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Abstract: Hydroponic systems are efficient for studying plant nutrition. It is often desirable to adjust
individual nutrients for unique species’ needs and/or to create multiple nutrient deficiencies within
the same study. However, this is challenging to do with traditional solutions as nutrients are generally
added as dual nutrient salts, such as when varying phosphorus (P) concentration also affects nitrogen
concentration; potentially, the chemical form of the nutrient taken up when ammonium phosphate is
the source for P. This can create unintended consequences with nutrients other than those intended
for adjustment. A new hydroponic system has been created to allow for nutrient deficiencies using
single-nutrient sources, including ammonium nitrate; phosphoric, sulfuric, hydrochloric, and boric
acids; potassium, calcium, magnesium, zinc, and copper carbonates; manganese acetate; sodium
molybdate; iron EDDHA; with HEDTA as an additional chelate. This nutrient solution was compared
to a traditional “Hoagland” hydroponic solution to grow soybean (Glycine max (L.) Merr). Additional
treatments included alteration of pH in the new solution as well as evaluating varying levels of
calcium, magnesium, and manganese. This new solution proved effective, as soybean was grown to
maturity and performed as well as the traditional Hoagland solution. Adjusting pH downward with
hydrochloric acid resulted in healthy plants, but solution pH was not adequately buffered. Adjusting
pH with acetic acid resulted in toxicity. Further work is required to provide better pH buffering and
approximately align tissue nutrient concentrations with field-grown soybean.

Keywords: Glycine max; soybean; nutrient uptake; hydroponic; calcium; magnesium; manganese;
nitrogen; phosphorus; potassium; micronutrients; nutrient deficiency

1. Introduction

Understanding nutrient deficiency symptoms and plant tissue critical levels aids in
achieving proper nutrient management in crops. Knowledge of these characteristics is
increasingly important as a vital aspect of providing the food, fuel, and fiber needed for
Earth’s ever-growing population. The goal of such efforts is to achieve maximum economic
yield while conserving natural resources and minimizing nutrient pollution.

Hydroponic and related systems are the simplest and most rapid methods of provid-
ing information for plant nutrition [1–6]. Soil-based studies are vital for applying crop
research intended to guide field-crop management, but hydroponic studies can be used for
basic or foundational science studies as well as to understand applications for commercial
hydroponic growth systems. Although there are differences in growing plants in hydropon-
ics vs. soil, there are also ample similarities and correlations. For example, Summerhays
et al. [7,8] found similar results between plants grown in soil and those grown hydroponi-
cally. Furthermore, it is generally not possible to create most or all of the mineral nutrient
deficiencies in comparative trials in soil because it typically contains a bank of nutrient
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reserves [9]. It is especially difficult to create multiple micronutrient and/or secondary
macronutrient deficiencies in some soils. In contrast, hydroponic systems potentially enable
the induction of every mineral nutrient deficiency in a comparative study in a controlled
environment, enabling the efficient study of basic plant nutrition studies [1,4,5].

Many hydroponic solutions are available, such as Hoagland and Arnon [10] and
Steinberg [11]. In many cases, the original published solutions have been modified to
study chemistry impacts such as pH [12], and various hydroponic solutions have been
used to create individual nutrient deficiencies, such as nitrogen (N) [13,14], phosphorus
(P) [8,15–20], potassium (K) [21], sulfur (S) [22], calcium (Ca) [23,24], magnesium (Mg) [25],
iron (Fe) [21,26–29], zinc (Zn) [15,17–19,30], manganese (Mn) [16,18,31], copper (Cu) [32],
boron (B) [33], molybdenum (Mo) [11], chloride (Cl) [34], and nickel (Ni) [35].

Interactions of some of these and other minerals have also been evaluated, such as P
and Zn [15,17,19], P and Mn [16], P, Zn, and Mn [18], and cadmium (Cd) with Zn, Cu, Mn,
and Fe [36].

Unfortunately, unintended interacting factors can result when attempting to study nu-
trients or to create deficiencies where the accompanying ion (usually ammonium, calcium,
chloride, nitrate, and/or sulfate) of the desired nutrient is simultaneously impacted as the
concentration of the desired nutrient is varied. This often occurs because the traditional hy-
droponic solutions are made with many dual nutrient compounds, where the compounds
are cationic and anionic nutrient salts. For example, if magnesium sulfate is the Mg source,
lowering the Mg concentration simultaneously lowers the S concentration [1].

To help reduce interacting factors, a new hydroponic solution that will allow indi-
vidual nutrient concentrations to be altered without influencing other nutrients is needed.
Such a solution would provide easier development of optimal, custom recipes for individ-
ual species/varieties and/or enable nutrient deficiencies for research purposes. Such a
solution was developed in the Hopkins Biophysical Chemistry Research Group at Brigham
Young University. Preliminary studies showed this solution to be effective for growing
plants and creating N deficiencies in quinoa (Chenopodium quinoa Willd.; [1]) and soybean
(Glycine max (L.) Merr; [37]). However, these initial findings have no comparison to contem-
porary nutrient solutions that have been shown to grow plants effectively. The objective of
this study is to evaluate soybean to compare this new solution to the traditional “Hoagland”
solution [10] and to determine the feasibility of adjusting pH in this new solution with
acetic (C2H4O2) or hydrochloric (HCl) acid. Additionally, Ca, Mg, and Mn concentrations
were varied in this new solution to explore more optimal concentrations for these nutrients
as a result of initial findings [1]. Soybean was selected due to its global importance [38]
as well as the availability of significant field [9,39–43] and hydroponic data [20,27–29] for
comparison.

2. Materials and Methods
2.1. Growing Environment

Soybean was grown in an environmentally controlled growth chamber from August
to September 2019 at Brigham Young University in Provo, UT, USA, at 1400 m elevation
(40.245–111.650). Lighting was supplied by a combination of metal halide and high-
pressure Na lamps, with 1800 and 1000 µmol (photons) m−2·s−1 of photosynthetically
active radiation (AccuPAR LP-80, Meter Group, Inc. (formerly Decagon Devices, Inc.),
Pullman, WA, USA) at a distance of 30 and 110 cm, respectively, from the light source.
Plants were grown in a 16/8 h light/dark photoperiod. Temperatures were 21 ± 1 ◦C for
the dark photoperiod, 23 ± 1 ◦C during the first 4 h, and 29 ± 1 ◦C for the remainder of
the light photoperiod.

Each experimental unit consisted of soybean grown in a 14-L plastic container (29 cm
inside diameter, 27 cm height) filled with a hydroponic solution. The containers were
placed into opaque wooden boxes and covered with opaque plastic lids 1 cm thick. Each lid
had eight (5.0 cm diameter) holes for plants that were completely covered by fittings and a
smaller diameter access hole in the center that was completely covered with opaque plastic
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to exclude light from the roots and nutrient solution. The fittings for holding plants (4.8 cm
inside diameter, 2.3 cm height above the plastic lid, 1.8 cm threaded side that extended
below the lid) were secured to the underside of the lid with threaded rings. Two layers
of white nylon matte mesh (2 × 4 mm) netting material were stretched tightly and placed
over the threaded side of the fitting and secured in place with the threaded ring. Gravel
(2.0–4.8 mm) was rinsed with deionized water and placed on the taut netting inside the
fittings to a depth of 3.0 cm. The system in this study was identical, with the exception of
oxygen tube placement, to that shown in photographs by Cole et al. [1].

Three to five soybean (“NK S46-A1”) seeds, obtained from Syngenta (Basel, Switzer-
land), were germinated in each fitting by placing them on gravel ~1.5 cm below the top of
the fitting and covering with ~1 cm of gravel. The seeds were watered daily from the top
of the fitting using deionized water until their roots were of sufficient length to reach the
nutrient solution.

Oxygen was supplied to the solution through PVC tubing passed through a small hole
in the side of the boxes into the nutrient solution. Cylindrical bubbler air stones (12 mm
diameter with 25 mm length), commonly used in aquariums, were attached to the end of
the tubing to diffuse the size of air bubbles. These stones were evaluated by soaking in
deionized water, which was analyzed and found to have no nutrient contamination other
than negligible amounts of S, Ca, and B. The airflow rate was high enough to have visible
effervescence but low enough to avoid bubbling the solution out of the container.

2.2. Treatment and Block Design

Seven treatments (Table 1) were established just prior to planting in a randomized
complete block design (RCBD) with three replicated blocks. After 27 d, it appeared that
there was a growth difference based on where plants were located within the growth
chamber. The three blocks were adjusted to account for this variability, and treatments
were randomized within these new block locations.

Table 1. Treatments for a soybean hydroponic nutrition study. The acids for pH adjustment were
at 1.1 and 1.8 M for hydrochloric (HCl) and acetic (AA) acids, respectively. When noted, the Mn
increase was 25%, Ca decreased 21%, and Mg decreased 73% compared to the standard Hopkins (H)
or single-nutrient source (SNS) solution (see Table 2 for concentrations for base Hopkins SNS and
Hoagland solutions).

Treatment
Number Treatment ID Nutrient Solution pH

Adjustment

1 ctrl Hoagland None
2 H Hopkins SNS None
3 H–HCl Hopkins SNS HCl
4 H–AA Hopkins SNS acetic acid
5 H–Ca/Mg Hopkins SNS with Ca/Mg decrease acetic acid

6 H–Ca/Mg+Mn Hopkins SNS with Mn increase and
Ca/Mg decrease acetic acid

7 H–Ca(C2H3O2)2 Hopkins SNS with Ca from Ca acetate acetic acid
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Table 2. Hydroponic nutrient concentrations (µM) for the Hoagland solution [10] and Hopkins’
single nutrient source (SNS) solution.

Macronutrients
N P K S Ca Mg

Hoagland 15,000 1000 6000 2000 5000 2000
Hopkins SNS 11,000 750 4000 2100 5000 2000

Micronutrients
Zn Fe Mn Cu B Cl Mo

Hoagland 0.8 52 9.1 0.32 47 18 0.50
Hopkins SNS 4.2 30 8.1 0.69 23 750 0.20

Chelates
HEDTA EDDHA

Hoagland 0 52
Hopkins SNS 13 30

Buffer
MES

Hoagland 0
Hopkins SNS 2000

Treatment 1 was a positive control using a traditional hydroponic solution [10], re-
ferred to hereafter as the “Hoagland” solution (Table 2). Treatment 2 was a solution
developed by the Hopkins Biophysical Chemistry Research Group at Brigham Young
University (Table 2), similar to the solution from a quinoa study [1]. This solution con-
tained what was estimated to be optimal concentrations of all nutrients based initially
on Barben et al. [15–18] and Nichols et al. [19], with modifications based on preliminary
observational studies conducted by Hopkins (data not shown) and the findings of Cole
et al. [1]. Treatments 3 and 4 were identical to Treatment 2 but with pH adjustment of HCl
or acetic acid, respectively. Treatment 5 was similar to Treatment 4 but had 21% less Ca and
73% less Mg in the nutrient solution. Likewise, Treatment 6 was identical to Treatment 5
but had 25% more Mn in the nutrient solution. Treatments 5 and 6 were included because
preliminary data were based on lower Ca and Mg levels and higher Mn levels, with Treat-
ment 6 most closely matching the solution used by Cole et al. [1]. Treatment 7 had identical
concentrations to Treatment 2, but its Ca source was from calcium acetate (Ca(C2H3O2)2)
rather than calcium carbonate (CaCO3).

Treatment 7 was discontinued at 20 d because shoot and root growth were extremely
stunted, and the nutrient solution for all replicates had an extremely pungent odor and
microbial growth. It is noteworthy that the pH proved to be very difficult to adjust for this
treatment. Thus, this treatment showed early on that it was not suitable for hydroponics,
and it was abandoned with no further evaluation.

The concentrations in Table 2 for the Hoagland “ctrl” nutrient solution were derived
from the following (note that most of these are dual nutrient sources):

• potassium (KNO3) and calcium [Ca(NO3)2·4H2O] nitrates;
• monopotassium phosphate (KH2PO4);
• magnesium (MgSO4·7H2O), zinc (ZnSO4·7H2O), and copper (CuSO4·5H2O) sulfates;
• manganese chloride (MnCl2·5H2O);
• boric acid (H3BO3);
• sodium molybdate (Na2MoO4·2H2O);
• iron 6% ethylenediamine-N,N′-bis(2-hydroxyphenylacetic) acid (EDDHA) chelate.

The concentrations in Table 2 for the Hopkins single-nutrient source (SNS) solution or
“H” nutrient solution were derived from the following (note that, in contrast to the control,
all are single essential mineral nutrient sources):

• ammonium nitrate (NH4NO3);
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• acids: HCl, phosphoric (H3PO4), H3BO3, and sulfuric (H2SO4);
• carbonates: potassium carbonate (K2CO3), calcium carbonate (CaCO3), zinc carbonate

(ZnCO3), dicopper carbonate dihydroxide (CuCO3·Cu(OH)2), magnesium carbonate
hydroxide pentahydrate (4MgCO3·Mg(OH)2·5H2O);

• manganese acetate (Mn(C2H3O2)2·4H2O);
• Na2MoO4·2H2O;
• iron 6% EDDHA chelate;
• trisodium hydroxyethyl ethylenediamine triacetic acid (HEDTA) chelate (Na3C10H15N2O7);
• 2-(N-morpholino)ethanesulfonic acid (MES) as a biological pH buffer.

Each nutrient was added to deionized water (container ~80% full). For the Hoagland
solution, nutrients were added from premixed stock solutions. For the Hopkins SNS
solution, nutrients were added to containers from a premixed stock solution except for (1)
Ca and Mg, which were solids, and (2) P, S, and Cl, which were supplied as concentrated
acids, diluted in ~200 mL of deionized water for each replicate, and then added to each
container individually. In the Hopkins SNS solution, nutrients were added in the following
order: HEDTA, N, K, Zn, Mn, Cu, B, Mo, P, S, Cl, MES, Ca, and Mg (in some cases, the
order is important as a function of chemical reactions). After nutrients were added, the
containers were brought to volume (within ~1 cm of the top). On the day of mixing, an
equal amount of acetic acid (0.03 moles) was added to all of the “H” solution treatments
to initially adjust pH to 6.3 or lower (not added to the Hoagland solution (ctrl)). At 35 d,
it was suspected that the nutrient solutions needed to be replenished. This was done at
100% of the original rate for all nutrients in all treatments, with the exception of Mn and Ca
in Treatments 2–6. Mn was added at a 40% rate at 35 d, and Ca was not added due to a
temporary chemical supply shortage. Once obtained, at 48 d, Mn and Ca were replenished
with the remaining 60% and 100%, respectively. All nutrient additions were performed by
adding the nutrient directly to each container without emptying the old solution.

The pH was adjusted to 5.2–6.5 in all but Treatments 1 and 2, three times weekly. The
pH was lowered with acetic acid or HCl (Table 1) when it climbed too high and raised with
solid sodium hydroxide (NaOH) when it dropped too low.

2.3. Growth and Harvesting

The number of healthy plants was thinned down to one plant per fitting in five fittings
per container within 13 d of planting. Three plants were sampled from each container at
20 d after planting for further thinning and nutrient analysis. Plants were harvested with
separate shoots and roots by cutting the base of the stem immediately above the fitting
and cutting the roots off just below the fitting (the minimal plant material interwoven
into the mesh was not included in the dry weight and nutrient analysis measurements).
Roots were rapidly rinsed by plunging three times in deionized water to remove any loose
surface-bound nutrients. At 32 d, one of the remaining two plants was harvested using a
similar procedure as above. All remaining plants were harvested at 53 d (one plant in a
replicate from Treatment 5 died early at 48 d due to roots breaking off from the bottom of
the fitting). For the 53 d harvest, leaves were separated from stems. For all harvests, plant
tissue was dried at 80 ◦C until weights did not change over a 24 h period. Material from the
53 d harvest was partially dried under a fan in the growth chamber prior to being placed
in the drying oven. These three harvest dates were chosen as growth differences were
becoming evident and because growth was great enough to analyze nutrient contents and
find any statistical differences that were present, if any. At 53 d, the study was ended as the
objectives had been achieved and because the plants were outgrowing their containers and
thus at increased risk of the root container and/or growth chamber beginning to be the
limiting factor for growth.

Visual ratings for shoots and roots were recorded at 20, 28, and 53 d using a scale of
0–5, with 0 being a dead plant and 5 being the relatively healthiest plant in the study at
that time. Stem widths were measured with calipers. Plant height was measured at the top
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of the longest shoot at the 32 d harvest and at the naturally setting plant height at the 53 d
harvest.

Dried plant material from the 20 d harvest and dried leaves from the 53 d har-
vest were ground to pass a 60-mesh (0.25 mm) screen and analyzed for nutrient content
by the Brigham Young University—Environmental Analytical Laboratory (BYU—EAL;
https://pws.byu.edu/eal; accessed on 10 March 2021). As the trends were generally similar
between these harvests, the 32 d harvest was not analyzed to conserve resources. The plant
tissue was digested via nitric acid–hydrogen peroxide microwave digestion (EPA Method
3052, using an Ethos EZ microwave, Milestone, Shelton, CT, USA), followed by ICP-optical
emission spectroscopy (OES) (iCAP 7400, Thermo Electron, Madison, WI, USA) analysis to
determine the concentrations of Na and all nutrients besides N for each experimental unit.
For N, an approximately equal amount of each replicate within a treatment was consol-
idated, and this composite sample was tested for total N, as determined by combustion
(Vario EL Cube, Elementar, Langenselbold, Germany).

Statistical analysis was performed by analysis of variance (ANOVA), with differences
between means determined in R [44,45] by the Benjamini and Hochberg pairwise com-
parison method. A p-value of 0.05 was used as the critical value to determine statistical
significance.

3. Results

The data presented in this study, as well as statistical analysis outputs, are openly
available in a GitHub repository. Data can be found here: https://github.com/dcole9
/Hydroponic_Soybean_Data (accessed on 10 March 2021).

3.1. Growth

There were no statistical differences between treatments for shoot visual ratings at
28 d (Table 3), shoot height and stem width at 32 d (Table 4), root biomass at 32 and 53 d
(Figure 1), and height and shoot visual ratings at 53 d (Table 5). However, there were
significant differences for shoot visual rating at 20 d (Table 3), root visual rating and stem
width at 53 d (Table 5), and shoot biomass at 32 and 53 d (Figure 1).

There were no statistically significant growth differences between Treatments 1 (ctrl)
and 2 (H) (Tables 3–5; Figure 1). Treatment H produced plants that were visually similar
(Figure 2) to plants from treatment ctrl. Note that the slight chlorosis of the lower leaves,
seen in Figure 2, was present in all replicates of both treatments, and this is a natural
response as plants mature and begin transporting mobile nutrients (e.g., N, P, and K) from
older, less-efficient leaves to be repurposed in the reproductive tissues. Treatment 3, H–HCl,
also showed no statistical differences in growth with treatment ctrl or treatment H.

Adjusting pH with acetic acid instead of HCl appeared to have a deleterious effect
on several growth parameters. Treatment 4, H–AA, had numerically lower values for all
growth measurements, except plant height and shoot rating, than all other treatments. This
treatment had roots that appeared to be damaged (Table 5), reduced stem width (Table 5),
and statistically lower shoot biomass at 32 and 53 d (Figure 1), with trends towards lower
root biomass (Figure 1) when compared to treatments ctrl and H.

The other acetic acid treatments, which had reduced Ca and Mg (H–Ca/Mg and H–
Ca/Mg+Mn), trended towards having healthier plants than H–AA (Tables 3–5; Figure 1).
All of these acetic acid treatments were statistically equivalent with each other, with the
exception of shoot biomass at 32 d (Figure 1), and H–Ca/Mg was visually superior at 20 d
(Table 3). Treatment 7 (Table 1), with acetate as the Ca source, failed completely as the
plants were massively stunted and sickly by 20 d.

https://pws.byu.edu/eal
https://pws.byu.edu/eal
https://github.com/dcole9/Hydroponic_Soybean_Data
https://github.com/dcole9/Hydroponic_Soybean_Data
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Figure 1. Soybean root and shoot biomass at 32 (growth stage V8+) and 53 d (growth stage R1–R2) after planting for a
hydroponic nutrition study. “ctrl” = Hoagland solution; “H” = Hopkins single-nutrient source (SNS) solution; “HCl” and
“AA” indicate that pH was adjusted in-season with hydrochloric or acetic acid, respectively; “-Ca/Mg” = reductions of 21%
for Ca and 73% for Mg, as compared to the full strength H solution; “+Mn” = 25% increase in concentration compared to
full-strength H solution, also adjusted with AA (Table 1). Treatments within a single graph (quadrant) sharing the same
letter are not statistically different (p = 0.05; n = 3).

Table 3. Soybean canopy visual ratings (scale of 0 to 5, with 0 = dead and 5 = healthy green) at 20
(growth stage V4–V6) and 28 d (growth stage V6+) after planting for a hydroponic nutrition study.

Treatment Number Treatment ID 20 d 28 d

1 ctrl 3.3 a 4.0 a
2 H 3.7 ab 4.0 a
3 H–HCl 3.5 ab 4.0 a
4 H–AA 3.5 ab 3.4 a
5 H–Ca/Mg 4.8 c 4.5 a
6 H–Ca/Mg+Mn 4.3 bc 3.8 a

“ctrl” = Hoagland solution; “H” = Hopkins single-nutrient source (SNS) solution; “HCl” and “AA” indicate that
pH was adjusted in-season with hydrochloric or acetic acid, respectively; “-Ca/Mg” = reductions of 21% for Ca
and 73% for Mg, as compared to the full strength H solution; “+Mn” = 25% increase in concentration compared to
full-strength H solution, also adjusted with AA (Table 1). Values within a column sharing the same letter(s) are
not significantly different from one another (p = 0.05; n = 3).
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Table 4. Soybean height and stem width at 32 d (growth stage V8+) after planting for a hydroponic
nutrition study.

Treatment Number Treatment ID Height, cm Stem Width, cm

1 ctrl 31 a 0.81 a
2 H 34 a 0.86 a
3 H–HCl 29 a 0.76 a
4 H–AA 31 a 0.66 a
5 H–Ca/Mg 41 a 0.81 a
6 H–Ca/Mg+Mn 30 a 0.84 a

“ctrl” = Hoagland solution; “H” = Hopkins single-nutrient source (SNS) solution; “HCl” and “AA” indicate that
pH was adjusted in-season with hydrochloric or acetic acid, respectively; “-Ca/Mg” = reductions of 21% for Ca
and 73% for Mg, as compared to the full-strength H solution; “+Mn” = 25% increase in concentration compared to
full strength H solution, also adjusted with AA (Table 1). Height indicated is from the top of the fitting to the tip
of the longest shoot. Values within a column sharing the same letter(s) are not significantly different from one
another (p = 0.05; n = 3).

Table 5. Soybean height, stem width, and shoot and root visual ratings (scale of 0 to 5, with 0 = dead
and 5 = relatively healthiest shoot/root) at 53 d (growth stage R1–R2) after planting for a hydroponic
nutrition study.

Treatment Number Treatment ID Height, cm Stem Width, cm Shoot Rating Root Rating

1 ctrl 75 a 1.59 b 4.6 a 5.0 b
2 H 63 a 1.63 b 4.2 a 5.0 b
3 H–HCl 59 a 1.39 ab 4.0 a 4.9 b
4 H–AA 57 a 0.98 a 3.4 a 3.3 a
5 H–Ca/Mg 81 a 1.31 ab 3.8 a 4.1 ab
6 H–Ca/Mg+Mn 56 a 1.28 ab 3.6 a 3.9 ab

“ctrl” = Hoagland solution; “H” = Hopkins single-nutrient source (SNS) solution; “HCl” and “AA” indicate that
pH was adjusted in-season with hydrochloric or acetic acid, respectively; “-Ca/Mg” = reductions of 21% for Ca
and 73% for Mg, as compared to the full-strength H solution; “+Mn” = 25% increase in concentration compared
to full-strength H solution, also adjusted with AA (Table 1). Height indicated is the natural setting plant height.
Values within a column sharing the same letter(s) are not significantly different from one another (p = 0.05; n = 3).
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Figure 2. Soybean plants at 53 d (growth stage R1–R2) after planting for a hydroponic nutrition study (treatment ctrl on the
left, treatment H on the right; see Table 1)). Plants were cut at the base of the stem and held upside down when the pictures
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as plants mature and begin transporting mobile nutrients (e.g., N, P, and K) from older, less-efficient leaves to be repurposed
in the reproductive tissues. This response was present in all three replicates of both treatments. Pictures are not to scale.
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3.2. Nutrient Concentrations

The concentration of nutrients in the shoots was impacted by the treatments. There
were statistical differences across treatments for most of the macronutrients (Table 6) and
several of the micronutrients (Table 7).

Table 6. Soybean shoot macronutrient concentrations at 20 (growth stage V4–V6) and 53 (growth stage R1–R2) d after
planting for a hydroponic nutrition study.

Treatment N P K S Ca Mg

Number ID g kg−1

20 d

1 ctrl 51.9 12.5 c 30.1 c 3.4 ab 24.0 d 5.3 b
2 H 62.3 11.0 c 23.7 b 3.8 ab 15.9 b 6.2 b
3 H–HCl 62.8 10.9 c 24.5 b 4.1 b 20.1 c 5.3 b
4 H–AA 61.3 5.1 a 18.8 a 3.0 a 12.3 a 5.8 b
5 H–Ca/Mg 66.7 7.7 b 23.9 b 3.5 b 16.9 bc 3.8 a
6 H–Ca/Mg+Mn 66.0 8.9 b 24.7 b 3.9 b 18.6 bc 3.8 a

typical observed field values at early growth stage [42] 35–55 3.0–6.0 17–25 3.0–8.0 11–22 3.0–6.0

53 d

1 ctrl 47.5 3.4 a 18.1 bc 2.0 a 22.4 a 5.2 ab
2 H 36.5 3.0 a 12.9 a 2.5 a 21.9 a 5.8 bc
3 H–HCl 34.7 2.8 a 14.0 ab 2.5 a 22.7 a 4.6 ab
4 H–AA 46.7 6.5 b 18.0 bc 3.3 a 18.5 a 7.1 c
5 H–Ca/Mg 48.1 4.8 ab 19.0 c 2.8 a 22.1 a 4.1 ab
6 H–Ca/Mg+Mn 38.2 4.6 ab 16.2 abc 2.6 a 24.3 a 3.5 a

typical observed field values at pod set growth stage [42] 40–55 2.5–5.0 17–25 2.0–3.5 3.5–20 2.5–10

“ctrl” = Hoagland solution; “H” = Hopkins single-nutrient source (SNS) solution; “HCl” and “AA” indicate that pH was adjusted in-season
with hydrochloric or acetic acid, respectively; “-Ca/Mg” = reductions of 21% for Ca and 73% for Mg, as compared to the full-strength H
solution; “+Mn” = 25% increase in concentration compared to full-strength H solution, also adjusted with AA (Table 1). Values within a
column sharing the same letter(s) are not significantly different from one another (p = 0.05; n = 3). No statistics were calculated for N as
sampling was not replicated. Known concentrations for field-grown soybean are listed in italic font at the bottom row for each sampling
date [40].

Table 7. Soybean shoot micronutrient and sodium concentrations at 20 (growth stage V4–V6) and 53 (growth stage (R1–R2)
d after planting for a hydroponic nutrition study.

Treatment Zn Mn Fe Cu B Mo Na Ni

Number ID mg·kg−1

20 d

1 ctrl 32 b 106 a 113 ab 2.1 a 32 a 8.1 b 57 a 0.7 a
2 H 26 ab 77 a 110 ab 2.3 a 40 b 8.3 b 100 a 0.7 a
3 H–HCl 33 b 113 a 147 c 4.0 a 35 ab 11.3 cd 55 a 1.5 a
4 H–AA 24 a 87 a 85 a 2.1 a 49 c 5.3 a 98 a 0.5 a
5 H–Ca/Mg 30 ab 71 a 109 ab 2.2 a 41 b 9.8 bc 82 a 0.3 † –
6 H–Ca/Mg+Mn 29 ab 78 a 127 bc 2.3 a 38 ab 11.9 d 79 a 0.7 a

typical observed field values at early growth stage [42] 20–86 23–133 45–300 5–15 22–55 1–10 — —

53 d

1 ctrl 15 a 75 a 112 a 2.5 ab 58 a 5.0 a 37 a 0.7 a
2 H 57 c 92 ab 149 a 3.1 b 61 a 2.5 a 16 a 1.1 a
3 H–HCl 56 c 85 ab 131 a 3.0 b 47 a 2.0 a 30 a 0.7 a
4 H–AA 36 b 97 ab 106 a 1.5 a 68 a 5.9 a 14 a 0.8 a
5 H–Ca/Mg 51 c 118 bc 173 a 2.6 ab 65 a 4.9 a 14 a 0.7 a
6 H–Ca/Mg+Mn 49 bc 137 c 154 a 2.4 ab 61 a 2.9 a 15 a 1.1 a

typical observed field values at pod set growth stage [42] 20–50 20–100 50–350 10–30 20–55 1–5 — —

† One replicate was below detectable levels and, thus, not included in statistical analysis. The average of the other two replicates is reported.
“ctrl” = Hoagland solution; “H” = Hopkins single-nutrient source (SNS) solution; “HCl” and “AA” indicate that pH was adjusted in-season
with hydrochloric or acetic acid, respectively; “-Ca/Mg” = reductions of 21% for Ca and 73% for Mg, as compared to the full strength H
solution; “+Mn” = 25% increase in concentration compared to full-strength H solution, also adjusted with AA (Table 1). Values within a
column sharing the same letter(s) are not significantly different from one another (p = 0.05; n = 3). Known concentrations for field-grown
soybean are listed in italic font at the bottom row for each sampling date [40].

3.2.1. Macronutrients

At 20 d after planting, P concentrations were generally higher than what is typically
observed under field conditions [40] (Table 6). The ctrl, H, and H–HCl treatments were
2–4 times higher than the typical observed field value and significantly higher than the
treatments with pH adjusted with acetic acid. The use of acetic acid resulted in reduced P
concentration at this stage, but the effect was lessened when Ca and Mg concentrations
in the nutrient solutions were decreased. By 53 d, this effect was largely reversed, with
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H–AA significantly higher in P concentration than the ctrl, H, and H–HCl treatments. This
is likely related to the dilution effect caused by differences in growth, with P concentrations
approximately inversely proportional to shoot growth (Figure 1). Despite being relatively
high at 20 d, P concentrations were generally within the typical observed field value range
by 53 d (Table 6) [40]. For the two treatments without pH adjustment, the ctrl had higher P
concentrations at 20 and 53 d than the H solution (Table 6). This is reflective of nutrient
solutions, with the ctrl having 1.3 times more P than solution H (Table 2).

Similarly, the ctrl had 1.5 times the K in nutrient solution than solution H (Table 2) and,
as with P, this was reflective with the ctrl having higher K at 20 and 53 d than treatment H
(Table 6). At 20 d, the K concentration in the shoot tissue of the ctrl treatment was slightly
higher than typically observed field values [40]. The other treatments were significantly
lower and in a more typical range. The H–AA treatment with poor growth (Tables 3–5;
Figure 1) had significantly less K concentration in the shoots than all other treatments
(Table 6) at 20 d. By 53 d, treatments H, H–HCl, and H–Ca/Mg+Mn were below the typical
observed field value range for K, with solution H being significantly lower in shoot K than
the ctrl and some other treatments (Table 6).

At both the 20 and 53 d harvests, S concentrations were within the typical observed
field value range [40] (Table 6). The H–AA treatment had significantly less shoot S con-
centration than the other pH-adjusted treatments. There were no differences between
treatments at 53 d (Table 6), with all treatments having approximately the same S concen-
tration in the nutrient solutions (Table 2).

For Ca at the 20 d harvest, the ctrl had slightly higher than typically observed field
shoot Ca concentrations and was significantly higher than all other treatments (Table 6).
This is in spite of the fact that the ctrl nutrient solution had identical Ca as treatments H,
H–HCl, and H–AA (Table 2). Treatment H–HCl had significantly higher shoot Ca than H
and H–AA but, surprisingly, not statistically more than the reduced Ca treatments (Table 6).
Even more surprising was that the H–AA treatment had significantly lower shoot Ca than
all other treatments. By 53 d, shoot Ca concentrations for all treatments except for H–AA
were higher than typically observed field values, but no statistical differences were seen
between treatments (Table 6).

Shoot Mg concentrations were generally within a typically observed field value range
for all treatments (Table 6). At 20 d, the only differences were as expected, with lower
shoot Mg for treatments receiving less Mg than the others. These continued to be relatively
low at the 53 d harvest. Additionally, the H–AA treatment accumulated more shoot Mg
(again, likely due to a dilution effect) than all other treatments except H at the 53 d harvest
(Table 6).

Although not replicated—making the numerical differences unsubstantiated—the
trends for shoot N concentration at the 20 d harvest suggest that all treatments except
the ctrl were higher than what is typically observed in field plants at a similar growth
stage (Table 6). This is slightly surprising as the ctrl had 1.4 times higher N in solution
than the H treatments (Table 2). By the 53 d harvest, this trend had mostly reversed,
with N concentrations lower than typically observed field values for the H, H–HCl, and
H–Ca/Mg+Mn treatments (Table 6).

3.2.2. Micronutrients

Despite the H treatment having over five times more Zn in the nutrient solution
compared to the ctrl (Table 2), all treatments other than H–AA were similar in shoot Zn
at 20 d (Table 7). The H–AA treatment was significantly lower than the ctrl and H–HCl
treatments, although all were in a typically observed field value range (Table 7; [40]).
By 53 d, shoot Zn was more reflective of nutrient solution concentrations (Table 2), with the
ctrl treatment significantly lower than all other treatments (Table 7). The H–AA treatment
was also lower than all of the other treatments but one. At 53 d, the shoot Zn concentrations
for the ctrl treatment were lower than typically observed field values and possibly deficient
(Table 7), even though growth seemed to be unaffected (Tables 3–5; Figure 1). In contrast,
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shoot Zn for the H treatment was slightly higher than the typically observed field value
range, although unlikely to be so high as to be toxic (Table 7).

Although in the upper portion of the range, the 20 d shoot Mn concentrations for
all treatments were within what is typically observed under field conditions for soybean
at approximately the same stage of growth (Table 7). There were no differences between
treatments at 20 d, but differences appeared by the 53rd day (Table 7). Despite having
slightly more Mn in the nutrient solution (Table 2), the ctrl treatment had significantly
less Mn than both H treatments, with reduced Ca and Mg (Table 7). Not surprisingly, the
treatment with higher Mn (H–Ca/Mg+Mn) also had significantly higher shoot Mn than
most of the treatments. Most treatments had shoot Mn in the typically observed field value
range. However, the treatments with reduced Ca and Mg, especially the treatment with
added Mn, had shoot Mn concentrations that were high (Table 7).

Although plant Fe concentrations are notoriously variable and without tight inter-
pretation levels, Fe concentrations were within the ranges listed as typical for observed
field values by Bryson et al. [40] at both the 20 and 53 d harvests (Table 7). Most treatments
had statistically similar shoot Fe levels (Table 7) despite treatment ctrl having nearly twice
as much Fe in the nutrient solutions as the other treatments. The H–AA treatment had
the numerically lowest Fe concentrations at both harvests, with a significant difference
at 20 d between it and the H–HCl and H–Ca/Mg+Mn treatments. The H–HCl treatment
had significantly higher shoot Fe than all other treatments except H–Ca/Mg+Mn at 20 d
(Table 7).

Shoot Cu concentrations were substantially lower than the typically observed field
value range for field-grown soybean and were possibly slightly deficient for all solutions at
both the 20 and 53 d harvests (Table 7, [40]). There were no differences between treatments
at 20 d. There were no differences at either harvest between the ctrl and the other solutions
(Table 7), despite having over twice as much Cu in the nutrient solutions (Table 2). By the
53 d harvest, there was significantly less shoot Cu in the H–AA compared to the H and
H–HCl treatments (Table 7).

At 20 d, shoot B levels were statistically lower in the ctrl treatment than H, H–AA,
and H–Ca/Mg (Table 7) treatments despite the Hoagland solution having more than twice
the amount of B in the nutrient solution (Table 2). The H–AA treatment had the highest
B concentration and was different from all treatments (Table 7). By the 53 d harvest, no
statistical differences were seen, but all treatments except H–HCl were above the typically
observed field value range for soybeans, and H–AA maintained the highest numerical
value (Table 7).

Shoot Mo concentrations at 20 d were within the typically observed field value range
for all treatments, but H–HCL and H–Ca/Mg+Mn, which were both slightly higher than
typically observed field values and significantly higher than most other treatments. Treat-
ment H–AA had the lowest shoot Mo at this early harvest. By 53 d, all values were in the
typically observed field value range, and the earlier trends had largely disappeared. There
were no differences between treatments at this harvest (Table 7), despite the ctrl having
2.5 times more Mo in the nutrient solution (Table 2).

No differences were observed for the shoot Na and Ni concentrations at either the 20
or 53 d harvests (Table 7).

3.3. Solution pH

The pH showed unique trends over time for most treatments. The ctrl was initially at
an average pH, below 6.0, and gradually rose until it was above 8.0 by 32 d and remained
there for the duration of the study. In stark contrast, treatment H started at an average pH
of 7.9 and gradually dropped until it went below 6.2 by 32 d and below 5.0 by 47 d. When
Ca was replenished on 48 d, the pH rose above 7 due to the addition of carbonates to the
solution.

The H–AA treatment saw significant fluctuations in pH, as it started at 7.8 and was
lowered with acetic acid three times a week. On day 19, it was lowered to an acceptable
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slightly acidic range and then rose to a pH greater than 8 when pH was checked again and
adjusted, ~2 d later. This trend of pH spikes continued through to day 34, with the peak of
the pH spikes reducing to 7.0–7.9 by day 38. After 38 d, pH fluctuations were much smaller
and remained below 7. After the addition of Ca, the pH again rose, above 7, and the spikes
in pH continued until the end of the study. One replicate required NaOH to raise the pH at
42 d.

The H–HCl, H–Ca/Mg, and H–Ca/Mg+Mn treatments saw similar trends to H-AA
but with less dramatic spikes in pH. After 21 d, treatments H–HCl and H–Ca/Mg+Mn
remained below a pH of 6.2, with one exception, where H–HCl leapt to 6.6 at 38 d. Treat-
ment H–Ca/Mg did not stay below a pH of 6.2 until after 24 d. These three treatments
occasionally experienced a pH below 5 between 28 and 48 d, requiring NaOH to raise the
pH.

Because of the difference in pH spikes in the H–HCl, H–AA, H–Ca/Mg, and H–
Ca/Mg+Mn treatments, they received differing amounts of acetic acid and NaOH. Treat-
ment H–HCl received, on average, 0.12 moles (300 µg·mL−1) of HCl and 3.0 g of NaOH.
The acetic acid treatments received, on average, 0.61, 0.20, and 0.17 moles (2.600, 860, and
730 µg·mL−1) of acetic acid (including the amount given to initially adjust pH prior to
planting) and 0.06, 3.1, and 3.3 g of NaOH for the H–AA, H–Ca/Mg, and H–Ca/Mg+Mn
treatments, respectively, over the course of the study. The moles of acid (protons) that the
H–AA treatment received were statistically greater than the other three treatments.

It is also noteworthy that a precipitate was observed in all treatments except the ctrl.
No analysis of the precipitate was performed, but Cole et al. [1] also observed a similar
precipitate, and they suggest that it was a carbonate.

4. Discussion
4.1. Effectiveness of the SNS Solution for Growing Plants Hydroponically

One of the primary purposes of this study was to determine the effectiveness of the
newly developed SNS solution compared with a traditional, widely used hydroponic
solution (Hoagland) developed more than 70 years ago [10]. Although not originally
published in peer-reviewed literature, this solution and slight modifications of the original
have been used successfully in numerous studies and other endeavors, such as with Arkoun
et al. [35], Barben et al. [15–17], Benson et al. [12,23], Buxton et al. [26], Dale et al. [22],
Geary et al. [14], Hawrylak-Nowak et al. [46], Hopkins et al. [27,28,30], Hughes et al. [21],
Jolley et al. [29], Nichols et al. [19], Pitchay and Mikkelsen [4], and Summerhays et al. [8].
As such, the Hoagland solution is a reasonable standard for comparison with the SNS
solution.

The SNS and Hoagland solutions in this study had identical levels of Ca and Mg but
differences for all other nutrients (Table 2). The concentrations in the SNS nutrient solution
for N, P, K, Fe, B, Mn, and Mo were higher than for the Hoagland solution and were lower
for S, Zn, Cu, and Cl. Other than S and Mn, these differences were relatively large (ranging
from 1.3 to 42 times difference).

These solutions resulted in variable nutrient concentrations in plant tissue. Other
than B, Ca, Mg, N, Zn, and Mo at the 20 d harvest and Fe and Mn at the 53 d harvest,
the comparative differences of shoot nutrient concentrations generally coincided with the
nutrient solution concentrations for the SNS and Hoagland solutions. By 53 d, all shoot
nutrient concentrations were equivalent or significantly different, in the same direction
as the nutrient solution ratios. Despite some of the large differences in solutions, the
differences in the shoots were generally not significant, other than for K and Zn (and likely
N as well, although this was not replicated). Hoagland resulted in 1.3 and 1.4 times more N
and K, respectively, in the shoots at 53 d than the SNS solution by comparison of treatments
ctrl and H. Moreover, the SNS solution had 3.8 times more Zn than Hoagland by the same
comparison. These differences are potentially important and warrant further study.

Despite some nutritional differences, the SNS solution evaluated in this study com-
pares favorably to Hoagland. There were no negative impacts, and some measured growth
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parameters were numerically greater. These findings, along with unpublished preliminary
work on this and other species, demonstrate that the SNS solution can be used to grow
healthy soybeans hydroponically at least as effectively as the Hoagland solution.

Cole et al. [1] further demonstrated that the SNS solution, with minor variations from
what was used in this study, was used effectively to grow quinoa to maturity. As with this
soybean study, they suggest that improvements to the solution would possibly improve
quinoa growth. However, overall, the SNS solution has proven to be effective at growing
both soybean and quinoa.

4.2. Effectively Creating Individual Nutrient Deficiencies/Toxicities

A hydroponic solution that is comprised of single-nutrient sources, such as the SNS
solution used in this study, provides a significant improvement over Hoagland and other
dual-nutrient source solutions. The Hoagland solution and all other hydroponic solutions
for which we are aware pair several nutrients as cationic and anionic salts. These dual-
nutrient sources result in interacting factors when adjusting a single nutrient for the study
of various rates of that nutrient. For example, if P nutrition levels were being studied using
a modified Hoagland solution, with varying levels added as treatments, the K levels would
vary proportionally if the source for P were supplied as KH2PO4. Researchers studying
P and using this source have compensated by adding another K source—adding it at
high concentrations, with the idea of being certain that K is found in abundance [15–18].
Although this approach has worked for individual nutrient studies, it becomes increasingly
problematic if multiple nutrients are studied at the same time, such as with Cole et al. [1].

Often, there is an attempt to overcome the effects of adjusting a dual-source nutrient
by either (1) ensuring that the associated ion is present in large abundance so that it
is not deficient or (2) adding a secondary source of the associated ion. Steinberg [11]
varied Mo concentrations with molybdenum chloride (Cl10Mo4) but maintained Cl at
relatively high concentrations so as not to cause an interacting Cl deficiency. However, this
method of ensuring a large abundance of a nutrient while varying its concentration can
have interactive effects on other nutrients. In addition, this approach is not possible if a
deficiency of that nutrient is being induced in the same study (e.g., if Steinberg was also
studying Cl in the same study). The alternative option, adding a secondary source of the
associated ion, can also cause difficulties. For example, Barben et al. [15,17] created P and
Zn deficiencies at various concentrations by adjusting quantities of potassium phosphate
and zinc sulfate. Consequently, K and S differences were also present in addition to
the P and Zn differences. This was addressed by adding additional K and S to avoid
these nutrients being deficient. Nevertheless, the nutrient concentrations for K and S still
varied between treatments, causing concern for possible nutrient or other physiological
interactions. It is unlikely that these differences void the findings in these studies, but it
does raise questions and highlight a need for an improved system that allows a single
nutrient to be varied [1].

Similarly, Pitchay [3], Gibson [2], and Pitchay and Mikkelsen [4,5] created several
nutrient deficiencies using, essentially, a modified Hoagland solution. To create the defi-
ciencies, it appears that Pitchay [3] likely substituted any nutrient as an anion (e.g., sulfate),
with Cl and any nutrient as a cation (e.g., Mg) with sodium (Na). With the Mg and S sources
being magnesium sulfate, magnesium chloride could then be added for reduced S levels,
and sodium sulfate could be added for reduced Mg levels. This likely does not negate their
findings, but interacting factors could result from the varied Cl and Na concentrations [1].

Additionally, Gibson [2] studied N and K impacts on plant growth and rooting of stem
cuttings for Scaevola (Scaevola aemula R. Br.), New Guinea impatiens (Impatiens hawkeri W.
Bull), and vegetative strawflower (Bracteantha bracteate (Vent.) Anderb & Haegi; formerly
Xeranthemum bracteatum Vent). When N and K levels were changed, however, S levels
were also impacted because magnesium sulfate was used with both potassium sulfate
and magnesium nitrate. The S levels in the solution varied throughout the study from
3–215 mg·L−1. This variation may have resulted in an S interaction [1].
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It is also important to recognize that different species, and even varieties/cultivars of
species, often have unique optimum concentrations of nutrients. For example, differing
optimum nutrient levels of P and Zn have been shown for maize [19] (Zea mays L.) than
for potato [15,17] (Solanum tuberosum L.). Finding the optimum levels of a single nutrient
may also alter the optimum levels of other nutrients, requiring iterations of experiments
to optimize all nutrients [15–19]. It would be ideal for each species or variety grown in
research or commercial hydroponic systems to be studied to find the optimal hydroponic
nutrient concentrations. This is not as practical with existing published nutrient solutions
because it is more difficult to adjust a single nutrient within a study without affecting other
nutrients when using a dual-nutrient source solution [1].

The SNS solution mostly eliminates mineral nutrient interactions, although it does
result in alterations of nonmineral elements (such as hydrogen). For example, if various
P rates are used with the SNS solution, there will be simultaneous changes to the moles
of hydrogen (protons) being added with H3PO4. This will influence pH, which requires
adjustment with an acid or base, such as NaOH, which would create an imbalance for Na.
However, we surmise that it is relatively better to have imbalances of the nonessential
Na ion than have essential nutrient imbalances. Similarly, if Mg were being studied with
the SNS solution, there would be an imbalance of carbonate as this is the source for Mg.
However, this will either be neutralized as the carbonate is transformed to carbon dioxide
(g) if the solution is acidic, or it will precipitate as an abundance of carbonates in alkaline
solutions. This difference in carbonates can be resolved with sodium bicarbonate or sodium
carbonate. However, increasing carbonate levels could cause some nutrients to precipitate
out of the solution with the carbonates. Nevertheless, as nutrients are taken up during plant
growth, the precipitate can then dissolve back into the solution as a function of equilibrium
chemistry. This could result in a limit on the maximum concentration available to the plant.
This is, therefore, an important consideration when adjusting nutrient concentrations since
carbonate levels can also be impacted.

We propose that the SNS solution is better suited for hydroponic studies involving
multiple rates of one or more nutrients. This supports evidence shown in Cole et al. [1],
where multiple nutrient deficiencies were successfully studied (although further work is
underway to refine the SNS solution to achieve deficiencies of all the nutrients attempted
in that study that were not substantively deficient).

4.3. Solution pH Concerns

Ideally, a hydroponic solution should somewhat mimic soil conditions. This is espe-
cially true with regard to pH, which is well buffered in most soils—remaining somewhat
constant during a growing season. This is not typically a large concern for commercial
hydroponic applications, although pH changes can affect nutrient availability. However,
this is a concern for nutritional and other studies, where it is desirable for the chemistry of
the nutrient solution to somewhat match the typical soil environment.

Many hydroponic nutrient studies have reported that pH has to be regularly adjusted
on a daily to weekly basis to maintain a consistent growing environment [8,26,30,47]. Most
nutrients also show varying solubility and plant availability as a function of solution pH [9].
Various acids or bases used to adjust pH may also provide some interacting factors on
the plants. For example, Wortman [47] used potassium hydroxide (KOH), H3PO4, and
acetic acid; Hopkins et al. [30] used NaOH to maintain the pH of their studies. While the
presence of these acids or bases likely did not greatly affect the results of these studies, they
may have had small impacts through the addition of minerals such as K, P, and/or Na and
the increased concentration of acetates. Many acids and bases are not ideal for use in this
new solution because of the presence of additional nutrients. Consequently, acetic acid and
HCl were tested in the study presented herein.

Unfortunately, the variability of solution pH is a weakness of both Hoagland and SNS
solutions, with both solutions having dramatic, albeit opposite, pH changes over the course
of the study reported herein. For the SNS solution, this was in spite of the MES biological
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pH buffer that was added. The MES is intended for buffering in the acidic range, but its
presence in the study did not appear to have a substantial influence on pH. It is possible
that the concentration of MES could be increased to evaluate if that would enhance the
buffering, but MES can be toxic to some plants. Parfitt et al. [48] found it toxic to tobacco
(Nicotiana tabacum L.) at 0.05 M, and Kagenishi et al. [49] found that 1% (w/v; ~0.05 M)
MES inhibited root growth in thale cress (Arabidopsis thaliana). This may leave some room
for increase, as the MES concentration used in this study was 0.002 M (Table 2).

The other approach that was evaluated with the SNS solution in this study was to
manually adjust pH to a predetermined level by adding acids or bases three times weekly.
Unfortunately, this was not fully effective. Neither HCl nor acetic acid buffered the SNS
solution efficiently, with the pH rebounding back to near where it was prior to adjustment
in a short time.

Acetic acid was selected for evaluation because it does not contain any mineral
nutrients and, thus, potentially lends itself for use with the SNS solution, where strict
control of all mineral nutrients is desired. However, it is apparent from the results of this
study that acetic acid is toxic to plants when applied at the concentrations needed for pH
adjustment. The H–AA treatment received high concentrations of acetic acid (0.61 moles
or 2600 µg·mL−1) that resulted in negative impacts for several growth parameters. For
example, at the 53 d harvest, the H–AA solution had less than half of the shoot and root
biomass of the ctrl, H, and H–HCl treatments. The reduced Ca/Mg required much less
acetic acid for pH adjustment (0.17–0.20 or 730–860 µg·mL−1) and, as a result, had less
dramatic impacts on growth. However, there were still trends for slight negative impacts
on growth that eliminates acetic acid from serious consideration for use in the SNS solution.

Others also observed toxicities from acetic acid in hydroponics, though information
on this toxicity is somewhat limited. However, the results of this study were generally
in alignment with other studies. Fortes et al. [24] and Kopp et al. [50] report the toxicity
of acetic acid in varieties of rice (Oryza sativa L.). Toxicity was observed by 2.5 mM
(150 µg·mL−1) of acetic acid by Fortes et al. [24], although this was not reported as a critical
point of toxicity. Vines et al. [51] found that a toxicity in tomatoes (Lycopersicon esculentum
Mill cv. Ailsa Craig) occurred with as low as 10 µg·mL−1. These reported levels were all
lower than the toxicities observed in the present study with soybean. This may be due
to differences in species and growing environment. Kopp et al. [50] suggest that for rice,
acetic acid toxicity is dependent on genotype, and it is very likely that tolerance is variable
by species. In addition, Vines et al. [51] had a much lower pH (2.7–4.7) when the plants
experienced toxicity.

Although not desirable for use with the SNS solution due to the presence of a mineral
nutrient (Cl), HCl was included in the present study for comparison with acetic acid. This
acid did not have significant deleterious impacts on the plants. No statistical difference
or negative trends were observed in any growth measures at the 32 or 53 d harvests with
this and the unadjusted Hoagland and SNS solution treatments. This provides evidence
that the negative impacts for acetic acid were due to direct toxicity and not because of pH
adjustment.

Thus, pH adjustment for the SNS solution requires further study. Using HCl is a
possibility for pH adjustments, but doing so will result in the addition of Cl ions to the
solution, which precludes its use if attempting to study this micronutrient. Furthermore, Cl
toxicity is a possibility, although that was not observed in this study, despite a much higher
Cl concentration in the SNS solution than in the Hoagland solution. Other nonmineral
nutrients containing acids (carbonic, formic, citric, acetylsalicylic, etc.) could be used for
pH adjustment, but their potential toxicity and interactions with the nutrient solutions
would need careful consideration and study. Additionally, their impact on excessive
microbial growth in the nutrient solution would need evaluation, which we have found to
be problematic for citric acid (unpublished data). It is also possible that MES concentration
could be increased to reduce the pH spikes, although MES toxicity is a concern [48,49].
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Other biological pH buffers are also possible solutions, especially if desiring to buffer the
pH at levels where MES is known to be ineffective.

Overall, it would be ideal to have a solution where pH could be maintained easily
within a small pH range without the addition of mineral nutrients. The SNS solution
initially resisted any pH movement into the acidic range (possibly due to buffering of the
carbonate precipitates in the basic range), causing significant fluctuations in pH as the
study progressed. The mineral-free acid used (acetic acid) proved to induce toxicity. The
SNS solution ought to be in the slightly acidic range, where plant growth and nutrient
availability are optimized. However, some studies may be desired to have either a more
acidic or a more alkaline condition, depending on the study objectives. It is desirable to
find alternatives for any pH scenario but, regardless, the pH should be somewhat constant
to reflect soil conditions.

4.4. Potential Nutrient Concentration Adjustments for Future Studies

The results of this study show that the SNS solution is effective in growing plants, with
nutrients derived from single mineral nutrient sources easily adjusted without interfering
with other nutrients. However, it is desirable to grow plants that are more in line with
field observations of “typical” soybean nutrient concentrations. The data reveal several
adjustments that are needed to help achieve this goal.

Possibly the most critical adjustment is for Cu. The concentrations for Cu in this study,
at both the early and late harvests, are 2–4 times lower than what Bryson et al. [40] listed as
typical for soybean at similar growth stages (Table 7). Cole et al. [1] found similar results
with quinoa grown with a very similar nutrient solution as in this study, but with lower Ca,
Mg, and Fe concentrations and a higher Mn and B concentration. Unlike soybean, there
is not a large nutrient concentration database for quinoa to use for comparison. Rather,
Cole et al. [1] compared the nutrient concentrations of quinoa with its close relative, sugar
beet (Beta vulgaris L.). Similar to this study, Cole et al. [1] found that Cu concentrations
were lower than what would be expected for sugar beet by day 56, with about the same
magnitude as in this study.

However, it is noteworthy that the shoot Cu concentrations for soybean grown in
this study with the historically successful Hoagland solution were at a similar level as the
SNS-solution-grown plants (Table 7). It is possible that the shoot Cu values measured are
above the critical value. Bryson et al. (2014) did not state the critical levels but, rather, listed
commonly observed plant tissue measures from field observations and studies.

Several studies have shed some light on possible critical levels of Cu. Adams et al. [52,53]
suggest a critical level of 1.5 mg·kg−1 for soybean, but Fageria [54] stated that the critical
level, based on greenhouse experiments harvested three weeks after sowing, is 7 mg·kg−1

for soybean. They found this to be similar for common bean (Phaseolus vulgaris L.) and
maize, but about half the values for wheat (Triticum aestivum L.) and rice. Heitholt et al. [55]
also suggest that a higher critical level is appropriate. They found that 7.7 and 5.2 mg·kg−1

were deficient for leaf Cu concentrations at the R3 and R6 growth stages, respectively
(compared to fertilized plants, with 8.9–9.2 and 5.4–6.3 mg·kg−1 at the same stages). The
unfertilized control in these greenhouse studies had reduced fruit and total biomass yields,
although there were no differences in leaf, stalk, or root biomass. Santos et al. [56] found
similar results in a greenhouse trial. The unfertilized control resulted in Cu deficiency
(yield, as well as shoot, root, and several other measured parameters, were impacted
by Cu deficiency) in two soils evaluated regardless of the limestone rate. The leaf Cu
concentrations were 1.3–2.1 mg·kg−1 for the control, compared to 3.2–7.4 mg·kg−1 for the
fertilized treatment resulting in the highest yield. It is also noteworthy that some evidence
of toxicity was observed at the highest Cu fertilizer rates, with leaf Cu concentrations
higher than ~10 mg·kg−1. Moreira and Moraes [57] found similar results with a yield
response to Cu fertilizer in two soils, where the unfertilized control had R2 leaf Cu of 2.5
and 3.4 mg·kg−1 compared to 4.3 and 4.5 mg·kg−1 in the treatment with the highest yield.
In their study, there was also strong evidence of Cu toxicity, but this was not reflected in
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increased leaf Cu concentrations, higher than the optimum. In a field study with soybean,
Moreira et al. [58] also showed significant yield and other responses to Cu fertilization. In
contrast with the greenhouse studies above, the control in their study was Cu deficient
even though the leaf Cu concentration at the R2 growth stage averaged 6.3 mg·kg−1,
with the fertilized plots significantly higher at 7.1–7.9 mg·kg−1. Once again, toxicity was
reached at the highest rates with leaf Cu at 8.6 mg·kg−1. Moreira et al. [58] pointed out
that these results are in contrast to Urano et al. [59], who suggested a critical level of
2.6 to 17.2 mg·kg−1. Lastly, Manchanda et al. [60] reported shoot concentrations of 6.9
mg·kg−1 for unfertilized soybean and 8.2 mg·kg−1 for fertilized soybean, harvested 60 d
after sowing.

Based on the above studies, it is likely that at the early growth stages, the critical level
for Cu is at or above 7 mg·kg−1, while it is closer to 5 or 6 mg·kg−1 at later growth stages.
Soybeans grown in this study had concentrations from 2.1–4.0 mg·kg−1 at the 20 d harvest
and 1.5–3.1 mg·kg−1 at the 53 d harvest (Table 7), which is likely deficient even though no
visible deficiencies were observed or measured. Although further research could be done
to establish the critical level for soybean grown in hydroponics, the evidence presented
above strongly suggests that Cu levels for the SNS and Hoagland solutions in this study
were deficient. The Cu for the SNS solution needs to be increased by increasing the Cu in
the solution and/or with chelate adjustments.

In addition to Cu, other nutrients that were potentially deficient in the SNS solution
were N and K (Table 6). The findings of this study are similar to those of Cole et al. [1],
which showed that quinoa grown with the SNS solution had lower than desirable shoot
N. Although the N concentration was about 20% higher than the upper reported “typical”
range for the 20 d harvest in this study, by 53 d, the N concentration was about 10% lower
than the reported range (Table 6). This would suggest that the N could be reduced initially,
but the total amount applied by the end of the study should be higher—possibly using
the concentration found in the Hoagland solution as a guide. Although a much lower
magnitude of difference than Cu, adjusting the N could have a very large difference because
N tends to have relatively greater impacts on growth than all other mineral nutrients [9].
Although soybean is a legume, there was only minimal nodulation formation on roots,
and, thus, most of the N supplied to the plant comes from the nutrient solution. It is
also noteworthy that the Hoagland solution tended to stay closer to “typical” at both 20
and 53 d harvests (Table 6). This is not surprising for the 53 d harvest but is somewhat
unexpected for the 20 d harvest as the Hoagland solution had 36% higher N. It is significant
that the N supplied in the Hoagland solution is all in the nitrate-N form, which possibly
explains this differing pattern compared to the SNS solution, which has its N introduced as
an even split between ammonium-N and nitrate-N.

One possible adjustment for the SNS solution would be to increase the proportion of
nitrate-N supplied to the plants by having part or the entire amount of N supplied with
nitric acid. However, it has been shown that the ratio of ammonium ions to nitrate ions as
an N source can influence plant growth [13]. It is also noteworthy that altering the ratio of
the form of N supplied would also likely influence the solution’s pH relationships.

The K concentrations were seemingly adequate at the 20 d harvest but, as with N,
were low by 53 d for the SNS solution (Table 6). These K concentrations were 10–20%
lower than the “typical” range at the final harvest. This would suggest that the initial
rate was adequate but that a higher amount of total K needs to be added by the end of
the study. The Hoagland solution had 50% more K and maintained levels more akin to
what is observed under field conditions. In slight contrast, quinoa grown with a modified
SNS solution (identical K concentrations) had a shoot K concentration that was seemingly
adequate at 56 d [1]. However, the quinoa K concentrations were not so high that an
upward adjustment in the nutrient concentration would likely be detrimental. Increasing
the K in the SNS solution by 50% may result in shoot K values more closely aligned with
field observations and provide enhanced soybean growth.
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In contrast to Cu, N, and K, some other nutrients were slightly-to-extremely high
(Tables 6 and 7). The greatest concern was with P, which was 2 to 4 times higher than
typically observed field values early in the season (Table 6). The P concentration was high
at 20 d but more typical by 53 d. This is a large concern due to the known antagonism with
P and several of the micronutrients, including Zn, Fe, Mn, and Cu [9,15–18,38]. This could
have been part of the issue, with Cu potentially being deficient. This data suggests that,
potentially, the initial P rates need to be reduced but with the same total amount added
through the season. It is noteworthy that the traditionally successful Hoagland solution
has 33% more total P added and that it showed a similar pattern, with numerically higher
concentrations. For comparison, the P concentrations for quinoa were not exorbitantly
high at the first harvest and were possibly low (based on a comparison with sugar beet)
by the last harvest [1]. This suggests that the optimal approach for P nutrition is different
for quinoa compared to soybean. This is similar to differing optimal P concentrations
for potato [15–18] and maize [19]. Again, the SNS solution is relatively well suited to
developing customized hydroponic nutritional recipes for each unique species, with P
especially important for adjustment.

Other nutrients (Ca, Zn, and B) were also high by 53 d, although only slightly above
the typical observed field value range and not likely a problem (Tables 6 and 7). These
nutrients could be considered for reduction, with minimal chance of a negative impact.
However, Zn concentration was hugging the bottom end of the typical observed field value
range at 20 d and reducing the total amount may push it to a deficient status. In addition,
although both solutions initially contained identical amounts of total Ca added (Table 2),
the Hoagland solution had a significantly higher concentration in the tissue at 20 d (Table 6),
likely due to less or no precipitation of CaCO3 in the Hoagland solution. This difference
disappeared by 53 d. It is also noteworthy that treatment ctrl and treatment H had similar
concentrations in the plant tissues for B at both harvests (Table 7) despite solution H having
about double the concentration in the nutrient solution (Table 2). Moreover, plant tissue
concentrations were similar for both solutions for Zn at the early harvest, but there was a
massive difference at 53 d, with Hoagland very possibly having a Zn deficiency (Table 7).
This is likely due to the drastic difference in Zn concentration in the nutrient solution,
with over five times more Zn in the SNS solution than Hoagland (Table 2). The other
nutrients (S, Mg, Fe, Mn, and Mo) that were measured, for which there are published
comparative values, had concentrations that fit within the range of what is observed in the
field (Tables 6 and 7).

Furthermore, Cole et al. [1] suggested that B and Mn concentrations may be excessive,
and this was verified in this study. The B and Mn concentrations used for growing soybean
were 80% of those used by Cole et al. [1] in growing quinoa, with treatment H–Ca/Mg+Mn
having the same Mn concentration as the quinoa. With the decrease in B concentration in
the solution, the plant tissue still had slightly high B levels by 53 d. In addition, treatment
H–Ca/Mg+Mn had an excessive Mn concentration at 53 d. For treatment H, both B and Mn
were on the upper end of “typical” for soybean and would not likely become deficient if the
solution was, again, adjusted downward for both nutrients. Generally, the other nutrients
were within an acceptable range, though there is some uncertainty for all nutrients because
of a lack of data on healthy quinoa concentrations.

Likely as a consequence of the SNS solution’s nutrient sources being paired with
carbonates, Cole et al. [1] did find that a precipitate (predominately carbonate) formed
in their nutrient solution. This was also observed during this study. In this trial, at the
20 d harvest, the ctrl had very high Ca, as compared to what is typically measured in
field-grown soybean (Bryson et al., 2014; Table 6). All of the SNS solution treatments were
significantly lower and in a typically observed field value range. By the 53 d harvest, there
was no statistical difference between any treatments, though all treatments but H–AA
had relatively high concentrations. Treatment H–Ca/Mg+Mn, despite having lower Ca
concentrations in the solution than most other treatments, had the highest numerical Ca
concentration. These results suggest that if the precipitate is Ca-based, a Ca precipitate



Agronomy 2021, 11, 523 19 of 22

may not substantially affect or harm the plants. It also may create a relatively constant
equilibrium concentration, as the solution would remain saturated with Ca ions, with
additional ions dissolving from the precipitate as roots take up Ca ions from the solution.

An alternate form of Ca could be studied to avoid the formation of a precipitate. This
was the intention of Treatment 7, H–Ca(C2H3O2)2. Unfortunately, this treatment had to be
discontinued due to poor performance, a pungent odor from the solution, and substantial
fungal or bacterial growth that was not present when CaCO3 was the Ca source. It is
possible that the acetate ions promoted the fungal growth that occurred. This same fungal
growth was not observed (at least not to the same extent) in the treatments that had large
amounts of acetate ions provided by acetic acid. The H–Ca(C2H3O2)2 treatment initially
had 0.14 moles of acetate when the study began and required large quantities of acetic acid
as the study progressed. Interestingly, this initial amount of acetate is less than one-quarter
of the amount (0.61 moles) with which H–AA ended the study, possibly suggesting that
acetate added in smaller amounts over time may not influence algae growth the same
as large quantities at a single instance. It is unclear what the cause of fungal or bacterial
growth was during the study, but its presence in all three replicates of H–Ca(C2H3O2)2
indicates that acetate may have some benefit to bacteria or fungus present in a system and
that Ca(C2H3O2)2 may not be an ideal calcium source for hydroponics.

A further purpose in conducting this study was to find more ideal concentrations for
Ca, Mg, and Mn in the nutrient solution. Unfortunately, results are somewhat convoluted
due to the possibility of acetic acid toxicity. The Ca concentrations in the shoots at the 53 d
harvest were high, but this was true for all treatments but H–AA (Table 6). It is, therefore,
likely that solution concentrations should be reduced in the future. This will likely reduce
them more than the concentrations in treatments H–Ca/Mg and H–Ca/Mg+Mn. The
Mg concentrations in shoots were appropriate at both the 20 and 53 d harvests, so no
adjustments are likely necessary. By the 53 d harvest, Mn concentrations were very high in
the H–Ca/Mg+Mn treatment and approaching high levels in the H, H–AA, and H–Ca/Mg
treatments; these could reasonably be further reduced in the future (Table 7).

5. Conclusions

The results of this study suggest that the Hopkins single-nutrient source (SNS) solu-
tion effectively enables plant growth as efficiently as the traditional Hoagland solution.
However, the SNS solution has the added benefit that any of the nutrients can be adjusted
in concentration without interacting with the concentrations of other nutrients. Despite
this success, neither solution had a stable pH, even with frequent adjustment. These pH
spikes are not representative of what happens in soil. Adjusting solution pH with hy-
drochloric acid (HCl) was relatively better than using acetic acid in terms of plant growth.
Unfortunately, using HCl precludes any work on Cl nutrition. Further work is needed for
this new hydroponic solution to better buffer the solution pH and to have plant nutrient
concentrations that are more similar to what is measured under field conditions.
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