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Abstract: Crop productivity and yields can be greatly diminished by abiotic stress events including
drought, extreme temperatures, excess moisture, and saline irrigation water. Multiple stressors
occurring simultaneously can further exacerbate the strain on plants. Various types of biostimulants
have been shown to mitigate abiotic stress and here, the results of 21 trials on corn, wheat, soybean,
and various high-value crops are discussed in the context of the abiotic stress that either occurred
naturally or was experimentally induced. Treatments in these trials included stressed and non-
stressed plants, as well as either an untreated control or grower standard fertilizer applications
alone and in combination with a natural organic matter (NOM)-based biostimulant. While stressed
plants suffered compared with non-stressed plants, the stressed plants receiving the NOM-based
biostimulant were healthier and larger, as indicated by whole, root, and shoot weights and yields at
harvest. Plant response was stronger when stress existed, but the biostimulant also led to healthier
plants when no stress occurred. Positive results occurred for 20 of the 21 trials, indicating that
biostimulants can effectively mitigate abiotic stress events regardless of the plant species tested or
the growing conditions encountered, by increasing sap Brix, enzymatic activity, and nutrient use
efficiency.

Keywords: abiotic stress; natural organic matter; biostimulants; salt stress; drought stress; cold stress;
nutrient use efficiency; climate change; sustainable agriculture

1. Introduction

Abiotic stress in agriculture is the impact of non-living pressures imparted on plants,
such as heat, cold/frost, drought, excess moisture, salinity, etc., all of which can lead to
significant crop and yield losses [1]. Arguably, abiotic stress is the most critical factor
impacting the growth and productivity of crops worldwide [2], particularly when various
stresses occur together in combination. Climate change can exacerbate overall abiotic
stress [3], and worldwide, the percentage of the planet affected by drought has more than
doubled in the last 40 years [4], with agriculture bearing 80% of the direct impact [5].
According to the American Meteorologic Society, recent droughts in Texas, California, East
Africa, Kenya, and Cape Town have been more severe or likely to occur due to climate
change [6]. Rainfall patterns are shifting worldwide, and such changes could intensify
in the coming years. This likely means more intense periods of heavy rain and lengthier
dry periods, even within the same regions [7]. Worsening or extreme changes (regarding
temperatures, rainfall, and water quality) that increase abiotic stress will occur when the
global population demand for food is expanding faster than increases in arable land [8,9].
Therefore, it is critical that agriculture adopts new technologies and implements practices
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that not only compensate for the increase in abiotic stresses, but does so while decreasing
the practices that are contributing to climate change.

The 2018 Farm Bill (for the purposes of a report to the US Congress) considers a “plant
biostimulant” to be “a substance or micro-organism that, when applied to seeds, plants, or the
rhizosphere, stimulates natural processes to enhance or benefit nutrient uptake, nutrient efficiency,
tolerance to abiotic stress, or crop quality and yield” [10]. Biostimulant is a large umbrella term
that encompasses a number of diverse categories, such as organic acids including humic and
fulvic acids, seaweed extracts, microbial inoculants, beneficial fungi, and amino acids and protein
hydrolysates, and numerous reviews on their use have been recently published [11-14]. Natural
organic matter (NOM), which contains humic and fulvic acids [15-17] and is ubiquitous in soils,
sediments, aquatic sources and aerosols, is formed primarily by the microbial degradation of plant
matter and contains thousands of individual components [18,19]. The chemical nature of this
complex mixture can be analytically characterized using infrared spectroscopy, ultraviolet visible
absorption spectroscopy, fluorescence spectroscopy, nuclear magnetic resonance spectroscopy,
and ultrahigh resolution mass spectrometry [20-27]. The understanding of the exact mechanisms
for how and why NOM-based biostimulants improve plant health is still in its infancy. Still, many
studies have shown increases in nutrient use efficiency (NUE), abiotic stress mitigation, and
quenching of reactive oxygen species (ROS) [9,28-33]. The NOM-based biostimulant used here
for all trials is obtained from a terrestrial source in Northern Europe that has been concentrated
and refined by FBSciences, Inc. and has been extensively chemically characterized previously [34].
This complex mixture of thousands of organic compounds contains a wide variety of functional
groups, and it can be fractionated based on solubility under acidic vs. alkaline conditions
and according to polarity using a hydrophobic resin. The components within this diverse
mixture belong to various biomolecular compound classes, such as lignin, tannin, and condensed
aromatic compounds. For the purpose of biostimulant applications, the treatments described
here are on a total organic carbon (TOC) basis, where TOC concentrations are measured using
high temperature catalytic combustion on a Shimadzu TOCcgy total organic carbon analyzer
calibrated with potassium hydrogen phthalate [34].

Because abiotic stresses are naturally occurring events, it is challenging to conduct
replicated field trials, as predictions cannot accurately be made as to what will occur in
nature during the course of a trial. However, it is possible to simulate the stress conditions
that may potentially ensue under certain circumstances in the field by conducting stress
trials under controlled conditions in a greenhouse or nursery. Here, the results of 21 trials
on corn, wheat, soybean, and various high-value crops are discussed in the context of
the abiotic stress encountered, where the stress was experimentally induced or naturally
occurring. Six trials in California executed on tomatoes, peppers, strawberries, and avo-
cados simulated drought and salt stress and examined treatments that included stressed
and non-stressed controls and applications of grower standard (GS) fertilizers and the
NOM-based biostimulant each alone and together. Eleven field trials on corn in Nebraska
using the GS treatments with and without the NOM-based biostimulant are shown for a
variety of conditions that occurred over the course of three years, including little abiotic
stress, cold and wet soils due to excess rain and high water tables, and high temperatures
and drought. Two field trials conducted in Australia on wheat and lentils experienced cold
and severe frost events, while two field trials on soybeans and sugarcane in Brazil suffered
heat and drought stress, and each of these trials utilized GS treatments with and without
the NOM-based biostimulant. The results of the 21 trials described here, taken together,
highlight the positive impact on improved plant health and yields under various abiotic
stress circumstances using a biostimulant that can be easily incorporated into a grower’s
current program.

2. Materials and Methods
2.1. Trial #1: Nursery Drought Stress Trial on Tomatoes Using Soil Applications

A simulated drought stress trial was conducted in Oxnard, CA to examine the effects
of the natural organic matter (NOM)-based biostimulant for stress mitigation using soil
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applications. This randomized complete block design (RCBD) trial utilized tomatoes
(Lycopersicon esculentum) grown from seed and transplanted as single plants in 3 x 3 inch
pots in sandy-loam soil. There were 25 replicates for each of the 3 treatments: (1) untreated
check (UTC) with no induced drought stress; (2) UTC with induced drought stress; and
(3) NOM biostimulant with induced drought stress, so that there were enough plants to
sacrifice in order to have 8 replicates per treatment at 3 assessment time points. Applications
started after the plants had at least 24 true leaves (at transplant), were made 14 days apart,
and were made by applying 25 mL per pot as a soil drench of the biostimulant diluted in
water to give a final total organic carbon (TOC) content of 0.03 mg/L TOC. All watering
was stopped 8 days after the second application to induce drought stress for 8 days, after
which normal watering resumed. Plant assessments (plant height and weight and root and
shoot weights) were taken pre-stress (i.e., before watering was stopped), during stress (after
8 days of drought stress), and during recovery (after watering was resumed). One-way
analysis of variance (ANOVA) was utilized to determine if measurements from 8 replicates
across the 3 treatments were statistically different (p = 0.10). If p < 0.10 from ANOVA, then
a post hoc multiple comparison test was performed using least significant difference (LSD)
to ascertain which averages were different. Statistical analysis was performed in MATLAB.

2.2. Trials #2-3: Nursery Salt Stress Trials on Tomatoes Using Soil and Foliar Applications

Two simulated salt stress trials were conducted in Oxnard, CA to examine the effects of
the NOM-based biostimulant for stress mitigation using soil and foliar applications. These
RCBD trials utilized tomatoes (L. esculentum) grown from seed and transplanted as single plants
in 3 x 3inch pots in sandy-loam soil. There were 4 treatments for each trial: (1) untreated
check (UTC) with no induced salt stress; (2) induced salt stress using NaCl at 200 mg/L for
soil applications and NaCl at 5000 mg/L for foliar applications; (3) NOM biostimulant alone
without induced salt stress; and (4) NOM biostimulant with NaCl to induce salt stress (at the
same concentrations as treatment 2), and there were 8 replicates per treatment.

For the trial using soil applications, two NOM applications (at 0.13 mg/L TOC) started
13 days after the plants had at least 2—4 true leaves (at transplant), were made 12 days apart, and
were made by applying 25 mL per pot as a soil drench. The salt treatment applications (25 mL
per pot as a soil drench) were made 7 days after the second NOM application. For the trial
using foliar applications, applications were made at transplant (when the plants had 2—4 true
leaves) to provide a final spray volume equivalent to 208 L/ha, with the NaCl applied at a rate
equivalent to 2.6 g NaCl per hectare and the NOM at 585 mg TOC per hectare.

For both trials, plant assessments (plant height and weight and root and shoot weights)
were made 10-11 days after the salt treatment. One-way ANOVA was utilized to determine
if measurements from 8 replicates across each of the 4 treatments per trial were statistically
different (p = 0.10). If p < 0.10, then LSD as a post hoc multiple comparison test was executed.

2.3. Trial #4: Nursery Salt Stress Trial on Strawberries

Because strawberries are very sensitive to salt, a nursery trial was conducted in
Camarillo, CA to evaluate the impact of the NOM-based biostimulant for the mitigation of
salt stress. This RCBD trial utilized strawberries (Fragaria x ananassa) grown in 2 L containers
in a commercial potting soilless media (Agromin Premium Blend, Oxnard, CA, USA). There
were 3 treatments: (1) grower standard (GS) fertilizer; (2) GS with NaCl added to the
irrigation water at 200 mg/L to induce salt stress; (3) GS plus NOM biostimulant with
NaCl at 200 mg/L to induce salt stress, and there were 6 replicates per treatment. Four
NOM applications, equivalent to 585 mg TOC per hectare, were made as a soil drench
approximately 3 weeks apart from mid-July to the end of September (7/17,8/11,9/2,9/22).
Salt was included in the irrigation water 3 times about 3 weeks apart from mid-August to
the end of September (8/16,9/3, 9/22). The cumulative fruit yield was counted throughout
the season.
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2.4. Trial #5: Field Drought Stress Trial on Peppers

A simulated drought stress trial was conducted in Oxnard, CA to examine the effects
of the NOM-based biostimulant for stress mitigation, where drought was induced using two
different conditions. Drought A was induced shortly after the plants were established (on 6/3),
while Drought B was induced at bloom (6/27). In both cases, watering was stopped for two
weeks. This RCBD trial utilized peppers (Capsicum annuumy), and there were 6 treatments with
6 replicates each: (1) grower standard (GS) fertilizer with no drought stress; (2) GS plus NOM
biostimulant with no drought stress; (3) GS under Drought A; (4) GS plus NOM biostimulant
under Drought A; (5) GS under Drought B; and (6) GS plus NOM biostimulant under Drought
B. Three NOM applications, equivalent to 585 mg TOC per hectare, were made via the drip
irrigation system approximately 34 weeks apart from mid-April to June (4/17,5/14, and 6/3).
Marketable yields of red, green, and the total number of peppers were taken at the end of
August. One-way ANOVA was utilized to determine if measurements from 6 replicates across
the 6 treatments were statistically different (p = 0.10). If p < 0.10, then LSD as a post hoc multiple
comparison test was executed.

2.5. Trial #6: Field Salt and Drought Stress Trial on Avocados

A drought and salt stress trial was conducted in Somis, CA to examine the effects of
the NOM-based biostimulant for mitigation of multiple simultaneous stress factors. This
RCBD trial utilized Hass avocados (Persea americana) that were already a well-established
mature crop. There were 4 treatments: (1) grower standard (GS) fertilizer with no induced
stress; (2) GS with NaCl at 200 mg/L and 80% of the regular watering volume to induce
both salt and drought stress; (3) GS plus NOM biostimulant without induced stress; and
(4) GS plus NOM biostimulant with NaCl at 200 mg/L and 80% of the regular watering
volume to induce salt and drought stress, and there were 6 replicates per treatment. Salt
was applied as soil drench 6 times from May through August (5/11,5/26,6/16,8/13, 8/25,
and 8/31). Four NOM applications, equivalent to 878 mg TOC per hectare, were made as a
soil application from May through August (5/11, 6/9, 8/13, and 9/1). Fruit set occurred in
May, with a typical fruit drop post-set occurring in June. Sizing of the set fruit was taken on
8/10 and 12/7. Fruit counts were extrapolated to estimate yields based on an average fruit
weight of 8 wet oz per fruit. One-way ANOVA was utilized to determine if measurements
from 6 replicates across the 4 treatments were statistically different (p = 0.10). If p < 0.10,
then LSD as a post hoc multiple comparison test was executed.

2.6. Trials #7-17: Three-Year Corn Trials in Nebraska

Between 2010 and 2012, a series of 11 corn trials were conducted near Lexington,
Nebraska, where fields are irrigated and strip-till farming was utilized. More specific
details of the 11 trials are given in the Supplementary Information. In general, there were
two treatments, where a liquid starter NPK fertilizer was applied 10-15 days prior to
planting either in two bands below (at 4-5 and 9-10 inches) and to the side of the seedbed
or in only 1 band at 9-10 inches below the soil surface, with and without the NOM-based
biostimulant that was applied at 730-1170 mg TOC per hectare. Root pits were dug using a
backhoe, allowing for the excavation of the entire root system, which was done at 25 and
60 days after emergence (DAE). Once the root systems were isolated, the dirt was carefully
removed and the roots were washed, so that detailed measurements (root profile widths at
various depths, roots count per node) could be made. Yield data was collected at harvest.

2.7. Trials #18-19: Field Trials on Winter Wheat and Lentils in Australia

Two field trials on winter wheat and lentils were conducted near the Horsham area
of Victoria, Australia. Similar to the corn trials, there were two treatments for the wheat
trial, where a grower standard of urea ammonium nitrate was foliarly applied (at 35 L/ha)
alone and with the NOM-based biostimulant (at 500 mg TOC per hectare) at tillering. This
RCBD trial was conducted on plots of 0.52 ha with 3 replicates per treatment. Sap Brix was
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measured by refractometry at 1, 17, 39, and 52 days after applications, and yields were
taken at harvest.

Similarly, for the lentil trial, there were two treatments where a GS was applied alone
and with the NOM-based biostimulant (at 500 mg TOC per hectare) between V5 and
Vn (approximately 1 week prior to flowering). This RCBD trial was conducted on plots
of 0.42 ha with 4 replicates per treatment. Sap Brix was measured by refractometry the
day before applications were made (shown as day —1) and at 4, 12, and 31 days after
applications, and yields were taken at harvest. One-way ANOVA was utilized to determine
if measurements from replicates were statistically different (p = 0.10), and if p < 0.10, then
LSD as a post hoc multiple comparison test was executed.

2.8. Trials #20-21: Field Trials on Soybean and Sugarcane in Brazil

A soybean (Glycine max L.) field trial was conducted in the Paranapanema Valley of
Sao Paulo State, Brazil in a medium texture sandy clay soil. There were two treatments,
where a GS of monoammonium phosphate (11-30-0, at 200 kg/ha) and potassium chloride
(50 kg/ha) was applied alone and with the NOM-based biostimulant. In this trial, the
NOM-based biostimulant was applied 3 times during the season: as a seed treatment at
25 mL of 5000 mg/L TOC per 100 kg of seed and as a foliar spray at 500 mg TOC per ha
at both R1 and R3. This RCBD trial was conducted on plots of 40 m? with 4 replicates per
treatment. A sugarcane (Saccharum officinarum) field trial was conducted in the Vitoriana
District of Sao Paulo State, Brazil. There were two treatments, where a grower standard was
applied alone and with the NOM-based biostimulant (580 mg TOC per ha). This RCBD trial
was conducted on plots of 42 m? with 4 replicates per treatment. For both trials, stomatal
conductance (measured using a porometer), enzyme (superoxide dismutase, catalase, and
peroxidase) activity levels (as described in the Supplementary Information), plant heights,
and yields were assessed.

3. Results
3.1. Trial #1: Nursery Drought Stress Trial on Tomatoes using Soil Applications

This trial simulated drought stress on tomatoes, where an untreated check (UTC)
with no induced drought stress was compared to a UTC with induced drought stress and
drought-stressed plants that were treated with the natural organic matter (NOM)-based
biostimulant using soil applications. Plants were assessed for plant height and plant, root,
and shoot weights pre-stress (before watering was stopped), during stress (after eight days
with no water), and after stress (eight days after watering resumed). The summary data
is shown in Supplementary Table S1, and Figure 1 shows the plant weights during the
three assessment times. Prior to the induced stress, there were no statistically significant
differences between the treatments, except for plant height, which showed the plants with
the NOM-based biostimulant were the tallest. During the drought stress, it was clear
that all of the stressed plants were significantly affected by the lack of water, with 99%
confidence. The drought-stressed UTC group plants were less than half the size of those
in the unstressed UTC group, but the stressed plants with the NOM-based biostimulant
were larger than the untreated plants under stress by 36%, 27%, and 41% for the plant, root,
and shoot weights, respectively (statistically significant for the plant and shoot weights).
The NOM-based biostimulant treated plants were also able to recover more quickly than
the untreated stressed plants. About eight days after regular watering was resumed, the
NOM-based biostimulant treated plants had almost caught up to the non-stressed plants,
only being smaller by about 20%. In contrast, the untreated stressed plants were still
significantly smaller (at a 99% confidence interval), remaining at about half the size of the
non-stressed plants.
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Figure 1. Average plant, root, and shoot weights before (a), during (b), and after (c) drought stress during
the tomato nursery trial for the untreated check (UTC) non-stressed plants, UTC stressed plants, and
NOM-based biostimulant treated stressed plants. Means with the same letter designation centered on each
bar do not differ significantly (p = 0.10, least significant difference), and error bars represent one standard
deviation. See also Supplementary Table S1, where ANOVA p values are reported.

3.2. Trials #2-3: Nursery Salt Stress Trials on Tomatoes Using Soil and Foliar Applications

These trials simulated salt stress on tomatoes, where a UTC with no induced salt stress
was compared to a UTC with induced salt stress and to two treatment groups where plants
were treated with the NOM-based biostimulant each with and without the induced salt
stress. Plants were assessed for plant height and plant, root, and shoot weights 10-11 days
after the salt-induced stress occurred. The summary data is shown in Supplementary Tables
52 and S3, and Figures 2 and 3 shows the plant, root, and shoot weights.

For the trial where treatments were applied as soil drenches, there were no significant
differences between any of the treatments for plant height. However, the UTC plants
with salt stress were significantly smaller than the non-stressed UTC plants, and the plant
weights for the treatments including the NOM-based biostimulant were significantly larger
than those without. When the biostimulant was utilized for the non-stressed plants, the
plant, root, and shoot weights increased by 39%, 74%, and 13%, respectively, which was
statistically significant at the 99% confidence interval for the plant and root weights (only
numerically higher for the shoots). It was hypothesized that the biostimulant would
mitigate the salt stress to some degree, but the NOM-based biostimulant had a much
greater impact when salt stress was applied than when the plants were unstressed. The
percent increases were larger for the salt-stressed plants treated with the biostimulant
versus the untreated stressed plants; in this case, by 87%, 188%, and 22% for the plant, root,
and shoot weights, respectively, which was statistically significant for all parameters. It is
clear that there is a synergistic effect between the NOM-based biostimulant and the salt,
because the plant and root weights for stressed plants treated with the biostimulant were
significantly larger than those treated with the biostimulant but not under salt stress (by
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15% and 30%, respectively). When the salt was applied in the presence of the biostimulant,
it acted as a growth enhancer rather than a suppressant.
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b 1 I no stress
c d I I - NOM-based biostimulant,
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Figure 2. Average plant, root, and shoot weights 11 days after the induced salt stress during the
tomato nursery trial using soil applications for the UTC non-stressed plants, UTC stressed plants,
NOM-based biostimulant treated non-stressed plants, and NOM-based biostimulant treated stressed
plants. Means with the same letter designation centered on each bar do not differ significantly
(p = 0.10, least significant difference), and error bars represent one standard deviation. See also
Supplementary Table S2, where ANOVA p values are reported.

I UTC- no stress
I UTC- with stress
I NOM-based biostimulant,

a ] no stress

b a a NOM-based biostimulant,
1 b with stress
ab e BC

Plant Root Shoot

Figure 3. Average plant, root, and shoot weights 10 days after foliar applications during the salt
stress tomato nursery trial for the untreated check (UTC) non-stressed plants, UTC stressed plants,
NOM-based biostimulant treated non-stressed plants, and NOM-based biostimulant treated stressed
plants. Means with the same letter designation centered on each bar do not differ significantly
(p = 0.10, least significant difference), and error bars represent one standard deviation. See also
Supplementary Table S3, where ANOVA p values are reported.

For the trial where treatments were applied as foliar sprays, it should be noted that
the plants were treated using a singular foliar application at an earlier growth stage, and
thus, were smaller at the time of assessment than those in the previous trial where multiple
soil applications were made 12-14 days apart. The plants treated with the NOM-based
biostimulant were significantly taller than those that were not treated (Supplementary
Table S3). In this case, there were no statistically significant differences for the plant, root,
and shoot weights for the non-stressed plants, regardless of the use of the biostimulant
(Figure 3). However, the percent increases for the plant, root, and shoot weights of the
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salt-stressed plants were larger by 67%, 113%, and 45%, respectively, for the plants treated
with the NOM-based biostimulant (all of which were statistically significant at the 95%
confidence level). Results for this trial using foliar applications are consistent with those
described above for the soil applications, where the plant and root weights for stressed
plants treated with the biostimulant were larger than those treated with the biostimulant but
not under salt stress (by 13% and 55%, respectively), which was statistically significant for
the root weights. This evidenced synergistic effect between the NOM-based biostimulant
and the salt was validated in this trial for tomatoes.

3.3. Trial #4: Nursery Salt Stress Trial on Strawberries

This trial simulated salt stress on strawberries, where a grower standard (GS) fertilizer
program with no induced salt stress was compared with the GS program with induced salt
stress and the GS program incorporating the NOM-based biostimulant with the induced
salt stress. In this trial, treatments were applied as soil drenches. The last of the three
salt inclusions in the irrigation water and the last of the four NOM applications done as
a soil drench both occurred on 9/22, when the first of the strawberries were picked. As
shown in Figure 4, including salt in the irrigation water caused substantial stress to the
strawberry plants, as shown by the decrease in yield, but the inclusion of the NOM-based
biostimulant in the GS program completely mitigated this stress. For the first month of
picking, the salt-stressed GS plants (no biostimulant applied) yielded only 20% on average
of those that were not stressed. For the second month of picking, the salt-stressed GS plants
began to recover, showing cumulative yields that were about half of those that were not
stressed. From 10/30 until the end of the trial, the yields per pick for all three treatments
were approximately the same. This indicates that most of the salt had been leached out
of the root zone, and the level of stress was similar for all plants regardless of treatment.
At the end of the trial, salt without the NOM-based biostimulant caused the yield to be
reduced from 828 trays to 427 trays, a reduction of 48%. For the stressed treatment with
the NOM-based biostimulant, the yields were consistent with the non-stressed plants, and
the final count was actually 10 trays more (838 trays). When comparing the salt-stressed
treatments, the use of the biostimulant with the GS showed a 96% increase in yield over the
stressed plants that received the GS alone.

S o~ o~ o o %04 %04 %OQ
r@ o \nJ W,Q r\;\ oy \Q' \(\/
GS- no stress GS- with stress  =@=GS + NOM biostimulant with stress

Figure 4. Cumulative strawberry yield by pick day during the salt stress trial for the grower standard
(GS) non-stressed plants, GS stressed plants, and GS + NOM-based biostimulant treated stressed
plants. The last of the 3 salt applications and the last of the 4 NOM biostimulant applications were
done on 9/22.
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3.4. Trial #5: Field Drought Stress Trial on Peppers

In a season-long trial with peppers, drought stress was simulated by stopping irriga-
tion for two weeks at two different times during the season to induce drought dress. For
drought A, water was withheld prior to plants blooming (shortly after plant establishment),
and for drought B, the water was withheld starting at bloom. Treatments from a GS fertilizer
program with and without the NOM-based biostimulant were each compared to those treat-
ments without the induced drought stress, under drought A conditions, and under drought
B conditions, giving six treatment groups in total. The treatments (via the drip irrigation
system) of the NOM-based biostimulant occurred three times during April-June, and mar-
ketable yields of red and green peppers were taken at the end of August (Supplementary
Table S4, Figure 5). It is clear that the drought-induced stress hurt the overall pepper yields,
as the total yields of the drought A and B treatments decreased by about 35% compared
to the non-stressed GS plants (all without the NOM-based biostimulant). Without stress,
the NOM-based biostimulant included with the GS improved marketable yields by 45%,
which was statistically significant with 99% confidence. When under drought conditions,
the yield increases for the treatments including the NOM biostimulant, compared to the
stressed GS treatments without the biostimulant, were more than double. There was no
statistical difference between the three treatments that included the NOM-based biostimu-
lant with the GS, regardless of the stress (or lack thereof). The ability of the biostimulant to
completely mitigate the drought stress is remarkable, and the extrapolation of the yields
shown here for two plants would lead to outstanding returns for growers.

- Red Peppers
a a Green Peppers

ab

bc

GS- nostress GS + NOM, GS, drought A GS + NOM, GS, drought B GS + NOM,

no stress drought A drought B

Figure 5. Average marketable pepper yield for red and green peppers during the drought stress
trial for the grower standard (GS) with and without the NOM-based biostimulant, GS with and
without the NOM-based biostimulant under drought A where water was stopped for 2 weeks shortly
after plant establishment, and GS with and without the NOM-based biostimulant under drought
B where water was stopped for 2 weeks at bloom. Values given are in grams for the summation
of 2 plants, with six replicates per value. Means (for the total pepper count) with the same letter
designation above each bar do not differ significantly (p = 0.10, least significant difference), and error
bars represent one standard deviation for the total pepper count. See also Supplementary Table 54,
where ANOVA p values are each reported for red, green, and total pepper counts.



Agronomy 2023,13, 728

10 0of 18

3.5. Trial #6: Field Salt and Drought Stress Trial on Avocados

In this season-long trial on mature avocado trees, salt and drought stress were simu-
lated by reducing the amount of irrigation water by 20% for the entire season and adding
salt to the irrigation water four times throughout the season. Treatments from a GS fertilizer
program with and without the NOM-based biostimulant were each compared to those
treatments with and without the combined induced salt and drought stress conditions,
giving four treatment groups in total. In this trial, treatments were made as soil applica-
tions. At the end of the season, trees receiving only the GS treatment (no biostimulant)
that were stressed yielded 19% fewer avocados than the non-stressed trees (Supplementary
Table S5, Figure 6). Absent stress, the NOM-based biostimulant included with the GS
improved yields by 24%. When under drought and salt stress, the yield increased by 45%
for the treatment including the NOM biostimulant, but there was little difference between
treatments including the biostimulant with and without induced stress.

9000
7500
6000
4500

3000

Yield (Ibs/ac)

1500

0
GS GS NOM  GS+NOM

no with no with
stress stress stress stress

Figure 6. Average avocado yields from the drought and salt stress field trial for the grower standard
(GS) non-stressed plants, GS stressed plants, NOM-based biostimulant treated non-stressed plants,
and GS + NOM-based biostimulant treated stressed plants. Error bars represent one standard
deviation. See also Supplementary Table S5.

3.6. Trials #7-17: Three-Year Corn Trials in Nebraska

This data set of 11 field trials (four in 2010, four in 2011, and three in 2012) compared
GS fertilizer programs alone and including the NOM-based biostimulant. While the
initial purpose of these trials was to evaluate the ability of the biostimulant to enhance
nutrient use efficiencies of GS fertilizers, high stress conditions in two of the three years
clearly demonstrated the biostimulant’s stress mitigating effect. The Platte River Valley of
Nebraska in Dawson County often struggles with early season loss of pre-plant nitrogen
applications due to a highly fluctuating water table. In 2010, the major stressors were
too much rain and extremely high water tables that resulted in water-saturated soil and
extremely low soil temperatures, both of which tend to cause significant yield reductions in
corn. Excessive rain leads to fertilizer losses and leaching, and cold and wet soils slow root
development. In mid-July, the water table was only 24 inches below the soil surface, and
soil temperatures were still around 50 °F (10 °C) for two of the trials. Corn yields in this
region were well below the 5-year average (about 26% below normal), but the NOM-based
biostimulant mitigated this stress and led to enhanced yields. In these 4 trials, yield results
for treated plots were 10-21% greater than for the untreated plots (Table 1). The largest
yield increases were observed for the strip-till applications in two bands (Trials 2010-1 and
2010-2). These high increases were also the test site where the stress was the greatest. The
in-furrow trial (2010-3) and the single band strip-till trial (2010-4) gave yield increases of
11% and 10%, respectively.
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Table 1. Yields for the 2010-2012 Nebraska corn field trials, where abiotic stress occurred in the field.
Additional trial details are given in Supplementary Table Sé6.

Yields (bu/ac)

Trial ID Grower Standard (GS) GS + NOM Biostimulant % Yield Increase
2010-1 142.5 172.4 21%
2010-2 138.4 166.8 21%
2010-3 130.4 145.2 11%
2010-4 193.0 212.0 10%
2011-1 192.2 208.5 8%
2011-2 188.0 203.7 8%
2011-3 180.8 189.3 5%
2011-4 204.0 237.2 16%
2012-1 140.8 166.3 18%
2012-2 180.1 190.5 6%
2012-3 174.9 161.5 —8%

In 2011, the environmental conditions were more like those typically encountered in that
part of Nebraska, and in three of the four separate trials, the yield increases were 5-8%. At the
fourth site, the yield increase was 16%. While these sites suffered from higher than average
rainfall and a high water table, conditions were not as severe as in the 2010 testing, as can be
observed based on the yields for the GS-only treatments. In 2010, the four evaluated sites, all
with very high stress, had an average yield of about 150 bu/ac, which is about 27% lower than
the 2011 average for the four sites (191 bu/ac). Even with the more favorable conditions, the
NOM-based biostimulant still results in excellent yield improvements.

In 2012, the stress conditions were the opposite of the conditions in 2010. There was
an extreme drought across most of the Midwest with very high sustained temperatures
at critical times. Even with irrigation, it was not possible to get enough water on the
crops to make up for the lack of rainfall. In one of the trials (2012-2), the control yielded
close to the 5-year average for that field, likely because the water table was higher at this
particular location (allowing the roots another source of water). In this case, the NOM-based
biostimulant treated plots had a yield increase of 6%. However, in another trial (2012-1),
the yield for the control was significantly lower than the 5-year average, but the yield for
the biostimulant treated plots was 18% greater than for the GS alone. For both of these
trials, as well as all of the 2010 and 2011 trials, Hoegemeyer corn hybrids were utilized.
For trial 2012-3, a Mycogen corn hybrid was used, and this variety did not handle the heat
well (temperatures in excess of 100 °F (38 °C) for 8 days), leading to the only negative yield
result for the 11 trials when the NOM-based biostimulant was included in the treatment
along with the grower standard.

In addition to enhanced yields, root profiles were examined with depth and the
number of roots per node was counted (Figure 7). With depth, there was a 7-88% increase
in the root profile width, with the largest increases observed at the deepest parts of the soil
profile. At 25 days after emergence (DAE), there was a 14-104% increase in the average
number of roots observed per node. This increase early in the season gives the NOM-
treated plants an early advantage that provides benefits that last the entire growing season,
as indicated by the measurements at 60 DAE (8-21% increase in roots per node). With
the strip-tilling methodology, the product placed at 4-5 inches has the biggest effect on
primary and lower-ordered nodal roots, which are those most associated with the uptake
of NPK and other nutrients [35]. The product placed at 9-10 inches has the biggest effect
on higher-ordered nodal roots, which are those that grow the largest number of lateral
roots, spreading out and away from the plant, and are associated with the uptake of water
from deeper parts of the soil profile [35]. Roots extending further down into the soil profile
take advantage of nutrients and deep sub-soil moisture, giving the plant a better chance to
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manage heat and drought stress that can commonly occur in the late summer, which was
particularly noteworthy in the 2012 trials.
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Figure 7. Results from the Nebraska corn field trials showing the 3-year average root profile width
with soil depth (a) and the 3-year average number of roots per node at 25 (b) and 60 (c) days after
emergence (DAE).

3.7. Trials #18-19: Field Trials on Winter Wheat and Lentils in Australia

These two trials, conducted in the Horsham area of Victoria, Australia, where condi-
tions for winter crops can be challenging due to drought, cold and frost events, compared
GS fertilizer programs alone and including the NOM-based biostimulant. During both the
wheat and lentil trials, severe frost events occurred during critical growth periods of the
crops. In addition, there were several periods without any rainfall for the wheat trial, lead-
ing to drought conditions that compounded the cold stress. The impact of these stressors is
evident from the low harvested yield of the wheat plants only receiving the GS fertilizer,
1052 kg /ha (Table 2). The plants receiving the GS plus the NOM-based biostimulant had
ayield of 1411 kg/ha, a 34% increase over the GS-only treatment, which was statistically
significant at the 99% confidence interval. In addition, the sap Brix measurements assessed
throughout the season showed consistently elevated Brix concentrations for the plants
receiving the biostimulant, by 19-53% from 1-52 days after treatment, all of which were sta-
tistically significant at the 99% confidence interval. Increased sap Brix levels are indicative
of stronger, more sturdy plants that are better able to resist frost and other abiotic stressors.
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Table 2. Average sap Brix contents and yield data for the winter wheat and lentil trials in Australia
for the grower standard (GS) plants and the GS + NOM-based biostimulant treated plants. Sap Brix
was assessed throughout the season at various days after application (DAA). Means with the same
letter designation within each column do not differ significantly (p = 0.10, least significant difference).

WHEAT TRIAL
Sap Brix (DAA-Days after Application) Yield
Treatment
1DAA 17 DAA 39 DAA 52 DAA (kg/ha)
Grower Standard (GS) 11.8 b 9.7 b 8.3 b 9.7 b 1052 b
GS + NOM biostimulant 14.0 a 13.2 a 12.7 a 13.3 a 1411 a
ANOVA, p= 0.0080 0.0007 0.0044 0.0079 0.0009
LENTIL TRIAL
Sap Brix (DAA-Days after Application) Yield
Treatment
—1DAA 4DAA 12 DAA 31 DAA (kg/ha)
Grower Standard (GS) 13.0 a 13.3 b 135 b 12.8 b 1233 b
GS + NOM biostimulant 13.3 a 23.0 a 20.8 a 18.8 a 2025 a
ANOVA, p= 0.7796 13 x 1075 0.0002 2.7 x 107° 1.1 x 107°

Increases in sap Brix and yield were also observed for the lentil trial, where rainfall
during the season was sufficient but frost events occurred in the months leading up to
harvest. Yield was increased by 64% for the lentils receiving the GS plus biostimulant
treatment over the GS only (2025 vs. 1233 kg/ha, Table 2). One day prior to treatment,
the sap Brix was not different for the two treatments, but at 4-31 days after application
(DAA), sap Brix was 47-74% higher for the plants receiving the GS plus biostimulant. The
increased sap Brix after treatments and the final increased yields for the plants receiving the
NOM-based biostimulant were all statistically significant at the 99% confidence interval.

3.8. Trials #20-21: Field Trials on Soybean and Sugarcane in Brazil

These two trials conducted in Brazil, comparing GS fertilizer programs alone and
including the NOM-based biostimulant, suffered from water stress associated with high
temperatures that occurred mainly in the vegetative phase of development. Stomatal
conductance, which is related to the greater capacity of plants to fix CO,, enhance photo-
synthetic efficiency, and utilize water more resourcefully, was measured at V4 and R3 and
showed statistically significant (at the 95% confidence interval) increases of 7% and 31%, re-
spectively, at these two growth stages for plants that received the NOM-based biostimulant
over the GS fertilizer program alone (Table 3). The increase was the largest at R3, where
measurements were taken shortly after the final foliar biostimulant application. Measure-
ments for antioxidative enzymes (superoxide dismutase, catalase, and peroxidase) were
also higher for plants receiving the biostimulant, by 39-92%. These enzymes are important
scavengers of reactive oxygen species that can flourish and cause severe damage during
abiotic stress events. Plants receiving the biostimulant applications were numerically taller
and had more pods on both the main stem and lateral branches, leading to a statistically
significant (at the 95% confidence interval) increase in yield of 18% (4943 vs. 5847 kg/ha
for the GS only and GS plus biostimulant treatments, respectively).

Similar results were obtained during the sugarcane trial, where stomatal conductance
was increased by 13% and 66% at 35 and 97 days after application (DAA), respectively, and
enzymatic activity was higher by 2-16% at 35 DAA for the plants receiving the biostimulant
over the GS only treatment (Table 3), all of which were statistically significant at the 95%
confidence interval. The sugarcane plants receiving the biostimulant applications were
taller at harvest, had larger stem diameters, and had more canes per linear meter than the
plants receiving only the GS, which led to a statistically significant increase in yield (by 30%
for 72,700 vs. 94,583 kg /ha for GS vs. GS plus biostimulant treatments, respectively).
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Table 3. Results for the soybean and sugarcane trials in Brazil for the grower standard (GS) plants
and the GS + NOM-based biostimulant treated plants. Means with the same letter designation within
each column do not differ significantly (p = 0.10, least significant difference).

SOYBEAN TRIAL

S id
—24-2) uperoxide

. Stomatal Conductance (mmol m Dismutase Catalase Peroxidase Plant Height (cm), at Yield
Harvest (kg/ha)
A\ R3 U ug Protein—1 ), R3 (uKat pug Protein—1 ),R3
Grower Standard (GS) 783.2 b 557.7 b 0.95 b 507.8 b 269.3 b 77.0 a 4943 b
GS + NOM biostimulant 840.2 a 732.4 a 1.83 a 708.2 a 4129 a 80.9 a 5847 a
SUGARCANE TRIAL
Superoxide .
—24,-2 P!
. Stomatal Conductance (mmol m™= s™%) Dismutase 35 DAA) ~ Cotalase G5DAA) Peroxidase (35 DAA) Plant Height (cm), at Yield
Harvest (kg/ha)
35DAA 97 DAA (U gPF~ 1 min—1) (mmol HyOp gPF~1 min—1)
Grower Standard (GS) 351.7 a 235.9 b 126 a 3.59 a 160.3 b 214.6 a 72,700 b
GS + NOM biostimulant 397.1 a 3923 a 129 a 4.16 a 179.8 a 218.7 a 94,583 a

4. Discussion

Here, the results from 21 trials on high-value crops (tomatoes, peppers, strawberries,
avocados, sugarcane) and corn, soybean, lentils, and wheat (that underwent a simulated
or natural abiotic stress) highlight that stress mitigation due to the addition of a NOM-
based biostimulant is repeatable and reproducible, as plant health improvements and
increased yields were consistently observed. Whole plant, root, and shoot weights in
the tomato trials were larger and harvested yields in the pepper, strawberry, avocado,
sugarcane, corn, soybean, and wheat trials were higher (many with statistically significant
increases) when the stressed plants were treated with the NOM-based biostimulant. These
results are consistent with other studies using a variety of other types of biostimulants
(seaweed extracts, protein hydrolysates, and combinations of polysaccharides, amino acids,
humic acids, and vitamins) on tomatoes, peppers, grapes, strawberries, and corn, showing
increased biomass and yields, as well as improved quality and recovery from abiotic stress
events [36—44]. Biostimulants play several roles within plants and have numerous modes
of action, but many studies have found that the greatest advantages of biostimulant usage
occur when plants undergo stress during critical growth stages [45].

One key role that biostimulants potentially have in abiotic stress mitigation is the
increase in sap Brix of plants. As shown here in the winter wheat and lentils field trials
in Australia, where conditions were particularly cold and frost events occurred during
the season, plants treated with the NOM-based biostimulant had significantly higher
sap Brix than untreated plants, and the increased Brix levels were maintained for seven
weeks. Increased Brix levels, which are an indicator of crop quality, have been linked
to enhanced photosynthesis and increased root exudates, driving stress mitigation and
microbial populations within the soil [46-48]. These higher sugar levels observed in the
plants receiving the NOM-based biostimulant helped the plant thrive under stressful
conditions.

An additional function biostimulants are thought to play during abiotic stress mitiga-
tion is related to reactive oxygen species (ROS). While ROS are generated during normal
plant metabolism, their production can be increased exponentially under stressful condi-
tions [49,50]. Oxidative damage caused by ROS can induce tissue damage, inactivation of
certain enzymes, protein degradation and disruption to synthesis, and, ultimately, cellular
death, and plants utilize their defense mechanisms to help quench the ROS (both free
radicals and non-radicals) that are generated [51,52]. A study on water-stressed tomatoes
using an enzymatically hydrolyzed animal protein-based biostimulant showed positive
effects on antioxidant protection and hormonal balance in treated plants compared to con-
trols [53]. Another study on salt-stressed tomatoes observed mitigation of decreased root
and shoot lengths and weights as well as antioxidant enzyme activity on plants treated with
microalgal exopolysaccharides [54]. A study on water-stressed corn using seaweed extracts
led to enhanced plant health and yield responses, which were attributed to a reduced
impairment of the plants” photosystem due to greater protection against ROS [55]. The use
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of biostimulants can assist with the activation of the plants’ natural defense system, as well
as both ROS quenching and prevention of further ROS generation [13,14,56]. The Brazilian
soybean and sugarcane trials discussed here that experienced water stress due to high
temperatures highlight the enhanced enzymatic activity of superoxide dismutase, catalase,
and peroxidase for plants receiving the NOM-based biostimulant alongside the grower
standard program, which also showed statistically significant yield increases. Mitigation
appears to be the most effective when the biostimulant application is applied prior to or at
the same time as the stress, indicating more of a preventative measure than curative.

Another route to abiotic stress mitigation is increased nutrient use efficiency (NUE),
as plants that take up more nutrients are overall stronger and more productive [11]. In one
study, microbial inoculants used in combination with reduced rates of inorganic fertilizers
produced tomato plants that had growth and nutrient uptake statistically equivalent
to those using the full fertilizer rate without the biostimulants [57]. Another study on
tomatoes found that fruit quality and yield was maintained even when the NPK fertilizer
rate was reduced but used alongside a biostimulant [58]. Using a plant growth promoting
bacteria treatment on peppers under salt stress, plant biomass was increased over untreated
controls, and stomatal conductance was maintained for treated plants under high stress [59].
Alongside improved yields and antioxidant enzymatic activity, the water-stressed soybean
and sugarcane trials described here also showed increased stomatal conductance. Healthier
shoots that are greener and with larger leaves can intercept more sunlight and drive more
efficient photosynthesis via enhanced functionality of the plants’ stomatal system [60-63].
Greater leaf areas in combination with enhanced stomatal function help increase the size
and architecture of the root system, facilitating greater uptake of water and nutrients.
Physiology drives phenology, and the results from the Nebraska corn trials, Brazilian
soybean and sugarcane trials, and Australian wheat and lentil trials shown here are direct
evidence for the benefits of applying biostimulants alongside nutrition, allowing for more
of the applied nutrients to be utilized by the plant with less waste. With growing threats
of anthropogenic climate change driven partly by agricultural greenhouse gas emissions,
such as nitrous oxide (which has a warming potential 298 times that of carbon dioxide),
responsible nitrogen use with less waste and leaching is a major global problem [64] that
could be partially solved by incorporation of biostimulants.

Biostimulants have the potential to transform agriculture, but with new terminologies
and technologies also comes regulatory challenges [13,65,66]. For instance, the broad
concept of a plant nutrient is loosely defined and arguably does not encompass all necessary
nutrients. Recently, a new definition has been proposed that more accurately represents
nutrients that are essential for plants and beneficial for their quality and productivity [67].
Also, the 2018 Farm Bill recognized the need to study, develop, and provide a regulatory
framework for the use of biostimulants within the USA. While no biostimulant will have a
100% success rate, and even biostimulants extracted from the same original source material
can perform differently under the same conditions [38], the ease of their inclusion into
fertilizer and/or crop protection treatments does not require new behavior from growers,
which can facilitate widespread adoption. Continuing additional scientific trials covering
larger acres will allow for a better understanding of the functions biostimulants play in
maximizing crop productivity, along with gaining benefits such as less fertilizer waste and
downstream pollution.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /agronomy13030728/s1, Table S1: Plant assessments for the nursery
drought stress trial on tomatoes pre-stress, during stress, and after stress. Table S2: Plant assessments
11 days after the salt treatment for the nursery salt stress trial on tomatoes using soil applications.
Table S3: Plant assessments 10 days after foliar applications for the nursery salt stress trial on tomatoes.
Table S4: Marketable yields for red, green, and the total number of peppers during the field drought
stress trial, where during drought A water was stopped for 2 weeks shortly after plant establishment
and during drought B water was stopped for 2 weeks at bloom. Table S5: Avocado sizes and yield
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during the drought and salt stress field trial. Table S6: Treatment protocols for the 11 strip-till trials
conducted in Nebraska during 2010-2012.

Author Contributions: The trial experiments were designed by T.H. and carried out by D.H.; R.L.S,,
T.H. and D.H. interpreted the results; R.L.S., TH., D.H. and K.M.R. All participated in writing
and reviewing the manuscript. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data not already included in the manuscript or Supplementary Infor-
mation are available upon request from the corresponding author.

Acknowledgments: The authors thank Mike Peterson at Orthman Manufacturing for assistance with
the corn field trials, Marcio Domingues at R&D Crop Physiology for assistance with the soybean and
sugarcane trials, and Craig Ross for assistance with the wheat and lentil trials. We also thank the six
anonymous reviewers whose comments significantly improved the quality of this manuscript.

Conflicts of Interest: R.L.S., T.H. and K M.R. are employed by FBSciences, Inc. The funders were not
involved in the study design, data collection and interpretation, or writing of this manuscript.

References

1.  He, M,; He, C.-Q.; Ding, N.-Z. Abiotic stresses: General defenses of land plants and chances for engineering multistress tolerance.
Front. Plant Sci. 2018, 9, 1771. [CrossRef]

2. Zhang, H.; Zhu, ].; Gong, Z.; Zhu, ].-K. Abiotic stress responses in plants. Nat. Rev. Genet. 2022, 23, 104-119. [CrossRef] [PubMed]

3. Romero-Lankao, P.; Smith, ].B.; Davidson, D.J.; Diffenbaugh, N.S.; Kinney, P.L.; Kirshen, P.; Kovacs, P.; Villers Ruiz, L. North
America. In Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part B: Regional Aspects. Contribution of Working Group II to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Barros, V.R., Field, C.B., Dokken, D.J., Mastrandrea,
M.D., Mach, KJ., Bilir, T.E., Chatterjee, M., Ebi, K.L., Estrada, Y.O., Genova, R.C,, et al., Eds.; Cambridge University Press:
Cambridge, UK; New York, NY, USA, 2014; pp. 1439-1498. [CrossRef]

4. FAO; IFAD; UNICEF; WFP; WHO. The State of Food Security and Nutrition in the World 2018. Building Climate Resilience for Food
Security and Nutrition; Food and Agriculture Organization of the United Nations: Rome, Italy, 2018.

5. FAOSTAT: Enteric Fermentation; Food and Agriculture Organization of the United Nations: Rome, Italy, 2016; Available online:
https:/ /www.fao.org/faostat/en/#home (accessed on 14 January 2022).

6.  Herring, S.C.; Christidis, N.; Hoell, A.; Hoerling, M.P; Stott, P.A. Explaining Extreme Events of 2019 from a Climate Perspective.
Bull. Am. Meteor. Soc. 2021, 102, S1-S116. [CrossRef]

7. Mbow, C.; Rosenzweig, C.; Barioni, L.G.; Benton, T.G.; Herrero, M.; Krishnapillai, M.; Liwenga, E.; Pradhan, P,; Rivera-Ferre,
M.G.; Sapkota, T.; et al. 2019: Food Security. In Climate Change and Land: An IPCC Special Report on Climate Change, Desertification,
Land Degradation, Sustainable Land Management, Food Security, and Greenhouse Gas Fluxes in Terrestrial Ecosystems; Shukla, P.R., Skea,
J., Calvo Buendia, E., Masson-Delmotte, V., Portner, H.-O., Roberts, D.C., Zhai, P,, Slade, R., Connors, S., van Diemen, R., et al.,
Eds.; IPCC: Geneva, Switzerland, 2019.

8.  Hunter, M.C; Smith, R.G.; Schipanski, M.E.; Atwood, L.W.; Mortensen, D.A. Agriculture in 2050: Recalibrating targets for
sustainable intensification. BioScience 2017, 67, 386-391. [CrossRef]

9. Del Buono, D. Can biostimulants be used to mitigate the effect of anthropogenic climate change on agriculture? It is time to
respond. Sci. Total Environ. 2021, 751, 141763. [CrossRef]

10.  Agriculture Improvement Act of 2018. Available online: https://www.congress.gov/115/plaws/publ334/PLAW-115publ334.pdf
(accessed on 14 January 2022).

11. Calvo, P; Nelson, L.; Kloepper, ].W. Agricultural uses of plant biostimulants. Plant Soil 2014, 383, 3—41. [CrossRef]

12.  Rose, M.T,; Patti, A.F; Little, K.R.; Brown, A.L.; Jackson, WR.; Cavagnaro, T.R. A meta-analysis and review of plant growth
response to humic substances: Practical implications for agriculture. Adv. Agron. 2014, 124, 37-89. [CrossRef]

13.  Yakhin, O.I; Lubyanov, A.A.; Yakhin, I.A.; Brown, PH. Biostimulants in plant science: A global perspective. Front. Plant Sci. 2017,
7,2049. [CrossRef]

14. Sible, C.N.; Seebauer, J.R.; Below, EE. Plant Biostimulants: A categorical review, their implications for row crop production, and
relation to soil health indicators. Agronomy 2021, 11, 1297. [CrossRef]

15. Thurman, E.M.; Malcolm, R.L. Preparative isolation of aquatic humic substances. Environ. Sci. Technol. 1981, 15, 463-466.
[CrossRef]

16. Aiken, G.R.; MacCarthy, P.; Malcolm, R.L.; Swift, R.S. Humic Substances in Soil, Sediment, and Water; Wiley: New York, NY, USA,

1985.


http://doi.org/10.3389/fpls.2018.01771
http://doi.org/10.1038/s41576-021-00413-0
http://www.ncbi.nlm.nih.gov/pubmed/34561623
http://doi.org/10.1017/CB09781107415386
https://www.fao.org/faostat/en/#home
http://doi.org/10.1175/BAMS-ExplainingExtremeEvents2019.1
http://doi.org/10.1093/biosci/bix010
http://doi.org/10.1016/j.scitotenv.2020.141763
https://www.congress.gov/115/plaws/publ334/PLAW-115publ334.pdf
http://doi.org/10.1007/s11104-014-2131-8
http://doi.org/10.1016/B978-0-12-800138-7.00002-4
http://doi.org/10.3389/fpls.2016.02049
http://doi.org/10.3390/agronomy11071297
http://doi.org/10.1021/es00086a012

Agronomy 2023, 13, 728 17 of 18

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Swift, R.S. Organic matter characterization. In Methods of Soil Analysis. Part 3. Chemical Methods; Sparks, D.L., Ed.; Soil Science
Society of America, Inc.: Madison, WI, USA, 1996; pp. 1011-1070.

Hedges, ].I; Englinton, G.; Hatcher, P.G.; Kirchman, D.L.; Arnosti, C.; Derenne, S.; Evershed, R.P.; Kogel-Knabner, I.; de Leeuw,
J.W,; Littke, R.; et al. The molecularly-uncharacterized component of nonliving organic matter in natural environments. Org.
Geochem. 2000, 31, 945-958. [CrossRef]

Hatcher, P.G. The CHNs of organic geochemistry: Characterization of molecularly uncharacterized non-living organic matter.
Mar. Chem. 2004, 92, 5-8. [CrossRef]

Sleighter, R.L.; Hatcher, P.G. The application of electrospray ionization coupled to ultrahigh resolution mass spectrometry for the
molecular characterization of natural organic matter. J. Mass Spectrom. 2007, 42, 559-574. [CrossRef]

Ohno, T.; He, Z,; Sleighter, R.L.; Honeycutt, C.W.; Hatcher, P.G. Ultrahigh resolution mass spectrometry and indicator species
analysis to identify marker components of soil- and plant biomass-derived organic matter fractions. Environ. Sci. Technol. 2010,
44, 8594-8600. [CrossRef]

Simpson, A.J.; McNally, D.].; Simpson, M.]. NMR spectroscopy in environmental research: From molecular interactions to global
processes. Prog. Nucl. Mag. Res. Spectrosc. 2011, 58, 97-175. [CrossRef]

Li, P; Hur, ]. Utilization of UV-Vis spectroscopy and related data analyses for dissolved organic matter (DOM) studies: A review.
Crit. Rev. Environ. Sci. Technol. 2017, 47, 131-154. [CrossRef]

Simpson, A.].; Simpson, M.].; Soong, R. Environmental nuclear magnetic resonance spectroscopy: An overview and a primer.
Anal. Chem. 2018, 90, 628-639. [CrossRef]

Olk, D.C; Bloom, P.R.; De Nobili, M.; Chen, Y.; McKnight, D.M.; Wells, M.].M.; Weber, J. Using humic fractions to understand
natural organic matter processes in soil and water: Selected studies and applications. J. Environ. Qual. 2019, 48, 1633-1643.
[CrossRef]

Chen, W.; Yu, H.-Q. Advances in the characterization and monitoring of natural organic matter using spectroscopic approaches.
Water Res. 2021, 190, 116759. [CrossRef]

Enev, V.; Sedlacek, P.; Kubikova, L.; Sovova, S.; Doskocil, L.; Klucakova, M.; Pekar, M. Polarity-based sequential extraction as a
simple tool to reveal the structural complexity of humic acids. Agronomy 2021, 11, 587. [CrossRef]

Canellas, L.P; Olivares, FL.; Aguiar, N.O.; Jones, D.L.; Nebbioso, A.; Mazzei, P.; Piccolo, A. Humic and fulvic acids as biostimulants
in horticulture. Sci. Hortic. 2015, 196, 15-27. [CrossRef]

Olk, D.C.; Dinnes, D.L.; Scoresby, ].R.; Callaway, C.R.; Darlington, ].W. Humic products in agriculture: Potential benefits and
research challenges—A review. J. Soil Sediment. 2018, 18, 2881-2891. [CrossRef]

Drobek, M.; Frac, M.; Cybulska, J. Plant biostimulants: Importance of the quality and yield of horticultural crops and the
improvement of plant tolerance to abiotic stress—A review. Agronomy 2019, 9, 335. [CrossRef]

Olk, D.C.; Bloom, P.R.; Perdue, EIM.; McKnight, D.M.; Chen, Y.; Farenhorst, A.; Senesi, N.; Chin, Y.-P.; Schmitt-Kopplin, P,;
Hertkorn, N.; et al. Environmental and agricultural relevance of humic fractions extracted by alkali from soils and natural waters.
J. Environ. Qual. 2019, 48, 217-232. [CrossRef]

Rouphael, Y.; Colla, G. Toward a sustainable agriculture through plant biostimulants: From experimental data to practical
applications. Agronomy 2020, 10, 1461. [CrossRef]

Rouphael, Y.; du Jardin, P; Brown, P; De Pascale, S.; Colla, G. (Eds.) Biostimulants for Sustainable Crop Production; Burleigh Dodds
Science Publishing: Philadelphia, PA, USA, 2020. [CrossRef]

Sleighter, R.L.; Caricasole, P; Richards, K.M.; Hanson, T.; Hatcher, P.G. Characterization of terrestrial dissolved organic matter
fractionated by pH and polarity and their biological effects on plant growth. Chem. Biol. Technol. Agric. 2015, 2,9. [CrossRef]
Mengel, D. Roots, Growth, and Nutrient Uptake; AGRY-95-08; Purdue University: West Lafayette, IN, USA, 1995; Available online:
https://www.agry.purdue.edu/ext/pubs/AGRY-95-08.pdf (accessed on 26 January 2022).

Boselli, M.; Bahouaoui, M.A.; Lachhab, N.; Sanzani, S.M.; Ferrara, G.; Ippolito, A. Protein hydrolysates effects on grapevine (Vitis
vinifera L., cv. Corvina) performance and water stress tolerance. Sci. Hortic. 2019, 258, 108784. [CrossRef]

El-Sharony, T.F.; El-Gioushy, S.F.; Amin, O.A. Effect of foliar application with algae and plant extracts on growth, yield and fruit
quality of fruitful mango trees cv. Fagri Kalan. J. Hortic. 2015, 2, 1000162. [CrossRef]

Goiii, O.; Quille, P.; O’Connell, S. Ascophyllum nodosum extract biostimulants and their role in enhancing tolerance to drought
stress in tomato plants. Plant Physiol. Biochem. 2018, 126, 63-73. [CrossRef] [PubMed]

Kumar, R.; Trivedi, K.; Vijay Anand, K.G.; Ghosh, A. Science behind biostimulant action of seaweed extract on growth and
crop yield: Insights into transcriptional changes in roots of maize treated with Kappaphycus alvarezii seaweed extract under soil
moisture stressed conditions. J. Appl. Phycol. 2020, 32, 599-613. [CrossRef]

Mayak, S.; Tirosh, T.; Glick, B.R. Plant growth-promoting bacteria that confer resistance to water stress in tomatoes and peppers.
Plant Sci. 2004, 166, 525-530. [CrossRef]

Paradikovié, N.; Vinkovi¢, T.; Vinkovi¢ Vréek, I.; Zuntar, L; Boji¢, M.; Medié-Sari¢, M. Effect of natural biostimulants on yield
and nutritional quality: An example of sweet yellow pepper (Capsicum annuum L.) plants. J. Sci. Food Agric. 2011, 91, 2146-2152.
[CrossRef]

Petrozza, A.; Summerer, S.; Di Tommaso, G.; Di Tommaso, D.; Piaggesi, A. An evaluation of tomato plant root development and
morpho-physiological response treated with VIVA® by image analysis. Acta Hortic. 2013, 1009, 155-159. [CrossRef]


http://doi.org/10.1016/S0146-6380(00)00096-6
http://doi.org/10.1016/j.marchem.2004.06.014
http://doi.org/10.1002/jms.1221
http://doi.org/10.1021/es101089t
http://doi.org/10.1016/j.pnmrs.2010.09.001
http://doi.org/10.1080/10643389.2017.1309186
http://doi.org/10.1021/acs.analchem.7b03241
http://doi.org/10.2134/jeq2019.03.0100
http://doi.org/10.1016/j.watres.2020.116759
http://doi.org/10.3390/agronomy11030587
http://doi.org/10.1016/j.scienta.2015.09.013
http://doi.org/10.1007/s11368-018-1916-4
http://doi.org/10.3390/agronomy9060335
http://doi.org/10.2134/jeq2019.02.0041
http://doi.org/10.3390/agronomy10101461
http://doi.org/10.19103/AS.2020.0068
http://doi.org/10.1186/s40538-015-0036-2
https://www.agry.purdue.edu/ext/pubs/AGRY-95-08.pdf
http://doi.org/10.1016/j.scienta.2019.108784
http://doi.org/10.4172/2376-0354.1000162
http://doi.org/10.1016/j.plaphy.2018.02.024
http://www.ncbi.nlm.nih.gov/pubmed/29501894
http://doi.org/10.1007/s10811-019-01938-y
http://doi.org/10.1016/j.plantsci.2003.10.025
http://doi.org/10.1002/jsfa.4431
http://doi.org/10.17660/ActaHortic.2013.1009.19

Agronomy 2023, 13, 728 18 of 18

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

Polo, J.; Mata, P. Evaluation of a biostimulant (Pepton) based in enzymatic hydrolyzed animal protein in comparison to seaweed
extracts on root development, vegetative growth, flowering, and yield of gold cherry tomatoes grown under low stress ambient
field conditions. Front. Plant Sci. 2018, 8, 2261. [CrossRef]

Ross, R.; Holden, D. Commercial extracts of the brown seaweed Ascophyllum nodosum enhance growth and yield of strawberries.
HortScience 2010, 45, S141.

Bulgari, R.; Franzoni, G.; Ferrante, A. Biostimulants application in horticultural crops under abiotic stress conditions. Agronomny
2019, 9, 306. [CrossRef]

Rodrigues, M.; Baptistella, J.L.C.; Horz, D.C.; Bortolato, L.M.; Mazzafera, P. Organic plant biostimulants and fruit quality—A
review. Agronomy 2020, 10, 988. [CrossRef]

Caradonia, F.; Ronga, D.; Flore, A.; Barbieri, R.; Moulin, L.; Terzi, V.; Francia, E. Biostimulants and cherry rootstock increased
tomato fruit yield and quality in sustainable farming systems. Ital. |. Agron. 2020, 15, 1553. [CrossRef]

Soltaniband, V.; Brégard, A.; Gaudreau, L.; Dorais, M. Biostimulants promote plant development, crop productivity, and fruit
quality of protected strawberries. Agronomy 2022, 12, 1684. [CrossRef]

Sharma, P; Jha, A.B.; Dubey, R.S.; Pessarakli, M. Reactive oxygen species, oxidative damage, and antioxidative defense mechanism
in plants under stressful conditions. J. Bot. 2012, 2012, 217037. [CrossRef]

Choudhury, S.; Panda, P.; Sahoo, L.; Panda, S.K. Reactive oxygen species signaling in plants under abiotic stress. Plant Signal.
Behav. 2013, 8, €23681. [CrossRef] [PubMed]

Gill, S.S.; Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol.
Biochem. 2010, 48, 909-930. [CrossRef]

Sachdev, S.; Ansari, S.A.; Ansari, M.L; Fujita, M.; Hasanuzzaman, M. Abiotic stress and reactive oxygen species: Generation,
signaling, and defense mechanisms. Antioxidants 2021, 10, 277. [CrossRef] [PubMed]

Casadesus, A.; Polo, J.; Munné-Bosch, S. Hormonal effects of an enzymatically hydrolyzed animal protein-based biostimulant
(Pepton) in water-stressed tomato plants. Front. Plant Sci. 2019, 10, 758. [CrossRef] [PubMed]

EL Arroussi, H.; Benhima, R.; Elbaouchi, A.; Sijilmassi, B.; EL Mernissi, N.; Aafsar, A.; Meftah-Kadmiri, I.; Bendaou, N.; Smouni,
A. Dunaliella salina exopolysaccharides: A promising biostimulant for salt stress tolerance in tomato (Solanum lycopersicum). J.
Appl. Phycol. 2018, 30, 2929-2941. [CrossRef]

Trivedi, K.; Vijay Anand, K.G.; Kubavat, D.; Patidar, R.; Ghosh, A. Drought alleviatory potential of Kappaphycus seaweed extract
and the role of the quaternary ammonium compounds as its constituents towards imparting drought tolerance in Zea mays L. |.
Appl. Phycol. 2018, 30, 2001-2015. [CrossRef]

Hasanuzzaman, M.; Parvin, K.; Bardan, K.; Nahar, K.; Anee, T.I.; Masud, A.A.C.; Fotopoulos, V. Biostimulants for the regulation
of reactive oxygen species metabolism in plants under abiotic stress. Cells 2021, 10, 2537. [CrossRef]

Adesemoye, A.O.; Torbert, H.A.; Kloepper, ].W. Plant growth-promoting rhizobacteria allow reduced application rates of chemical
fertilizers. Microb. Ecol. 2009, 58, 921-929. [CrossRef] [PubMed]

Koleska, I.; Hasanagi¢, D.; Todorovi¢, V.; Murti¢, S.; Kloki¢, I.; Paradikovi¢, N.; Kukavica, B. Biostimulant prevents yield loss and
reduces oxidative damage in tomato plants grown on reduced NPK nutrition. J. Plant Interact. 2017, 12, 209-218. [CrossRef]

del Amor, EM.; Cuadra-Crespo, P. Plant growth-promoting bacteria as a tool to improve salinity tolerance in sweet pepper. Funct.
Plant Biol. 2012, 39, 82-90. [CrossRef]

Wong, S.C.; Cowan, LR.; Farquhar, G.D. Stomatal conductance correlates with photosynthetic capacity. Nature 1979, 282, 424-426.
[CrossRef]

Jones, H.G. Stomatal control of photosynthesis and transpiration. J. Exp. Bot. 1998, 49, 387-398. Available online: http:
/ /www.jstor.org/stable/23695972 (accessed on 7 September 2022). [CrossRef]

Miner, G.L.; Bauerle, W.L.; Baldocchi, D.D. Estimating the sensitivity of stomatal conductance to photosynthesis: A review. Plant
Cell Environ. 2017, 40, 1214-1238. [CrossRef] [PubMed]

Lawson, T.; Vialet-Chabrand, S. Speed stomata, photosynthesis and plant water use efficiency. New Phytol. 2019, 221, 93-98.
[CrossRef] [PubMed]

Udvardi, M.; Below, EE.; Castellano, M.].; Eagle, A.].; Giller, K.E.; Ladha, J.K,; Liu, X.; Maaz, T.M.; Nova-Franco, B.; Raghuram,
N.; et al. A research road map for responsible use of agricultural nitrogen. Front. Sustain. Food Syst. 2021, 5, 660155. [CrossRef]
du Jardin, P. Plant biostimulants: Definition, concept, main categories and regulation. Sci. Hortic. 2015, 196, 3-14. [CrossRef]
Caradonia, F; Battaglia, V.; Righi, L.; Pascali, G.; La Torre, A. Plant biostimulant regulatory framework: Prospects in Europe and
current situation at international level. J. Plant Growth Regul. 2019, 38, 438—448. [CrossRef]

Brown, PH.; Zhao, F.-J.; Dobermann, A. What is a plant nutrient? Changing definitions to advance science and innovation in
plant nutrition. Plant Soil 2021, 476, 11-23. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3389/fpls.2017.02261
http://doi.org/10.3390/agronomy9060306
http://doi.org/10.3390/agronomy10070988
http://doi.org/10.4081/ija.2020.1553
http://doi.org/10.3390/agronomy12071684
http://doi.org/10.1155/2012/217037
http://doi.org/10.4161/psb.23681
http://www.ncbi.nlm.nih.gov/pubmed/23425848
http://doi.org/10.1016/j.plaphy.2010.08.016
http://doi.org/10.3390/antiox10020277
http://www.ncbi.nlm.nih.gov/pubmed/33670123
http://doi.org/10.3389/fpls.2019.00758
http://www.ncbi.nlm.nih.gov/pubmed/31249580
http://doi.org/10.1007/s10811-017-1382-1
http://doi.org/10.1007/s10811-017-1375-0
http://doi.org/10.3390/cells10102537
http://doi.org/10.1007/s00248-009-9531-y
http://www.ncbi.nlm.nih.gov/pubmed/19466478
http://doi.org/10.1080/17429145.2017.1319503
http://doi.org/10.1071/FP11173
http://doi.org/10.1038/282424a0
http://www.jstor.org/stable/23695972
http://www.jstor.org/stable/23695972
http://doi.org/10.1093/jxb/49.Special_Issue.387
http://doi.org/10.1111/pce.12871
http://www.ncbi.nlm.nih.gov/pubmed/27925232
http://doi.org/10.1111/nph.15330
http://www.ncbi.nlm.nih.gov/pubmed/29987878
http://doi.org/10.3389/fsufs.2021.660155
http://doi.org/10.1016/j.scienta.2015.09.021
http://doi.org/10.1007/s00344-018-9853-4
http://doi.org/10.1007/s11104-021-05171-w

	Abiotic Stress Mitigation: A Case Study from 21 Trials Using a Natural Organic Matter Based Biostimulant Across Multiple Geographies
	Original Publication Citation

	Introduction 
	Materials and Methods 
	Trial #1: Nursery Drought Stress Trial on Tomatoes Using Soil Applications 
	Trials #2–3: Nursery Salt Stress Trials on Tomatoes Using Soil and Foliar Applications 
	Trial #4: Nursery Salt Stress Trial on Strawberries 
	Trial #5: Field Drought Stress Trial on Peppers 
	Trial #6: Field Salt and Drought Stress Trial on Avocados 
	Trials #7–17: Three-Year Corn Trials in Nebraska 
	Trials #18–19: Field Trials on Winter Wheat and Lentils in Australia 
	Trials #20–21: Field Trials on Soybean and Sugarcane in Brazil 

	Results 
	Trial #1: Nursery Drought Stress Trial on Tomatoes using Soil Applications 
	Trials #2–3: Nursery Salt Stress Trials on Tomatoes Using Soil and Foliar Applications 
	Trial #4: Nursery Salt Stress Trial on Strawberries 
	Trial #5: Field Drought Stress Trial on Peppers 
	Trial #6: Field Salt and Drought Stress Trial on Avocados 
	Trials #7–17: Three-Year Corn Trials in Nebraska 
	Trials #18–19: Field Trials on Winter Wheat and Lentils in Australia 
	Trials #20–21: Field Trials on Soybean and Sugarcane in Brazil 

	Discussion 
	References

