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Abstract: Background and Aims: In acidic soils, aluminum (Al) toxicity remains a critical crop
limitation that can be ameliorated by organic amendments through Al complexation with high-
molecular-weight carbon compounds, particularly fulvic and humic acids (FA and HA) However, no
research discriminates between the direct effects of FA and HA on plant growth and the indirect effect
that occurs through ameliorating Al toxicity. This study delineates the direct and indirect effects of
FA and HA on plant growth. Methods: Eucalyptus and Hay FA and HA, and Al effects on maize (Zea
mays) root growth were investigated using dilute nutrient solution. Five Al concentrations (0-270 uM)
were combined with four organic acid (OA) treatments, including Nil-OA, FA40, and HA40 (each
at40 mg C L~1) and a combined treatment FA40HA40 (80 mg C L~1). Results: Eucalyptus FA and
HA stimulated root growth by ~20% compared with root growth in the Nil-OA (17.4 cm). In the
absence of Al, Hay FA and HA inhibited root growth (by ~20%) compared with the Nil-OA but the
addition of Al resulted in stimulation of root growth. In the presence of FA and HA, root growth was
not inhibited by nominally toxic monomeric Al (AI?*) concentrations (~20 uM Al). However, when
expressed on a relative basis to remove the direct effect of the ligand, the response was consistent with
Al toxicity. Conclusions: The effects of FA and HA were either inhibitory or stimulatory depending
on the source while both sources of FA and HA mitigated Al toxicity through complexation. The
study provides mechanistic data that highlights limitations of soil bioassays where the direct effects
of organic ligands on root growth are confounded with the indirect effect of their reduction of Al
toxicity. These two independent processes must be considered in evaluating the amelioration of Al
by organic amendments.
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1. Introduction

Acidic soils have been extensively cultivated throughout the world, but it has been
difficult to sustain high agricultural productivity due to their propensity for fertility decline.
Globally, acidic soil infertility affects about 4 billion ha of land [1] and is particularly
prevalent in the tropical rainforest climes of developing countries. Rainforests represent the
largest remaining potential area for further agricultural development but equally represent
pristine landscapes that serve as highly diverse ecosystems and warrant protection. These
systems maintain about 43% of the world’s trees and have the highest rates of vegetation
loss [2].

About 250 million ha of acidic soils that were historically cleared and cultivated,
have subsequently been left deforested, degraded, and abandoned [3]. The loss of this
productivity and the potential threat to existing forested systems means that agricultural
development in the tropics should concentrate on improving the productivity of these
severely degraded acidic soils [3]. Quintessential research by [4] at three sites in South
America, tracked a chronosequence of soil fertility decline over seven years following the
clearing of rainforest. Their study highlighted the many facets of acidic soil degradation,
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but ultimately, the expression of aluminum (Al) toxicity was the most serious manifestation
of acidic soil infertility.

Aluminum toxicity remains the major limitation to crop growth in acidic soils where
high soil solution concentrations of AI** (monomeric form) substantially reduce plant root
growth [5-7] and crop yield [8]. Field amelioration of Al toxicity has been achieved through
the application of inorganic and organic amendments. Though lime, the main inorganic
amendment, is effective in ameliorating Al toxicity, the effect is transient [4] and its use
in developing countries, where the need is great, may be limited by product availability,
transport costs, processing infrastructure, and the rate required to remediate soil acidity [9].

Organic amendments, including manures, biochar, and crop residues, may represent
more practical ameliorants for Al toxicity in such regions [8,10-12]. Conventional agri-
cultural by-products, including hay and crop residues, can effectively ameliorate Al but
require application at rates of 10 to 80 Mg ha~! [10,13]. At these high rates, crop residue
application is not feasible since at a crop harvest index of about 50% the estimated crop
residue yield is only 1 to 2 Mg ha~! [14,15].

Organic matter input to soils results in the production of a myriad of organic com-
pounds ranging from low molecular weight aliphatic and aromatic organic acids (about
300 Da) [16] to high-molecular-weight organic acids, monosaccharides, and polysaccha-
rides [17-19]. A considerable range of low molecular weight aliphatic acids are identified
from soils [20] and have varying ability to complex Al rendering it innocuous to plant
growth [21]. However, low molecular weight organic acids are also good sources for the
metabolism of microorganisms, and hence their presence in soils is transient [21] providing
only a short-term amelioration of Al toxicity.

In natural and agricultural systems high-molecular-weight FA and HA can strongly
complex both plant essential and toxic elements [22-24]. The FA and HA have considerable
structural variability consisting of diverse composites of smaller and larger molecular
units of principally aliphatic and aromatic groups, oils, amino acids, phenols, pheno-
lic acids, phenolic esters, fatty acids, alkanes, tannins, monosaccharides, and polysac-
charides [17,19,25-28]. Various studies have shown that they can detoxify Al through
complexation [21,24,29,30] due to negatively charged hydroxyl and carboxylic functional
groups [31,32]. Guimaraes et al. [33] showed that the combined FA and HA concentrations
in forest soil systems (2.08 g kg~ 1) were substantially higher than in agricultural systems
(1.12-1.50 g kg~ 1). Agroforestry is an alternative strategy that can increase soil organic
carbon and mitigate the effects of soil acidity [34].

Given the severe impact of Al toxicity on root growth, diagnosis of Al toxicity is
usually based on short-term (~4 days) root bioassays [35,36]. However, the bioassays fail to
consider the direct effect of soluble organic components, including FA and HA, that can
stimulate [37—41] or inhibit [42] root growth at low concentrations (<5 mg C L~1). The FA
and HA are present at low concentrations in soil solution, hence studies on FA and HA use
harsh alkaline extractants to prepare sufficient quantities for studies e.g., [43,44]. Hence the
derived FA and HA are not representative of the functioning soil system from which they
were extracted. Therefore, studies that have considered the effects of extracted FA and HA
on Al toxicity are compromised; first, by considering Al detoxification by complexation but
not the direct effect of FA or HA on plant growth, and second, because the extracted FA
and HA are not representative of organic matter in a functioning soil system.

This study investigates the direct effects of FA and HA on the root development of
maize (Zea mays) and the indirect effects through the complexation of toxic Al under con-
trolled solution culture. The study compares FA and HA from water extracts of two sources
including one of agricultural origin (composted hay) and the other from leaves of Eucalyptus
camaldulensis (Dehnh.) representing a tree species widely used in agroforestry systems [45].
The study evaluates the complex interaction between the direct effects of FA and HA on
plant root growth and their indirect effect on growth mediated through complexing toxic
Al. The results are considered in the context of current soil bioassay studies and their
limitations.
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2. Materials and Methods

Two solution culture experiments were conducted to evaluate the effects of combina-
tions of FA and HA and Al concentrations on the root growth of maize. Clean polythene
buckets were near-filled with 1.9 L of deionized water, covered with plastic lids, and placed
in water baths at 27 °C. Stock nutrient solutions were added to achieve basal nutrient
solution concentrations (uM): N 1350 (NO3~ 1250 and NH,* 100), Ca 500, K 250, Mg 200,
5200,Fe10,B3,P1,Zn 1, Mn 0.5, Cu 0.1, Co 0.04 and Mo 0.02 [21]. Fulvic and humic
acids were extracted from decomposed leaves of E. camaldulensis and from composted hay
composed of a mixture of grass (Sorghum halepense) and lucerne (Medicago sativa) [46].

Briefly, the methodology was as follows. Leaf material of E. camaldulensis and
composted hay were each placed in aerated aqueous solution at 30 °C. After 35 days of
incubation, a water extract was taken and successively filtered through nylon screens to
a minimum of 45 pm. The filtrate was centrifuged at 20,000 x g relative centrifugal force
for 20 min. The supernatant was decanted and acidified to pH 1.5 &£ 2.0 to precipitate the
HA component. The HA precipitate was purified by dialysis with deionized water. The
supernatant containing the FA was passed through a glass column containing Amberlite
XAD-7 polymeric resin conditioned to pH 2.0. The adsorbed FA was eluted with 0.1 M
KOH and passed through a column containing Dowex MSC-1 cation exchange resin, to
remove adsorbed cations. The extracted FA and HA were dried under vacuum at 55 °C
and 5.3 kPa.

Aliquots of Eucalyptus FA and HA (E-FA, E-HA) (Experiment 1) and Hay FA and HA
(H-FA, H-HA) (Experiment 2) solutions were added to appropriate buckets to establish a
nominal organic carbon (OC) concentration of 40 mg C L1 of each acid. This is consistent
with the published humic substance concentrations in the range of 30-110 mg C L1 [47].

Four organic acid (OA) treatments were imposed:

Control with no OA (Nil-OA)

HA at 40 mg C L~ (HA40)

FA at 40 mg C L~! (FA40)

Combined FA at 40 mg C L~! and HA at 40 mg C L~ (FA40HA40)

Twenty buckets of each organic acid treatment were prepared. Four pots of each set
of 20 received aliquots of a 0.1 M AICl; stock solution to give nominal total treatment Al
concentrations of 0, 10, 30, 90, and 270 uM. Thus, each experiment consisted of 20 treatments
(four OA treatments x five Al concentrations) replicated four times for a total of 80 pots.
Solution pH in all pots was adjusted to 4.5 by drop-wise addition of either 0.1 M KOH or
HNOj3 and maintained at pH 4.5 for the duration of the experiment. Aeration tubes were
placed in each pot and solutions were equilibrated for 1 day.

Maize seeds were rinsed with tap water to remove fungicide and soaked in a 200 uM
CaSOy plus 50 uM H3BO3 solution for 30 min. The seeds were rinsed three times with tap
water and germinated at 28 °C using a rolled towel technique. When the average radicle
length was 30-40 mm, a seedling was placed in each of five plastic cups supported in
the lid of each pot; the transplanted seedlings were covered with black polythene beads.
After 4 days, plants were harvested and the length of the longest root of each seedling was
determined.

Immediately before planting, a 25 mL solution sample was taken from each pot,
passed through a 0.22 um filter (Millipore), and analyzed for OC concentration and total Al
concentration using ICPAES, and for monomeric Al concentration (A1**) not complexed by
organic matter using a colorimetric kinetics reaction [48]. Root growth was measured on
an absolute basis as the length of the longest root and expressed on a relative root length
(RRL) basis to allow comparison across experiments.

Root length data were analyzed using ANOVA and standard errors are presented for
solution properties since the variance associated with these properties was not normally
distributed. Appropriate regression functions were fitted to data sets and presented using
SigmaPlot 14.0 (Systat Software Inc. Chicago, IL, USA).

L e
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3. Results
3.1. Changes in Solution Properties across FA, HA, and Al Treatments

In the Nil-OA treatments, measured total Al concentration increased progressively
with increasing treatment Al concentration reaching an averaged maximum for the two
experiments of 218 uM at a nominal treatment Al concentration of 270 uM (Figure 1). In
the 0 uM Al treatments where FA and HA were added, low concentrations of Al were
recorded in the FA and HA treatments due to residual Al in the source FA and HA, and in
the 10 and 30 uM treatments total Al concentration was slightly higher than that nominally
imposed. At 90 M Al, the measured total Al concentration ranged from 20 to 100% of
the nominal concentration across all treatments. However, at 270 uM Al, the measured Al
concentrations in the presence of FA or HA were less than 50% of the nominal concentration
in all treatments (Figure 1).
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Figure 1. Relationship between measured total Al concentration and nominal treatment Al concen-
tration (0, 10, 30, 90, and 270 uM) in nutrient solutions in which maize plants were grown for 4 days
in the presence or absence of fulvic acid (FA) and humic acid (HA) extracted from Eucalyptus (E-FA
and E-HA) and Hay (H-FA and H-HA), alone and in combination, at pH 4.5. Standard errors are
presented unless obscured by symbols.

The measured OC concentration in the Nil-OA treatments was consistently 0 mg C L1
(Figure 2). In the E-FA and E-HA treatments, OC concentration was about 10% higher than
that nominally imposed at the treatment Al concentrations of 0-30 pM (Figure 2). The OC
concentrations in all H-FA and H-HA treatments at 0-30 uM Al were consistent with the
expected OC concentration and not affected by Al addition.

In the 90 uM Al treatment, the OC concentration in the E-FA40, E-HA40, H-FA40,
and H-HA40 decreased relative to treatments with lower Al concentration (0-30 uM Al).
However, the effect was variable; in the E-HA40 no OC was present, while in the E-FA40
and H-HA40, the OC concentration was substantially higher at about 13.6 mg C L~!. In
these latter treatments, the reduction in measured total Al concentration (Figure 1) was
complemented by a similar reduction in OC concentration (Figure 2). In contrast to this,
the H-FA40 treatment maintained a high OC concentration (37.4 mg C L™!) at 90 uM
Al and was reduced by only 10% compared with the 0 pM Al H-FA40 treatment. In
both the E-FA40HA40 and H-FA40HAA40 treatments, the OC concentration in the 90 uM
Al treatment was the same as that in the comparable 0 uM Al treatments (Figure 2).
However, with a further increase in Al concentration to 270 uM, the OC concentration
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in all FA and HA treatments dropped substantially and particularly in the E-HA and
H-HA where OC concentration was 0 mg C L~1. However, in the presence of 270 pM
Al, detectable OC concentrations were measured in the E-FA40 (3.4 mg C L™!) and E-
FA40HA40 (5.4 mg C L~!) while more substantial OC concentrations were recorded in
the H-FA40 (13.5 mg C ' ~1) and H-FA40HA40 (25.2 mg C L~!) treatments; approximately
20-25% of C remained in solution.
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Figure 2. Relationship between organic carbon (OC) concentration and treatment Al concentration
(0, 10, 30, 90, and 270 uM) in nutrient solutions in which maize plants were grown for 4 days in
the presence or absence of fulvic acid (FA) and humic acid (HA) extracted from Eucalyptus (E-FA
and E-HA) and Hay (H-FA and H-HA), alone and in combination, at pH 4.5. Standard errors are
presented unless obscured by symbols.

At each treatment Al concentration, the highest AI** concentrations were maintained
in the Nil-OA treatments (Table 1). In the presence of FA and HA in solution, A3 con-
centration was reduced compared with the Nil-OA treatments (Table 1). However, as
the treatment Al concentration in the Nil-OA treatments increased, the proportion of Al
present as AI>* decreased (Figure 3). This was contrary to the general trend observed in
the presence of OAs where the proportion of Al3* increased with increasing treatment Al
concentration (Figure 3).

Table 1. Concentrations of AI>* (uM) in nutrient solutions in which maize seedlings were grown for
4 days at pH 4.5 in the presence of treatment Al concentrations from 0-270 pM and in the presence of
Eucalyptus (E) and Hay (H) fulvic acid (FA) and humic acid (HA), each at 40 mg C L~ alone or in
combination.

Treatment Al Concentration (uM)

Organic Acid Treatment 0 10 30 90 270
Mean and SE Mean and SE Mean and SE Mean and SE Mean and SE
Nil-OA 0.0 +0.0 8.4 +0.2 22.5 +2.3 47 .4 +9.9 108.1 +11.5
E-FA40 0.0 +0.0 1.3 +0.1 6.5 +0.1 28.2 +1.0 57.4 +0.2
E-HA40 0.0 40.0 14 +0.2 3.4 +0.1 119 +1.0 36.8 +4.5
E-FA40HA40 0.0 +0.0 1.6 +0.1 0.0 +0.0 23.1 +0.8 40.1 +4.7
H-FA40 0.0 +0.0 2.3 +0.1 9.7 +2.0 45.3 +1.2 30.5 +2.4
H-HA40 0.0 +0.0 0.2 +0.2 3.3 +0.3 18.8 +1.2 34.5 +2.2
H-FA40HA40 0.0 +0.0 0.0 +0.0 1.1 +0.6 31.9 +3.1 28.2 +1.7

SE denotes the standard error value. LSD (p = 0.05) = 8.2.
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Figure 3. Relationship between A1** (as a proportion of measured total Al concentration) and
treatment Al concentration, in nutrient solutions in which maize plants were grown for 4 days in
the presence or absence of fulvic acids (FA) and humic acids (HA) extracted from Eucalyptus (E-FA
and E-HA) and Hay (H-FA and H-HA), each at 40 mg C L1 alone or in combination and at pH 4.5.
Standard errors are presented unless obscured by symbols.

3.2. Effects of Al on Root Growth in the Absence of FA or HA

Root growth of maize seedlings in the absence of FA and HA was consistently greater in
the presence of 10 uM Al compared with that in the 0 uM Al, indicating growth stimulation
by low AI** concentrations (about 7-10 uM) (Figure 4). At higher Al concentrations
(treatment Al concentrations of 30, 90, and 270 uM) root growth was progressively inhibited.
A Gaussian function was fitted for plots of RRL against the AI** concentration for both the
Eucalyptus and Hay Nil-OA treatments (0-270 uM Al). The Gaussian function accounted
for the beneficial effect of Al at 10 pM Al where maximum root growth occurred while
accounting for the subsequent reduction in root growth at higher Al concentrations.

18
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Figure 4. Relationship between relative root length (RRL) and AI%* concentration in two experiments
for maize plants grown in nutrient solutions for 4 days over a range of treatment Al concentrations
(0270 uM Al) at pH 4.5 in the absence of FA or HA. The solid line represents the fitted Gaussian
model for the combined experiments. The root length in the 0 uM Al treatments was 16.6 cm
(Eucalyptus experiment) and 18.1 cm (Hay experiment).



Soil Syst. 2023, 7, 68

7 of 15

3.3. Direct Effects of FA and HA on Root Growth

In the absence of Al addition, root growth was stimulated in the E-FA40, E-HA40, and
E-FA40HAA40 treatments compared with that in the Nil-OA treatment. This beneficial effect
was enhanced with the further addition of Al at treatment concentrations of 10 and 30 uM
(Figure 5), and particularly in the E-HA40 treatment for which the RRL increased by about
20% compared with a 4% increase in the E-FA40. However, with the further addition of Al
at concentrations greater than 30 uM, root growth in the presence of E-FA40 and E-HA40
decreased substantially. This effect was consistent with the observation that precipitation
of the Eucalyptus FA and HA occurred when the treatment Al concentration increased to
90 and 270 uM Al.

1.8
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16 4 [ LSD (p=0.05)=0.063 -@ EFALD
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1.4 - " —l- E-FA40HA40
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Figure 5. Relationship between relative root length (RRL) of maize plants grown in nutrient solutions
for 4 days over a range of treatment Al concentrations (0-270 uM Al) at pH 4.5 and in the presence or
absence of fulvic acids (FA) and humic acids (HA) extracted from Eucalyptus (E-FA and E-HA) and
Hay (H-FA and H-HA), each at 40 mg C L1 alone or in combination and at pH 4.5. Standard errors
are presented unless obscured by symbols.

In contrast to the E-FA and E-HA, root growth was inhibited in all H-FA and H-HA
treatments in the absence of added Al (Figure 5). Root growth in the H-FA40 was about
80% of that in the 0 uM Al Nil-OA treatment while in the H-HA40 treatment, it was only
74%. The inhibition of root growth in the H-HA40 at 0 uM Al (RRL = 0.774) was similar
to the inhibition of root growth by Al in the 30 uM Nil-OA treatment in Experiment 2
(RRL = 0.737). With successive increases in treatment Al concentrations up to 90 uM, the
inhibitory effect of both the Hay FA and HA was alleviated (Figure 5) and in the H-FA40
the inhibitory effect was superseded by a beneficial effect on root growth where the RRL
in the H-FA40 in the presence of 30 pM Al (RRL = 1.21) was 20% greater than in the 0 uM
AI Nil-OA control. Furthermore, root growth in the H-FA40HA40 was greater than that
in either the H-FA40 or H-HA40 (p < 0.05) despite having the same concentration of both
components. This highlights a strong direct effect of the OAs per se on root growth.
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3.4. Interactive Effects of FA and HA with Al on Root Growth

The mean RRL in all E-FA and E-HA treatments was greater than that in the compa-
rable Nil-OA treatments at all Al concentrations, highlighting the ability of these OAs to
ameliorate the toxic effects of Al (Figure 5). In the presence of E-FA or E-HA, AI%* did not
inhibit root growth in the same way as it did in the Nil-OA treatments (Figure 6a). Root
growth was not inhibited in the FA40 and FA40HA40 treatments (both in the presence of
90 uM treatment Al) despite the measurement of AI%* concentrations of 28.2 and 23.1 uM,
respectively, but was inhibited by an AI** concentration of 25.9 uM in the 30 uM Al Nil-OA
treatment. However, in comparing these results the beneficial effects of the Eucalyptus
FA and HA and the detrimental effects of AI3* were confounded. To overcome this, the
root length for each organic acid treatment (including the Nil-OA), at each treatment Al
concentration, was expressed as the relative root length to that of the same organic acid
treatment with no added Al RRLOA (Figure 6b). Thus, the RRLCA for the Nil-OA, and
Eucalyptus and Hay FA40, HA40, and FA40HA40 treatments in the absence of Al were
all 1.0. When expressed on this basis the relationship between AI** and root length in the
presence of Eucalyptus FA and HA was similar to the response to Al** noted in the Nil-OA
treatment (Figure 6b).

20
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Figure 6. Relationship between relative root length of maize plants and solution Al>* concentration
(a) expressed relative to the Nil-OA 0 pM Al treatment and (b) expressed relative to the comparable
FA and HA treatment with no added Al. Root length is expressed as a relative to the Nil-OA with no
added Al treatment (RRL) and (b) expressed relative to the comparable FA and HA treatment with no
added Al (RRLOA). Plants were grown in nutrient solutions for 4 days over a range of treatment Al
concentrations (0-270 uM Al) at pH 4.5 and in the presence and in the presence or absence of fulvic
acids (FA) and humic acids (HA) extracted from Eucalyptus (E-FA and E-HA) and Hay (H-FA and
H-HA), each at 40 mg C L~! alone or in combination and at pH 4.5.

At 0and 10 uM Al, root growth was considerably greater in the Nil-OA treatment than
in either the H-FA40, H-HA40, or H-FA40HA40 treatments in the absence of Al (Figure 5).
The H-FA and H-HA strongly inhibited root growth. However, at higher Al concentrations
the relative root length in all Hay OA treatments was greater than that in the Nil-OA
0 uM Al treatment. This highlighted the effectiveness of the FA and HA in detoxifying
Al In the H-FA40 and H-FA40HAA40 treatments, an AI** concentration greater than about
20 uM was substantially less inhibitory to root growth than was the same concentration
of AI** in the Nil-OA treatment (Figure 6a). The data for the H-FA40 in the presence
of 90 uM Al were inconsistent with other H-FA and H-HA treatments with increasing
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Al where the RRL was 1.21 at an AI** concentration of 45.3 uM. This datum point may
have been considered an outlier but has low SEs for both AlI** and RRL. Nonetheless, the
point was not included in the development of the relationship between RRL and AI**, due
to its substantial displacement from the other points (Figure 6a,b). The displacement of
the point likely represents the observed shift in the effect of H-FA on root growth from
a negative to a positive role with increasing Al addition. Even with the addition of Al at
a treatment concentration of 270 uM, root growth was not inhibited in the H-FA40HA40
treatment. Indeed, the root length in the H-FA40HAA40, in the presence of 270 uM Al, was
the same as that in the Nil-OA treatment, in the absence of Al, and had the highest root
length of all treatments in the Hay experiment. Notwithstanding, despite the observation of
increased root length in this treatment, lateral roots were shortened and stubby; symptoms
consistent with that typically associated with Al toxicity. The presence of the Hay FA and
HA appeared to only stimulate root growth of the main root while they had not afforded
the same protection to lateral root development. This evidence suggests that root organs
are differentially sensitive to the effects of toxic AI** and organic ligands.

Excluding the potential interaction between Al and the FA and HA components, the
direct effect of Al toxicity was confounded with the direct effect of the FA and HA. To
better understand this effect, root length was expressed relative to the same OA treatment
(e.g., FA40-270 uM Al relative to FA40-0 uM Al) (Figure 6b). When expressed on this basis,
the relationship between RRLO” and AI3* for all Eucalyptus OA treatments essentially
matches the relationship observed between RRL and AI** in the absence of OA (Figure 6b).
However, for the Hay FA and HA, the relationship was somewhat different from the
Nil-OA and E-FA and E-HA treatments where RRLO# tended to be higher (1.16-1.36) at
AIR* concentrations of about 15-30 uM and where >~10 mg C L™! of FA or HA was in
solution. Interestingly, for the H-HA40 treatment in the presence of 270 uM added Al, all
the HA had precipitated from the solution and the RRLO (0.56) point at an AI>* of 34.4 uM
corresponded well to the Nil-OA response curve for RRL to AI** concentration (Figure 6b)
(data point is obscured).

4. Discussion
4.1. Direct Effects of FA and HA on Root Growth

In the absence of added Al root growth in the E-FA40 treatment was greater than
that in the comparable Nil-OA and E-HA40 (p < 0.05) while root growth in the FA40HA40
was intermediary between the E-FA40 and E-HA40. Stimulation of plant growth by FA
and HA is well documented [38—40]. In contrast to the E-FA and E-HA, the H-FA and
H-HA inhibited root growth in the absence of Al. Effects of OA on plant growth are not
consistently positive and Brunner et al. [42] found that the high-molecular-weight fractions
(>10,000 Daltons) from an aqueous extract of chestnut (Castanea sativa) leaf litter inhibited
barley (Hordeum vulgare) growth at concentrations of only 5 mg C L~! yet the fraction below
1000 Daltons did not.

Furthermore, the co-addition of the H-FA with the H-HA (H-FA40HA40) was less
inhibitory than was either component alone, suggesting the two components interacted
in affecting root growth despite the OC in the H-FA40HA40 being twice that of either the
H-FA40 or H-HA40. In contrast, there was no interaction between the E-FA and E-HA in
their effects on root growth since root growth in the E-FA40HA40 was an intermediary of
that in the E-FA40 and E-HA40 indicating independent effects of the E-FA and E-HA. Only
limited research has been conducted on the interactions of FA and HA; however, Ernst
et al. [49] found that combinations of FA and HA stimulated plant growth to a greater
extent than FA or HA alone.

4.2. Confounding Effects of AI** and Organic Acids on Root Growth

In the Nil-OA treatments, the fitted Gaussian function for the relationship between
root growth and AI¥* was significant (r? = 0.942 p <0.001) (Figure 4) and root growth was
enhanced at AI** concentrations up to 10 uM. Due to the stimulatory effect of Eucalyptus
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OA on root growth, the Eucalyptus relationship of RRL to AI** on root growth in Figure 6a
is displaced upward relative to the Nil-OA. The stimulatory effect of the E-FA had an
overriding effect on Al toxicity effects since the RRL response, when expressed on an OA
basis (Figure 6b), gave a response similar to that of AI** in the Nil-OA treatments. Where
greater than about 10 mg C L~! remained in solution in the E-FA treatments, root growth
was stimulated and AI3* concentration was not a good index for plant root growth response
to Al toxicity. With the addition of Al at concentrations at 270 uM in the E-FA and E-HA
treatments, substantial precipitation of the FA and HA occurred (Figure 2) so no stimulation
of root growth due to FA or HA was recorded and root growth decreased substantially due
to the overriding inhibitory effect of AI** (Figure 6a). The presence of only a small amount
of un-precipitated FA or HA (<about 5 mg C L~!) did not provide a stimulatory effect on
root growth and the inhibitory effect of AI>* on root growth prevailed.

In contrast, the Hay relationship of RRL to AI** on root growth (Figure 6a) is displaced
downward relative to the Nil-OA due to the direct inhibitory effect of the Hay FA and HA.
With increasing addition of Al to the H-FA and H-HA the effect on root growth shifted
from inhibition to stimulation of root growth. In the Hay OA treatments, precipitation of
FA and HA (Figure 2) resulted in the removal of the inhibitory effect of the OA, and the
remaining inhibitory effect is attributed to Al toxicity.

In all OA treatments, the effect of A1** on root growth (initial stimulation up to 10 uM
then toxicity) is confounded with the direct effect of the OA on root growth (stimulation
for Eucalyptus and inhibition for Hay). As a means of resolving these two confounded
effects, the RRLs were expressed relative to the relevant OA treatment at 0 uM Al (RRLO%)
(Figure 6b) as opposed to the Nil-OA at 0 uM Al (Figure 6a). For the Hay treatments
addition of Al up to 30 uM reduced the inhibitory effect of the OA, producing an initial
increase in RRLO* compared to the Nil-OA treatment. Since the OC concentration of the
solutions remained constant up to 30 uM Al this effect is attributed to the complexation of
toxic components of the H-FA and H-HA with Al; therefore, denaturing the toxic effect as
opposed to the precipitation that occurs at higher Al concentrations. At Al concentrations of
30 uM and above, any positive growth effect of denaturing the inhibitory OA is outweighed
by the toxic effect of increasing A13* concentrations.

Distinct differences can be observed in the organic components of the Eucalyptus and
Hay FA and HA [46] where the 13C NMR spectra for the Hay FA and HA show a strong
peak at 147 ppm, which equates to aromatic diphenols, which are likely to cause phytotoxic
effects. These groups would also be likely to complex with Al, and thus their inhibition of
root growth would be expected to be altered as Al is added to the solution. Various authors
have demonstrated the co-addition of toxic concentrations of soluble cations with toxic
organic ligands results in no inhibition of plant growth [24,50].

A key finding in this study is that the direct effect of the FA and HA on root growth
was independent of the effect of AI** toxicity, since in the presence of >~10 mg C L' of
FA or HA otherwise toxic concentrations of AI** did not result in reduced root growth.
This is likely related to the different effects of Al and FA or HA on root cell elongation.
The primary site of Al toxicity is in the elongation zone of roots resulting in a substantial
reduction in root cell elongation [51]. In contrast, the elongation of excised tomato roots in
a nutrient solution containing FA over concentrations of 50-100 mg L~! (~30-60 mg C L™ 1)
resulted in increased root cell extension compared with a nil FA control [38].

4.3. Implications of Findings for Acidic Soil Studies

In this study, the direct effect of the FA and HA (i.e,, in the absence of added Al)
was either positive as for Eucalyptus FA and HA or negative as for the Hay FA and HA.
Indeed, the inhibitory effect on root growth of the Hay FA and HA per se was equivalent
to that of Al toxicity at an AI3* concentration of 20-25 M. Increasing the solution Al
concentration altered the direct effect of FA and HA on root growth and the magnitude of
this effect varied depending on the source of FA and HA. For the Eucalyptus FA and HA,
the enhancement was slight with the increase in Al, but for the Hay FA and HA further



Soil Syst. 2023, 7, 68

110f15

addition of Al resulted in a shift in the direct effect of OA on root growth from severe
inhibition (0 pM Al treatment) to enhancement of root growth in the 30 and 90 uM Al
treatments) (Figure 6b). In some treatments, the presence of toxic AI** concentrations
(>20 uM) did not inhibit root growth to the anticipated extent. Furthermore, the study
demonstrates that non-precipitated FA and HA can ameliorate Al toxicity through two
independent mechanisms including complexation of Al or the direct beneficial effect of the
OA on root growth. Hence, concentrations of AI3* in the soil solution are not necessarily a
good index of plant root response to Al toxicity.

In acidic soil studies the direct impact of soluble organic ligands on root growth and
complexation of Al complicates the understanding of acidic soil infertility and particularly
Al toxicity effects. Given the nature of Al toxicity inhibiting root growth, acidic soil studies
utilize short-term (~4 days) plant root elongation experiments to diagnose and develop
an understanding of Al toxicity impacts on plant growth e.g., [6,52-54]. Studies such as
these often show poor coefficients of determination. Menzies et al. [53] in their study
discriminated against the effects of non-toxic Al-organic complexes, which gave a better
correlation. Various authors e.g., [55,56] have demonstrated that for soils low in soluble OC,
plant growth is well correlated with measures of solution Al concentration, but for soils
with higher solution OA concentrations, the effect of Al complexation and detoxification
must be considered [31,53,57].

This controlled solution culture study highlights the complex role of high-molecular-
weight OAs (FA and HA) in the expression of Al toxicity on plant root growth. In degraded
acidic soils with low levels of organic matter and high soil solution Al concentrations,
inorganic soil solution chemistry principles will prevail and most of the Al in soil solution
will be present as AI**. In acidic soils, soluble FA and HA may be present in the soil solution
at concentrations of about 30-110 mg C L~! [47] while in the present study concentrations
of FA or HA at only about 10 mg C L~! had direct effects on plant growth; consistent with
the finding of Ayuso et al. [58]. Therefore, it is likely that the effect of FA and HA, and other
soluble organic compounds, on plant growth will be important in studies where bioassays
are used as a means of determining the relative toxicity of Al. Further research is required
to refine the diagnostic criteria for Al toxicity in acidic soils, taking into consideration the
effect of the organic component per se on plant growth. This direct effect could be either
inhibitory or stimulatory depending on the type of OAs present and the test plant species
being grown.

4.4. Mechanisms for Reducing Solution AI**

At treatment Al concentrations of 10 and 30 uM, the concentration of OC and total
Al were equivalent to that nominally imposed in the FA and HA (Eucalyptus or Hay)
treatments. However, Al>* concentrations were only 0-9.7 uM indicating complexation
of Al was the principal mechanism by which AI** concentration was reduced. With an
increase in treatment Al concentration to 90 uM Al, the total Al concentration in the E-
FA40 (45.1 uM) and H-FA40 (77.6 uM), and E-FA40HA40 (102.0 uM), and H-FA40HA40
(87.1 uM) treatments were greater than that in the E-HA40 (19.2 uM) and H-HA40 (31.7 uM)
indicating a greater capacity for the FA to complex Al at higher Al concentrations. No
OC was present in the E-HA40 treatment and only 30% was present in solution in the
H-HA40 (13.6 mg L~!) indicating strong precipitation of Al with HA in these treatments.
Across treatments at 90 uM added Al, (except for H-FA40) complexation and precipitation
reactions, simultaneously reducing AI>* concentration to varying degrees. In the H-FA40 in
the presence of 90 uM Al, both total Al (Figure 2) and OC concentrations (Figure 4), though
reduced, were similar to that nominally imposed. However, there was a considerable
discrepancy between total Al and AI** concentrations (Figure 6) indicating complexation
was the dominant mechanism for reducing AI**. The solubility of the H-FA at high Al
concentrations was greater than that of the H-HA and the E-FA and E-HA. The '3C NMR
spectra for the Hay FA showed strong peaks at 172 ppm representing carboxylic functional
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groups and at 55 ppm for hydroxyl functional groups [46] the combination of which confers
strong potential for metal ion complexation [59,60].

Schnitzer and Skinner [61] noted that, at a solution ratio of 1 M Al to 1 M of a high-
molecular-weight organic extract (viz. FA or HA) (about 115 pM Al to 40 mg C L7,
complexation was the most important reaction, and the complex was water-soluble (viz.
it did not precipitate) while at higher ratios precipitation occurred. Consistent with this
finding, the present study showed that as Al addition increased (to 90 and 270 uM) precipi-
tation of Al occurred and complexation ceased to be the sole mechanism for reducing AI**
concentration. In the E-FA40, E-HA40 and E-FA40HA40, and H-HA40 treatments in the
presence of 270 uM Al, almost all the OA had precipitated from the solution, and in the
H-FA40 and H-FA40HA40, the OC was substantially reduced indicating that at higher Al
concentration, precipitation supersedes complexation as the most important mechanism in
reducing Al. In the present experiments, a ratio of only 90 uM Al to 40 mg C L~ resulted in
substantial precipitation of organic C supplied as HA and to a lesser extent FA. Precipitation
is demonstrated between other metal ions with FA and HA when the metal ion activity
is high [62]. Hiradate et al. [44] identified that the mechanism for the formation of FA-Al
precipitates includes a complexation reaction between Al and carboxylic functional groups
on the FA.

Interestingly, with an increase in treatment Al concentration from 90 uM to 270 uM and
despite all treatments that have 0 mg C L1, the increases in total solution Al concentration
for the E-HA40 (44 uM increase) and H-HA40 (15.3 pM increase), were substantially less
than the increase in the comparable Nil-OA treatment (~218 uM). This indicates that further
complexation or precipitation of Al to the existing Al-HA precipitate occurred indicating a
potential significant role for soil humic material in ameliorating Al toxicity.

The differences in complexation and precipitation reactions between the two sources
of FA and HA relate to the considerable differences in their structure as shown by '3C NMR
and size exclusion chromatography spectra for these acids [46]. These findings demonstrate
a fundamental broad difference in the reactivity of FA and HA with solution Al and further
highlight a differential in solubility of the Al-OA complexes dependent on the source from
which they were extracted. At low Al concentrations (10 and 30 uM) both sources of HA
more effectively complexed Al than did FA and the Eucalyptus FA and HA formed stronger
Al-complexes than the Hay FA and HA. However, at higher treatment Al concentrations
the Hay FA and HA possessed a greater capacity for complexing Al than the Eucalyptus
FA and HA for which precipitation was favored and represents an important mechanism
for Al detoxification. The research shows a differential function of FA and HA based on the
source from which they were extracted, and further research is required to understand the
differential effects of source organic material on Al detoxification in soils.

5. Conclusions

This study shows a complex interaction between the effects of high-molecular-weight
0As and AI** on plant root growth. In the absence of Al, differential direct effects of FA
and HA on root growth were observed with the Eucalyptus FA and HA stimulating root
growth while the Hay FA and HA inhibited root growth. The detrimental effect of the
Hay FA and HA was superseded by a beneficial effect when Al was added to solutions.
A novel finding in this study is that the direct beneficial effect of the OA can override the
toxic effect of Al which is not previously reported. In the presence of OA concentrations
greater than about 10 mg C L™, AI>* concentration was not a good index of plant response
to Al toxicity since in the presence of an otherwise toxic Al3* concentration, root growth
was not inhibited. This study is the first that identifies multiple mechanisms interacting
on root growth and Al detoxification including a direct positive or negative effect of OA
on root growth, an interaction with Al causing detoxification, altered effects of OA with
addition of Al, and the complexation and precipitation of Al.

The application of organic and waste-based products is an integral component of the
move toward sustainable farming systems. In studies evaluating the ability of organic



Soil Syst. 2023, 7, 68 13 of 15

amendments to ameliorate the effects of toxic metal cation species, discrimination against
the beneficial or detrimental effects of OAs per se must be considered.
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