Dt_a), increasing Mehlich 1 soil levels due to K-Phi application differed markedly
on the DLP. The DLP values were low (<1%) from the controls of both Nf_a and Dt_a soils.
Relative to the Phi application rates of 24 and 49 kg ha−1, K-Phi fertilizer addition to the
Nf_a soil increased P loss to 6 and 9%, whereas K-Phi fertilizer addition to the Dt_a soil at
the highest rate of 49 kg ha−1 resulted in a mean P loss of 1%.

Environments 2021, 8, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 2. Percent of cumulative phosphite (Phi) leached with respect to initial Phi on a mass basis. 
Combined data of two leaching trials for each K-Phi application rate. For each soil, means followed 
by the same letter are not significantly different at a probability p < 0.01. 

3.2. Phosphite Interaction in the Leached Soils 
For all five soils, the P (Phi + Pi) values from each soil extraction method were signif-

icantly correlated (p < 0.01) to cumulative DLP (Phi + Pi) values obtained ensuing the pas-
sage of 400 mL of water in the leaching trials (Table 3). For both extraction methods, the 
linear regression slope indicates the change of dissolved P concentration in the leachate 
(DLP) per unit of soil P extracted. For instance, in the case of WSP, the soil with the lowest 
regression slope (Dt_a) had the lowest WSP and the lowest DLP. The percent of Phi mass 
released from each soil in the order of Dt_a < Dt_b < Uc_a < Nf_a < Uc _b is shown in 
Figure 2, but this trend was different for slopes of the regression between Mehlich 1 and 
DLP values.  

Table 3. Water-soluble P (WSP) and Mehlich 1 P correlation to dissolved leachate P (DLP) from five soils. WSP and Mehlich 
1 P are extracted mg (Phi + Pi) kg−1 soil; DLP is the combined P (Phi + Pi) concentration of two leaching trials in mg L−1. 

 WSP Mehlich 1 
Soil Regression line Regression coefficient (R2) Regression line Regression coefficient (R2) 
Dt_a y = 0.30x − 0.19 0.83 y = 1.34x − 34.8 0.88 
Dt_b y = 0.91x − 0.53 0.91 y = 0.17x − 6.5 0.85 
Nf_a y = 1.7x − 6.5 0.93 y = 0.67x − 9.6 0.96 
Uc_a y = 1.0x + 1.1 0.74 y = 0.66x − 2.5 0.83 
Uc_b y = 3.0x − 2.7 0.92 y = 1.77x − 17.2 0.76 

The increase in Mehlich 1 and DSL at increasing rates of K-Phi fertilizer is shown in 
Figure 3. For the three low-Pi status soils (Uc_b, Uc_a, and Dot_b), the increasing K-Phi 
application rates resulted in significant increases in Mehlich 1 values (p < 0.01). For in-
stance, the “native” Mehlich 1 value for Uc_b was 4 mg kg−1 in the control with a DLP 
release of 0.1 mg kg−1 (2.5% cumulative P loss). Applying 24 and 49 kg K-Phi ha−1 to Uc_b 
raised Mehlich 1 values to 17.1 and 28.7 mg kg−1 with DLP releases of 3.32 (10% P loss) 
and 12.3 mg kg−1 (20% P loss), respectively. The Uc_a_and the Dt_b followed a similar 
trend of increasing Mehlich 1 values at increasing rates of K-Phi application but with 
lower amounts of mean DLP losses than the Uc_b soil. However, in the two medium-Pi 
soils (Nf_a and Dt_a), increasing Mehlich 1 soil levels due to K-Phi application differed 
markedly on the DLP. The DLP values were low (<1%) from the controls of both Nf_a and 
Dt_a soils. Relative to the Phi application rates of 24 and 49 kg ha−1, K-Phi fertilizer addi-
tion to the Nf_a soil increased P loss to 6 and 9%, whereas K-Phi fertilizer addition to the 
Dt_a soil at the highest rate of 49 kg ha−1 resulted in a mean P loss of 1%. 
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Table 3. Water-soluble P (WSP) and Mehlich 1 P correlation to dissolved leachate P (DLP) from five soils. WSP and Mehlich
1 P are extracted mg (Phi + Pi) kg−1 soil; DLP is the combined P (Phi + Pi) concentration of two leaching trials in mg L−1

.

WSP Mehlich 1

Soil Regression line Regression coefficient (R2) Regression line Regression coefficient (R2)
Dt_a y = 0.30x − 0.19 0.83 y = 1.34x − 34.8 0.88
Dt_b y = 0.91x − 0.53 0.91 y = 0.17x − 6.5 0.85
Nf_a y = 1.7x − 6.5 0.93 y = 0.67x − 9.6 0.96
Uc_a y = 1.0x + 1.1 0.74 y = 0.66x − 2.5 0.83
Uc_b y = 3.0x − 2.7 0.92 y = 1.77x − 17.2 0.76

Given the significant high correlation between WSP and DLP (Table 3), we combined
the five soil datasets used in the regression analyses to assess the potential Phi and Pi
leaching losses due to soil Phi saturation using the PSR approach. A low PSR (< 0.06) for
the controls (no Phi applied) of Dt_b, Uc_a, and Uc_b (Figure 4, blue dataset) is related to
the low Pi contents (4–12 mg L−1) shown in Table 1, indicating a low risk of P loss. Instead,
the control of the Uc_a with a medium range of Pi content (25 mg kg−1) shows a PSR of
0.10, which is considered a threshold value for soil Pi losses [36]. The Nf_a soil with a PSR
> 0.10 in the range (0.14–0.16) relates to the significant Pi leaching losses data shown in
Figure 1C,D. As a result of adding K-Phi, soils became sufficiently “saturated” with Phi
with an increased risk for P loss. The leaching potential increased at the application rate
of 24 kg Phi ha−1 (Figure 4, red dataset). The Dt_a, Dt_b, Uc_a, and Uc_b soils with PSR
values in the 0.06–0.15 range retained sufficient Phi, resulting in WSP values in the range of
6–13 mg kg−1. The Nf_a soil had high PSR values in the 0.25–0.30 range, indicating a high
risk for Phi leaching losses, with WSP values in the 14–16 mg kg−1 range. The application
rate of 49 kg Phi ha−1 further increased the risk of Phi leaching with PSR values beyond
0.10 for all soils (Figure 4). The elevated values of WSP for the Nf_a and Uc_b soils agree
with the percent Phi leaching losses on a mass basis (Figure 2) and the lowest Phi sorption
index values reported in Table 1.
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4. Discussion

The soils in this study contained a low to medium range of Mehlich 1 Pi (4–25 mg kg−1)
as shown in Table 1. We attribute the differences in Mehlich 1 Pi among soils to differ-
ent histories of fertilizer application, cropping, liming, and tillage. Because of liming,
the Dt_a, Dt_b, and Nf_a show pH values > 5.9 and medium to high contents of Ca
(400–500 mg kg−1) and Mg (> 30 mg kg−1) in Melich 1 extracts [37]. Mehlich 1 Pi extracted
from these acid soils (pH 4.6–6.4) likely included a large portion of Pi sorbed to Al and Fe
hydroxides (goethite and gibbsite), common minerals in Ultisols of the Southern Coastal
Plain. Moreover, the extent of Pi leaching in sandy soils from the application of highly
water-soluble Pi fertilizers (e.g., superphosphate, triple superphosphate, or di-ammonium
phosphate) depends on several factors such as the fertilizer application rate, soil matrix–soil
solution contact time, rainfall pattern, and Pi sorption capacity of topsoil and subsurface
layers [19,38,39]. In our study, we assumed that Phi would completely replace Pi as a
fertilizer compound. Therefore, we did not include Pi treatments to compare Pi to Phi
leaching losses. However, others described trials comparing Pi and Phi sorption performed
in soils called Latosols [21,40,41], which are soils with a relatively high content of Al and
Fe oxides, including many Ultisols [42]. The study of Rothbaum and Baillie [21] reported
lower retention and slower removal of Phi from soil solution than Pi. This lower soil
retention of Phi to Pi could help Phi reach much deeper roots, but it makes Phi more
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susceptible to surface runoff losses and leaching, as noted by Morton et al. [22]. Since there
are similarities between the two molecules of Phi and Pi [43], the sorption of Phi to soil
seems analogous to Pi sorption, depending on soil pH and the mechanisms of soil sorption
and precipitation on surfaces of clay minerals, Al and Fe oxides, and carbonates [1,41].
Therefore, the DW and Mehlich 1 Pi and Phi analysis would represent together the soil P
generic pools of solution P and labile P, respectively [1]. We assumed that the DW extracted
soil Phi and Pi represented WSP loosely bound and solution forms. The Mehlich 1 soil Phi
and Pi represented the labile P pool in equilibrium with the soil solution P.

The Southern Coastal Plain region has a relatively high annual precipitation, but rain-
fed agriculture, a ubiquitous practice in the region, is exposed to changes in precipitation
frequencies and intensities during the crop season [44]. In particular, the high solubility
of K-Phi in water and weak soil sorption [20,21] may make Phi susceptible to leaching
losses in the case of intense rainfall immediately after field application of K-Phi fertilizer.
Despite using disturbed soil samples and the non-natural soil packing in the pots used in
the leaching trials, the amounts leached of Phi rather than Pi were significantly affected by
the application rate of Phi and the soil material properties.

Soil texture, pH, and Phi sorption capacity are key soil properties to control the amount
of Phi leached according to the statistically significant interaction of soil material with the
concentration of Phi and Pi in the leachates (Figure 1) and total percent Phi leached on a
mass basis (Figure 2). In sandy soils, the Pi leaching can be greatly affected by the sorption
capacity in the subsoil layers [39]. Similarly, the Phi concentrations in the leachate from the
subsurface layers (15–30 cm depth) of the Dt_b and Uc_b soils suggest that Phi leaching
losses could increase in deeper soil layers with a lower Phi sorption capacity than in their
respective surface soils (Dt_a_and Uc_a). Although one can argue that applying the Phi
rates of 24 mg kg−1 and 49 mg kg−1 were high for the subsurface soils (Dt_b and Uc_b), the
statistically significant differences in their values of Phi leached (Figure 2) strongly support
our assumption that soil properties have a significant effect on Phi’s mobility into deeper
soil layers.

The risk of Phi loss from the soil after receiving K-Phi fertilizer applications is soil-
specific and depends on the capacity of each soil to retain Phi. As shown in Figure 3, the
Dt_a soil had a high Mehlich 1 P-value of 61 mg kg−1 with an application of 49 kg Phi ha−1

but a low DLP of 1.0 mg kg−1. However, the Nf_a soil that had a Mehlich 1 P-value of
58 mg kg−1 at the same K-Phi application rate but with DLP losses over 7-fold higher
(7.4 mg kg−1) than the Dt_a soil. Because soils with high Pi sorption capacity also show
high Phi sorption capacity [21], the Dt_a sorption capacities of 98.0 mg Pi kg−1 and 95 Phi
mg kg−1 against the Nf_a’s sorption capacity of 42.0 mg Pi kg−1 and 43.9 Phi kg−1 can
explain in part the significantly lower leaching losses of the Dt_a soil. The risks of Phi losses
according to PSR values presented in Figure 4 shows that soils with the same PSR may
differ in their environmental P loss risk due to differences in the P retention capacity of the
soil [35]. Besides, we presume the PSR values presented here could be transient because Phi
can be transformed to Pi in soils by biological oxidation [16,17,45]. In an incubation study,
Phi was converted to Pi mostly within 60 days in a Marvyn loamy sand, a sandy soil of the
Coastal Plain, receiving K-Phi in the range of 50–140 kg P ha−1 [46]. This transformation of
Phi into Pi could change the equilibrium between the labile and soluble P pools and alter
the risk of Phi and Pi leaching in a relatively short time. Future studies on the risk of Phi
leaching losses should include the transformation of Phi into Pi in time, the effect of soil pH
on sorption and desorption of Phi and Pi, and potential contributions of Phi to legacy P [2].

Several studies showed that ensuing foliar or soil application, plants readily absorb
and accumulate Phi in roots or leaves at high concentrations [9,12,47]. Since Phi is more
soluble and less soil-reactive, its rapid absorption by transgenic plants expressing the
ptxD gene will require less P and reduce the potential risk of P leaching losses. Studies
on the selective Phi fertilization of transgenic cotton expressing the ptxD gene showed
high efficacy in suppressing the growth of herbicide-resistant weeds at soil Pi contents
lower than 18 mg kg−1 [15,48]. In our study, the soil test data for Pi (Mehlich 1) shown in
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Table 1 indicate that the Dt_a and Nf_a soils are in the medium Pi range (16–30 mg kg−1)
and the Dt_b, Uc_a, and Uc_b in the lower Pi range (<16 mg kg−1) according to Clemson
University soil test recommendations. On one hand, we speculate that sandy soils of
the Southern Coastal Plain with low Pi content could affect Pi starvation response and
control herbicide-resistant weeds growth through the K-Phi fertilization of ptxD-transgenic
crops. On the other hand, soils in the medium Pi range would require depletion of Pi to
the low Pi range for high efficacy of the ptxD transgenic crop technology. Because plants
rapidly absorb Phi, further studies on the environmental impact of Phi use as fertilizer
should include the interaction of plants with soil properties and soil microbial population
at optimal Phi application rates for the growth of ptxD transgenic plants.
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Appendix A

Table A1. Mean volume and (standard deviation) of two combined leachates recovered for each soil
(n = 6) at three application rates of phosphite (Pi).

Soil Pi Rate Volume Leached

kg ha−1 mL
Dt_a 0 110 (48)

24 110 (48)
49 112 (47)

Dt_b 0 116 (46)
24 119 (42
49 123 (42)

Nf_a 0 116 (53)
24 118 (53)
49 114 (51)

Uc_a 0 125 (39)
24 124 (39)
49 123 (39)

Uc_b 0 138 (30)
24 137 (34)
49 138 (36)
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